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ABSTRACT 
 
Dissertation Title: Product Evaluation and Process Improvement Guidelines for the Personal 
Protective Equipment Manufacturers based on Human Factors, NIOSH Guidelines and System 
Safety Principles 
Name: Atul  R. Deshmukh 
Abstract: To analyze the system development, manufacturing practices and system evaluation 
procedures of representative PPES manufacturers, two companies (i.e., one ‘small’, referred to 
here as “simple manufacturer (SM)”, and one ‘large’, referred here as “complex manufacturer 
(CM)” – in terms of workforce, market presence, and capital) that develop first responder PPES, 
which voluntarily agreed to participate in the research were chosen.  The complex PPES is an 
Air-Pak, a self contained breathing apparatus (SCBA) used by first responders for artificial 
breathing in life-threatening scenarios and the simple PPES is the Fire-Eye device, a thermal 
sensor that attaches to the visor of the firefighter in order to convey the visual warning of the 
ambient thermal environment.  In order to differentiate the two distinct methodological 
approaches, the dissertation has been split into two different parts.  The first methodology is a 
‘case study’ type of empirical investigation which follows a triangulation approach utilizing 
surveys, structured interviews, process and system observations, and examination of archival 
records.  The second type of methodology is an experimental empirical research one, which 
involves laboratory-scale and full-scale real-life fire scenarios to conduct product evaluation.  

The research goals of the case study research were to identify the problems faced by the 
manufacturers of PPES and to formulate guidelines with regards to manufacturing, compliance, 
design and development processes, etc., for the PPES manufacturers.  The investigation sought 
answer to the following key questions: a) How do PPES manufacturers currently approach the 
systems design and development process and what best practices in manufacturing and quality 
control have they adopted? b) What human factors and ergonomic measures are adopted by these 
companies while designing their products and what human testing is conducted by companies? 
c) What safety measures are considered by the safety designer while designing the product? 
The recommendations also include modifications to the product design process taking into 
account the market trends in the product design processes, involvement of ergonomics and safety 
aspects. 
 The research goals for the experimental part of this dissertation were to identify 
appropriate evaluation methods and conduct the PPES evaluation in simulated fire environments.  
The Fire-Eye device primarily functions in hot environments and warns the firefighters of the 
ambient temperature.  Therefore, the laboratory-scale evaluation was conducted using test 
methods such as the Static Oven, Fire Equipment Evaluator, and Radiant Panel, methods which 
represent controlled environment test conditions.  The Fire-Eye device was also evaluated in 
realistic fire environment created in an ISO burn room by conducting several tests using different 
types of fuels such as Heptane, Natural Gas, and Living-room set-up (i.e., furniture as fuel).  The 
Fire-Eye device was tested for repeatability and reproducibility of its performance in both of the 
experimental settings.  Statistical data analysis was conducted to determine any differences in 
performance of the Fire-Eye device among each laboratory-scale methods as well as to compare 
the performance of the device between laboratory-scale and full-scale fire environments in 
identical heat locations.  The results suggest that a dual approach (laboratory-scale and full-scale 
fire environment) for evaluating the performance of PPES is more effective than is testing the 
device in either one of the methods.
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1.0 INTRODUCTION 

 

  Emergency responders are the people who respond to the emergency situations after a 

disaster.  Emergency responders are also commonly referred as the first responders.  The first 

responders represent a wide range of occupations and skills: firefighters, police, emergency 

medical technicians, construction workers, union officials, and government officials from local, 

state and federal agencies.  They face many hazards in the performance of their jobs, which 

consist of responding to disasters of varying types and degrees. First responders bravely face 

risky situations such as chemical spills, confined and unconfined fires at any location, and will 

be the first to respond in disaster situation such as landslides, earthquakes or avalanche.  The 

terrorist attacks on September 11, 2001 have completely changed the way in which the first 

responders respond to the disaster situation.  The first responder’s community suffered a huge 

loss during those attacks when 450 members of the community perished while responding to the 

terrorist attack – about one-sixth of the total number of victims (Jackson, Peterson, Bartis, 

LaTourette, Brahmakulam, Houser, and Sollinger, 2002).  Many of them were also seriously 

injured in the incident. 

 

  Terrorism has also multiplied the scale and scope of potential emergencies to which these 

individuals must respond.  Emerging threats have complicated their jobs even further by 

introducing a whole new set of chemical and biological threats to the list of hazards they must 

face.  The terrorist events are also forcing first responders to reconsider the equipment and 

practices they use to protect themselves in the line of duty.  To protect themselves while 

performing their duties, first responders literally place their lives in the hands of the 

manufacturers of their personal protective equipment (PPE) and other supporting gear such as 

communication systems and vision enhancement technology.  If an item of PPE fails or does not 

perform to expectations, the result could either be the death of one or more first responders or the 

victims that they are attempting to rescue.  It is imperative that manufacturers of such equipment 

carefully consider all of the factors affecting how their products might be used, how their 

products interface with other equipment used by the first responders (including other items of 

PPE, even if produced by other manufacturers), and how the changes in the design and/or 
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production of the PPE might affect the performance of the product.  The research effort 

described in this dissertation is centered on these and other important issues.   

 

  After the September 11, 2001 attack, the National Institute of Occupational Safety and 

Health (NIOSH) made deliberate efforts to review the adequacy of PPE involved in protecting 

the first responders at the disaster site.  NIOSH sponsored a conference along with Rand 

Corporation in the year 2002 to gather feedback about various PPE used and the problems faced 

by the first responder community while using that PPE.  Many first responders, along with 

government and non-government organization representatives, participated in the conference to 

discuss the lessons learned from the terrorist attacks.  Based on this feedback, NIOSH agreed to 

formulate advanced personal protective equipment guidelines for use by life safety equipment 

manufacturers, subassembly manufacturers, system integrators and first responders.  This 

research was designed to be a part of this national effort where PPE used for the protection of the 

first responders can be improved using various engineering principles, thereby increasing the 

comfort and wearability of that PPE.  Part I of this dissertation describes various system safety 

practices followed by the manufacturers of PPE and how they differ from the proposed NIOSH 

guidelines. 

2.0 BACKGROUND 

 
2.1 Personal Protective Equipment (PPE) 

 

2.1.1 Importance of Personal Protective Equipment.   

 

Hazards exist in almost every workplace.  It is necessary to protect the workers and first 

responders from these hazards.  The priority must be to eliminate or control hazards at their 

source or along the path between the source and the worker.  Many methods are available for this 

purpose, and the method that is most applicable to a specific situation should be applied.  There 

are three most commonly used methods for controlling hazards: Engineering controls, 

Administrative controls and PPE. 
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Engineering controls are the preferred method for controlling hazards.  It is the method of 

controlling hazards through engineering design, encompassing a variety of technical solutions, 

including elimination or minimization of exposures by material or process modification.  It also 

includes physical changes to tasks, acting on the source of hazard, substitution of less hazardous 

material for more hazardous material, and isolation of the worker or process.  Engineering 

controls also include modifying or redesigning of workstations, tools, facilities, equipment and 

materials (OSHA, 2004). 

 

Administrative controls or work practice controls are changes in work procedures such as 

written safety policies, rules, supervision, and training with the objective of reducing the 

duration, frequency, and severity of exposure to hazards or situations.  It includes employee 

rotation, adjustment of work pace, redesign of work methods, alternative tasks, rest breaks, etc. 

(OSHA, 2004). 

 

  PPE is worn by workers to minimize exposure to specific occupational hazards.  PPE 

such as respirators or hearing protectors should be treated as the last line of defense.  Every 

attempt should be made to eliminate the potential of exposure to hazards to the individual worker 

through administrative and/or engineering controls.  However in many cases, such as in a 

response to a disaster, engineering and administrative controls may be infeasible or impossible to 

establish in a quick fashion.  PPE includes all clothing and other work accessories or devices that 

a person would wear for protection against a hazard.  PPE may range from a simple set of 

earplugs to a complete Self Contained Breathing Apparatus (SCBA), which is an item of body 

gear with oxygen provision for a first responder. The industrial worker with earplugs is isolated 

from noise, whereas the first responder with SCBA is isolated from any chemical or biological 

agent in the atmosphere and the adverse effects of the surrounding environment that may affect 

or hinder breathing (respiration).  Ultimately, PPE creates a micro-environment around the user 

that isolates the user from certain chemical, biological or suspended agents in the atmosphere, or 

other threats such as noise or dust.  The user is provided with a limited, controlled environment 

that is different from the ambient environment.  PPE does not reduce the hazard itself nor does it 

guarantee permanent or total protection (OSHA, 2004).  
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2.1.2 Need for PPE. 

 A hazard control plan should first exhaust all means of controlling the hazard through 

use of engineering design or administrative controls.  It is preferable to remove or control the 

hazard at its source.  However, when the hazard cannot be removed or controlled adequately, 

PPE must be considered as an alternative to engineering means, to continue the work process 

uninterrupted.  PPE must also be considered where the consequences of failure of the 

engineering or administrative controls are serious, such as an emergency maintenance issue at a 

chemical or nuclear plant.  Moreover, in terms of emergency workers or the first responders, PPE 

should be mandatorily used as a defense in unknown situations and risk-prone work areas. 

 

PPE may be required to safeguard personnel against harmful environments that cannot be 

eliminated during necessary operations or that are created due to an accident.  The equipment 

that is being used as PPE must be adequate to protect its user from the worst possible foreseeable 

conditions.  Since the hazardous conditions change, PPE useful for one set of circumstances may 

not be suitable for another. 

 

Depending upon its design, PPE can afford several functions.  PPE provides the life-

safety protection functions such as protection against thermal, abrasion, respiratory, vision, 

hearing and limited chemical and biological pathogen exposure hazards.  PPE also may 

incorporate feature for monitoring of physiological, chemical, biological, and environmental 

parameters.  PPE may also be designed to facilitate communication among first responders and 

between first responders and victims.  Manufacturers are using advanced materials, electronics, 

and software to provide the above functionality in PPE (NIOSH, 2004), e.g., Scott Health and 

Safety, Inc. used halo butyl elastomer to engineer a respirator offering high resistance to 

chemicals, ozone and temperatures, with a uniquely contoured sealing edge that provides a 

superior fit.  Another example is the Orion FX Multigas Detector, a portable electronic 

instrument for detecting the presence of O2, H2S, CO, and combustible gas, which incorporates 

an improved LEL sensor that has faster response and release times for toluene, xylene, and other 

aromatic hydrocarbons etc. 
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2.1.3 Classification of PPE.  

Nowadays, large numbers of PPE are being manufactured with built-in electronic and 

software components to achieve necessary functional safety.  The PPE devices that were 

considered for this research purpose were the electronic/programmable or electrical devices that 

are used in personal safety or are used as a part of safety system to achieve overall safety.  Part I 

of this dissertation focuses on the programmable electronic devices. Broadly, PPE can be 

classified in two categories – 

1) Programmable Electronic/Software Devices - Any safety device that has a programmable 

electronic component, microcontroller chip, or an integrated circuit or software or hardware.   

This is referred to as programmable electronic PPE. 

2) Non-programmable Electronic/Software Devices - Any safety device that does not have 

any electronic or electrical components.  This is known as non-programmable or passive PPE 

(NIOSH, 2004). 

In contrast with this dichotomy, previously PPE had been categorized based on the type 

of hazard for which they were used for mitigating or eliminating.  PPE had also been classified 

as per its functionality or application, based on protecting a particular body part or the whole 

body.  

 

2.2 PPE Program at the Workplace 

 

2.2.1 Categories of PPE Application at the Workplace.   

PPE must be adequate to protect its user under the worst possible working conditions.  

Since the conditions may change, equipment that is suitable for one set of circumstances may not 

be suitable for another. Hammer (1993) suggests the need for PPE at the workplace and classifies 

the need for PPE in the following three categories:  

1) Scheduled hazardous operation:  Some of the routine operations may have to be conducted in 

environments that could be damaging since the hazard cannot be eliminated.  PPE is to be 

frequently provided for such routine operations and is to be worn while the operation is being 

conducted.  However, the use of PPE should be avoided as a substitute for good design, 

hazard elimination or control, or safe operating procedures (Hammer, 1993). 
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2) Investigations and corrections:  Detection equipment may indicate or personnel may suspect 

that an environment is dangerous to work in.  It may then be necessary for someone to enter 

the area, determine the source of the contamination or other dangerous condition, and take 

corrective action.  Under such circumstances, PPE must be capable of providing protection 

against a wider range of hazards than for a known hazard (Hammer, 1993). 

3) Emergencies:  An emergency generates the most severe conditions and demands higher 

requirements for usage, design, and capabilities of PPE.  The first few minutes in such an 

emergency situation can be very critical.  Reaction time to suppress or reestablish control of a 

hazard or to minimize the damage is extremely important in such critical condition.  

Emergency equipment must be easy to implement and should permit quick response.  PPE in 

such cases must be highly reliable and effective against a broad variety of hazards.  It should 

not degrade the mobility or performance of the user (although sometimes avoiding this is 

difficult, e.g. a respirator may make breathing more difficult due to its restriction of air flow) 

and it should not constitute a hazard itself (Hammer, 1993). 

 

2.2.2 Issues Related to Non-Usage of PPE.   

It has been noted by researchers that while many innovations in PPE have achieved 

functional effectiveness, users nonetheless resist the use of PPE.  Though it may not be true for 

every industry, it will be important to notice the factors that may lead to the non-usage of PPE.  

A study conducted by the International Safety Equipment Association (ISEA) surveyed 213 

safety leaders from private sector (construction companies, labor, insurance underwriters, and 

trade associations) and public sector (federal, state and local officials).  The latest findings for 

the year 2003 indicate that the major factors that are responsible for PPE resistance are: 

• Employers do not require/enforce usage:  There may be several reasons as to why employers 

do not require or enforce usage.  The regulating agencies do not enforce the rules and 

procedures properly.  Employers are not held responsible for non-usage.  Employers do not 

have enough will or the right commitment to improve the workplace safety or it is not a 

priority item on their list (ISEA & SMA, 2004). 

• Equipment not available or not provided:  Sometimes equipment is not available either for a 

particular hazard or at a particular workplace.  Sometimes employers do not provide it for 
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free, or it is not their priority to supply it to the employees based on the job requirements or 

company policy (ISEA & SMA, 2004). 

• Laborers are not informed on importance of equipment:  Ignorance is the main issue with 

some of the laborers since they are not properly informed.  Training and education should be 

imparted to the laborers for use of PPE depending on the job type (ISEA & SMA, 2004). 

• Expense of equipment to employers:  It is an important factor since employees expect that 

the employer should provide the PPE equipment.  Sometimes employers avoid providing 

such equipment due to various reasons, cost being one of the most important.  Therefore, it 

becomes a responsibility of the employee to protect against the workplace hazards (ISEA & 

SMA, 2004). 

• Lack of style/comfort:  Some of the PPE is clumsy, leading to improper fit.  Poor design of 

the PPE and/or abnormal body dimensions of the employees may be responsible for lack of 

style and comfort.  Workers typically would not prefer wearing such kinds of PPE (ISEA & 

SMA, 2004). 

• Hampers job performance:  Improper design or uneasy fit of PPE leads to detrimental 

performance of workers, leading to loss of efficiency and productivity.  Certainly, neither the 

employers nor the employees would prefer to lose their job performance at the cost of 

inefficient PPE (ISEA & SMA, 2004). 

 

2.2.3 Systems Approach to Tackle Non-Usage of PPE.   

A system consists of the human, environment, and the machine.  For the purpose of this 

dissertation, the machine in the system will be replaced by PPE.  For the purpose of tackling the 

non-usage of PPE issue, assume that the PPE is well-designed to accommodate worker needs.  

Environmental factors such as the existing work condition or the atmospheric condition are 

beyond one’s control.  Therefore, the main factor that remains to be dealt with is the human in 

the system.  Based on the sole purpose of promoting the safe use of PPE among the workers, 

Petersen (1998) identified some of the influences on human behavior that need an examination.  

The factors that influence the human behavior are employee selection, training and education, 

supervision, discipline, gimmicks, and promotions, etc. 

The logical start to promote safety is to select people who will work safely.  In the early 

years of safety, selection was one of the biggest tools.  It was believed that safe workers can be 
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selected and unsafe workers can be refused employment or fired.  The concept of “proneness” 

was born out of this discussion.  But the main question that remains to be answered is, can such 

practice be followed today under the Equal Employment Opportunity Law?  So, even though it 

appears simple to select safe employees for a job, it is practically not feasible to achieve it.  

Therefore, Petersen (1998) suggests a practical solution to make all employees use PPE when 

necessary.  Training and education are treated as a very common and simple solution to the 

major employee and organization oriented problems.  When training is conducted systematically 

by an organization, then it has a better chance of imparting new knowledge to the employees.  

The training method and content is decided based on validation of the training needs.  The 

toughest part of training design is training evaluation.  A very important limitation of safety 

training is that, too often, there is no measure of any kind to evaluate whether or not training has 

accomplished its objectives.  Behavior control is one of the important elements in safety training 

and supervision is the key factor.  The things that happen between the worker and one’s boss 

affect behavior most.  Based on the supervisor’s interaction and actions, the workers get a clear 

signal as to what is important and what is not.  Supervisors have various ways to send these 

messages, such as via a positive reinforcement approach, which can motivate the workers to 

follow safe behaviors.  Discipline and enforcement are one of the cornerstones of traditional 

compliance.  Petersen (1998) maintains that positive reinforcement is more powerful than 

negative, in both behavior building and behavior maintaining.  But this does not mean that 

discipline should be eliminated from the safety repertoire.  It should remain as a last resort but 

neglecting or avoiding disciplinary action should not become a cause of not wearing PPE. 

Gimmicks and promotions such as contests, incentives, posters, and awards are an 

integral part of teaching safety.  Most of the time gimmicks do not work, but occasionally they 

do.  Gimmicks define no performance, they usually measure with invalid measures (number of 

accidents), and reward with trivialities (plaques, tee shirts, dinners, etc.).  In brief, gimmicks are 

irrelevant to behaviors but this does not mean that they should be eliminated.  Gimmicks act as a 

satisfier of sorts, they maintain morale but they do not shape behavior in most normal workers 

(Petersen, 1998). 

 

2.3 System Safety and Personal Protective Equipment 
 

2.3.1 Hazard Identification and Evaluation Process.   
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Mac Collum (1994) defines hazards as the unsafe physical conditions that exist in three 

modes: dormant, armed, and active.  A dormant hazard is a dangerous physical condition found 

in design or use, e.g., an omission of a small step in the design or programming phase.  An armed 

hazard is one that, because of certain circumstances, currently has the energy to cause injury, 

e.g., inattention towards a particular chemical level may lead to a malfunction of the whole 

chemical plant.  An active hazard is one that is currently releasing energy in a manner to cause 

harm.  When an active hazard takes place, it is too late for the victim to escape, e.g., a chemical 

gas leak from a particular department of the plant does not alarm the safety department leading to 

mass release of the poisonous gas in the environment. 

 

2.3.2 Hazard Analysis.  

 Every hazard that can be identified should be corrected or at least minimized through the 

introduction of appropriate safeguards.  Careful analysis of potential hazards in the workplace 

leads to mitigation or complete elimination of those hazards from the workplace.  Hazard 

analysis is a systematic process of identifying hazards and recommending corrective action.  

Goetsch (2003) has suggested two approaches to hazard analysis, preliminary hazard analysis 

and detailed hazard analysis: 

 

 1) Preliminary Hazard Analysis:  A preliminary hazard analysis is conducted to identify 

potential hazards and prioritize them based on the two criteria’s: of the likelihood of an accident 

or injury being caused by the hazard, and the severity of injury, illness, and/or property damage 

that could result if the hazard caused an accident.  In the preliminary hazard analysis, each 

hazard is ranked according to its probability to cause an accident and the severity of that 

accident.  The ranking is relative.  Some hazards might be placed into a category for further 

analysis.  The purpose of this relative ranking or sorting is to place catastrophic severities 

together, followed by critical, marginal, and nuisance hazards, respectively.  Then a probability 

of occurrence from considerable, probable or unlikely is indicated for each item.  Later, these 

hazards are also rated according to cost.  The cost rating for correcting a hazard is one of the 

most crucial factors in hazard evaluation and elimination process (Goestsch, 2003). 
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2) Detailed Hazard Analysis:  Typically, a preliminary hazard analysis is sufficient. 

However, in cases where the potential exists for serious injury or catastrophic illness, a detailed 

hazard analysis is conducted.  There are several methods applied to conduct the detailed hazard 

analysis.  The type of particular hazard analysis process to be applied is decided by various 

factors such as hazard circumstances, type of hazards, management’s attitude, and the available 

budget for the whole hazard analysis.  The detailed hazard analysis should be able to identify the 

problems that might be encountered in operation, the malfunctions and failures that might occur, 

and the hazardous characteristics that might exist (Hammer, 1993).  There are numerous methods 

of analysis that can be used for detailed hazard analysis.  The first method of Failure Mode and 

Effects Analysis is oriented towards investigating the results that malfunctions of components 

can generate.  Other methods analyze circuits, assemblies, relationships between assemblies, and 

potentially adverse occurrences or abnormal behavior (Hammer, 1993).  Goetsch (2003) 

identified a list of six detailed hazard analysis methods which are described below in brief: 

 

a) Failure Mode and Effects Analysis (FMEA):  Hammer (1993) defines reliability as the 

probability of successful accomplishment of a mission within specific time and under 

specified conditions.  FMEA was developed by reliability engineers to predict the reliability 

of complex products.  This could be only achieved by establishing how and how often 

components of a product could fail.  During FMEA, the product to be analyzed is listed by its 

constituent major assemblies and then by its subassemblies and components.  Each 

component is then studied to determine how it could malfunction, what could cause it to 

malfunction, and the effect on other components or on higher-level subassemblies, 

assemblies, and the entire product.  Failure rates can then be determined and listed in order to 

establish the overall probability that the product will operate without a failure for a specific 

length of time.  The FMEA analysis is able to predict the operational time of the product 

between failures (Hammer, 1993).  Since the end effects of failures are concretely established 

by FMEA, it is commonly used for the purpose of safety analysis.  FMEA does not take the 

human error component and the hazardous conditions into account.  To a limited extent, 

FMEA does take into account the effects of environment.  FMEA does not usually consider 

the effects that result from multiple failures (Hammer, 1993).  Ultimately, FMEA can be 

helpful in determining where improvements in component life or design are necessary, and 
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because failure intervals and probabilities are estimated, maintenance periods and 

redundancies or fail safe requirements could be established.  Due to the above advantages, 

FMEA was used as one of the processes to conduct safety analyses of the selected PPE in 

this research. 

 

b) Hazard and Operability Review (HAZOP):  HAZOP was primarily established for use with 

new processes in the chemical industry.  The advantage of HAZOP is that it allows problems 

to be identified even before a body of experience has been developed for a given 

process/system.  Although HAZOP was originally intended to be used with new processes 

and systems, it works equally well with the old processes/systems.  HAZOP consist of 

forming a team of experienced, knowledgeable people from a variety of backgrounds relating 

to the process/system and having the team members brainstorm about potential hazards.  The 

process allows the health and safety professional to chair the team and act as a facilitator.  

The chair’s role is to draw out and record the ideas of team members, facilitating free and fair 

discussion among team members and coming up with innovative ideas by consolidating ideas 

from different members.  There are a variety of approaches which can be used with HAZOP.  

American Institute of Chemical Engineers (AICHE) recommends the most widely used 

method with the following guide words: no, less, more, part of, as well as, reverse, and other 

than (AIHCE, 1985).  These guidewords relate to the operation of a specific component in 

the system or a specific part of an overall operation. They describe ways in which a specific 

component might deviate from its design or intended mode of operation. HAZOP has the 

same weakness as FMEA.  They both predict problems associated with system/process 

failures which are technological failures.  HAZOP does not consider human error. Human 

error is often a factor in accidents and it needs to be dealt with systematically (Goetsch, 

2003). 

 

c) Fault Tree Analysis (FTA):  FTA can be used to predict and prevent accidents or it can be 

used as an investigative tool after the incident.  FTA is an analytical methodology that uses a 

graphical model to visually display the analysis process.  A fault tree is built of special 

symbols derived from Boolean algebra resulting in a model that resembles as a logic diagram 

or a flow chart.  The top of the fault tree model is always an accident/incident that either 
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could occur or would have occurred (Goetsch, 2003).  FTA is a method of analysis that 

focuses on the probability of occurrence of one event, indicates the complex relationship that 

can cause that event, and includes all the contributory factors.  It was developed for the above 

reasons by Bell Laboratories at the request of the US Air Force.  Although it was developed 

to determine quantitative probabilities, it is more commonly used for its qualitative aspects 

because of the systematic way the various factors in any situation can be presented (Hammer, 

1993).  The first step in the development of the fault tree is to decide on the accident/incident 

to be placed on top of tree.  The second step is to identify the broadest level of failure/fault 

event that could contribute to the top of the event.  Appropriate symbols should be assigned 

during the process.  The third step is to move downward through successively more specific 

levels until basic events are identified. Experience, deliberate care, and systematic analysis 

are crucial in constructing fault trees (Goetsch, 2003).  As the fault tree develops, progression 

down indicates causes and that moving up indicates effects.  FTA can be used for various 

purposes such as trouble-shooting and maintenance, reliability calculations, accident 

investigations, management decisions, estimating risks, etc. (Hammer, 1993).  

 

d) Human Error Analysis (HEA):  Human error analysis is a process used to predict human 

error.  It is not an after-the-fact process.  Although past incidents can be studied to identify 

trends that can, in turn be used to predict accidents and identify the common mistakes made 

by the operator in the system.  HEA should be used to identify hazards before they cause 

accidents.  Goetsch (2003) suggests two effective approaches of HEA: observing employees 

at work and noting hazards (the task analysis); and actually performing job tasks to get a 

firsthand feel of hazards.  HEA can be performed in conjunction with FMEA to enhance the 

effectiveness of the FMEA (Goetsch, 2003). 

 

e) Technique of Operations Review (TOR): TOR is a hazard analysis method that allows 

supervisors and employees to work together to analyze workplace accidents, failures, and 

incidents (Goetsch, 2003). Overall, TOR approach seeks to identify systemic causes in the 

same manner as FMEA and HAZOP.  Hallock (1991) describes TOR as a hands-on 

analytical methodology designed to determine the root system causes of an operation failure.  

It uses a worksheet written in simple-to-understand terms and follows an uncomplicated 
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Yes/No decision-making sequence; hence it can be used even at the lowest levels of the firm.  

TOR is triggered by an incident occurring at a specific time and place and involving specific 

people.  It demands a careful and systematic evaluation of real circumstances surrounding the 

incident, and results in isolating the specific ways in which the organization failed to prevent 

the occurrence (Hallock, 1991).  A weakness of TOR is that it is an after-the-fact process and 

it is triggered by an incident.  Therefore, it was not used in the current research, which 

constituted a task-analysis process of the selected PPE products. 

 

f) Risk Analysis:  Risk analysis is an analytical methodology normally associated with 

insurance and investments.  However, risk analysis can be used to analyze the workplace, 

identify hazards, and develop strategies for overcoming these hazards.  The fundamental rule 

of thumb of risk analysis is that, risk is decreased by decreasing the frequency and severity of 

hazard-related events.  It is important to understand the relationship that exists between the 

frequency and severity factors relating to accidents.  Historical data on accidents, injuries, 

and illness show that the less severe an injury/illness, the more frequently it is likely to occur.  

Correspondingly, the more severe an injury/illness, the less frequently it is likely to occur 

(Goetsch, 2003).  A number of different approaches can be used in conducting a risk 

analysis.  One of the most effective is that developed by Chapanis (1986).  Chapanis’s (1986) 

approach to risk analysis considers both probability and impact.  A probabilistic risk analysis 

technique is followed to conduct risk analysis for both selected PPES in this research.  

        

 A FMEA was performed to conduct a safety analysis of the simple PPE device in this 

research effort.  FMEA was selected in order to predict the failure/malfunction of various 

components and subsystems involved in the simple PPE device. 

 

2.3.3 Issues Related to Hazard Analysis.   

Some of the issues that were identified by the author related to the hazard analysis 

process in an organization are discussed herein.  The foremost important issue in preliminary 

hazard analysis may well be the experience of the person who is conducting it.  The success or 

the effectiveness of a preliminary hazard analysis depends on the experience of the person 

conducting it.  The success of a preliminary hazard analysis also depends on the professional’s 
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related expertise in the required field and the overall broader system safety experience over a 

period of time.  The broader system safety experience will help the professional to better 

understand the problems on a micro as well as macro level.  In order to apply the knowledge and 

expertise from various areas to the process of hazard analysis, it is advisable to have people from 

diverse backgrounds (Goetsch, 2003). 

Cost is one of the other important factors.  Typically, for every hazard there are several 

different remedies.  For each remedy there is a corresponding cost and proportionate benefit 

associated with it.  The remedy that makes the most sense from the perspective of both cost and 

impact on the hazards is generally preferred by the management.  It is not always feasible to wait 

until all the data is compiled from a detailed analysis before taking steps to identify and eliminate 

hazards.  Therefore, preliminary hazard analysis can help expedite launching or utilizing a new 

system on line with a substantially lesser risk of injuring workers.  Compliance issues also play 

an important role in deciding whether to conduct the hazard analysis and of what type.  It 

depends on the regulating agency’s attitude towards the defaulting companies regarding the 

hazards analysis.  If the enforcement is strict and the regulating agencies are vigilant, more 

companies would try to obey the rules and standards for the hazard elimination, creating safe and 

healthy work places (Goetsch, 2003). 

 

2.3.4 Background and Goal of System Safety.   

Traditionally, the system safety professional base was limited to aerospace, Department 

of Defense (DoD) or government, to serve the production industry associated with the 

government and defense companies.  Non-government and non-military equipment 

manufacturers had not typically tapped into the system safety design expertise.  

As mentioned earlier, a system consists of humans, machines, and the environment 

accommodating these components.  It is always feasible to modify a machine to make it safe 

rather than attempt to change the behavior of each individual who will use it.  The use of the 

word “accident” is commonly used to describe any incident in which someone is hurt or killed, 

and implies that the injured was not to blame, and that the event was by chance and could not 

have been foreseen or prevented.  Peters (1996) believed that system safety concepts applied to 

equipment design can make the use of this word “accident” obsolete.  Safe design means no 
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accident.  Hazards must be identified so that reasonable safeguards can be developed to avoid 

accidents (Peters, 1996). 

  Rodgers (1971) defined System Safety as the science which investigates the facts by 

logic and knowledge to assure personnel and equipment operate harmoniously in a defined 

environment, which will not encounter unexpected or inadvertent events that would result in 

injury or damage to the personnel or the equipment.  Accident prevention is the ultimate goal of 

system safety.  It can be achieved by identifying and controlling hazards before they have the 

opportunity to become accidents (Berry, 1991).  According to Rodgers (1971), the system safety 

program objectives are to ensure: 

a) Safety consistent with mission requirements is designed into the system. 

b) Hazards associated with each system, subsystem, and equipment are identified, 

evaluated, and eliminated or controlled to an acceptable level. 

c) Control over hazards that cannot be eliminated is established to protect personnel, 

equipment, and property. 

d) Minimum risk is involved in the acceptance and use of new materials and new production 

and testing techniques. 

e) Retrofit actions required to improve safety are minimized through the timely inclusion of 

safety factors during the acquisition of a system. 

f) The historical safety data generated by similar system programs are considered and used 

where appropriate to avoid mishaps.  

 

  Mac Collum (1994) suggested that industry needs to be made aware that once a hazard 

has been identified, it can be prevented from causing injury by following a simple order of 

precedence.  It can also be referred to as a generic system safety approach.  All efforts should be 

made to eliminate the hazard.  If the hazard cannot be eliminated then it must be guarded so that 

it cannot be armed or activated.  The workers and the people in close vicinity should be warned 

of the presence of the hazard with alarms or passive warning labels.  Training and certification 

should be provided for the operators or workers to face any untoward incident. Appropriate PPE 

should be provided to protect the people, if need be.  

 

2.3.5 Software Safety in Electronic PPE.   
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Although we are often unaware of it, we face daily exposure to safety critical systems 

controlled by software.  Software safety is one of the most important topics that need immediate 

attention from system safety professionals.  There are several reasons to work towards software 

safety analysis.  More applications are relying on software to control energy sources and their 

functioning.  The working of computers and microprocessors is more complex/abstract than 

traditional control systems.  As systems grow more complex and software dependent, a non-

linear increase in human error-induced faults has become evident (Forrest, 1988).  The 

traditional methods of verification and validation are proving to be only partially effective.  The 

“Uncertainty Principle” applies to complex computers. It is nearly impossible to know exactly 

the inputs, outputs and state of the computer at any one time while it is in operation or at the time 

of any malfunction.  It means that it is just impossible to track a particular scenario or case of 

particular state of hardware and software at a particular time.  So, in such cases, it will be hard to 

track the fault.  Software hazards are real.  The consequences of software controlled 

malfunctions are far-reaching.  Failure of these systems can cause injury, death, environmental 

harm or loss of property (Forrest, 1988).  Therefore, it is very important to study and implement 

software safety in electronic PPE. 

 

2.3.6 Definition of Software Safety.  

 

 Forrest (1988) defined software safety as the identification and prevention of safety-

critical software controlled malfunctions through systemic process.  Safety critical malfunctions 

are those conditions, actions, or inactions that can cause damage, injury etc.  A software-

controlled malfunction can be caused by: 

a) Requirements deficiency, which involves system specifications and systems engineering, 

and requires a thorough understanding of the system and its interfaces to be able to 

resolve them. 

b) Design deficiency is of two types; one is a coding error and the second is design error. 

Software testing is used primarily to check for coding errors, but it can catch some design 

errors too. 

c) Hardware deficiency, which involves the external physical components of the system or 

computer hardware (Forrest, 1988). 
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2.3.7 Requirements Objectives of Software System Safety.  

 

 Forrest (1988) suggests that software system analysis must start early in the overall 

design stage.  Safety requirements must be incorporated into the software design prior to 

preliminary design approval, and software safety analysis should begin after the preliminary 

design approval.  Software requirement objectives of software safety are: 

1) Defining the software configuration, 

2) Definition of safety functions and performance which can be analytically demonstrated in 

software, 

3) Allocation of safety elements in the software functional design, 

4) Resolution of the methods for verification and validation of the software functional 

design, and 

5) Establishing the means for demonstrating that the software meets safety objectives 

(Forrest, 1988). 

 

2.3.8 Elements That Can Cause Software Accidents.   

 

Accidents usually involve a complex interaction of incidents with multiple contributing 

factors, such as people, equipment, or procedures.  Some of these accidents have their origin in 

engineering activities.  The root cause of these accidents can sometimes be found in the software 

content of engineering activities. Knisely, Yang,  and Chen (1994) have identified several 

software engineering elements that have caused accidents, such as unrealistic software risk 

assessments, poor software design leading to human errors (human factors and real-world 

deficient software design), etc.  Timing is of critical importance for complex real-time software.  

Failure to understand timing can lead to an accident.  Putting too much confidence in software is 

also not advisable.  Failure to understand the difference between the concept of hardware 

reliability and the concept of   software reliability concepts may also lead to software accidents.  

Software design deteriorates over the product lifecycle due to modifications.  These errors 

arising due to the difference in the compatibility of software reliability and hardware reliability 

are much harder to find and eliminate, which may prove to be hazardous in aging systems. 
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  Other causes that have roots in management activities are management inadequacies, 

such as lack of software procedures, lack of follow-up on incident reports, overconfidence, or 

profit motives.  Considering user-friendliness to be a higher software design goal than system-

safety may also lead to the sacrifice of safety.  Inadequate documentation of software 

development may lead to insufficient information during conflict resolution.  Following outdated 

software engineering practices may also cause software accidents (Knisely, et al., 1994). 

 

2.3.9 Framework to Achieve Software System Safety.  

 

 To develop complex and safety-critical software, a system safety program is required.  The 

system safety program must define the combined tasks and activities of system safety 

engineering and system safety management.  It must satisfy the system safety requirements in a 

timely, cost-effective manner throughout all phases of the system development cycle.  The 

software people involved in a safety-critical project must be qualified by training in quality 

software engineering and software safety engineering and have an understanding of the 

application domain.  The best approach towards safe and reliable software is to verify that utmost 

care was used in design.  The framework for system safety allows the system designers to apply 

the system safety principles through two sets of activities, the engineering development of the 

entire system and the management planning and control of that development (Knisely et. al., 

1994). 

  Applying the earlier mentioned system safety principles through the corresponding 

activities, the following is a software system safety framework that incorporates both system 

safety engineering and system safety management efforts.  The framework is composed of three 

stages: identify and analyze potential hazards; build the system and trace the hazards; and, assess 

the safety of the system (Knisely et. al., 1994). 

 

2.3.10 Safety Design Criteria for Software Systems.   

 

For a complex safety-critical system, the design efforts require a great degree of 

discipline and experience.  It is important to follow a well-planned safety criterion as described 

by Hoes (1993).  Hoes (1993) lists the order of precedence for satisfying system safety software 
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requirements.  The top priority should be given to the design for minimum risk.  Secondly, the 

design should be made to tolerate the hazard.  If the system or the design fails, then a fail-safe 

degradation should be provided.  Warning devices should be provided as a part of a fail-safe 

degradation in case of any untoward incident.  Where it is impractical to eliminate hazards 

through design, procedures and training must be used to mitigate or eliminate the hazards.  All 

software-related functions that affect service should be documented, and users should be fully 

trained (Knisely et. al, 1994). 

 

2.3.11 Software Safety Analysis Techniques.   

 

The objective of software safety analysis techniques is to verify that enough design 

analysis has been accomplished to accept the risk arising due to software failure or malfunction 

(Pilakos, 1992).  Some of the current analysis techniques and methodologies available for 

conducting software safety analysis are software fault tree analysis, Design walk-through, Code 

walk-through, Petri-net analysis, etc. (Knisely et. al., 1994).  A brief explanation of each of these 

techniques from the Software System Safety Handbook (1986) is as follows: 

  Software Fault Tree Analysis:  An analytical technique, whereby an undesired system 

state is specified and the system is then analyzed in the context of its environment and operation 

to find all credible ways in which the undesired event could occur.  A software fault tree analysis 

is also termed as “soft tree,” which is constructed on a system which includes a software 

interfacing with hardware. 

  Code Walk-Through:  A manual simulation of predefined test cases (i.e., test input and 

expected output) led by the programmer and addressed to a small (e.g., three to six member) 

group of qualified personnel, preferably personnel not directly involved with the program being 

reviewed. 

  Design Walk-Through:  A step by step detailed examination of the design of the software 

by a small group of qualified personnel. 

  Petri-net Analysis:  Petri-net is a mathematical model that describes the system in 

graphical symbols for analyzing properties such as reachability, recoverability, deadlock, and 

fault tolerance.  The biggest advantage is that it can link software, hardware, and the human 

element in the system (Software System Safety Handbook, 1986). 
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  Each technique has its strengths and weakness.  A thorough software hazard analysis may 

require application of more than one of these techniques to any software element.  The failure of 

system safety management is the responsibility of company management.  The company 

management must institute a safety culture in software development.  The introduction and 

implementation of successful software safety programs needs the leadership and sponsorship of 

all levels of management.  System Safety Management is that element of management that 

defines, plans, implements, and accomplishes the system safety tasks that are consistent with the 

overall program requirements (Knisely, 1994).  

 

2.4 Standards and Their Impact on PPE 

 
 
2.4.1 Background and Significance of Standards.   

 

Many general and specific OSHA standards require PPE where foreseeable hazards are 

present.  These specific standards define the hazards present and establish the PPE required for 

workers exposed to such hazards.  Further, both regulatory and consensus standards governing 

the performance of such devices have been established.  These standards and requirements do 

change as new exposure standards are promulgated.  Nearly all PPE are manufactured to comply 

with a “standard” (Moran and Ronk, 1987). 

A standard is a document, established by consensus and approved by a recognized body, 

that provides rules, guidelines, or characteristics for a product for common and repeated use 

(International Safety Equipment Association, 2004).  A regulation is a set of orders issued to 

control the conduct of personnel within the jurisdiction of the regulating authority (Hammer, 

1993). 

Standards are a crucial part of the world of safety equipment.  Everyone concerned with 

this industry needs standards to refer to and depend on.  Manufacturers need them to determine 

the performance requirements for products they design, produce, and sell.  They also need test 

procedures to assess conformity to and seek certification of those requirements in standards and 

to properly label their product with its performance capability.  Purchasers, users, and sellers 

need standards to select the specific product for a specific job and to understand its applications 
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and limitations.  Government and regulating agencies incorporate standards into workplace 

safety and health regulations. 

Standards are the common language of marketplace and workplace.  Standards establish 

the compatibility of components and systems, thereby making it possible to interchange the 

products from different manufacturers safely and effectively.  Standards establish a level of 

performance for a product, system or, process.  For PPE, this is basically the protection the 

product is designed to provide.  Standards provide a method for confirming and verifying that a 

product is suitable for its intended purpose.  Lastly, standards serve in the best interest of the 

public, by establishing levels of safety, health, and environmental protection.  Standards are also 

used as the basis for government regulation (International Safety Equipment Association, 2004). 

Development of Standards. Manufacturers and users, government officials, experts, 

academic persons, and consultants all are involved in writing standards.  Anyone with 

knowledge of the product, process or service, or an understanding of how to establish common 

performance characteristics and guidelines, and a willingness to devote time and energy to the 

process, can help in the standards development process. 

 

2.4.2 Classification of Standards.   

 

There are three broad categories of standards: Government standards, Company 

standards, and Voluntary or Consensus standards (International Safety Equipment Association, 

2004). 

Government standards are generally developed through a formal rule-making process, 

and are generally promulgated into federal law.  A formal rule-making process goes through 

notice-and-comment rule-making under which the public is asked to file their comments within a 

stipulated time and there is an open discussion about those comments.  Once the issues related to 

those comments are satisfactorily resolved, formal rule comes into effect. Government can 

accept voluntary standards too by means of a formal rulemaking process.  Once the final rule is 

issued, it becomes a law that every individual and agency has to follow (International Safety 

Equipment Association, 2004).  There are also military standards, which are not really law, but 

are part of the government.  Sometimes, a law which is mandatory in the federal books can cite a 

standard. 
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Company standards are the standards whose specifications are developed in-house by the 

company and made available widely.  If a company is a pioneer in a particular research area, 

then sometimes that company develops and sets standards in that area which other companies in 

the same area follow.  

Voluntary standards are developed by consensus and are nationally recognized so they 

are referred as consensus standards (Hammer, 1993).  Acceptance of these standards must 

generally be approved by almost all the personnel and their organizations.  Consensus standards 

usually specify only the lowest or the minimum common performance acceptable to the 

members of the industry concerned.  Recently, the requirements of some of these standards have 

been made more stringent because of the requirements’ inadequacies to minimize accidents and 

to protect defendants who had used them as guidance. 

A consensus standard indicates the lowest safety level an industry or manufacturer 

intends to meet in the product it supplies, whereas a mandatory standard indicates the lowest 

safety level the government will accept.  The two may not be, and generally are not, the same.  If 

they were the same, then there would have been no need for mandatory government standards 

(Hammer, 1993).  Another inadequacy of consensus standards is that testing is often biased.  For 

example, a manufacturer may send the sample of their product to the testing laboratory which 

they believe represents the quality of the normal (or better) output of their product (Hammer, 

1993). 

  PPE are usually marketed by safety equipment distributors.  Such distributors often 

represent many manufacturers.  Contrary to the fact that PPE are life saving devices, such as 

respirators, PPE are marketed as a commodity item and sold principally on price rather than 

performance.  This is fostered by the fact that the performance standards are largely minimum 

acceptable performance standards; thus superior performance is not generally marketable for 

premium price.  Therefore, the selection of PPE needs to be exercised with care and with 

preference being given to the supplier and/ or manufacturer that can provide specific information 

to the intended use situation (Moran et. al., 1987). 

 

2.4.3 List of Relevant Standards and Guidelines for the Current Research. 
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Several existing applicable standards and guidelines were used to help analyze the 

systems development process practiced by the PPE manufacturers.  Each are described and 

presented below. 

 

1) Design for Six Sigma (DFSS) 

 

DFSS is an approach to design new or existing product for Six Sigma quality.  

The phases or the steps in DFSS are not universally recognized or defined.  Almost every 

company or organization defines DFSS differently.  Generally, a company will 

implement DFSS to suit their business, industry and culture; other times they will 

implement the version of DFSS used by the consulting company assisting in the 

deployment.  Therefore, it is said that DFSS is more of an approach than a defined 

methodology (Simon, 2006). 

DFSS is used to design or re-design a product or service from the ground up.  The 

expected process Sigma level for a DFSS product or service is at least 4.5 (no more than 

approximately 1 defect per thousand opportunities), but can be Six Sigma or higher 

depending upon the product.  In order to produce a product or service launch at such a 

low defect level means that customer expectations and needs (CTQ’s) must be 

completely understood before a design can be completed and implemented.  One of the 

most popular DFSS methodologies is called DMADV.  The five phases of DMADV are 

defined as: Define, Measure, Analyze, Design and Verify.  Broadly, define the project 

goals and customer (internal and external) requirements. Then measure and determine 

customer needs and specifications; benchmark competitors and industry.  Then analyze 

the process options to meet the customer needs. Design (detailed) the process to meet the 

customer needs, and finally verify the design performance and ability to meet customer 

needs (Simon, 2006). 

There are few other generally used methods such as DCCDI (Define, Customer, 

Concept, Design and Implementation), IDOV (Identify, Design, Optimize, Validate), etc., 

which are used and customized as per the requirements of a company.  Therefore, DFSS 

approach can utilize any of the many possible methodologies listed earlier.  But 

ultimately, all these DFSS methodologies use the same advanced tools such as Quality 

Function Deployment, Failure Modes and Effects Analysis, Benchmarking, Design of 
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Experiments, Simulation, Statistical Optimization, Error Proofing, Robust Design, etc.  

Every DFSS methodology primarily differs in the name of each phase and the number of 

phases and its acronym.  Therefore, detailed DFSS methodology helps achieve high 

quality levels for new as well as existing products and services (Simon, 2006). 

DFSS framework includes the following specific elements that are described 

herein.  The first and the most important element is to understand the real customer needs 

through voice of the customer (VOC) analysis.  The second element is to use quality 

function deployment (QFD) to translate customer needs into critical technical 

characteristics of the product and ultimately into critical to quality (CTQ) characteristics 

of the product and process.  The third element is to  focus on designing for the lifecycle 

to minimize lifecycle costs with  design for manufacturing analysis (DFMA), value 

analysis and target costing and to enhance reliability with design for reliability and design 

for testability (DFT).  The fourth element is to mistake-proof the product and process.   

The fifth element is to perform failures modes and effects analysis (FMEA) or 

anticipatory failure determination (AFD) to identify potential failures and take corrective 

action to mitigate or prevent those failures.  FMEA and AFD apply to both the design of 

the product and the design of the process.  The sixth element is to develop capable 

manufacturing processes and select processes that are capable of meeting the design 

requirements, especially with CTQ parameters.  The seventh element is to use design of 

experiments (DOE) or Taguchi Methods to optimize parameter values and reduce 

variation, in other words, develop a robust design.  The eighth element is to verify and 

validate the product design which will meet customer needs with peer reviews, checklists, 

design reviews, simulation and analysis, qualification testing, production validation 

testing, focus groups and market testing.  Finally, measure the results with DFSS 

scorecard; estimate sigma - do results meet quality target?  (Crow, 2002).  

 

2) IEC 61508 – Functional Safety of electrical / electronic / programmable electronic 

safety related systems (Part I – VII) International Standard. 

Computer-based systems, referred to as Programmable Electronic Systems (PES), are 

being used in all application sectors to perform non-safety functions and, increasingly, to 

perform safety functions.  IEC 61508 sets out a generic approach for all safety lifecycle 
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activities for systems that are comprised of electrical and/or electronic and/or 

programmable electronic components that are used to perform safety functions.  The first 

premise of the standard is that there is equipment intended to provide a function (i.e., the 

equipment under control [EUC]), there is a system that controls it, and between them, 

they pose a risk.  The standard’s second premise is that safety functions are to be 

provided to reduce the risks posed by the EUC and its control system (see Figure 1).  The 

standard states that safety functions may be provided in one or more protection systems, 

as well as within the control system itself.  In principle, their separation from the control 

system is preferred.  All systems that are designated to implement the required safety 

functions necessary to achieve a safe state for the EUC are classified as “safety-related 

systems” and it is for these systems that the standard applies. 

 

 

     

 

 

 

 

 

 

 

Figure 1.  Risk and safety functions to protect against risk. 

 

A fundamental tenet of the IEC 61508 standard is that it is not valid to assume 

that if the EUC and its control systems are built well and are reliable, they will be safe.  

These systems must be designed to be safe and to be operated safely, and the safety 

functions should be based on an assessment and understanding of risks.  The standard 

provides guidance on what represents ‘good practice’ and offers recommendations to 

achieve it, but the standard does not absolve its users of the responsibility for safety.  The 

standard recognizes that safety cannot be based on ‘retrospective proof’ but must be 

demonstrated in advance, and that there can never be perfect safety (zero risk); as such, 

the recommendations are not restricted simply to technical affairs (Redmill, 1999). 
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In other words, IEC 61508 is not a system development standard; rather, it is a 

standard for the management of safety throughout the entire life cycle of a system, from 

conception to decommissioning.  The standard marries safety management with system 

management and, with respect to the development of safety-related systems; it marries 

safety engineering with software engineering.  Finally, IEC 61508 is a ‘generic’ standard, 

and is intended as the basis with which to write more specific (i.e., sector-specific or 

application-specific) standards (Redmill, 1999). 

 

2) UL 1998 – Underwriters Laboratories Standard for Safety for Software in 

Programmable Components, UL 1998. 

The requirements in UL 1998 address non-networked embedded software design in 

programmable components, which are application-specific.  Embedded software is 

software that resides in a programmable component and that performs some of the 

requirements of the programmable component.  Non-networked embedded software is 

software that executes on a single microprocessor/microcontroller or on redundant 

microprocessors/microcontrollers, residing in the same physical enclosure.  Application-

specific means that the software is limited to a designated application that permits 

effective evaluation of the hazards and risks associated with the software.  Programmable 

components are any microelectronic hardware that can be programmed in the design 

center, the factory, or in the field (UL 1998).  The requirements in UL 1998 are 

applicable when used in conjunction with an application-specific standard that contains 

requirements for safety-related functions implemented using software.  When UL 1998 is 

applied to a specific product, it is intended that the requirements address product safety 

risks associated with the specific purpose (as components only) of software in the 

programmable component.  UL 1998 is intended to be used in conjunction with other 

safety standards that address the programmable component hardware.  Requirements in 

UL 1998 may be amended or superseded by requirements in a product safety standard, a 

directive, regulation, or a purchasing specification (UL, 1998). 

 

3) ANSI /ISA –84.01-1996 (formerly ANSI / ISA-S84.01-1996) – American National 

Standard. Application of Safety Instrumented Systems for the Process Industries. 
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This standard addresses the application of Safety Instrumented Systems (SIS) for the 

process industries.  The SIS addressed includes Electrical (E)/Electronic (E)/and 

Programmable Electronic (PE) technology.  This standard is process industry-specific 

within the framework of the International Electrotechnical Commission (IEC) draft 

publication 1508.  The standard is intended for those who are involved with SIS in areas 

of design and manufacture of SIS products, selection, and application; installation, 

commissioning and pre-start-up acceptance test, and operation, maintenance, 

documentation and testing.  The objective of the standard is to define the requirements 

for safety instrumented systems (ANSI, 1997). 

 

4) NIOSH Guidelines for Advanced Personal Protective Systems for First Responders: 

Draft prepared by Safety Requirements Inc. in Nine Parts (currently in draft form). 

The purpose of the NIOSH guidelines is to achieve functional safety for advanced PPE 

requiring a system design approach that addresses hardware, software, human behavior, 

and the operating environment over the equipment’s life cycle.  It involves more than 

performance testing of the finished equipment and software.  The software, as a 

component, may provide numerous safety features tested in accordance with best 

practices, yet the equipment may be unsafe because of how the software and all of the 

other parts interact in the system.  Thus, the system design process will necessarily 

involve heavy integration requirements, and the means to achieve it must be available to 

component manufacturers early in the design process (NIOSH, 2004).  The Guidelines 

draft introduces the elements of functional safety achievement for electronics and 

software in Personal Protective Equipment System (PPES) used in first responder 

applications.  It provides general background information for use by the life safety 

equipment manufacturers including component manufacturers, system integrators and 

installers, and life safety professionals when designing equipment and developing safety 

design and performance standards. 

 

2.5 Perspectives of System Design 

2.5.1 Fundamentals of Design 
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Design is a human activity involving an individual or team effort in order to create an 

artifact or a product that is not extant.  Since the ultimate artifact is not currently physically 

extant and cannot be observed or manipulated, thus it is necessary to represent it conceptually, 

either on paper or in the mind.  The need for conceptualization and externalization in the form of 

a prescriptive model of some kind is obvious when a artifact is complex and its design is being 

completed by a group of people in an organization.  Product design or system design is a social 

process where many groups of people with different backgrounds cooperate to bring diverse 

ideas and experiences.  How an artifact is perceived dictates how human acts upon the artifact.  

Also the way the artifact under design is conceptually represented at the metalevel has a 

profound influence upon the way design is done (Pohjola, 2003). 

Cross (1999) suggested design research as a development, articulation and 

communication of design knowledge.  He further suggested looking for this knowledge in three 

resources: people, processes and products.  Design knowledge resides first in people, and 

designing is a natural human ability.  Secondly, design knowledge also resides in processes, 

mainly in the tactics and strategies of designing.  A major area of design research is 

methodology, the study of the processes of design and development application of techniques 

which aid the designer.  Third, design knowledge resides in the products in the form and 

materials and finishes which embody design attributes.  Cross (1999) developed a taxonomy of 

the field of design research classifying it into three main categories based on people, process and 

products.  The first category is the design epistemology which is the study of “designerly” ways 

of knowing.  The second category is the design “praxiology” which is the study of the practices 

and processes of design.  The third category is the design “phenomenology” which is the study 

of the form and configuration of artifacts (Cross, 1999).  Ultimately, Cross (1999) ascertains that 

design has its own distinct intellectual culture, its own designerly things to know, ways of 

knowing them, and ways of finding out about them.  The design activities are conducted in many 

areas such as architectural design, engineering design, industrial design, and software design.  

The methods applied to conduct design research range from philosophical analysis, case studies, 

and interviews, to protocol studies.  The primary focus of this review is related to the system 

design aspect, especially the design of PPE systems for first responders and firefighters.  The 

review focuses on design issues related to the PPE usability, comfort, and functionality. 
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2.5.2 Perspectives on Framework in Design 

 
There are several theoretical frameworks proposed to date to understand and study the 

design component of system design.  One of the approaches in understanding the design 

component is by treating the designer as a user and design as a work activity.  A second 

theoretical framework is the theory of ontological design proposed by Winograd and Flores 

(1986).  These two most common theoretical frameworks are briefly discussed here. 

The first approach to study system design in actual practice is by treating design as a 

work activity and by observing the design process and collecting empirical design data by the 

same methods human factors engineers collect behavioral data of non-design work activities. In 

this method, the system designer is considered as the user of the product or the system being 

designed.  The system design may be viewed as a case of human interaction with technology 

(i.e., applying a design method), which is the fundamental tenet of human factors engineering.  

Additionally, the study of the system design process as a work activity can also benefit from 

similar design studies conducted by generic design research professionals.  As suggested by 

Cross (1999), design research can also follow a multidisciplinary approach to understanding the 

design process across all domains (product design, architectural design, etc.) where designing is 

fundamental.  The design research effort in this framework includes activities related to how 

designers think, work, formalize the establishment of appropriate structures for the design 

process, and initiate the development and application of new design methods, techniques, 

procedures, etc. 

Winograd and Flores (1986) introduced the other theoretical framework called the theory 

of ontological design, as a new foundation for design.  Their work was extracted from the 

philosophical traditions of phenomenology, the philosophical examination of the foundations of 

experience and action, and hermeneutics, the philosophy of interpretation.  Ontological design 

examines how a designer perceives a system as a particular composition of objects and properties 

that comprise a certain representation of a system.  According to Winograd and Flores (1986), 

artifacts do not exist or bear properties independent of interpretation, the particular constitution 

of objects and properties compromising the system arising through the designer’s orientation.  

The way in which the functional properties of a system or a product are perceived by a designer 

depends upon the designer’s goals and intentions.  In generic terms, objects in the environment 

exist isolated from the background only in the mind of the viewer, and the properties they are 
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allocated depend on the viewer’s/ user’s actual intentions.  Therefore, a same object can be used 

in multiple ways depending on the needs or interests of a human subject (Rasmussen, 1986).  A 

designer develops an orientation to the world or environment depending on the immediate 

concerns which organizes the world (environment) and the system or product to be designed as a 

part of a specific human project.  While working towards a concerned activity, a designer’s 

orientation also reflects a horizon of pre-understanding which sets and restricts possibilities for 

action.  The horizon of pre-understanding is a product of previous experiences of interpretations 

and concerned activities.  Therefore, interpretation and in terms the design of product or system 

depends on the designer’s orientation (intention) as well as designer’s horizon (pre-

understanding) in defining the ontology of system, that includes the particular composition of 

objects and characteristics that comprise a certain representation of the system/product. 

Therefore, a design can be understood as the interaction of the ontology of the designer and the 

ontology of the user, created by the attempt of the designer to anticipate user/system 

requirements by mentally creating the possible uses the system might be put into. 

(Papantonopoulos, 2004). 

 

2.5.3 Design is Commutative in Nature 

 
Papantonopoulos (2004) conducted an experimental study that involved system designers 

conducting the design of cognitive task allocation without any decision support. The research 

shows a case study of system design in actual practice conducted with an objective of 

understanding the design thinking in system design.  One of the results from the study showed 

that verbal protocol analysis conducted by most of the participants made assumptions about 

applicable automation technologies as provisional design solutions prior to, or concurrently with 

task analysis.  This finding of the study agrees with the basic tenet that design is commutative in 

nature.  Design problems are imperfectly understood problems as they cannot be stated as 

‘wicked problems’ as mentioned in Rittel’s phrase (Rittel and Webber, 1973).  Moran and 

Carroll (1996) in their research addressed that any partial solution to a design problem generates 

‘waves of consequences’ that interact among themselves and with other problems, changing the 

problem definition in irreversible and unknown ways.  Understanding the problem, the emerging 

requirements and foreseeable resources is a part of the design process.  Therefore, the designer 
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always oscillates between the requirements and the resources, and tries to remove the obscurity 

on both sides thereby reducing the misfit between the two. 

2.5.4 Traditional System Design Process i.e. Analysis Synthesis Model 

  
Traditional system design methods clearly indicate that the designer has to perform a 

very careful analysis of the organization, the work situation, the information flow, etc., before 

entering the design of preliminary alternative solutions (Stolterman, 1991; Jeffrey and Lawrence, 

1984).  Adding to this traditional thought, Vicente (1999) advocated that system designers 

should avoid making any assumptions about the technologies or solutions to be introduced in 

system design before work analysis and task analysis are completed.   

Vicente (1999) claimed that if any assumptions about the technology (the system 

interface and the functionality) are made during analysis, they will have to be re-evaluated 

during technology design or task allocation, leading to a need to conduct task analysis again, 

under the revised assumptions.  But this will eventually lead to endless regress.  Vicente (1999) 

further added that task analysis needs to be ‘device-independent’ and he developed a conceptual 

framework for that purpose.  Rasmussen (1986) similarly suggested that a decision task 

necessary to meet the control requirements be analyzed in terms of a device independent 

framework.   

On the other hand, Moran and Carroll (1996) claimed that designers are historically 

aware of other designs and they build on such known borrowed designs and claimed that 

designers cannot afford to start from scratch every time at the beginning of design effort.  In the 

case suggested by Moran and Carroll, design is evolutionary and analysis is imbued with design 

assumptions from the onset, and therefore device independence suggested by Vicente and 

Rasmussen is unattainable.  It has also been shown that evolutionary design is desirable for 

fostering reliability.  Fuld (2000) equated the evolutionary development to inherited success and 

noted the importance of historical context for engineering design in general.  This clearly 

suggests the value of developing and retaining the bases or rationale for a design.  Besides the 

eventual retrospective value, bases provide an opportunity to project responsibility into future 

contexts for key considerations in the original design.  Vicente (1999) further commenting on the 

practice of system design added that, “the activities that analysts actually engage in while 

conducting an analysis are very opportunistic, chaotic, and iterative” (pg 35).  However, this 



                                                                                                                                                                                

   32  

seems to leave little ground for orderly application of conceptual frameworks that separate the 

analysis and synthesis. 

 

2.5.5 Conjecture-Analysis Model of System Design 

 
Many system designers, while trying to begin with a feasible solution for a design 

problem, begin their efforts from a tangible solution or preconceived experience in mind.  

Therefore, any such particular choice of a suitable starting point can be considered as the primary 

generator which is a concept to develop a provisional solution to the problem before reaching a 

final solution.  The role of this ‘primary generator’ which is a first stage towards a final solution 

has been well documented in the design research (Papantonopoulos, 2004).  Studies conducted 

by Lawson (1990) and Guindon and Curtis (1988) have shown that very early in the design 

process, the designer imposes a limited set of objectives or one particular solution concept as the 

‘primary generator’ for developing a provisional solution which is often referred as ‘design 

conjecture’.  Designers purposely rely on the formulation of the primary generator to reduce the 

variety of potential solutions to the imperfectly understood problem to a small set of solutions 

that are cognitively manageable.  These design conjectures are then tested against the 

requirements and constraints defined in the problem, thereby contributing to the fuller 

understanding or analysis of the problem.  This model is referred as the conjecture-analysis 

model in design literature.  The conjecture-analysis model therefore acknowledges the 

interaction between interpretation and practice, analysis and synthesis, means and ends, current 

practice and the historical co-evolution of the system of concern and its contexts of use.  

Stolterman (1991) used similar observations on the use of provisional solutions (referred as ‘first 

ideas’) very early in the system design process while studying design thinking in system design.  

It can be easily seen that the conjecture analysis model is contrasted with the analysis-synthesis 

model outlined in the earlier discussion. 

 Papantonopoulos (2004) suggests that the development of design conjectures also 

introduces a strong orientation or bias in the later development of the design process by shaping 

designer’s ontology.  The designer’s ontology is influenced by a horizon of pre-understanding 

that sets and restricts possibilities or options for action.  Yet, recognizing the role of conjectures 

in design methodology, ways can be sought to balance this methodological bias, through the 
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development of multiple solutions, by multiple representations of the design problem.  In order 

to achieve richer conceptualizations of system design problems and to offset the ontological bias 

in the conjecture analysis model, one needs to examine the relationship between work and 

technology, or between tasks and artefacts, in a system under development (Papantonopoulos, 

2004).   

Design solutions initially emerge in response to perceived system requirements; by 

having the system prototypes tested, new possibilities and new contexts of use emerge that leads 

to redefine the task(s) for which the system was initially developed; then, in turn, the redefined 

tasks set new requirements for the development of new design solutions to support them.  

Carroll, Kellogg, and Rosson (1991) referred this dynamic and interactive relationship between 

task and artifacts as the ‘Task-Artifact Cycle’ (TAC).  The researchers suggested conducting 

iterations through the TAC numerous times which will result in new contexts of use and new 

system requirements being revealed with each iteration.  This will progressively help to remove 

or at least reduce the ontological bias introduced initially by the conjectured solutions.  Carroll et 

al., (1991) has especially suggested using TAC as a framework for research and practice in the 

Human-Computer Interaction area.  Vicente (1999), however, claimed that TAC framework has 

a disadvantage of device-dependence because it is limited by the choice of prototypes being 

tested.  He suggested that the system design should be based on Cognitive Work Analysis 

(CWA), work analysis and task analysis techniques that are device as well as event-independent 

(independent of known work practices).  Vicente (1999) suggests this method in order to achieve 

a primary goal of letting work analysis suggest how the device should be designed, rather than 

making assumptions about the device even before the analysis begins.  CWA aims to produce an 

objective interpretation of work and technology requirements, untainted by the pre-

understanding of designer.  But by striving to develop an objective interpretation untainted by 

the designer’s pre-understanding, CWA therefore fails to take into consideration the assumptions 

designers have by the very way of their being.  Therefore, instead of striving to get away from 

our pre-understanding, the aim should be at making beliefs and assumptions in the pre-

understanding explicit enough to understand the ways in which that pre-understanding affects 

ones interpretation.  Then, in that case, TAC shall be seen as a process of enhancing 

interpretation by making better understood how system design is based on the co-evolution of 

tasks and artefacts. 
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 Papantonopoulos (2004) indicates that the ontological bias of provisional design solutions 

can be lessened by assisting the system designer to gain a better understanding of their own 

beliefs and implicit assumptions and, more importantly an understanding gained by practice and 

experience. In such a scenario, the method such as TAC shall be seen as an instantiation of a 

hermeneutic circle of iterative learning by doing.  The author also implies that the circularity of 

TAC and similar approaches is inevitable, as understanding can be never complete and perfect.   

 It is also important to note that any bias exerted by the diverse problem representations, 

beliefs, or implicit assumptions can be counterbalanced by simultaneously developing multiple 

representations and multiple solutions of the design problem as this provides multiple 

perspectives in design.  As stated earlier, multiple perspectives in all design work is a basic tenet 

of design research (Cross 1999, Moran and Carroll, 1996).  The multiple representations may 

serve to disclose the distinctive ontologies of a system, leading to different ontological 

formulations of the design problem.  Bohnhoff, Brandt, and Henning (1992) suggested an 

alternative representation to balance the ontological bias of this representation fostering a 

description of the problem and employing concepts where tasks are performed by people.  

Bohnhoff et al., (1992) referred to this approach as the Dual Design Approach indicating that 

both the technology based design and the work-process based design should be used in parallel 

to obtain an optimum.  Multiple solutions pursued concurrently may also help system designers 

reduce the bias which comes from generating a single solution.  Theoretical developments in set-

based concurrent engineering have recently advanced the concurrent development of multiple 

solutions (Ward, Liker, Cristiano, and Sobek, 1995).  Set-based concurrent engineering achieves 

the better mapping of the design space, the early exploration of design tradeoffs, and the 

effective communication by communicating sets of design possibilities rather than a single 

design possibility that accompany the iterative elaboration of a single best solution.  Empirical 

findings suggest that set based concurrent engineering improves product development 

performance despite the additional time and cost of developing multiple solutions (Sobek, Ward, 

and Liker, 1999).  Nevertheless, the benefits of multiple solutions and representations have to be 

continuously weighted against the cost for their development until a satisfactory solution is 

reached. 

 The practice of concurrently generating multiple representations and multiple solutions 

leads to the view of system design as a concurrent and collaborative exercise practiced by cross-
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functional design teams (Wheelwright and Clark, 1992).  This view of system design as a 

concurrent and collaborative exercise also emphasizes the organizational aspects of system 

design. 

 It is important that system design efforts must be supported by a reliable organization, 

suited to the designer’s requirements for design in an accommodative environment (De La 

Garza, 2004).  The necessary support of the physical resources should be maintained by the 

organization and its leadership (De La Garza, 2004).  Organizational design should discard 

obsolete resources and promote maintenance to prevent situations in which the designers may be 

exposed to increased workload.  The organization must evaluate and validate the design solutions 

based on existing regulations and work procedures.  The organization must promote functional 

networks, work groups, and collective interactions based on the diagnosis of current 

requirements in order to have effective group interactions, and in order to manage any failure of 

design efforts (De La Garza, 2004).  

 

2.5.6 Contextual System Design process 

 
The contextual system design process was introduced by Beyer and Holtzblatt (1998) in 

order to coach teams to produce new designs.  This approach is a state-of-the-art process to 

design directly from an understanding of how the system users work.  According to Beyer et al., 

(1998), contextual design is an approach utilized for designing user-centered information and 

communication technologies (ICT) as well as in the traditional system design process.  

Contextual design approaches system design directly from an understanding of how customers 

work.  The question is what matters to people that they would buy a product that we make?  The 

contextual design approach believes that great ideas come from the combination of the detailed 

understanding of a customer need with the in depth understanding of technology.  The optimal 

system design happens when the system designers are involved in collecting and interpreting 

customer data so that they appreciate what real people need.  Contextual design imparts the tools 

and skills to do that.  The design activity begins with the recognition that any system embodies a 

way of working (Beyer et al., 1998).  A system’s function and structure forces particular 

strategies, language, and work flow on its users.  Usually it has been observed that successful 

systems offer a way of working that customers want to adopt.  Therefore, the contextual design 
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method helps a cross-functional team to come to agreement on what the customers need and how 

to design a system for them (Beyer et al., 1998).   

Conceptual design follows a seven-step methodology.  The first step is a contextual 

inquiry which uncovers who the customers really are and how they work on a day-to-day basis to 

understand the customers: their needs, their desires and their approach to the work.  The second 

step is the work modeling which captures the work of individuals and organizations in diagrams 

to provide different perspectives on how work is done.  In the third step, consolidation of data 

from individual customer interviews is conducted so that the team can see a common pattern and 

structure without losing individual variation.  In the fourth step, work redesign uses the 

consolidated date to drive conversations about how to improve work by using technology to 

support the new work practice.  The fifth step leads to the user environment design which 

captures the floor plan of the new system.  It shows each part of the system, how it supports the 

user’s work, exactly what function is available in that part, and how the user gets to and from 

other parts of the system.  In the sixth step, customer testing is conducted.  Paper prototyping 

leads to the development of rough mockups of the system using Post-its™ to represent windows, 

dialogue boxes, buttons and menus.  The last step in design is accumulating everything and 

putting it into practice.  Prioritization of activities helps the transition to implementation by 

planning the system implementation over time. Object-oriented design helps to move from the 

system design to design of the implementation (Holtzblatt and Beyer, 1993). 

It is important to note that there is no uniform conceptual model for this system design 

process.  The different steps make use of a format which can help the teams with their 

performance.  Contextual design uses a variety of methods, depending on the information 

needed, but prefers all kinds of interviews. In the first stage, interviews (structured, unstructured 

and semi-structured) of participants are conducted (Beyer et al., 1998).  Other methods such as 

focus groups and observations are also used in the design process.  This technique usually helps 

the collection and interpretation of data from fieldwork with the intention of building a software-

based product.  The design methodology shows that with a structured approach a design can be 

made which the customer prefers (Beyer et al., 1998).   

 
 
2.6 Ergonomics in System Design 
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2.6.1 Ergonomics in System Design 

 

According to Sagot, Gouin, and Gomes (2003), complaints, accidents, disasters, 

occupational diseases, drops in both productivity and quality, increased per unit cost, and 

breakdowns are some of the common consequences that result due to poor design of a product or 

system that does not take humans and their safety into account.  Sagot et al., (2003) have 

suggested a multidisciplinary approach combining social sciences and engineering sciences to 

respond to the challenge of human factors being given greater consideration in the design of 

products.  Ergonomics can contribute greatly to the product design discipline (Chapanis, 1995).  

Ergonomics looks at the compatibility of human and product, while working on the technical 

development of the product.  In order to achieve this, ergonomics relies on the human 

capabilities and their limits to design products adapted to the characteristics of the human 

component.  Secondly, ergonomics also helps in studying human activity in a product reference 

situation in order to not only take into account the isolated functions, as was previously the case, 

but also the behavioral patterns such as gestures, glances, reasoning, etc. 

 In order to be efficient and cost-effective, the ergonomic approach must start at the initial 

design phases with a needs analysis and be applied throughout the design process which is 

termed as design ergonomics.  This approach contrasts with the corrective ergonomics involving 

modifications to existing products in very restrictive limits to overcome issues related to safety 

and usability (Sagot et al., 2003).  As stated earlier, concurrent or integrated engineering 

(Wheelwright and Clark, 1992) is being employed today not only to reduce cost and deadlines, 

but also to improve quality, the value of use, and the safety of the product.  Manufacturers have 

shifted from the sequential approach to a system design process to a simultaneous approach 

emphasizing a systematic, integrated and simultaneous design of products and associated 

processes encompassing manufacturing, logistic support, etc. (Solehnius, 1992).  As a new 

design method, concurrent engineering must be capable of integrating several dimensions 

including technical, human, organizational, social and economic dimensions. Within this context, 

the contribution of ergonomics to design can take place at several levels (Sagot, 1999). 

 In the recourse of traditional system design steps, Sagot et al. (2003) identifies steps that 

can be carried out as a part of human factors activities progressively in order to integrate the 

human factors from the beginning of the system design process.  There are four general stages in 

the traditional design process: 
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Stage 1. Feasibility study: This is the first step of the analysis following the identification 

of needs, highlighting the problems linked to the product or system design, and enabling its 

chances of success or failure to be accessed.  In this needs analysis stage, the ergonomist must 

focus on two important areas: defining the target population of users, and ergonomic diagnosis of 

similar existing products. Focusing on these two important areas, the ergonomist must be able to 

make general recommendations based on the ergonomic norms and standards, and project 

specific ergonomic requirements integrating and clarifying the functional needs of the future 

users which mainly stemmed from analyzing the activity on existing products (Sagot, 2003). 

Stage 2. Preliminary study: This stage involves a situation analysis phase followed by an 

overview phase leading to preconcepts.  It means that there must be several proposals of 

solutions to the design problem that should be ranked in order of importance and optimized to 

arrive at a final concept.  In this preliminary studies stage, the ergonomist plays an advisory role 

and participates in the definition of preconcepts being studied.  This analysis is partly based on 

developing scenarios aimed at recreating fictitious but realistic activity situations in keeping with 

the definition of the field of future desirable activities.  Simulating the scenarios allows the 

ergonomist to guide the designer in the technical choices.  This theoretical simulation remains a 

very prospective method that allows an understanding of future situations of the users and, in 

turn, identification of the probable impact on their safety, health, and comfort resulting from the 

technical and organizational choice made (Sagot, 2003).   

Stage 3. Detailed study: This design stage involves moving from a model that 

demonstrates feasibility to a prototype product.  This prototype product validates the 

requirements of the contractual specification including both general and specific ergonomic 

recommendations.  In this stage, the design group focuses on optimizing the concept retained in 

order to create a prototype that integrates all the criteria linked to its production (Sagot, 1998). 

 In this stage, the ergonomist continues to support the designer by conducting ergonomic 

tests.  These ergonomic tests are conducted on the prototype with representative potential users. 

These assessments and validations take place in an environment which is close to reality and are 

based on simulating certain conditions that carry out future desirable activities.  These 

experiments, which let the potential user ‘converse’ with the new product, contribute a great deal 

of information to the design group and allows verification of certain forecasts and corrections of 

certain problems, which can affect user safety and health that were not considered in the previous 
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design phases.  The approach to conduct such real environment tests is suggested to be global, 

participative and iterative (Sagot, 2003). 

Stage 4. Industrialization:  This stage involves manufacturing the product or system and 

introducing it in the market to all the prospective users.  In this stage, the ergonomist assumes an 

advisory role and continues to monitor, verify, assess and validate the realization and start up of 

the means of production by ensuring that human factors is integrated into the manufacturing 

approach.  The ergonomist can apply the same approach as that described in feasibility studies; 

however, the studies and analyses focus on the manufacturing population and the future desirable 

activities of the users of the product or the operators of the system, as well as the workload 

factors linked to the means of producing the product. In the same way, the ergonomist can draw 

up recommendations concerning work organization, work station ergonomics, the ergonomics of 

buildings and shop floor, etc., to continue to achieve the comfort and safety of the people 

involved in manufacturing the product or system (Sagot, 2003).  

 

2.6.2 Role of Ergonomist in System Design  

 
In earlier days during the system design process, an ergonomist used to serve in an 

advisory and accompanying role, the focus being mainly fixed on the activities of designers, 

both at an individual and at a collective level.  This approach primarily falls within the scope of 

cognitive and social ergonomics aiming to identify and describe the activity of designers and the 

underlying cognitive processes (Sagot, 2003). 

 Recently, with the evolving system design process, the ergonomist functions as an actor 

in the product design and development process.  The ergonomist thereby integrates into the 

system design group as a co-designer, ensuring that the specificity of the ‘human-factor’ is 

incorporated into the design approach (Sagot, 2003).  Throughout the process, the ergonomist 

contributes to a clearer understanding and a better representation of the users of the product to be 

designed in addition to the various ergonomic recommendations with justified prioritization.  In 

the current scope of concurrent engineering, the system design is based on a cooperative design 

model. 

 Another important aspect of the current process of system design is that it is meant to be 

retroactive and cooperative (Pahl and Beitz, 1996).  It is retroactive because it opens up the 
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possibility of questioning the results of preceding phases at all levels, especially with the 

solutions proposed that are not compatible with the aims of the study and cooperative due to the 

special relationship existing between all those involved in the project (Sagot, 2003). 

 Therefore, it is clear that integration of human factors and safety into the design phase is 

a necessity if the expected performance of a system is to be translated into achieved results in 

industrial systems or products. 

 

2.7 Safety in System Design 

 

 As described earlier, the complaints, incidents, and occupational accidents still occur 

even though new technologies have been introduced to personally protect the operator or the 

user.  In spite of the abundance of regulations and technical standards, safety margins remain 

insufficient and the residual risks are still significant. Fadier and De La Garza (2006) has 

explained this fact by describing three different phenomena: 

a) Migrations in system boundaries, 

b) Sequential, not integral treatment of safety/ergonomics in design, and 

c) Little use of feedback from experience. 

These three phenomena are discussed in detail in order to learn the current ergonomics 

and safety practices followed by various companies and to integrate the principles of safety and 

comfort into existing or newly-designed systems. 

 

2.7.1 Migrations in System Design 

 
Any system can undergo migrations (drifts, transformations, and adaptations) from its 

design to its first use (Rasmussen, 1997).  Rasmussen (1997) has developed the idea of existence 

of a natural migration of activities toward the boundary of acceptable performance.  He analyzed 

a number of accidents and industrial disasters (such as Bhopal, Chernobyl, etc.) demonstrating 

that the reasons for such accidents will not be found in a search for a combination of technical 

failures and human error, but in a drift of the global behavior of the organization under strong 

competitive pressure and influence toward efficiency.  Rasmussen (1997) further suggests that it 

is necessary to take into account the interaction between the decisions taken by several actors in 
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the system and their long-as well as short-term effects in a normal work context, all the time 

while under the immense competitive pressure. 

 Rasmussen (1997) has introduced a model for global management of risk in which he 

argues that the margins for action, or the space within which the actions of a actor or actors 

evolve, can be represented by an envelope.  Inside the envelope, the decisions and actions remain 

acceptable according to different criteria but when the pressure is put on one of the axes, the 

actions will approach the opposite boundaries of the envelope.  Conversely, if the pressure is to 

decrease or the risks are to be limited, the economic profitability will be penalized.  Fadier, De 

La Garza, and Didelot (2003) added an additional dimension of ‘displacement towards limit’ 

representing the lifecycle of the system, suggesting that these limits vary from design to 

installation, and from installation to the exploitation stages under the influence of a range of 

factors.  After adding this dimension, a second addition automatically generated is that these 

migrations in the limits are often accepted by all actors in the use phase of a given piece of 

equipment as being inevitable and generated by the upstream causes beyond their control.  This 

gives rise to a condition called Boundary Condition Tolerated by Use (BCTU).  This concept 

might explain some of the worst accidents that were caused due to the systemic problems. 

 

2.7.2 Sequential Approach to Safety and Ergonomics in the System Design Process 

 

The models, tools, and approaches of system design are in constant evolution, improving 

the socio-technical system performance and reducing the number of occupational accidents, 

thereby leaving plenty of room for improvement, particularly in the capacity to integrate 

prevention into the normal system design process.  Didelot (2001) highlighted the fact that the 

incorporation of safety in design follows a sequential approach, not an integrated one.  It is often, 

but not always, driven by adherence to standards and regulations.  Fadier and Ciccotelli (1999) 

has shown how safety is dealt in the design of machinery and automated production systems by 

collecting the technical safety measures (often tending to increased automation) and safety rules 

into the standards (Lacore, 1993).  However, these safety rules are often considered very late in 

the design process and are supplemented by informal approaches (Blaise, Lhoste, and Ciccotelli, 

2003; De La Garza and Fadier, 2005).  But, the increasing number of standards and the 

difficulties that users of standards, and even their writers, experience in mastering the resulting 
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complexity is counter-productive for this purpose.  Safety is taken into account sequentially at 

different stages of the design process, installation, and exploitation.  This also means that first the 

proposed design is made using some other criteria and then it is tested against safety 

considerations and criteria in order to test the performance.  The system designer usually first 

chooses the technical solutions to a system problem corresponding to expressed customer needs.  

The designer bases his/her approach of this selection mainly based on consideration of 

component reliability.  This first level of workable design has a restricted system area and 

boundary that is proportional to the designer’s attention to the risks linked to system use.  

Therefore, when the system is designed, the designer then adds the necessary safety devices to 

ensure a sufficient level of safety.  These safety devices are essential to market the system.  For 

this, the designer relies on the standards.  The system is then ‘enriched’ by adding different 

safety devices which can be referred to as the ‘regulation layer of safety’ added to the technical 

system.  The system boundary at this stage is bigger than at the previous one, because it is at this 

stage that the designer concentrates his efforts on technical means protecting operators from 

dangerous elements.  Finally, to guarantee technical performances and operator safety, the 

designer defines the use conditions which keep the system within his designed envelope (Fadier 

and De La Garza, 2006). 

 An analysis of activity conducted by De La Garza (2004) has shown that the objectives of 

safety come to be grafted onto a design, as an external entity or addition in a more or less 

opportunistic way.  The researcher has shown that this opportunism results in ad hoc choices that 

do not take sufficient account of their impacts on working conditions or on user activities.  

Safety is not an explicit or specific starting objective for the designer; but it is the major 

objective for the safety expert. 

 In the same study, De La Garza (2004) also showed that there are two ways that 

ergonomics and safety can be integrated into the design process.  The first suggestion is based on 

the direct method, which corresponds to the explicit knowledge, and operates through the 

standards, and other formal documents, design tools, and actions.  It should be conducted 

collectively involving any or all of the methods mentioned earlier.  The second suggestion is 

based on the indirect methods, which correspond to the implicit and individual modality, and 

which operate through the individual characteristics of each influencing factor such as 

knowledge, experience, etc. 



                                                                                                                                                                                

   43  

2.7.3 Little Use of Feedback from Experience 

 

  As stated earlier in the system design literature review, there are very few totally new 

designs, and design is often a process of re-use of old or similar solutions which partially or 

completely resolve the industrial system design or product design problem.  Since the earlier fact 

has been prominently observed, it becomes vitally more important to collect information on, and 

assess the consequences of any design which may be reused, and to point out any badly adapted 

designs, whether it is a product or an industrial system.  But it is very rare that any such 

information is recorded about the consequences at the work situation level and even less at the 

activity level of safety (Fadier and De La Garza, 2006).  The designer generally considers such 

an activity to be outside his job requirement and responsibility, which makes it clear that 

designers have difficulty in anticipating the effects of their design and learning from their 

mistakes.  Conversely, even though design is a stage in establishing effective prevention and 

adapting systems to real conditions of production, it cannot solve everything.  Therefore, beyond 

the technical system and the human role in safety, it is also necessary to consider organizational 

and management aspects of safety (Fadier and De La Garza, 2006). 

 

2.7.4 New Paradigms in Safety Design 

 
 Even though it is commonly said that the design should be ‘user focused’ based on the 

user needs and interests, this approach is aimed at designing products with understandable 

functionality and easy to use interfaces.  The user-focused approach tries to adapt the technical 

system characteristics in the best possible way to the final user characteristics, with a view of 

improving reliability of usage and thereby avoiding accidents (Vicente and Rasmussen, 1992).  It 

involves using the philosophy of designing for error (Lewis and Norman, 1986) through greater 

knowledge of the characteristics of the end-user, the task and its constraints. 

 Fadier and De La Garza (2006) step a level ahead to suggest that a real approach focusing 

on the user must be in fact ‘ecological’: i.e., it should integrate and resolve the health and safety 

problems and not simply anticipate and absorb their consequences on the system.  The notion of 

ecological design refers to the idea of making accessible to operators all of the resources (such as 

human, technical, informational, statutory, procedural, time-based, physical etc.) with respect to 

different work situations which they need.  The authors suggest that the impact on end-users 
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needs to be taken into account in more ways than just through ‘user satisfaction’ assessment.  It 

means that the ‘user’ models must be more broadly based, and not just cognitive.  It also means 

that the models must be creative, which integrates both cognitive and physiological 

requirements, as well as user development and diversity: different ages (young versus old), the 

aging process (demands for elderly), different training (novice versus expert), qualification 

(highly educated versus simply educated), experience (pre-experience or no experience), etc.  

The end-product of a safe design should not only be to prevent errors and reduce technical 

malfunctions, it should also prevent accidents, and occupational diseases, and should ultimately 

eliminate work-induced social exclusion. The researchers suggest that the participation of the 

ergonomist as well as the occupational safety specialist engineer in the design activities is a 

necessity to achieve an ecological design. 

 Some of the key parameters for including safety into design suggested by Fadier and De 

La Garza (2006) are discussed in order to gain a better understanding of integrating safety into 

the design.  The first criterion is to make an ecological design which has been explained earlier.  

The second criterion is the necessary support of the work equipment by the organizations in 

which the users will work.  The third criterion is anticipating future uses of the product through 

identification of tools and knowledge used for design.  The fourth criterion is going beyond the 

traditional technical know-how by identifying the phases suitable for integrating human factors 

into the design process; by referring explicitly to human activity and requirements related factors 

in the specification; and by considering work analysis as an aid to identifying needs and 

collecting usage scenarios (practices).  The fifth criterion is organizing participative design, 

reflective on groups, participants and their roles.  The sixth criterion is using existing company 

experience feedback structures or creating specific feedback structures in order to effectively use 

the feedback mechanism to make changes in the existing design. 

 Finally, Fadier and De La Garza (2006) have concluded that ecological and user focused 

design both take into account end-user characteristics in interaction with the work environment 

characteristics and task cognitive requirements.  Although these approaches have in the past 

focused mainly on interface and software design, many principles can be transposed to the 

design of industrial equipment and organizational systems.  To have pro-active safety in design, 

one must consider and take into account three parameters as far as possible.  The first parameter 

is different design levels and phases (client, engineer, needs analysis, specifications, etc.).  The 
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second parameter is different management levels in the company (general management, decision 

centers, local supervision, operational level, etc.).  The third parameter is different risk levels 

(operator or user health or safety risk, cognitive reliability risk, socio-technical system reliability 

and performance-related risk, environmental risk, etc.). 

 

3.0 PROBLEM STATEMENT 

  Any hazardous situation on a road or rail line or in an urban area requires a rapid 

intervention by first responders that include firefighting, law enforcement, and emergency 

medical services personnel.  There are over two million paid and volunteer first responders in the 

United States who answer calls for assistance and service (Jackson, et. al., 2002).  These 

individuals play a critical role in responding to medical emergencies, in protecting property and 

people from fires and natural disasters, and in guarding public safety.  They rely heavily on 

Personal Protective Equipment Systems (PPES) to reduce their risk of harm and to increase the 

survivability of victims. 

  A recent conference report authored by Rand Science and Technology (Jackson et. al., 

2002) under NIOSH sponsorship identified that an average of 97 firefighters and 155 police 

officers died each year between 1990 and 2001.  Additionally, an average of 11 non-firefighter 

EMS personnel died in the line of duty each year between 1998 and 2001.  These losses are in 

addition to the tragic events of September 11, 2001 (9/11 incident) when over 450 emergency 

responders lost their lives. 

  Recommendations and suggestions were made after the above-mentioned conference of 

representatives of first responders, government officials, PPES manufacturers, and those who 

experienced problems while responding to the 9/11 incident.  One of the important suggestions 

was related to the design and inadequate comfort experienced during prolonged use of PPES.  

The second major issue identified was related to interoperability issues among the PPES 

manufactured by various manufacturers, e.g., if a respirator containing a filter was manufactured 

by a certain manufacturer, then the filter or other accessories manufactured by other 

manufacturers did not work with the respirator of the earlier manufacturer.  There were 

compatibility problems experienced while fitting or synchronizing two accessories of an 
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identical PPES manufactured by two different manufacturers.  The PPES was uncomfortable in a 

demanding situation, such as the 9/11 incident.  Some first responders even preferred to work 

without PPE protection for a period of time during the incident.  It was clear that improvements 

were necessary in all of the PPES used by various first responders.  Following the suggestions, 

NIOSH decided to develop the Guidelines for Personal Protective Equipment Systems for First 

Responders and Manufacturers, hereafter, “Guidelines.”   

NIOSH is in the process of drafting a generic Guidelines document.  These guidelines 

will be followed in the future by NIOSH to certify the PPE systems used by first responders.  

The Guidelines will eventually become “best practices” documents to be referred to by the 

manufacturers of PPE as well as the users of PPE.  The two PPE manufacturers described herein 

voluntarily agreed to participate in the study sponsored by NIOSH in an effort to analyze their 

manufacturing processes and their compliance procedures per the Guidelines.  The two 

manufacturers represent a stratification of PPE manufacturers; one is a ‘simple’ manufacturer, 

and one is a ‘complex’ manufacturer in terms of the construction of their PPES.  To support 

NIOSH’s Guidelines effort, it was decided that a thorough investigation of two representative 

manufacturers would help to provide an indication of the current state of PPE systems’ 

development. 

The investigation sought to determine answers to the following questions: 

1) How do PPE manufacturers currently approach the systems design and development process?  

2) What best practices in manufacturing and quality control have they adopted?   

3) What pitfalls have lead to manufacturing difficulties and/or products which did not meet 

tolerance, performance, or other quality requirements?  

4) What human factors and ergonomic measures are adopted by these companies while designing 

their products and what human testing is carried out by companies? 

5) What safety measures are considered by the safety designer while designing the product? 

 

4.0 RESEARCH METHODOLOGY 

4.1 Task Analysis 
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Task Analysis is a human factors methodology which describes and analyzes the 

performance demands on the human element of a system (Drury, Paramore, Cott, Grey, and 

Corlett, 1987).  The goal of a task analysis is to provide the basis for integrating human and 

machine into a total human-machine system.  A task analysis describes the performance required 

by humans so that humans and machines may operate optimally in a unified system.  One of the 

uses of task analysis is to determine whether humans are capable of performing the specified 

tasks necessary in system operation.  Task analysis helps study the human-machine interface 

comprehensively.  Task analysis helps break down the tasks into their individual components and 

then attempts to analyze each step and the action’s relation to the human operator.  It is a 

powerful tool to help understand the system and to pinpoint problems (Bahr, 1997).  Task 

analysis is very effective and flexible because it can be modified to analyze tasks that are 

complex or tasks that are very simple.  This is the reason that it is so popular with human factors 

professionals. 

  Drury et al., (1987) described four phases of task analysis, and these were followed for 

this research effort in order to provide a systematic means of data collection for the two PPE.     

Though there are several other references for task analytic procedures (see Fleishman and 

Quaintance 1984, for a comprehensive review of task description), the Drury et al., (1987) 

method was used here, as it provides a more systematic and concise approach. 

  Few researchers over the years have performed task analyses of processes related to 

manufacturing and system safety processes associated with PPE.  No prior research was found 

regarding the system safety process applied to the manufacturing process of PPE.  Hardly any 

studies exist that identify the shortcomings in the manufacturing processes of PPE.  The PPE 

industry is a somewhat monopolistic industry where the manufacturers try to protect their 

product information and trade secrets.  PPE manufacturers typically (but not exclusively so) have 

not relied on academic or corporate research laboratories for performing task analyses nor 

system safety analyses. 

 

4.2 Methodology 

 
To analyze the systems development and manufacturing practices of representative PPE 

manufacturers, two companies (i.e., one ‘small’ referred here as “simple”, and one ‘large’ 
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referred here as “complex”—in terms of workforce, market presence, and capital) that develop 

first responder PPE systems voluntarily agreed to participate in the current research, each under a 

nondisclosure agreement.  As mentioned earlier, the large (i.e., complex) PPE manufacturer is 

referred as CM and the small (i.e., simple) PPE manufacturer is referred as SM. 

It is important to note that the complex PPE, Air-Pak, selected for the analysis purpose, 

has been in the market for the past 10-15 years and has evolved multiple times over period of 

time in order to be compliant with government (NIOSH) and non-government standards (NFPA).  

In the last few years, NFPA recommended an addition of a Head-up Display (HUD) alarm 

subsystem to all SCBA systems in order to inform and warn the users of the oxygen level in their 

oxygen cylinders.  This addition of a HUD alarm as a warning device updates the user with 

oxygen status directly in their line of sight without diverting their attention from the primary task 

that they are performing.  Along with other SCBA manufacturers, the CM also introduced a 

HUD alarm to warn the users as per the new NFPA recommendation.  CM’s in-house design 

team conducted the design, development and manufacturing of the HUD.  Therefore, the focus of 

this research is on the design, development, manufacturing and compliance procedures followed 

by the CM related to the HUD rather than whole Air-Pak. 

The simple PPE device is a stand-alone Fire-Eye device which is attached to the visor of 

the firefighter.  The Fire-Eye device as a complete entity is the focus of the research as compared 

to the HUD, which is a subsystem of the complex PPE.  

 
 

Research Approach: Case Study Methodology  

 

Researcher Robert K. Yin has defined the case study method as, “an empirical inquiry 

that investigates a contemporary phenomenon within its real-life context; when the boundaries 

between phenomenon and context are not clearly evident, and in which multiple resources of 

evidence are used” (Yin, 1984, p.23).  Stake (1995) and Yin (1994) have identified six sources of 

evidence which are generally used in the case study type of research.  They list the sources as: 

documents, archival records, interviews, direct observation, participant-observation, and physical 

artifacts.  According to Yin (1994), the case study type of research generally answers one or 

more questions beginning with “how” or “why.”  
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A comparative case study type of approach was followed to conduct this dissertation 

research.  A comparative case study approach allows conducting a set of multiple case studies for 

the purpose of cross-unit comparison.  Unlike random surveys, case studies are not 

representative of the entire population, nor do they claim to be.  Therefore, the research effort 

here is also not generizable beyond cases similar to the ones being studied, such as the PPE 

industry.  Also, an effort has been made to select two representative cases which fall in each 

category of PPE. 

 Erlandon, Harris, Skipper and Allen (1993) have indicated that in qualitative research, 

validation takes the form of triangulation, and triangulation lends credibility to the findings by 

incorporating multiple sources of data, methods, investigators, or theories.  A ‘triangulation’ 

approach of research has also been followed in this case study in which a multi-method research 

methodology has been used.  The multiple methods include survey, structured interviews, 

process and system observation, and examination of archival process records.   

 

4.3 Detailed Task Analysis 

 

The research effort has been presented in a task analysis format described by Drury et al., 

(1987).  Task analysis describes the performance required by humans so that human and machine 

may operate optimally in a unified system.  The four phases of task analysis per Drury et al., 

(1987) are: 

 Step 1 - System Description and Analysis 

 Step 2 - Task Description and Task List 

 Step 3 - Descriptive Data Collection 

 Step 4 - Application Analysis (Drury et al., 1987) 

Each phase has been described, along with the human factors methods used to 

accomplish the research work.  Drury et al., (1987) describe this approach as being top-down, 

meaning that more detail is obtained at each level than the one before. 

 
Step 1. System Description and Analysis 

 
  This step of task analysis included the physical and operational description of both PPE. 

It also included the specifications of each PPE and its requirements for being used.  The overall 
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system analysis of each system and its applicability has been explained in detail at the beginning 

of the results section for each PPE.  The system description and specifications along with the 

technical parameters of each component of each PPE are attached in Appendix A for complex 

PPE and Appendix B for simple PPE.  

 
Step 2. Task Description and Task List 

 
  Earlier in the planning phase of this research effort, a survey and interviews with the 

individual users of these two PPE examples were planned.  In order to conduct survey and 

interviews of the users, a request was conveyed to manufacturers to release individual user 

information. But, due to the company policy of both of the manufacturers, the request to share 

personal user information was denied.  Therefore, the task description and task list analysis 

remained infeasible in this research effort.  But in the earlier phase of this research, the 

researcher identified a list of tasks performed by the firefighters and first responders while on 

duty. The list and the description of these tasks are attached in Appendix H. 

 
Step 3. Descriptive Data Collection 

 

  Part I. Documentation review:  Two kinds of documentation review were conducted for 

this research effort.  The first type of documentation included a literature review related to 

traditional system design and product design from a general perspective as well as from a human 

factors and safety point of view.  An extensive description of the past and the current system 

design process has been documented in order to compare the existing processes followed by the 

two manufacturers with those suggested by researchers.  This literature review was helpful in 

analyzing the two PPE design and manufacturing processes from human factors and safety point 

of view.  

The second type of documentation included the literature that was maintained by the two 

manufacturers during various in-house product design processes.  The documents that were 

submitted for review purposes included the documentation of design efforts and the 

specifications of system components.  The documents also included the changes made in the 

design after iterations in design and third party testing reports, and information related to the 

participation of company personnel.  The documentation helped in reviewing the performance 

requirements and functionability profile of the product, different types of materials used in 
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manufacturing processes, the system safety processes followed by the manufacturers, etc.  The 

results from the second part of the documentation review have been included in the results 

section, and divided into the four parts of system life-cycle. 

 
  Part II. Questionnaire for manufacturers of PPE:  A questionnaire was prepared based 

on the NIOSH Guidelines document.  The questionnaire was designed to obtain information 

about the system design, system safety, and compliance procedures followed by the 

manufacturers.  The questionnaire was an extensive effort to learn the complete system design, 

system safety, manufacturing, and marketing procedures followed by the manufacturers.  The 

questionnaire was designed using the procedures recommended by Bourque and Fielder (1995) 

to assure that questions were non-biased and that a high response rate was achieved.  The 

questions were structured to glean maximum information from the manufacturers.  If a 

questionnaire is well-constructed following the guidelines suggested by Weisberg and Bowen 

(1977) and Bourque and Fielder (1995, it is more likely that the survey will be found to be 

reliable and valid.  Face validity is said to be present if the questionnaire appears (to the target 

population) to measure what it is suppose to measure.  Content validity is present if a panel of 

experts agrees that the questionnaire seems sound.  The face validity and content validity of the 

questionnaire were tested by the Principal and Co-investigator, as well as the sponsor (with more 

than 20 years of experience) of this research effort.  Other types of validity such as criterion and 

construct validity were not measured in this course of research, since there are no other 

instruments available which are designed to measure the same construct.  The questionnaire was 

submitted to the system development personnel of both PPE who had participated in the design 

through the manufacturing phases of the PPE.  The results obtained from the questionnaire were 

analyzed using the content-analysis method. 

 
  Part III. Interviews of Subject Matter Experts (SMEs): The interviews with SMEs were 

used to collect data after analyzing the feedback from the questionnaire.  In this case, the 

participants in the system design process representing different company departments were 

treated as SME.  The interviews were conducted in a focus group fashion when the SME 

automatically answered a question that was related to his or her department in the company.  The 

feedback obtained from the questionnaire was used to frame questions for the interview purpose.  

The questions for interview purposes were reviewed for the content and face validity by the 
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Principal and Co-investigator as well as the sponsor of this research project.  A complete list of 

the interview questions used for the interview purpose is attached in Appendix E.  The responses 

from the interviews related to both PPE were compiled into a master document containing the 

written survey responses for easy reference.  Transcriptions of the interview responses were 

reviewed using content analysis to include precise feedback in the results section.  

 
Step 4. Application Analysis 

 

  The task descriptive data collected during the previous three stages of task analysis can 

also be used for a variety of further types of analysis (Drury, et al., 1987).  In this stage of task 

analysis, two types of analyses of both PPES and one type of experimental analysis of simple 

PPE was conducted. 

The complex PPE manufacturer submitted a third party testing report by Entela, 

specifying the product performance in the worst possible conditions such as extreme 

temperature,  environmental pressure, etc.,  that firefighters may encounter.  The first analysis 

was an engineering analysis of the product based on the Entela report and by reviewing the 

material properties of the various components of PPE.  The second analysis was the safety 

analysis applicable to both PPE products.  The purpose for conducting safety analysis was to 

verify and validate the reliability and safety of the product.  FMEA is an analysis tool that 

identifies all possible ways that a particular component can fail, and the effects of such failure on 

the system.  It is a bottom-up analysis that identifies failures (not necessarily faults) in the 

system.  Safety engineers have used FMEA extensively in identifying failures and the probable 

causes for it.  NIOSH recognizes FMEA as a legitimate safety analysis tool to investigate 

reliability of a system.  Certain components or assemblies or subsystems in a product are 

especially critical to the product’s mission and the well-being of the human operators.  As a 

result, they should be given special attention and should be analyzed more specifically.  A 

FMEA was conducted for the simple PPE in order to get acquainted with the safety analysis 

process and to rate the reliability of subsystems or assemblies used in the simple PPE.  This 

FMEA for the Fire-Eye device is attached in Appendix F.  Similarly, FMEA for the HUD 

subsystem was conducted by the design team of the complex manufacturer and were submitted 

for review purpose. 
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 An experimental evaluation of simple PPES was conducted in the final step of 

application analysis stage of task analysis.  The detailed experimental evaluation description and 

analysis has been described in Part II of this dissertation.  Since the purpose and the 

methodology of such an experimental evaluation was so distinct and unique that it has been 

elaborated as a separate section of this dissertation.  The experimental evaluation allowed the 

researcher to design an experimental method to evaluate the performance of PPES device in real 

time simulated fire scenarios in which the Fire-Eye device is commonly used.  Since the 

resources and time allocated for the research was limited, only an evaluation of a simple PPES 

manufactured by the SM was evaluated. 
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4.4 Hierarchical Description of Methodology 

 
Based on their decision of participation in this research effort, the manufacturers were 

requested to submit the paperwork that they maintained during various phases of the product life-

cycle and the compliance procedures.  The paper work was submitted by both manufacturers.  It 

was reviewed thoroughly and a broad idea of the individual PPES lifecycles was understood.  

Since the sponsor of the research was more interested in evaluating the selected PPE products 

based on the NIOSH guidelines, both manufacturers were provided with a questionnaire. 

This questionnaire, based on the NIOSH guidelines, is attached in Appendix C. It was 

deemed important to receive multiple responses to the first questionnaire in order to gain a broad 

and diverse perspective from various individuals involved in the design and development of PPE. 

Multiple responses would also have helped to make this research effort repeatable along with 

increased validity.  In order to receive multiple responses for the questionnaire, the researcher 

requested both the manufacturers to distribute the questionnaire among personnel from different 

departments who participated in the PPE development process at various levels.  But the 

researcher received only one feedback from the CM, whose design and development team 

involved more than 10 individuals from various departments.  By restricting the number of 

responses to just a single response, the CM showed the over-protective and cautious attitude 

related to the overall system design procedure from a business point of view.  Even though 

several attempts were made to receive multiple responses, it was not possible to receive more 

than one response from each manufacturer.  In case of SM too, only a single response to the 

questionnaire was received.  Since the SM had only a couple of individuals participating in the 

design effort, it probably would not have been possible to send multiple responses.  Therefore, 

these single responses to the questionnaire reduced the validity and power of the research effort 

conducted by the survey method. 

The feedback from the first questionnaire indicated that the CM was following the 

Design for Six Sigma procedure for the design and development of new products.  This led the 

researcher to study and understand the terminology and procedures followed by the CM in the 

DFSS process.  The researcher consolidated the responses in one single document for both the 

manufacturers in order to conduct the comparison of both PPE.  The feedback from the 

questionnaire was certainly not enough to gain the knowledge of the procedures and steps 

followed by the manufacturer.  Therefore, a follow-up questionnaire was prepared for each of the 
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manufacturers based on the feedback from the first questionnaire.  It was also decided to 

customize the questions for each manufacturer based on the feedback from first questionnaire.  

Therefore, a slightly different procedure was followed for both the manufacturers after receiving 

the first written feedback.  The steps followed in the later part of the research methodology for 

each manufacturer are described herein. 

 
Complex manufacturer: Since the manufacturer is following the DFSS process for the 

design and development of new product, a second follow-up questionnaire was based on the 

knowledge and procedures applicable to six sigma process, along with traditional manufacturing 

and system design knowledge base.  A manufacturing facility visit was also conducted to the 

Monroe, NC based manufacturing facility of the CM to gain better understanding and observe 

the various manufacturing activities.  The follow-up questionnaire was sent a week ahead of the 

planned facility visit to the CM.  The site visit was organized in two sessions.  The first session 

was an hour long observational visit to the manufacturing facility and the second session was a 

dialogue with more than ten team members who participated in the DFSS process.  During the 

second session of the visit, the DFSS team members were posed with follow-up questions 

specified in Appendix E.  In this personal interview, the team members involved in the design 

and production of the complex PPE product were treated as SMEs.  The team was quite diverse 

and the team members were forthcoming and cooperative in the face to face communication 

while answering the questions.  Based on the written questionnaire feedback, interview 

transcripts, and the observations of the manufacturing facility, content analysis was conducted to 

consolidate the collected data. 

 
Simple Manufacturer:  Since the simple manufacturer had only a couple of individuals 

who participated in the design and manufacturing effort, only one response was received for the 

first questionnaire.  It was understood that, since the design team was comprised of two 

individuals, there was not much diversity in the responses.  Based on the written feedback, an 

interview was conducted with the individual who furnished the first written response.  In case of 

the SM, the individual who participated in the design and development of the Fire-Eye device 

was treated as a SME.  The interview questions predominantly focused on clarifying certain 

aspects related to the written response and various processes mentioned in the written feedback.  

A facility visit was not possible in case of SM due to the batch manufacturing process that was 
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contracted to a third party manufacturer by the SM.  The written feedback, along with 

clarifications in the interview process and PPE observations were recorded in a transcript format 

in a single document. 

 

4.5 Data Analysis  

  
The observations, written responses, and the interview transcripts obtained from the 

various phases of research methodology were organized and consolidated together using the 

content analysis method.  Content analysis has been defined as a systematic replicable technique 

for compressing many words of text into fewer content categories based on explicit rules of 

coding (GAO, 1996; Krippendorff, 1980).  Holsti (1969) suggests content analysis as a technique 

for making inferences by objectively and systematically identifying specified characteristics of 

messages.  In order to allow for replication, however, the technique can only be applied to data 

that are consistent in nature (Stemler, 2001). 

 Content analysis allows the researcher to code and categorize the data with similar 

meaning or connotations (GAO, 1996).  There are two approaches, namely emergent coding and 

a priori coding of coding data which operate with slightly different rules.  With emergent coding, 

categories are established following some preliminary examination of data, whereas when 

dealing with a priori coding, the categories are established prior to the analysis based upon some 

theory (Stemler, 1996).  In case of this research, the priori coding approach of content analysis 

was adopted to conduct data analysis.  The primary classification of categories was based on a 

lifecycle of the product.  Four stages of product lifecycle were adopted for documenting result 

based on the feedback from the investigators of the project and the sponsor of the research.  The 

categories of the product life-cycle were as follows: 

Stage 1. – Product Conception/Design 

Stage 2. -  Product Manufacturing / Production 

Stage 3 -   Product Distribution, Sales, Testing and Evaluation 

Stage 4 -   Product Repair/Maintenance 

 In the secondary classification of categories, the subcategories in the NIOSH guidelines 

were classified into the four major product life-cycle categories as per their applicability in the 

life-cycle.  The secondary classification categories were revised a couple of times to maximize 
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mutual exclusivity and exhaustiveness.  Context units were employed in the data reduction 

process in order to code the observational, written and interview feedback.   

The results from the content analysis are arranged in the form of a product life-cycle 

dividing the text in subcategories as per the NIOSH Guidelines.    

 

5.0 DESCRIPTION OF PPES 

Two types of PPES, ‘simple’ and ‘complex,’ were selected for the purpose of this 

research.  The simple product manufacturer will hereafter be referred to as the “SM,” whereas 

the complex product manufacturer will hereafter be referred to as “CM.” 

  A simple PPES is defined as a system consisting of a single input and a single output.  A 

complex PPES is comprised of a combination of multiple sub-systems operating in conjunction 

with each other, where an output of one subsystem acts as an input to the next sub-system of the 

PPES.  The manufacturers of both of the selected PPES voluntarily agreed to participate in this 

study, wherein their products were tested and validated using the first five parts of the NIOSH 

Guidelines.  An effort was also made to test these products using the human factors and 

ergonomics body of knowledge to evaluate the performance claims and ‘human-centeredness’ of 

the product design.  Various manufacturing and safety processes/procedures practiced by the 

manufacturers were corroborated during the process of validation.  Efforts were also made to 

double check and confirm the claims made by the manufacturers based on the feedback obtained 

from the available test reports, employee interviews, and data-analyzing processes. 

One of the fundamental criteria for the selection of a particular PPES manufacturer for 

inclusion in this research was that it must have an electronic component in its PPE systems, as 

more programmable or non-programmable electronics are being used extensively in the 

operation of modern, advanced PPES.  Most of the programmable electronic-based PPES depend 

on the software and the hardware performance for overall system operation.  Hardware at least 

has a reasonably predictable performance, but software sometimes lacks this predictability.  

Therefore, the risk arising due to a software malfunction is relatively unknown, and is a new 

phenomenon.  Risk assessment procedures and certain parametric tests (e.g., software testing 

methods) need to be conducted in order to test the maintainability and the reliability of PPES that 
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depend entirely on the output of software or hardware.  A failure to execute a simple command 

or an algorithm can result in a malfunction of the PPES potentially rendering the first responder 

vulnerable to a hazard.   

The National Fire Protection Association (NFPA) is a non-profit organization involved in 

the process of formulating first responder and firefighter safety codes and standards in the US.  

Usually, firefighters and first responders are required to buy NFPA-certified products for their 

jobs, whereas industrial buyers are not required to buy NFPA-certified products.  In order to 

market the PPES to the firefighting and public safety community, most of the PPES 

manufactured are required to be NFPA-certified. 

Small Manufacturer, Simple Device: Fire-Eye Development, Inc.  

Fire-Eye Development, Incorporated, is an Austin, Texas-based company that 

manufactures the Fire-Eye device.  It is a small manufacturing company with less than five 

employees, and is operated by the dedicated efforts of two to three firefighters who are the 

“decision makers” for the company.  The SM states that the Fire-Eye device had been created 

“by a firefighter for the firefighters.”  The device was designed as a situational awareness tool 

that helps to reduce heat-related injury to the firefighters.  The SM also claims that the product 

reduces heat-related equipment damage and its associated expense.  The basic idea for Fire-Eye 

came from a firefighter who observed that when the use of the whole body fire-resistant Nomex 

hood was mandated for firefighters battling structural fires, safety was compromised.  The 

firefighter-manufacturer attributed this problem to the fact that firefighter’s ears were covered up 

and, as a result, since the outer ears serve as a natural thermal sensor, the firefighters could no 

longer perceive when they were in dangerously hot situations.  It seemed that if a PPE could 

provide a simple, visible indication to the wearer of when it was too hot, then it could possibly 

restore a firefighter’s situational awareness of the surrounding environment.  Therefore, the 

firefighter-manufacturer and his colleague discussed various temperature sensors and displays in 

an effort to invent a working, practical, and wearable model of Fire-Eye.  They invented a two-

part physical system, the first part being a small, sturdy heat-resistant exposed sensor with 

warning indicators, and the second part with a  microprocessor and battery, worn under the 

Nomex hood to protect it from extreme heat.  The design team was composed of only two to 
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three individuals.  Since the design and development team was so small, formal system-design 

interaction and shared mock-ups in the design and development phases were negligible.  

Fire-Eye uses a thin film platinum resistance temperature detector (RTD) on a thin 

ceramic chip as a temperature-sensing element.  The temperature- sensing location is near the 

lowest point of the sensor-display unit.  While in operation, the sensing element is programmed 

to read the ambient temperature four times per second.  Green and red indicator lights are used to 

warn the user based on the ambient temperature.  The warning signals of the Fire-Eye device are 

visible through the facemask just above the line of sight (as shown in Figure 2). 

 

Figure 2.  Fire-Eye mounted on a facepiece. 

The ambient temperature conditions influence the intensity, periodicity, and color of the warning 

lights.  The ambient temperature conditions depend upon the temperature of the surface of the 

facepiece as well as the total time spent in a particular temperature in a hot environment.  The 

Fire-Eye device is attached to the visor of the firefighter during the fire-fighting or other 

emergency operation.  It demands persistent attention from the user, leading to near-continuous 

visual information processing on the part of the user.  In terms of human factors requirements, 

the workload demands that the user divide his/her attention between two different tasks, the 

primary one being the firefighting scenario and the secondary one being the visual indicators of 
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the Fire-Eye device.  When human vision is active and focused, it constantly receives visual 

stimuli, processes it and provides feedback. 

 

Large Manufacturer, Complex Device: Scott Health and Safety, Inc. 

 

  Scott Health and Safety Inc., a Monroe, NC-based unit of Tyco Fire and Security, is a 

leader in the design, manufacture, and sales of high performance respiratory protection systems 

and other life saving products for the firefighting, law enforcement, aviation, domestic 

preparedness, government, and industrial markets.  Scott Health and Safety, Inc. consists of five 

companies, each producing separate products: Air-Supplied Products, Air-Purifying Products, 

Thermal Imaging, Air Compressor Systems, and Portable and Fixed Gas, which produces 

detection instrumentation.  The Monroe, NC-based facility of the CM combines nine separate 

operations of the company under one roof and is home to products such Air-Pak’s, facepieces, 

thermal imaging cameras, and PASS devices, housing almost 450 company employees. 

The complex device selected for this research was the Air-Pak ® Fifty™, a Self 

Contained Breathing Apparatus (SCBA), commonly referred to as a respirator (Figure 3).  It is 

intended to provide respiratory protection to fire and industrial professionals entering into, 

working in, and exiting objectionable, oxygen deficient and/or unbreathable (toxic) 

environments.  According to the manufacturer, the Air-Pak can be used by any firefighter, EMS, 

rescue or any other trained person only in conjunction with an organized respiratory protection 

program.  The Air-Pak consists of, at a minimum, a cylinder and a valve assembly to store a 

supply of breathing air under pressure.  It has a backframe and harness assembly to support the 

cylinder, and a valve assembly and pressure reducer for the body.  The Air-Pak also consists of a 

backframe-mounted pressure reducer to supply air to the breathing regulator, a Scott full 

facepiece, and a head harness to secure the facepiece to the face.  The system is equipped with at 

least two independent end-of-service indicators, a remote pressure gauge mounted on the 

wearer’s right shoulder strap, and an air saver switch located on the top of the breathing 

regulator.  Each Air-Pak is also equipped with shoulder straps and a waist strap. 
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Figure 3.  Scott’s Air-Pak Fifty SCBA. 

The full facepiece utilized by the SCBA is available in a variety of models and sizes 

which must be properly fitted to the user.  The facepiece design incorporates a nose cup, two 

inhalation valves, and dual voicemitter assemblies, which are an integral part of the approved 

respirator assembly.  The facepiece is readily detachable from the breathing regulator to allow 

for utilization of the best fitting and most comfortable size facepiece for an individual user.  The 

regulator utilized by the SCBA is a pressure-demand breathing regulator mounted directly to the 

facepiece.  It may be removed from the facepiece by operating a spring-loaded thumb latch and 

rotating latch, rotating the regulator 90 degrees, and lifting it from the facepiece. It is equipped 

with an air saver/donning switch, which can be activated by depressing the rubber-covered 

switch.  Activation of the air saver/donning switch will prevent the rapid loss of air supply when 

the system is turned on prior to donning the facepiece, if the facepiece is removed from the face, 

or if the regulator is removed from the facepiece while the cylinder valve is open.          The 

regulator is also equipped with a red purge knob, which is an emergency control that allows air 

to flow into the facepiece without breathing on the oxygen stored in the respirator cylinder.  The 

purge control is also used to release residual air from the respirator after the cylinder valve is 

turned off. 
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Air-Pak is a lightweight, ergonomically designed one-piece backframe and streamlined 

harness system strapped to the back of user.  It places the bulk of weight on the hips instead of 

the shoulders.  The harness incorporates a quick release take-up with parachute style hardware.  

The cylinder duration is available in 30, 45, and 60 minutes.  Redundant safeguards have been 

used to enhance the margin of safety.  The product has a time-tested record of reliable 

performance and rugged dependability, according to the manufacturer, Scott Health and Safety 

Inc. 

The NFPA is heavily involved in the process of formulating first responder safety 

guidelines, and publishes standards specific to various PPES.  Many of the PPES manufacturers 

in the United States are required to have NFPA certification in order to market their products to 

firefighting services and local governments.  Some regions or localities do not require NFPA 

certification for PPES.  To comply with the NFPA guidelines in those regions that require NFPA 

certification, the Air-Pak Fifty is equipped with two alarms as required by the NFPA-1981 

Breathing Apparatus Standard for SCBA manufactured after September 1, 2002.  The first low 

air alarm system is the industry leading Vibraalert™   pioneered by the CM in the early 1980’s.  

This system, located conveniently in the mask mounted regulator, warns the user of a low 

cylinder condition by utilizing both an audible signal and gentle vibration of the facepiece.  The 

second, redundant alarm is a Heads-Up Display (HUD) located on the left-side of the E-Z Flow 

Regulator that provides a clear visual signal in the facepiece.   

The Heads-Up Display (HUD) alarm was added recently as a separate sub-system to the 

Air-Pak.  The HUD design suggestion was an NFPA committee recommendation and it specified 

general design specifications.  The CM indicated that the LED’s and the design was specified in 

the NFPA rules. 

6.0 RESULTS 

 

First, the documentation provided by each manufacturer for their PPES was reviewed.  

For the complex manufacturer (CM), this resulted in copious systems drawings, concept art, 

brainstorming notation, and early testing reports.  Also, third-party testing reports were provided 

(e.g., UL), which had been contracted by the CM in order to provide support and verification of 
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internal testing results.  The CM appeared to maintain an adequate paper trail from concept to 

rollout, stating the results of in-house verification procedures and other development operations.  

However, it was quite difficult to procure many of the items needed to conduct a thorough 

evaluation of the CM’s documentation.  Even though signed non-disclosure agreements were 

provided to the CM, the CM was often tardy or non-responsive in providing the requested 

documentation within a reasonable time frame, and once it was provided, it was sometimes 

incomplete.   

The small manufacturer (SM), on the other hand, provided very little documentation of 

their product’s development.  This may be due to the fact that the SM is a small company (as 

mentioned, only two persons).  As a result, the developers simply did not maintain adequate 

documentation that could be evaluated comprehensively.  What was provided was a list of 

specifications (see Appendix A) and a link to the SM’s product website.  

The questionnaire was sent to both manufacturers in an effort to investigate the current 

state of PPE systems development as practiced by each company (see Appendix C).  As 

mentioned, the questionnaire was based on elements of the NIOSH Guidelines discussed above.  

Responses were then followed up through email and telephone conversations for clarification 

where needed.   

While an on-site interview was sought with both manufacturers, this was realized only for 

the CM.  The SM, who largely conceived, designed, and developed its device (literally) in a 

garage, did not have a physical, dedicated facility at which to visit.  Thus, for the SM, the 

interviews were conducted via telephone conference call.  Conversely, the researcher was able to 

visit the CM’s production facility in Monroe, NC, for a full day, and was met with full, open 

cooperation.  Several members of the CM’s systems development team for the complex device 

were present, as were representatives from the CM’s Marketing and Legal departments.  The 

researcher was pleased at the welcome received from the CM, who provided a formal tour of its 

manufacturing facility to observe the manufacturing process for the complex device.  After the 

tour, a meeting was held with members of the complex device’s design team, wherein discussion 

of the complex device and its development took place over several hours.  A wealth of cogent, 

useful information was gleaned from the various employees, who were quite candid at times 

when discussing various systems development issues as well as the ‘environment’ in which the 

CM must operate with respect to government and/or professional organization oversight.  The 
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CM’s manufacturing plant is an impressive facility, which has apparently streamlined all 

operations in the manufacturing process in an effort to achieve its stated goals of “quality and 

efficiency.”  

 

6.1 Analysis of Scott Health and Safety’s Air-Pak Fifty SCBA 

 

Stage I: Product Conception / Design 

 

Product Conception:  The history of product conception was not clearly stated in the 

documents submitted to the researchers, but it can be implied that the SCBA was designed and 

developed to cater to the respiratory needs in emergency or otherwise demanding situations 

where air or oxygen is scarce.  These kinds of respirators have been in use since early 1980’s. 

 

1) Warning Signals:  Air-Pak uses redundant forms of warning signals.  The first warning 

signal used in Air-Pak is a haptic form of warning.  The Air-Pak SCBA is equipped with 

Vibraalert™ alarm in the facepiece mounted regulator.  The Vibraalert™ alarm serves two 

functions: as an end-of-service time indicator and to alert the user of a malfunction in the 

backframe mounted dual path pressure reducer.  Normally, when activated, the Vibraalert™ 

alarm vibrates the breathing regulator and facepiece to warn the user by both sound and touch 

that approximately 25% of full cylinder pressure remains.  In addition, the Vibraalert™ alarm 

will be activated if there is a malfunction in the primary path of the backframe mounted dual 

path pressure reducer.  During normal use, air is supplied from the cylinder and valve assembly 

to the mask mounted breathing regulator through the primary air path of the pressure reducer.  In 

the event that the primary air path of the pressure reducer should become blocked, the secondary 

pressure reducing air path will automatically begin supplying air to the breathing regulator.  

When the secondary path is in operation, the Vibraalert™ alarm will be activated to warn the 

user that the primary pressure reducer path has malfunctioned. 

The second warning signal used in Air-Pak is a visual display referred as Heads-Up-Display 

(HUD).  It is an independent end-of-service time indicator alarm that is attached to the facepiece-

mounted regulator.  The HUD is prominently used on respirators that are required to have two 

independent redundant alarms.  The HUD provides a visual indication of the air supply with four 
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lights that appear just below the facepiece field of vision.  A separate low battery warning 

indicator warns the user that the batteries must be changed.  The HUD lights indicate the level of 

oxygen present in the cylinder. A constant green light indicates that the cylinder is 75% full; 

whereas a slowly flashing yellow light indicates that the cylinder contains 50% of oxygen. The 

HUD indicators warns the user with rapidly flashing red light when approximately 25% of full 

cylinder pressure.  The HUD detects cylinder pressure directly and is totally independent of the 

Vibraalert™ alarm. 

The CM has also provided two other optional end-of-service indicators.  One of them is a 

“Beacon Alarm” that operates in conjunction with the Vibraalert™ and adds to the visual 

alertness of flashing lights on the facepiece-mounted regulator.  The other is an independent 

electronic end-of-service time indicator which also directly detects cylinder pressure.  This 

second option is a feature of certain models of the PASS device distress alarm. 

 The warning signals used by the CM are time tested and have been in use for more than a 

decade.  The addition of HUD has definitely improved and simplified the visual indication of air-

supply, but it also demands increased attention from the user.  The warning signals are in 

compliance with the NIOSH as well as NFPA requirements.  The CM has efficiently used its 

engineering and design team to design and implement the warning signals in the Air-Pak device. 

 

2) Material Properties:  The CM has conducted in-house testing as well as third-party 

testing of various materials used in the manufacturing of the Air-Pak device and its components.  

The documents submitted by the CM allowed the author to conclude that a third party testing 

agency, Entela (Engineering and Testing Laboratory), was used to confirm the performance and 

reliability of the material properties, as well as the performance of the HUD.  The documented 

report provided by Entela was limited to HUD and its components.  The CM claims 

uninterrupted performance of Air-Pak in the presence of chemical, biological or radiological 

agents suspended in the air.  The product information brochure does mention the availability of 

CBRN-proof (Chemical, Biological, Radiological and Nuclear) Air-Pak units but the documents 

confirming this claim were not submitted to the researcher. 

 

3) Human Factors Data:  It is not clear whether any kind of specific human factors data was 

collected or used during the design of the HUD.  The CM maintained that user equipment 
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interface is their top-priority for designing a user-friendly product.  The CM also noted that it 

used the local firefighters and fire training school for approving the design of their product.  But 

no clear documented evidence was presented for any specific human factors data that was used 

in the design and development of the HUD, as well as the Air-Pak.  The CM’s design team 

claimed that they have video records of the firefighters using the HUD mounted Air-Pak at the 

local fire training school and during mock fire exercises conducted by the local fire department.  

The green and red colors selected to warn the user in the HUD design were selected without any 

formal research.  The colors were probably chosen due to their being most commonly used for 

such warning purpose.  But there can be color-blindedness issues with some of the firefighters, 

and the response to the red color may not be the same during the night as it is during the day, 

owing to the physiological characteristics of eyes.  The CM also suggested that additional 

resources, such as development of ad-hoc tests, methods, and protocols, were used to investigate 

and resolve perception related issues without submitting any related documentation. 

 During the interview with CM’s design team, one of the team members admitted that “human 

factors stuff” was hard to find, making it clear that the company was not enthusiastic about the 

human factors data.  But there was a human-interface member on the design team overlooking 

the usability issues related to the HUD.  The design team compared user-testing to Voice of 

Customer (VOC), which is a mandatory part of the DFSS technique.  Based on the knowledge of 

CM’s design and manufacturing department, most of the materials used in manufacture of HUD 

and the user characteristics were assumed based on the prior product design experience of the 

Air-Pak.  Neither a mounting test nor a fitting test was conducted using a prototype, before 

finalizing the design of the HUD.  The CM also maintained that before approving the final 

design of the Air-Pak, their proprietary facepiece designs were tested on users.  User tests were 

also conducted at the local fire departments in the vicinity of Monroe, NC, but none of the 

technical data for the tests was submitted for review. 

 

4) Usability in All Situations:  The CM’s design and development team, as well as the 

product brochure claim’s that the Air-Pak can be used year-round, in all situations.  Insufficient 

lighting, inclement weather, or any other such uncontrollable factors will not affect the operation 

and performance of the Air-Pak.  The redundant warning systems with the Air-Pak make’s the 
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CM’s claim more reliable, owing to the alternative alarm system available in case of a 

malfunction in an extreme situation. 

 

5) Systems Design Approach and Design Criteria:  Scott Health and Safety Inc. being a 

large organization, follows a structured approach for the systems design and development 

process of their products.  Moreover, the complexity of their product and hierarchy in the 

organization makes it mandatory to follow a well-defined and rigorously disciplined path of 

system design. At the early stages when the Air-Pak was being developed, the company followed 

an indigenous method, referred to as Scott Development Process (SDP).  SDP was a gated 

process in which every prior step as well as the following progress is reviewed and checked 

twice before beginning the next phase of design and development in order to ensure that 

potentially costly mistakes were not overlooked.  The design and development team interacted 

frequently with employees from other departments leading to an involvement of people from 

diverse background.  Failure Mode and Effects Analysis was also a part of the design process but 

it was not as intensely conducted as prescribed in the DFSS process.  Recently, in the past three 

years, the Air-Pak was redesigned with a HUD to add a redundant visual warning system.  The 

CM utilized a Design for Six Sigma (DFSS) process for the design of the HUD.  DFSS is one of 

the most intensive design processes for designing a new product or a system.  An impressive and 

extensive documentation has been maintained by the CM for the HUD design effort.  The CM 

maintained that the DFSS process has been used for the last two to three years for the design and 

development of their new products.  Nonetheless, certain design changes were also created on a 

need basis, as well as on a feedback basis taking into account the user’s needs.  The CM also 

suggested that FMEA was a core process applied during design of new products followed by the 

Rally-Point and Energy Sop procedures to complete the product design. 

 

6) Hazard Elimination Techniques:  The CM follows standard hazard elimination 

techniques, such as FMEA, Rally Point, etc.  Earlier, the HUD was designed using the traditional 

SDP process. The DFSS process prescribes a need to follow FMEA process for all stages of 

design and manufacturing of a product or system.  The CM provided extensive documentation 

for the Design FMEA (D-FMEA) and Process-FMEA (P-FMEA) for the design of all 

components and sub-systems of HUD.  A sample of FMEA is attached in Appendix F.  As per 
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the guidelines of DFSS technique, a separate team consisting of five to six members from 

different departments was formed to conduct the FMEA for HUD redesign.  The CM also 

maintained that it took multiple meetings of two to three hours to conduct a FMEA of a sub-

system.  In order to conduct a FMEA of a sub-system, one full day of these team members 

seemed to be sufficient.  The time required to conduct FMEA depended on the complexity of the 

sub-system.  For the Process-FMEA, input from the manufacturing department was important, 

whereas the Design-FMEA was dominated by the engineering department.  

  The CM uses the simplification approach of eliminating hazards.  The reason for using 

the simplification approach is that newer technologies cannot withstand the environmental 

operating extremes that the electronics must have.  

 

7) The Functional Safety Life Cycle:  The NIOSH guidelines prescribe that the manufacturer 

follow a systems approach to design and build safety into the entire system from conceptual 

stage to retirement.  A formal systems design approach is not described nor is it documented by 

the CM as per the NIOSH guidelines, but an extensive DFSS-based formal procedure was used 

to document the functional safety, as well as for the stages of the product life-cycle. 

Interestingly, the NIOSH Guidelines further stipulated that if the manufacturer followed an 

alternative method, such as DFSS or any ISO design method, then the manufacturer must 

maintain its formal documentation, which might act as a substitute for the functional safety life-

cycle method suggested in the NIOSH Guidelines.  Although there was no evidence of user 

involvement in the design and development process, the design team justified that few of its 

members were voluntary firefighters and that they represented the user on the design team. In the 

written response to the questionnaire, the CM maintained that material selection, extended 

temperature ranges on material, electronic components and environmental analysis were the 

various methods applied to achieve functional safety. 

 

8) Systematic Failure Effects:  The design team of CM has conducted extensive system 

failure effects studies, by dropping the Air-Pak from different heights, by exposing it to different 

types of heat transfer mechanisms, and by subjecting it to extreme pressure.  The design team 

members who were firefighters also used the redesigned Air-Pak system in mock fire exercises at 

nearby fire training schools.  The design team also suggested that they conducted tests during 
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abnormal and extreme situations that might have made the system malfunction.  The design team 

also conducted Design and Process FMEA to identify systematic failures and critical components 

of the system.  But no documents to identify any such design changes that were integrated after 

systematic failure effect testing were submitted to the researchers.  The most typical failure 

conditions mentioned in the NIOSH guidelines were tested, and attempts were also made to track 

the performance of the device at the local fire-fighting departments.  In a written response, CM 

mentioned that it has never produced an electronic product that has had any kind of probability 

of failure.  During the interview, the CM maintained that there were no specific issues to disclose 

related to the failure effects, and most of the failure effects were addressed in the Design and 

Process FMEA. 

 

9) Benefit of Experiences and Risk Reduction:  The CM manufactures a range of life-saving 

and emergency preparedness products that are used by first responders and firefighters in 

domestic and industrial settings.  The parent company of the CM, Tyco Fire and Security, has 

been in this business for more than three decades.  Therefore, the CM has substantial experience 

and expertise in the area of firefighting and life-saving products.  The CM has dedicated staff 

and departments for conducting testing, quality control, and risk analysis of their products.  This 

helps the company to solve in-house some of the problems related to quality and risk evaluation.  

In order to get certain expert advice outside the company, the CM can afford to spend according 

to their financial status.  The CM also has a staff of lawyers to advise it about the liability and 

risk involved in dealing with lawsuits, as well as with any of their product malfunctions.  The 

CM did not mention any root causes associated with its other products or mishaps experienced in 

other industries that were referred while designing the HUD.  Since the CM’s product design 

team is very diverse, the experience of the individuals participating in the design team provides 

wide range of ideas for the product design.  Moreover, the sales and marketing department is one 

of the very few departments that interacts with the users and provides first hand feedback for 

changes in the product.  The CM mentioned that the lessons that were learned from the 

experiences in design, development, and testing are more operation oriented, and, due to the 

threat of litigation it hardly publishes any controversial information regarding product 

malfunction or physical harm to users. 
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10) Risk Identification and Risk Reduction Techniques:  The main process used by the CM 

for risk identification was FMEA.  FMEA was conducted for the design process as well as for 

the manufacturing process.  Earlier, the HUD design was conducted using SDP, but later DFSS 

was followed for the redesign process of HUD.  Some efforts were duplicated after the company 

decided to follow DFSS technique.  The risk analysis process has been documented, and certain 

critical areas were identified, which were addressed in the periodic meetings of the Six Sigma 

Development process, leading to certain design changes. 

 

11) Project Safety Plan:  The CM did not have a project safety plan as prescribed by the 

NIOSH Guidelines but has worked diligently towards the documentation of safety in other ways. 

Interestingly, a dedicated person with a safety background was absent on the Six Sigma design 

team.  A formal safety department even in such a large company was also not present.  

Therefore, it is important to note that even a large company such as Scott Health and Safety Inc. 

does not have a dedicated safety person on the product design team, nor does it recognize a need 

for it. 

 

12) Project Functional Safety Policy and Strategy:  The CM is not aware of any project 

functional safety policy and strategy and maintained that DFSS is the best design and 

development process in the world.  The CM also added that it addresses the issues related to 

safety over and above the level prescribed by the NIOSH guidelines. 

 

13) Standard Quality Procedures or Quality Assessment:  The CM conducts the 

manufacturing and assembly of Air-Pak at its manufacturing facility in Monroe, NC.  Certain 

components of the Air-Pak system are outsourced from different vendors.  Tyco Fire and Safety, 

the parent company of the CM, decides about the vendor appointment criteria as well as the 

vendor appointment.  The parent company also lists certain strategic resources and alternative 

vendors under one umbrella, in order to make it easy to refer to a database for the CM 

employees.  As per the manufacturers’ feedback, certain components that are outsourced are 

checked stringently for quality.  The selected vendors are ISO-certified, and there is a backup 

vendor for every component or product that is outsourced.  Once a batch of products is supplied 

by a vendor, a product is chosen randomly from the batch to test the specifications.  It is 
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anticipated that the chosen component will match the prescribed specifications or standard. The 

CM follows the DFSS process but does not conduct any process capability index (CPK), which 

is an integral part of the DFSS technique.  Also, the CM does not conduct any statistical analysis 

of quality and reliability of the components or products manufactured at their facility.  Since 

certain components are outsourced from the vendors, the CM invites the vendors to review the 

material and the drawings of such components in order to register their feedback.  All of the parts 

that are outsourced by the CM have their serial number, date of manufacture, and consignment 

details printed on each of them.  The printed information also includes tolerance, compliance 

standards related to quality, component specification, etc.  This helps the CM to track any sub-

standard component or system that may not be performing to the desired standards. 

 

Stage II: Product Manufacturing / Production 

 

Manufacturing Process: 

Manufacturing of the Air-Pak device is conducted in house at the Monroe, NC-based 

facility.  It is important to mention that the majority of the parts are manufactured outside the 

Monroe facility or outsourced from vendors, but the assembly of the final product is done at the 

facility.  The manufacturing facility is strictly following six sigma manufacturing process 

guidelines as well as lean manufacturing guidelines.  The entire manufacturing process is 

controlled under one roof with several check points at different bays to closely monitor the 

quality and consistency of the assembled product. 

 

1) Addressing the Non-performance of Electronics and Software Issue:  The CM developed 

in-house the software required for the operation of Air-Pak in-house.  Occasionally, the CM also 

outsourced the development of software based on the requirements of the product and the 

capability of their own software department.  Software in each system is tested for repeatability.  

Safety measures in place are confirmed in-house as well as by a third party.  Code review is also 

conducted by a third party.  The software code is read through and justified and formally 

reviewed in-house.  An anomaly is created purposefully, and it is tracked to determine the 

performance of a subsystem or of the device as a whole.  The in-house software department does 

not follow any standard method for software testing, but conducts mostly code reviews, read-
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through, and justification from different software experts in-house.  Most of the software 

analysis work is still being conducted in-house by the CM. 

In the written response, the CM maintained that, at this time, as allowed by certification 

agencies, it is backing up electronic systems with “tried and true” mechanical systems. Currently, 

the use of electronics or microprocessors is limited to the warning systems and not to the 

fundamental operation of the equipment, so the depth of their analysis and redundancy is limited.  

The CM also reported that it uses dual processors in their product to inculcate redundancy in the 

microprocessor operation. 

 

2) Detecting and Recovering from Random Hardware Failure:  It is not clear as to how the 

CM is advising the users about detecting and recovering from random hardware failure.  The CM 

agreed that software has been tested for any abnormal input or environmental variations, but 

none of the abnormal failure conditions were reported.  The CM added that Air-Pak has been 

tested under different conditions leading to the modifications of individual components and sub-

systems, but nothing has been formally documented related to any random failure.  It is probable 

that such a document, if it exists, may not have been submitted for the review purpose. 

Stage III: Product Distribution, Sales, Testing and Evaluation 

 

Testing and Evaluation:  The CM conducted the preliminary testing at a local fire-department 

and at fire training schools.  Air-Pak, being a complex product, is made up of certain attributes 

and components of various sub-systems.  The subsystems have to be tested separately and then 

assembled in order to check the performance of the system as a whole.  The CM has extensive 

testing and evaluation abilities and follows a principle of testing the product in-house before its 

being tested by users or by third- party testing companies.  The CM submitted a third party 

testing report conducted by Entela, “a premier testing laboratory in the nation.”  The testing and 

evaluation results that were submitted for review were regarding the HUD testing.  The CM 

achieved the necessary reliability by using durable and reliable materials in the manufacture of 

the HUD.  The CM confided that the HUD was tested in both the laboratory and the field for up 

to a year. 
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1) Safety Evaluation Techniques:  The CM maintained that Failure modes, the Rally Point 

process, surveys, and standards committee feedback were used to conduct the safety evaluation 

of the Air-Pak and HUD.  Existing standards, such as NFPA -1981 for SCBA, were used to 

conduct testing specifically for the SCBA and the PASS devices.  Interestingly, there was no 

safety person on the design team of HUD to conduct a safety related analyses.  The CM indicated 

that it follows the ISO 9001 manufacturing standard, to build safety into their product. 

 

2) Verification and Validation of Safety Requirements:  Verification and validation of safety 

requirements is not being conducted as a part of the functional safety life cycle, since a 

Functional Safety File (FSF) has not been created by the CM.  But verification and validation of 

sub-systems and components was being done in-house by the vendors, as well as by the CM.  

For example, critical components such as transducers, which are outsourced, are tested by the 

vendor as well as by the in-house assembly team. 

 

3) Human Factors Issues:  Insufficient documented information is available in regards to 

the human factors issues.  The CM maintained that local firefighters participated in mock 

scenarios and that their feedback was utilized in the iterations of the product design.  The CM 

registered that video footage of such mock exercises was available for reference, although no 

such video-footage of user involvement was submitted for review purposes. 

 

4) Software Testing:  It was not clear whether ANSI / UL 1998 requirements were being 

applied with regarding to the testing of the hardware/electronics and software, as per the 

documents provided by the CM.  But after reading through the various test results conducted by 

the third party testing organization, it was clear that hardware/electronics and software were 

tested under environmental, electrical, physical, logical, and temporal operating conditions, in 

order to achieve a compliance certification from organizations such as the NFPA and the 

NIOSH. 

 

5) Independent Functional Safety Assessment:  The documentation submitted by the CM 

indicates that independent functional safety assessment was conducted by third party 

laboratories, such as Entela and the NFPA.  All the prescribed tests were also conducted by 
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NFPA in order to certify the Air-Pak as meeting the NFPA-1981 SCBA standard.  The CM also 

expressed its willingness to test its product at any third party organization, if necessary. 

 

Stage IV: Product Repair / Maintenance 

 

The CM has been in the PPE business for more than three decades, which has allowed 

them to create an excellent dealer network and framework for the repair and maintenance of their 

products.  This network is comprised of dealers nationally as well as internationally, and the 

parent company, Tyco Fire and Security, supports them in this endeavor.  The CM provides a 

one year replacement warranty for the Air-Pak.  The CM keep’s track of their product by user 

and physical location.  Personal information on each customer is recorded, and the information is 

used to maintain and upgrade the product. 

 

1) Compatibility and Interoperability:  The CM has not achieved compatibility and 

interoperability capabilities for the facepieces or other SCBA products and accessories 

developed by different manufacturers. It blames NIOSH for not being compatible and 

interoperable, since “NIOSH does not allow them to manufacture universally generic compatible 

products due to the risk of being misused.”  In fact, the CM suggested that it manufacture’s and 

sells their products that are compatible with other manufacturers in parts of the world other than 

US.  The CM admitted that it is not allowed to manufacture products that will be compatible with 

other manufacturers in this country.  This claim needs to be validated and confirmed.  Secondly, 

the CM also mentioned that compatibility will always be a problem due to the proprietary 

solutions, patents, and competitive business strategies.  One of the CM’s employees went on 

further to maintain that, “there is hardly any industry that has total compatibility,” and this 

certainly seems plausible based upon the author’s experience. 

 

2) Maintainability Problems:  Air-Pak has been an established product in the market.  No 

data related to maintenance issues confirming any problems related to Air-Pak was submitted for 

review purposes.  With such a major network of dealers and users, the CM has been able to 

successfully alleviate any maintainability problems with Air-Pak.  Air-Pak does require a set of 

replaceable AA batteries every few months, and the cylinder also needs to be replaced 
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periodically, depending upon the frequency of use.  The CM also added that use of commercial 

batteries will be one of the most common maintainability problems, since commercial batteries 

under extreme environmental and temperature conditions are under great risk of bursting.  

 

3) The Functional Safety File (FSF):  A FSF is a documented body of evidence that 

provides a convincing and valid argument that a system is adequately safe for a given application 

in a given environment.  A FSF has not been prepared by the manufacturer of Air-Pak, but the 

manufacturer also did not like the idea of having to maintain such a file, which may create 

controversies and legal issues related to their product. 

 

4) Conformance to Recognized Standards:  Air-Pak confirms to the NFPA (1982) standard 

and also complies with the NIOSH guidelines for the SCBA.  It also complies with certain 

international standards that helps the CM to market the product world-wide.  Air-Pak with HUD 

has been in the market for more than two years. 

 

5) Electronics and Software Development Plan:  The complete set of documents required 

under the electronic and software development plan as per the NIOSH guidelines are absent. 

 

6.2 Analysis of Fire-Eye Dev. Incorporated’s Fire-Eye device 

 

Stage I: Product Conception / Design 

 

Product Conception:  The basic idea for Fire-Eye device came from a firefighter. The product 

conception and design for the Fire-Eye device has already been described earlier. 

 1) Warning Signals:  Since the firefighters ears are covered with the Nomex hood, they are 

somewhat compromised in hearing an auditory signal. Probably, for this reason no auditory 

warning mode was used in the Fire-Eye design.  It is not clear whether or not the designer 

evaluated any redundant source of warning, such as a haptic or a tactile form, but only a visual 

warning.  The green and red indicator lights, which are centered just above the line of sight are 

visible through the facemask.  The temperature conditions displayed by the device depend on the 

environmental temperature, on the temperature of the surface of the protective gear, and on the 
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time spent at a particular temperature.  The warning indicator does not glow if the temperature is 

below 125oF, indicating that the user should proceed normally and there is no threat in the 

environment.  

 The green light when blinking once in 10 seconds (one duty cycle) means that the user is 

in a warm environment and that the fire protective gear will be adequate.  Unprotected victims 

however, can survive only for few minutes in such an environment. The green light is blinking 

50% of the time, which indicates that the temperature is getting warmer, but that the fire 

protective gear is still adequate. It is even less likely that unprotected victims could survive in 

such situation.  When the green light is blinking and is mostly glowing, the temperature is very 

warm.  The user should depend on the thermal barrier of his/her fire protective clothing, and 

efforts should be made to try to cool the environment. When the green light is solid, the 

temperature is hot but the protective gear is safe for a few more minutes.  In such situations, 

steam injury can occur and unprotected victims cannot survive.  

 The red warning light displayed at 80oC or higher temperatures in general means the gear 

is near its protection limit.  The user should get close to the floor and cool the area immediately 

or move away from it.  When the red light is blinking, the environment is hot but has started to 

cool. It means that the user’s protective gear is near its protective limit.  The area should be 

cooled immediately and the user should seek a cooler location.  When the red indicator is solid, 

the environment is hot and is continuing to heat.  The integrity of the user’s protective gear is at 

risk at this stage.  The user should evacuate immediately to a cooler location.  Flashover is likely 

in such situations.   

 When the red warning light is first lit, and if the temperature increases very rapidly, the 

Fire-Eye will display a red light immediately without displaying all stages of green light.  This 

instant red light warning acts as an indicator of an approaching extreme condition.  The red light 

will be displayed until the rate of increase of temperature is slowed.  If the indicator displays 

heat-soak red, it means that the temperature at the surface of the protective gear has been above 

148oF for more than ten minutes, and the Fire-Eye will display a red light.  This condition 

indicates that the protective capacity of the gear is likely nearing exhaustion.  The red indicator 

will blink if the ambient temperature is decreasing and will be solid if the ambient temperature is 
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increasing.  The red indicator will continue to be displayed until the temperature cools below 

125oF.  The only disadvantage of such a warning system is the sole dependence of the user on 

the visual form of warning.  

 

 2) Material Properties:  Fire-Eye’s external unit that attaches to the facepiece is made up of 

the same plastic material as that of the facepiece.  The material properties of this plastic have 

been tested and documented by the SM, but a test report was not submitted for review purposes.  

The material used for the manufacture of the clipbox unit is a different kind of plastic than the 

plastic used for the display unit.  The design and material property changes may have occurred 

after analysis, but no documentation to this effect is available. 

 

3) Human Factors Data:  It is not clear whether any specific human factors data was used 

by the SM for the design of the device.  The SM suggested that the human factors issues were 

addressed before the product was designed.  Numerous models were designed and tested with 

experienced firefighters to identify a product that would be best usable.  The design of the 

display light sequences was carefully considered to eliminate any ambiguous display states.  It 

would be interesting to observe and record the performance of the Fire-Eye device by a 

firefighter population of all age groups, ethnicity, height and weight.  The warning colors of 

green and red were probably chosen for the obvious reason of their being most commonly used 

for warning purposes.  Color blindedness could affect the usefulness of this device, as explained 

earlier.  The response to the red color may not be the same in nighttime as during day due to the 

physiological characteristics of eyes.  However, the designer, being a firefighter himself, has 

helped to design a user-friendly product. 

 

4) Usability in All Situations:  It will be interesting to track the performance of the Fire-Eye 

device in various temperature zones, since a report displaying the performance of the device in 

varying conditions was not submitted.  The SM claims that the product has been used at the 

Texas A&M fire training school, but the manufacturer failed to produce any documentation of 

this.  Therefore, it is difficult to say that the product can be used confidently in all situations.  

Moreover, none of the documentation suggests that the product is CBRN-proof.  
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5) Systems Design Approach and Design Criteria:  Fire-Eye Inc. is a very small company; it 

has not followed any structured systems design approach for the design of its product.  

According to the Fire-Eye Inc., such systems design concepts do not apply to such a simple 

product as Fire-Eye.  The product was invented to meet a compelling need for a situational 

awareness tool capable of reducing loss of human life and property.  The design, the  

development, and the design changes all came about on a need basis, as well as on a feedback 

basis.  

 

6) Hazard Elimination Techniques:  No formal hazard elimination techniques were used, 

but the final design may have evolved as the result of the thought process of the two-member 

team as well as from the feedback of users.  No formal record of such an approach exists in the 

documents submitted.  Therefore, it is hard to conclude whether any design simplification 

techniques were used.   

 

7) The Functional Safety Life Cycle:  Neither a formal systems design approach was used, 

nor was it documented by the SM.  Therefore, it is difficult to understand how the designers 

achieved the functional safety life cycle.  The step-by-step approach for the functional safety life 

cycle was not followed.  However, the SM is currently documenting the functional safety life 

cycle considerations that it followed during the design and manufacturing phases.  The SM 

registered that the user was a key player in the development of the Fire-Eye device.  Many 

physical models were evaluated by numerous experienced firefighters to define a practical and 

wearable system.  After the functional prototypes were devised, users provided feedback for 

rapid changes and improvements.  The emphasis was on the “Design Verification” phase of 

development and the design was iterated many times to arrive at a tangible product that the users 

found practical and useful.  Over a hundred units were tested by the experienced firefighters, 

mostly instructors at the firefighting academy.  The design engineer of Fire-Eye also participated 

in Product Validation testing at Texas A & M Firefighting Academy.  The unit was suited up in 

firefighting gear and breathing apparatuses with the Fire-Eye attached to the visor, and the 

product inventor himself participated in the firefighting training in the burn chambers.  This 

activity provided further important insight into the practical requirements of the Fire-Eye 
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Temperature Encoder.  During the interview response, the SM attested to the fact that the Fire-

Eye is good for internal structures, confined spaces, and enclosed environment.  

 

8) Systematic Failure Effects:  The SM mentions that under worst case failure scenario, both 

the red and the green lights start blinking indicating, that the product is not functioning 

appropriately.  The SM claims that the Fire-Eye device will always respond by blinking both the 

warning indicators if there is any anomaly while using it.  But can a safe mode of failure will be 

sufficient to justify any or all modes of failure?  There is no report that projects the performance 

of the Fire-Eye device when tested for random failure as well as for worst-case failure.  If the 

firefighter’s visor on the headgear is hit hard during fire fighting activity, then the Fire-Eye 

device will be physically compromised.  Therefore, the results from such worst-case scenarios 

are not clearly derived or described by the SM.  There is no way to know whether any design 

changes were integrated after testing for such worst case scenarios. 

In the written response, the SM suggested that it maintains a usage-history on each unit 

by device serial number.  The SM further maintained that analysis done during the “Design 

Verification” stage of field testing of such field failures will uncover any such unknown systemic 

mode of failure.  It resulted in some mechanical changes to the device.  One of the changes cited 

by the SM was to the clip box that is worn under the Nomex hood against the fire-fighters neck.  

The SM argues that, if the battery or the clip box unit under the Nomex hood bursts, then the 

situation would have already worsened compromising the effectiveness of the protective gear 

and the safety of the firefighter. 

The SM confidently maintained that it has considered the effects of random failure of 

components and a software anomaly for the Fire-Eye device.  The SM has designed the Fire-Eye 

device so that it is nearly impossible for the device to display a hazardous indication, if any kind 

of failure occurs.  All anticipated failures will result in either the “low battery” display (both 

warning lights blinking continuously) or both warning indicator lights being off.  Neither of 

these two methods of warning has been used in the normal operation of the device.  Therefore, a 

firefighter will certainly know if the device is not functioning properly. 

 

9) Benefit of Experience and Risk Reduction:  The SM did not mention any root causes of 

mishaps experienced by other industries referred by them while designing their product.  The SM 
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suggested that the company did not spend any time researching the previous historic failures of 

electronic/software products of other company.  To ensure a safe product, the SM spent time 

during the theoretical design stages, anticipating the effects of component failure on the device.  

In order to ensure a safe product, the SM spent time on design verification and field testing.  The 

feedback resulted in product design iterations leading to the overall improvement of 

functionality, reliability, and safety. 

 

10) Risk Identification and Risk Reductions Techniques:  The SM did not mention any formal 

risk identification or risk reduction techniques which were followed during design.  But the SM 

registered that such kind of risk reduction analysis might be applied to the unit’s internal 

electronic and mechanical components.  As a self-contained PPES, Fire-Eye does not depend on 

any other PPES for its functionality.  It is an independent device. 

 

11) Project Safety Plan:  The SM did not prepare a project safety plan. Currently, efforts are 

being taken by the manufacturer to compose a project safety plan for the device after studying 

the proposed NIOSH Guidelines. 

 

12) Project Functional Safety Policy and Strategy:  The SM is not aware of any project 

functional safety policy and strategy; however, the SM is trying to formulate one after studying 

the NIOSH Guidelines 

 

13) Standard Quality Procedures or Quality Assessment:  The SM has not mentioned or 

documented any formal standard quality procedures or compliance processes related to any of 

the national standards published by the NFPA or NIOSH. 

Stage II: Product Manufacturing / Production 

 

Manufacturing Process: 

As mentioned earlier, the Fire-Eye device was designed and developed by an individual who 

is also a firefighter. As mentioned there is no indigenous manufacturing facility owned by the 

SM.  However, the manufacturing of the device was contracted to an electronics manufacturer 

that has an in-house plastic molding capability.  The entire manufacturing process was controlled 
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by a single interface between the design engineer and the contracted manufacturer. Three 

hundred pre-production units were built in one lot and were tested and sold.  Hence, coordinated 

manufacturing efforts under one roof were absent.  This can be termed a one-time production 

activity. 

 

1) Addressing the Non-performance of Electronics and Software Issue:  The SM has tried to 

address the non-performance of electronics and software issue by indicating different modes of 

warnings that will be displayed in case of various failures and crisis.  In the written response, the 

SM agreed that it has addressed the non-performance of electronics and software, but no 

specifics were provided.  Earlier, it seemed that the SM seemed to avoid the question and tried to 

defer the responsibility to the contracted electronic manufacturer insisting that the electronic 

component is not being manufactured in-house and that the contracted manufacturer would have 

to take care of it. 

The malfunction of an electronic component or microprocessor directly affects the visual 

display and in turn disrupts the warning indicator.  In case of any component malfunction or 

failure, the Fire-Eye device stops functioning.  Either a single chip, an analog to digital 

converter, or microprocessor malfunction or software anomaly can lead to such a failure. There 

is no way to predict or anticipate random software, processor, or timer failure.  In case of such 

failure, either no warning lights will blink or both lights will blink.  In the interview, the SM 

maintained that it has not come across any random failure incidents among the hundred Fire-Eye 

devices that are being used and tracked in the field.  But the SM agreed that there are many risks 

related to software safety and they can occur randomly.   

 

2) Detecting and Recovering from Random Hardware Failure:  It is not clear as to how the 

manufacturers are advising the users about detecting and recovering from random hardware 

failure.  During the interview and written response, the SM maintained that none of the devices 

used in the field or during mock tests has failed.  In the written response, the SM suggested that 

much of the analyses of the effects of random failure of specific electronic and mechanical 

components were conducted.  The SM stated that no imaginable single random failure had ever 

resulted in an ambiguous warning.  The SM incorporated self-test and field calibration features 

in the device so that a firefighter could perform a simple, daily equipment check before entering 
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into risky scenarios.  Extensive field-testing identified several areas for improving the 

mechanical durability of the system, and changes were incorporated by the SM. 

 

Stage III: Product Distribution, Sales, Testing, and Evaluation 

 

Testing and Evaluation:  The manufacturer conducted the preliminary testing with heat guns and 

kitchen ovens.  Exhaustive field testing was done with a number of fire departments and 

firefighting schools around Texas.  The SM collaborated with the Texas A & M Fire Training 

Institute and conducted field testing at their facility.  The Institute trains many firefighters and 

has a staff of 50 to 60 personnel.  Wearability, reliability, and feedback to set display targets 

were the issues that were addressed at the training institute, even though no formal 

documentation of such field tests exists.  Over one hundred units have been placed in various 

field-testing environments, such as refinery prototype, oil-field simulation, distillery towers, and 

simulated fire scenarios, and they are being tracked and followed, so that the manufacturer can 

get maximum feedback from the users in the field.   

After over a year of testing, a number of adjustments to the temperature thresholds of the 

device were made.  After nearly two years of field testing, and a number of minor software 

changes, the SM was able to conclude the testing activities satisfactorily.  The device’s 

performance proved to be consistent and reliable.  But no design iterations have been 

documented by the SM.  Some of the changes that were done after the testing were – 

a) The cable’s configuration was changed, enabling connection from the sensor display 

to the box; 

b) The clip-on connector proved unreliable and was permanently soldered into the 

clipbox; 

c) The screws to the battery compartment required stronger threads; 

d) The threshold for reading the ambient temperature was (re)set, the most important 

iterative change; 

 

The following analysis describes the test and evaluation procedure in comparison with 

the NIOSH Guidelines. 
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1) Safety Evaluation Techniques:  The manufacturer has conducted extensive field-testing as 

mentioned above, though the SM has not followed any specific standard, such as NFPA -1982, 

or any other software safety standard during this testing regimen.  In a written response, the SM 

mentioned that the company would prefer to use standards currently being created by NIOSH, 

rather than follow a conflicting set of safety methods from various agencies and non-profit 

groups, such as the NFPA.  As mentioned earlier, the NFPA treats the Fire-Eye device as an 

accessory to the SCBA, and the manufacturer of a SCBA has to initiate testing of such 

accessories.  The SM also maintained that conflicting standards used for designing safe practices 

document have not been of any help to the company because there is no testing information 

directly relevant to the design of the Fire-Eye, no formal standards were referred to while 

designing and testing it.  The design is a purpose-driven design resulting from recognizing and 

researching the material used in the facepiece.  Based on these findings, further progress was 

made with respect to the design of the prototype device and finally the finished product.  

 

2) Verification and Validation of Safety Requirements:  Verification and validation of safety 

requirements is not specifically being done as a part of the functional safety life cycle, since a 

Functional Safety File (FSF) has not been created by the manufacturer. 

 

3) Human Factors Issues:  There is no information available about the human factors issues 

that the manufacturer might have came across while testing. 

 

4) Software Testing:  It is not clear whether ANSI / UL 1998 requirements were applied to 

the testing of electronics and software.  So it is unclear whether or not the electronics and 

software are being tested under environmental, electrical, physical, logical, and temporal 

operating conditions. 

 

5) Independent Functional Safety Assessment:  The documents provided and the 

communication received from Fire-Eye Development Inc. indicates that no such independent 

functional safety assessment had been done.  
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Stage IV: Product Repair / Maintenance 

 

Since the Fire-Eye device is very new, it is hard to identify any maintenance related issues or 

product repair issues yet.  The SM is providing a three-year replacement warranty for their 

product and a promise of upgrading the product when a newer version is released on the market. 

 

1) Compatibility and Interoperability:  Fire-Eye has achieved compatibility and 

interoperability capabilities with all the facepieces currently being used in the market.  During 

the test and evaluation period of two years, the SM worked to solve the compatibility problems 

and has overcome them by manufacturing a generic attachment that will work with all the 

facepieces.  The SM added that as Fire-Eye Inc. develops newer version of their product that 

interface with equipment from other manufacturers, it will adopt the most prominent and 

farsighted standards.  Currently, the Fire-Eye device is compatible with the major facepieces in 

the market.  Some facepiece attachments have been designed individually to take care of every 

existing facepiece design in market. 

 

2) Maintainability Problems:  The SM suggested that the field calibration of sensors will be 

the greatest maintenance issue for PPES device.  The Fire-Eye device has a built-in calibration 

function that can verify the temperature sensor’s exact calibration in the field.  The SM added 

that broken Fire-Eye units will be replaced with new units for a nominal exchange price.  No 

field repair of Fire-Eye units is anticipated since replacement is the best solution.  The Fire-Eye 

unit also requires replaceable batteries every two months.  The SM claims that it has considered 

what is necessary for field support and repair of customer’s units.  The SM expects that, as newer 

versions of Fire-Eye become available with more features, customers will prefer to buy the new 

device, rather than repair broken, older units.  The SM maintains an exact record of each device 

by serial number and the customer details associated with it, so that if a safety hazard is 

discovered or upgrade is offered, it can communicate that to the user.  The SM does not expect to 

ever force retirement of older units which is difficult to agree with.  It intends to support them 

until the customer decides they are no longer of use.  As is common with other businesses with 

evolving products, the SM would probably offer discounts or other incentives to customers who 

upgrade to newer product versions. 
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3) The Functional Safety File (FSF):  As described above, a FSF is a documented body of 

evidence that provides a convincing and valid argument that a system is adequately safe for a 

given application in a given environment.  A FSF has not been prepared by the manufacturer of 

Fire-Eye. 

 

4) Conformance to Recognized Standards:  Fire-Eye does not conform to any of the 

recognized industry standards for software programmable components to date.  In order to make 

the product compliant with the most common industry standards, efforts are being taken by the 

SM to obtain the NFPA and the NIOSH certification. 

 

5) Electronics and Software Development Plan:  The complete set of documents required 

under the electronic and software development plan were absent. 

 

7.0 DISCUSSION 

The feedback from the questionnaire based on NIOSH guidelines suggests that the 

manufacturers were ready to cooperate in the research effort, but only to a certain extent that did 

not compromise any of their design, policy or trade secrets.  Certain questions regarding the 

details of the design and development procedures of new products and technology were not 

answered, especially by the complex manufacturer.  In order to increase the validity of the study, 

careful assessment was done while selecting the PPE products and the choice of available 

research tools for the research purposes of this dissertation. 

 Unlike random sample surveys, case studies are not representative of entire populations. 

So the case study research conducted in this dissertation effort should not be generalized beyond 

cases similar to the one(s) studied here.  It has always been argued that case study research is not 

capable of providing a generalizing conclusion since the case study method is a sort of 

microscopic study since it lacks a sufficient number of cases to study.  Yin (1994) argued that the 

relative size of the sample, whether 5, 10, or 50 cases are used, does not transform a multiple 

case into a macroscopic study.  The goal of study must be to establish parameters, and then 

should be applied to all research.  In this way even a single case could be considered acceptable, 

provided it met the established objective.  Certainly, case studies have shown that they can 
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satisfy the three tenets of the qualitative method: describing, understanding, and explaining (Yin, 

1994).  In terms of this research, the case study approach has been followed to strive towards a 

holistic understanding of the system design and stages in the life-cycle of PPE.  System design 

and life-cycle of a PPE refer to sets of interrelated activities engaged in by the company 

personnel in a finite work environment.  According to Yin (1994), case study research is not 

sampling research.  However, efforts were taken in this dissertation effort in selecting 

appropriate cases to maximize what can be learned, in the period available for the study 

optimizing the available resources. 

 
 
7.1 System Design Process of the Two Manufacturers 

 

 
Complex Manufacturer 

 Based on the documentation, survey, and interview analysis, the researcher can 

confidently suggest that the CM followed a concurrent engineering and multiple perspectives 

approach of design, which was proposed by Cross (1999) and Moran & Carroll (1996).  The 

DFSS process also strongly suggests the involvement of multiple individuals with diverse 

backgrounds from various departments in the company.  The CM design team was certainly a 

cross-section of the company, representing all important departments in the company.  The 

documents and the interview transcripts suggest that the design team had several two-to-three -

hour meetings which can be referred to as brain-storming sessions for the design of the HUD 

subsystem.  It seems that multiple solutions were pursued concurrently which may have helped 

the team of system designers to reduce the bias that comes from generating a single solution.   

 It is also clear that the CM design team followed an approach in which the system 

designers treated themselves as the users of the HUD subsystem being designed.  This claim is 

based on the fact that few individuals on the design team were also voluntary firefighters with an 

experience of using the Air-Pak and their experience in using the SCBA system would have also 

played an important role in design decisions related to HUD subsystem.  Secondly, the interview 

responses suggested that the marketing department acts as the “eyes and ears” of the CM to 

collect the feedback from customers and to register their concerns related to any inconvenient 

design feature.   
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 The design process followed by the CM was indeed long, cumbersome and expensive. 

Empirical findings by Sobek et al., (1999) suggest that set based concurrent engineering 

improves product development performance despite the additional time and cost of developing 

multiple solutions.  The design processes followed by CM suggest following the pattern 

suggested by Sobek et al., (1999) and reaping the benefits of a satisfactory design solution.  The 

design process of concurrently generating multiple representations and multiple solutions 

followed by the CM leads to the view of system design as a concurrent and collaborative 

exercise practiced by cross-functional design teams, as suggested by Wheelwright and Clark 

(1992).  This view of system design as a concurrent and collaborative exercise also emphasizes 

the organizational aspects of the system design.  It is also important to note that these elaborate 

system design efforts are supported by a reliable organization within the CM, which is suited to 

the designer’s requirements for design in an accommodative environment as proposed by De La 

Garza (2004). The necessary support of the physical resources required by the designers is 

supported by the organization and the leadership of the CM.  

 

Simple Manufacturer 

 

 The Fire-Eye device design was conducted by two individuals who also happen to be 

firefighters.  These firefighters recognized the need for a heat sensing device for firefighters 

when their ears and skin were covered with protective gear.  Based on the analysis conducted by 

the researcher, it seems that the two individuals involved in the design of Fire-Eye device have 

conducted a very careful analysis of the fire department organization, the work situation of 

firefighters, and the information flow related to the firefighting activity before designing the 

Fire-Eye system.  According to Stolterman (1991), such an effort by the designer to understand 

the organization, work situation and information flow leads to the generation of preliminary 

workable alternate solutions for the proposed product.  The firefighting background of the two 

system designers helped them to understand the crucial features required to design such a heat 

sensing device.  But it has not been brought to the researcher’s notice that the system designers 

conducted any formal task analysis or work analysis before introducing solutions or technologies 

related to the Fire-Eye device, such as those analyses as proposed by Vicente (1999).  However, 

a careful analysis of entities such as organization, work situation and information flow by the 

system designers can be informally classified as task analysis and work analysis.  Therefore, 
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even though the individuals involved in the design were not formal system designers per se and a 

formal systematic approach of system design was lacking an informal, thoughtful, document-less 

approach was certainly observed by the researcher in the Fire-Eye design process. 

Based on the document review and interview transcripts, it seems that the Fire-Eye 

designers began their system design process with a preconceived experience in mind based on 

the purpose and the target location of the device.  This starting point of any system design 

problem is referred as the ‘primary generator.’  It was introduced by Lawson (1990) and 

Guindon and Curtis (1988) as an intermediate stage to develop a provisional solution to the 

problem before reaching a final solution.  The primary generator also helps in reducing the 

variety of potential solutions to the imperfectly understood problem to a small set of solutions 

that are cognitively manageable.  Then the design conjecture formed by the designer would have 

been tested against the requirements and constraints of the proposed device.  Based on the 

literature review and the actual review of the processes followed by the SM, the design process 

of the SM can be classified as the conjecture-analysis model of system design.  A prominent 

approach of concurrent engineering and multiple perspectives in the design work as suggested by 

Cross (1999) and Moran & Carroll (1996) was clearly lacking in the system design process 

followed by the SM.  The organization of the SM consists of a few voluntary firefighters with no 

salaried employee.  The physical resources available for the designers in the organization are 

much less as compared to the CM and the organization cannot support any expensive ventures 

for the system design process.  Therefore, there are limitations to the designers as well as the 

design process of the SM.   

 

7.2 Human Factors and Safety Aspect Followed by PPE Manufacturers 

 
Complex Manufacturer 

 According to Sagot et al., (2003), a multidisciplinary approach combining social sciences 

and engineering sciences to respond to the challenge of human factors must be given greater 

consideration in the design of products.  The CM certainly has a multidisciplinary team but 

lacked the multidisciplinary approach for inducting human factors and ergonomics principles 

into the HUD subsystem.  There was no ergonomist or a safety professional on the design team.  

The team did take the Voice of Customer into account but did not take the human factors 

knowledge base into account while designing the HUD subsystem.  The method of concurrent 
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engineering followed by the CM is capable of integrating several dimensions including the 

technical, human, organizational, social, and economic dimensions, but the human aspect is not 

being given enough representation in the design process.  

There was one usability professional on the design team but this person did not have 

much say in the design as per the interpretation of the researcher.  The CM did not formally 

conduct any controlled environment user studies based on the design prototype in order to 

validate and iterate the design for HUD.  Probably, time pressure was justified for such activity 

since NFPA did not give much time to the SCBA manufacturers to accommodate the HUD in the 

whole SCBA system.  Peer-pressure (other competitive companies) also played an important role 

to expedite the design and manufacturing process and introduce the product in the market in 

order to be competitive with other SCBA manufacturers.   

The CM has a long history of producing life-saving PPE and still remains a major player 

in the PPE market.  However, the CM’s approach towards the involvement of the safety 

professionals was not so motivating since no dedicated safety professional was present on the 

design team.  The CM also failed to disclose any lessons learned from their past experiences that 

led them to consider those aspects in the design process.  The researcher can only say that a 

sequential approach, not an integral approach, was being followed by the CM in terms of 

integrating safety and ergonomics into the product design.  The human factors and safety 

approach that is currently being followed by the CM is completely compliance-oriented.  The 

focus of integrating safety into the HUD system was completely dominated by the purpose of 

getting the PPE certified by various governmental and non-governmental certifying agencies. 

 

Simple Manufacturer 

 The SM did not have any formal expertise nor any professional help to integrate human 

factors and safety principles in the design of the device.  A common sense approach of using the 

most commonly used colors for warnings and features of warnings was used by the SM while 

designing the Fire-Eye device based on their limited technical knowledge. Since the SM is a 

small company with limited experience, there was no knowledge base on which the designers 

could have depended on to integrate the lessons learned from previous design activity.  

 Traditionally, Didelot (2001) has highlighted the fact that the incorporation of safety in 

design follows a sequential approach, not an integrated one.  It is driven by a need for adherence 
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to standards and regulations.  Since the SM does not have any compliance certification, any such 

documentation related to the compliance process is absent.  There is limited knowledge to base 

any conclusions about the safety integration approach adopted by the SM.   

General observations and comments  

The CM had traditionally used the ‘Scott Development Process (SDP)’ for product 

development, but has since iterated its process to one based on DFSS.  SDP was a ‘gated’ 

process, wherein every step was reviewed before progressing to the next development stage.  

SDP was a time-consuming process, which involved prototyping and testing, and did not allow 

for parallel development of components due to its linear nature.  The updated DFSS process 

requires that the design team be comprised of representatives from all involved departments in 

the company, such as engineering, software, manufacturing, sales, marketing, and legal.  DFSS 

concentrates on the ‘Voice of Customer,’ which emphasizes the customer needs and 

requirements, during the product’s design and development stage.  Discussions with the CM 

design team indicated that DFSS is a “long, laborious and meticulous process of design that 

demands extensive documentation of each step involved in the design of the HUD for the Air-

Pak system.”  The CM intends to follow the DFSS process for all future products.  However, and 

even after the signing of a nondisclosure agreement between the Auditory Systems Laboratory 

and the CM, the documentation received was not comprehensive to the point that a full 

evaluation of the process could be made.  Notwithstanding the dearth of documentation, the CM 

appeared to have adopted the desirable practice of following a functional safety life-cycle in the 

development of its PPES, and as such appeared to be practicing the elements of the Guidelines 

document. 

 Most of the sub-systems and components required for the Air-Pak are outsourced from 

certified vendors leading to multiple manufacturers working towards a common goal of forming 

a complete Air-Pak.  The vendors are certified by the parent company of the CM and most of 

them follow ISO standards to manufacture the components.  The CM’s extensive network of 

dealers and distributors makes the maintenance and service after sales relatively easy for the 

company.  The Air-Pak system conforms to the applicable NFPA and NIOSH standards.  The 

CM conducts early product testing and evaluation in-house at their testing facility, and routinely 
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has their testing and evaluation results confirmed by a third-party agency.  Overall, it appears 

that a well-structured systems design and system-safety process is followed by the CM. 

The CM maintained that industry demand and user requirements drive the need for 

innovation, and that it tries to meet those requirements.  The CM seems to meet the minimum 

requirements of standards and in so doing is able to obtain the required certifications, but seeks 

to engineer other abilities or options that may provide an advantage over its competitors.  

Certification from standards-making bodies such as the NFPA is not required in every state (e.g., 

Pennsylvania), but the CM recognizes that NFPA certification is often an attractive selling point 

to prospective purchasers.   

One item that greatly concerned the CM was the composition of the standards forming 

committees who promulgate the standards that PPES manufacturers must meet.  For example, 

even though the NFPA states that its Committees are comprised of 1/3 manufacturers, 1/3 testing 

laboratory representatives, and 1/3 users, the CM suggested that this balance is not usually 

realized, and that even when it is realized, one or more of these groups is given a “louder voice.”  

For example, the CM expressed concern that the users who are on these Committees hold “great 

sway” and that the PPE manufacturers often suffer as a result.  Several NFPA Committees 

maintain firefighters’ union representatives as “Members” (Members may vote, whereas others 

may not).  The contention is that these unionized fire departments are comprised of firefighters 

that are paid for their work, and are often funded by local and federal tax dollars, resulting in the 

condition that most of these departments have “deep pockets.”  However, the CM stated that 

70% of US fire departments are volunteer fire departments (i.e., unpaid), and oftentimes it is 

representatives from these paid departments, who typically have capital advantage and can thus 

travel to and attend Committee meetings, who vote for the rest of the firefighter population, and 

those votes typically disadvantage the smaller, particularly volunteer, entities. 

One candid anecdote surfaced from a CM engineer who is also a volunteer firefighter 

locally to the CM’s manufacturing plant.  The engineer lamented, “How will we afford to add on 

all of these new things?  The manufacturers are not going to take a loss or give them to us at cost.  

If it costs more to build a piece of equipment, the manufacturer is going to charge us more.  “I 

know three times cost is not an uncommon factor—so every dollar (a standards-making body) 

requires the manufacturers add to a piece of equipment, I have to come up with $3.”  It was 

related that current operations costs are “extraordinarily high.”  The volunteer firefighter 
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department for which the engineer worked pays over 150 person-hours per week, and stipends 

volunteers $5 a call—“when we can afford it.”  An example of costs was related by the 

firefighter towards the purchase of new, NFPA-approved cylinders for SCBA systems.  “Since 

we need two cylinders for each SCBA, we were unable (as a volunteer department) to afford new 

NFPA-approved cylinders—which are $1,100 each.  At any given time, we have 40-50 

members, each with a set of $3000 NFPA-approved turnout gear.  I won’t even get into fuel.  We 

do not have our own tax district—so, unlike the big cities, we just cannot raise taxes.  The fire 

grants (emanating) from 9/11 are drying up—there is not much money to be had.”  Further, the 

engineer decried, “We just spent $500,000 on a new NFPA-approved (fire) engine, with its red 

seatbelts and doors that open 90°; all firefighters are not 6’5” tall, regardless how arrogant we 

act, and a seat-belted firefighter cannot reach the door to close it anymore.”  Regarding the 

NIOSH Guidelines, and perhaps somewhat darkly, the firefighter concludes, “Over the next 10-

20 years, I can envision you killing firefighters with these recommendations.  The public has 

always been very supportive of our fund-raising, but there is a limit to the amount they are 

willing to pay for a ham biscuit or a barbeque plate.  So I guess the question is, who gets the 

good equipment when we go in?  I would rather have all of my people go in with brand new 

packs that meet the 1998 standard than one or two with SCBA’s that can tell what they had for 

lunch and everyone else with old equipment.” 

Liability issues are also a concern, and were stated as a rationale as to why the CM had 

not maintained a FSF.  The CM’s representatives on Committees are there to witness the 

decision-making process and, in some cases, to foster discussion.  The CM’s legal department 

had advised its design team to consider the requirements promulgated in regulations or standards 

as minimum ones and asked them to design for the maximum (or worst-case scenario) in order to 

make their product least liable and ‘most safe.’ 

The SM is a very small organization with less than five full-time and volunteer 

employees.  The concept for its device was ‘purpose-driven’ by a perceived need to provide an 

indication to the user of the thermal conditions in which he/she operates, after the mandatory 

institution of the Nomex hood, which covered the ears (related to be the ‘traditional thermal-

sensing device’).  The design team was comprised of a single person, but was subsequently 

bolstered by a few additional individuals (mostly professional firefighters) who were involved in 

the review and analysis of the system design.  The SM did not maintain nor did it practice any 
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structured system-design framework for its device.  The device was contracted to an outside 

vendor for manufacture, and the design was related to have been through several iterations.  

Actual firefighters, working in simulated fire scenarios, were involved in analyzing and testing 

the product, both at local firehouses and through cooperation with the Texas A&M Firefighting 

Institute.  However, the SM lacked any formal documentation for all of the above, which is a 

departure from the Best Practices as outlined in the Guidelines document. 

 At the time of this writing, the SM is in the process of conducting controlled and 

uncontrolled laboratory tests in an effort to provide data towards compliance with certifying 

agencies such as the NFPA and the NIOSH.  As the NFPA classifies the device as an accessory 

to SCBA PPES, which requires that an SCBA manufacturer request and conduct compliance 

testing, the SM has decided to itself procure the testing data required for certification such that 

the device can formally enter the market.  What was apparent in the analyses of the SM and its 

device was that it lacked the technical, financial and legal expertise needed to develop and 

market the system. 

 

7.3 Identified Problems Faced by PPES Manufacturers 

 

Based on the evaluations above, the following is a list of Identified Problems faced or 

issues expressed by the two manufacturers: 

 

1) Ignorance of standards/regulations/guidelines. The SM was not aware of all of the 

standards, regulations, or guidelines available nor was it aware of the procedures that 

must be followed for each towards compliance and certification from the agencies that 

promulgate them.  The lack of knowledge regarding the need to maintain appropriate 

documentation for system design may also have resulted in the dearth of developmental 

data submitted to the researcher for the SM’s device. 

2)     Lack of skilled system-safety personnel.  The SM does not typically possess nor does it 

have access to a safety analyst to initiate, follow, and interpret the results of a system-

safety process or processes.  The SM could not afford to maintain a full-time safety 

analyst position for their manufacturing project, but the benefit(s) of having such a 
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position were known.  Either the full-time position was too costly (not surprising) or it 

was not considered necessary for the type of product and process of manufacturing. 

3) “Response first.”  Both manufacturers were concerned about the ‘break-even point’ to 

recover from their investment.  Clarification of that statement suggested that the 

manufacturers were apprehensive regarding how users would respond to their product in 

the early days of testing and verification (i.e., impressions gleaned through focus groups).  

Based on the responses received from those groups, the manufacturers indicated that they 

would be interested in pursuing iteration of their products.  In a worst-case scenario, 

related to be if the product does not receive the expected response, the manufacturers 

would likely not be interested in investing in further research. 

4) Access to standards and procedures.  Some of the standards and testing procedures that 

are in place (e.g., by the NFPA and others) are not easily accessible to both 

manufacturers, leading to development delays.  This was related to be more of a problem 

for the SM, however, in that it was costly for it to travel and attend NFPA and other 

regulating body meetings, for example. 

5) Enforcement of existing standards.  The CM related that the government agencies and 

other regulating organizations do not enforce the existing standards sufficiently, leaving 

compliance at the manufacturer’s discretion. 

6) Technical language is difficult to interpret.  In some instances, the technical language 

used in standards and in ‘Best Practice’ documents is difficult to interpret for the 

manufacturers, especially when it comes to implementing ‘good theories.’  Both 

manufacturers indicated that they try to interpret technical language towards their best 

interests, and that they wished that regulating bodies would allow more flexibility with 

respect to how certain requirements are met. 

7) Representative sampling.  Both manufacturers made quite clear that they wished 

government-level regulating bodies such as NIOSH conducted more frequent and 

thorough surveys of standards-making bodies such as the NFPA to ensure that user 

groups (e.g., fire service representatives) were not over-represented or were not wielding 

unequal power when compared to representatives from testing laboratories or PPES 

manufacturers.  Of the fire service user groups, the manufacturers lamented the absence 

of representatives from unpaid, volunteer fire departments, who comprise 70% of fire 
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services in the US, but are rarely (if ever) at Committee meetings.  For example, 

unionized fire service representatives may support mandatory use of PPES that may be 

priced out of reach for the volunteer fire services—which is often not due to a compelling 

safety or operational need, but to a desire to have ‘gee-whiz’ technology. 

8) “Thinking outside of the box.”  Both manufacturers suggested that NIOSH should 

promote a more fluid decision-making process for its regulations.  Entities such as the 

NFPA provide periods of ‘public comment’ on their draft decisions; similarly, NIOSH 

should also conduct peer-reviews of their guidelines.  For example, NIOSH should 

consult manufacturers in order to ensure that their representation and interests are 

adequately addressed. 

9) Informational sessions and training.  The SM suggested that, when new standards or 

regulations are introduced, NIOSH should provide training as well as conduct 

informational sessions about those standards to the first responder as well as the PPES 

manufacturing community.  Doing so would ensure that users are aware of the 

technologies available to them, and that the PPES manufacturers are aware of and can 

take the necessary steps to meet the new standards or regulations, especially if they are 

iterated versions of previous ones.  

 

7.4 Guidelines for PPES Manufacturers 

 

From the investigation of the systems development processes from both manufacturers, a 

set of General Guidelines are proffered for PPES manufacturers.  These are outlined below. 

 

Stage I. Concept and design  

• The manufacturers must involve multiple individuals from different departments and 

backgrounds while designing new product and its accessories.  The diverse background 

and experience of individuals will help consider different perspectives in order to make 

new PPE more robust and versatile.  For the two PPES evaluated, this would include, but 

is not limited to: hardware and software engineers, safety engineers, materials engineers, 

marketing and sales representatives, and legal representation. 
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• The PPE designers should try to include prospective users as early as the first prototype 

stage of the PPES design and must take feedback from the users.  

• The manufacturers must follow a ‘roadmap’ for a PPES development process including 

ideas that were considered, tested, and were supported, or those that were discarded, 

thereby leading to a documentation of all design ideas. 

• A sufficing documentation should be maintained and archived beginning from the 

concept phase to the final design of the PPES in order to track various changes in the 

development stage of PPES.   

• Appropriate safety analysis techniques such as failure modes and effect analysis, human 

factors safety analysis, etc. must be followed during the design and development process 

of PPES. 

• Meet the standards and compliance procedures suggested by various government and 

non-government agencies.  Appropriate compliance procedures prescribed by various 

agencies such as UL, NIOSH should be taken into account before approving the final 

design of the PPES.  PPES manufacturers who have the knowledge of appropriate, 

applicable standards or regulations should be able to provide compliance data which 

indicates their device meets or exceeds that standard.   

 

Stage II. Testing and Evaluation 

• In order to effectively carry out the testing and evaluation of PPES, the manufacturers are 

advised to conduct a mandatory in-house and third-party testing.  All the test results 

should be genuinely documented so that they can be referred at any given time during the 

life-cycle of the PPES.  

• In order to evaluate the performance of the PPES, multiple prototypes should be tested in 

all possible extreme operational environments, such as extreme heat, extreme cold, in day 

light, and during dark, and in mostly humid and extremely dry conditions. Such an effort 

will help recognize the performance variance, if any, thereby leading to a component 

redesign/replacement in order to increase the reliability of PPES.  

• User testing is very important aspect of any PPES testing.  As humans are integral to any 

PPES (indeed, they are the entire purpose of PPES), it is vital that those for whom it is 

designed evaluate the system and provide feedback to the PPES manufacturers from 
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realistic testing scenarios.  However, it must be understood that user testing need not (and 

should not) be instituted only upon completion of a working prototype—users ideally 

should be consulted at the concept stage as mentioned earlier. 

• All too often, PPES must be re-designed or iterated after product rollout, when it is the 

most expensive in terms of cost and person-hours, to reengineer.  Since certain 

inconvenient features for a PPES may only be known after actual long-term usage of the 

product in field. 

• In the event of an accident involving a PPES, documentation as to testing and evaluation 

(both from in-house and third-party testing laboratories) can support a manufacturer’s 

position.  Documentation should ideally provide a detailed and comprehensive picture of 

a PPES’ development from concept through retirement. 

• In order to be compliant with the standards established by agencies such as 

NIOSH/NFPA, a PPES should also be evaluated from different standard forming 

agencies. Occasionally, independent testing laboratories are also authorized to conduct 

compliance testing when the standards forming agencies are not involved in compliance 

testing. 

• Documentation related to the functioning of PPES and directions for use should be 

adequately provided to the users along with the PPES system.  

 

• Knowledge of resources is necessary for the manufacturers of PPES.  The manufacturers 

must be apprised of any and all regulations, standards, and best practice documentation 

for PPES.  Most organizations that promulgate standards hold meetings that are open to 

the public, and PPES manufacturers should try to attend them, where not only can they 

ask questions and foster discussion, but also provide input (if designated as a Member) to 

the decisions that are made.  An excellent list of general design principles can be found in 

NIOSH’s upcoming Best Practices Guidelines document.  

 

Specific recommendations to the System Designers of PPES 

The following important recommendations were extracted from the literature review and 

the system analysis process of this dissertation. These guidelines are applicable to the design and 

development process of any product or PPE.  
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• A system designer must always oscillate between the product requirements and resources, 

and should try to remove the obscurity on both sides, thereby reducing the differences 

between the two.   

• The system designers should try to follow the contextual system design process which 

directly focuses on understanding how the system users work. 

• System designers must believe that great design ideas come from the combination of the 

detailed understanding of a customer need with an in-depth understanding of technology. 

• An ergonomist must be involved from beginning in the system design process for a better 

understanding of the PPES to be designed, in addition to the various ergonomic 

recommendations with justified prioritization. 

• The designers must follow an integrated, systematic approach to design safety into the 

product rather than a sequential or a compliance-necessary approach. 

• The designers must avoid enriching the system by adding different safety devices later to 

ensure a sufficient level of safety. 

 

7.5 Time and Personnel Costs in Meeting NIOSH Guidelines 

 

 Guideline documents such as NIOSH’S upcoming Best Practices document can be a 

boon to PPE manufacturers in the development of their systems.  While many progressive 

developers may already be practicing parts of or even the entire set of tenets within the Best 

Practices document, it was deemed prudent and was also requested by NIOSH’s NPPTL to 

survey PPES developers to inquire as to their thoughts regarding what it costs or would cost 

them to follow these tenets.  Eleven PPES manufacturers were given a questionnaire that outlines 

the elements of functional safety for programmable electronics used in PPE that were gleaned 

from the draft Best Practices document (see Appendix D).  Each manufacturer was asked to 

estimate the following for each element: 

 

• What would be the time cost (i.e., in personnel time measured in person-hours) to meet 

the Best Practices element? 
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• What would be the monetary cost for your organization to meet the Best Practices 

element? 

 

Even after reminders were sent via electronic mail for each party to which a questionnaire 

was given, only three responses were received at the time of this writing.  Two other PPES 

manufacturers indicated that their legal departments would not allow them to discuss the 

information—even though it was made clear that the researcher would not indicate or otherwise 

identify who provided the questionnaire answers.  Offers to sign a non-disclosure agreement did 

not result in participation.  Another entity indicated that it was a testing laboratory, and thus 

could not appropriately comment.  The elements of the Best Practices document and the 

responses received are presented below. 

 

Functional Safety Life-Cycle.  The first question involved aspects of the functional safety 

life cycle.  Respondents indicated that the implementation of such a system is “comparable to the 

implementation of a stage gate process, whose cost would consist of three different parts—the 

time cost of developing and installing the process, the cost of improving that process towards a 

goal of efficiency, and the cost of day-to-day management.”  Respondents’ descriptions outlining 

the institution of a new process (similar to if not exactly like the functional safety life cycle) are 

presented for a large, fictitious PPE manufacturer who employs 35 full-time engineers. (The 

estimates are similar given stated employee numbers from each respondent for each element.)  

  

It would take 18 months to write the procedures and to train the staff to follow them.  If 

one assumes that 4 people are involved procedure writing and training, it would take 1.5 years, 

or 2000 person-hours/year = 12,000 person-hours to institute.  Training of engineers would take 

about 40 hours each (i.e., 1400 person-hours) for a total of about 13,400 person-hours.  With 

respect to increasing efficiency, respondents generally indicated that process improvement “had 

been going on for awhile, and can be expected to go on for several more years.”  Estimates for 

process improvement for 6 persons tasked with doing so (i.e., spending 50% of their time over a 

4-year period) would be 24,000 person-hours.  Management and maintenance would (ideally) be 

handled by one individual.  One manufacturer indicated that it maintained three project managers 

who are “currently dedicated to keeping particular projects moving along” in keeping with a 
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stage gate process, and who use up to 8 person-hours per week of engineers’ time gathering data 

and administrative work.  It is estimated that 3 hours per engineer, or about 150 hours a year are 

dedicated to management and maintenance.  Again considering the 35 engineers noted above, the 

amount reaches 5250 person-hours.  Using this to estimate another process yields (yearly) a total 

of 4 people at 2000 hours a year, plus 5250 person-hours for a total of 13,250 person-hours a 

year to maintain such a program.  Given this example, the initial one-time cost would include 

implementing the system, training the front line workers (13,400 person-hours), and refining the 

system over time (24,000 person-hours) for a total of 37,400 man-hours.  Sustaining costs would 

be about 13,250 person-hours a year. 

 

Monetary costs were related to be comprised of two parts—the initial cost and the 

recurring cost.  The initial cost is rather straightforward (again, in keeping with the example 

above for a ‘large PPE manufacturer): 37,400 person-hours for the one-time cost would be 

$1,683,000.  Additionally, respondents indicated that there is a “loss of productivity to consider, 

from the time lost when you trained your workers in the process”—approximately 1400 person-

hours in the example.  It was noted that these hours “are difficult to quantify, so for estimation 

purposes just ignore them.”  There is also an understanding that there would be “no significant 

investment in capital equipment,” which, along with the training ‘lost time’ could conceivably 

increase the estimations.  Sustaining costs are related to be more difficult to estimate, as they 

“break down into direct cost and loss of sales.”  For the 13,250 person-hours for sustaining costs 

at $45 per hour, the direct cost would be $596,250/year.  For the 5250 person-hours in 

productivity, and recalling that 3 hours per week are ‘off of task,’ this equals about 150 hours per 

year.  For a large manufacturer who may be working on several products at any given time, such 

a loss of productivity would equate to almost a month added to each product’s development time.  

Assume that 300 units of a particular PPES are sold each week at $3500; a loss of sales for 3 to 4 

months would equal between $12-16 million.  Respondents indicated that “cost in sales would 

not only have a direct impact in terms of the cash flow generated by the sales, but as they affect 

our earnings per share, it may have ripple effects at the corporate and investor levels that cannot 

easily be quantified.” 
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Functional Safety: Design and Performance of Software and Hardware.  Respondents 

were mixed in their answers to how PPE manufacturers ensure adequate design and performance 

of electronics and software to achieve complete functional safety.  One manufacturer indicated 

that “it will be easier to answer these as one question,” as it did not maintain such ability in-

house.  “We go with an outside lab,” to whom they “pay for the reliability tests.”  Other 

respondents mirrored this practice.  It was estimated that it would cost between $15,000-$33,000 

per experiment, which may take months to conclude (estimated to be about 350 person-hours), 

and which may affect sales during that time.  As such, and due to the outsourcing of testing by 

that manufacturer, there were no direct man-hour costs to estimate.  The monetary costs for loss 

of time while the outsourced testing took place was estimated to be between $15,000-$60,000 

per project, $100,000-$200,000 annually in additional salaries (related to be because they “would 

probably end up hiring some of their graduates and, since they are Master’s- and Ph.D.-level 

hires, their salaries would be larger than for an average design engineer”), and $4,200,000 to 

$16,800,000 in lost sales. 

 

 Another manufacturer who indicated that they “rely very heavily on D-FMEA and P-

FMEA to design-in safety.”  Person-hours specific to D-FMEA were estimated to be around 300, 

with P-FMEA estimated at 100 hours.  However, it was noted by the respondent that the man-

hour estimation does not include “engineering time to make any actual changes to the product,” 

but estimated the cost at $70/hour. 

  

 Configurability, Compatibility/Interoperability, and Scalability. Respondents indicated 

that ensuring configurability, compatibility, interoperability, and scalability (CCIS) is dependent 

upon the product specifications, which are verified by a particular project’s team.  To meet these 

elements, another respondent indicated, “A totally new (PPES) would have to be designed,” 

which could be “very expensive.”  For example, in a recent re-tooling for a particular part of an 

existing PPES, the cost was $1.5 million—and this was just for the re-tooling, and not the other 

elements (e.g., design, testing) that would ensure CCIS.  Another respondent stated, “We would 

do market research to determine what is needed with respect to (CCIS).  This may include hiring 

a market research firm, customer visits by the design team or customer inclusion in the design 

team.”  Market research in this instance was estimated to cost between $50,000-$80,000, after 
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which independent verification take place, the costs for which were outlined in the previous 

section.  Returning to the ‘redesign’ of the PPES above, the estimated person-hours would reach 

490,000, with a monetary cost between $15,000,000-$20,000,000 over 5 to 7 years.  Residual 

cost due to “patent infringements could run into millions per year.” 

 

 Satisfactory Usability and Human-Computer Interaction.  One respondent stated “As 

additional requirements are placed on us (with respect to systems requirements promulgated by 

standards organizations), it is very difficult to give (firefighters) the information without 

confusing them.”  Another respondent related that most of the human interaction issues are 

determined during market research, the D-FMEA process, industrial engineering, and end-user 

testing.  During development of a system, this respondent indicated that it would hire “and 

independent industrial engineering firm to research and make suggestions on the human 

interaction aspects of the product.”  Costs to do so are estimated to be between $20,000-$60,000, 

and are “incremental to market research.”  With respect to user testing, one respondent indicated 

that it requires hundreds of units to be built, with costs for construction of the units as well as the 

value of the units estimated to be $58,000 (i.e., 100 person-hours at $80/hour, and $50,000 worth 

of product). 

 

 Satisfactory Maintainability.  Respondents indicated that maintainability is largely met 

through the processes already covered.  That is, D-FMEA coupled with independent verification 

(i.e., testing by a third-party laboratory) cover all points related to maintainability.  Another 

respondent suggested, “If maintainability requires some kind of approval agency review, it 

would increase our costs.”  Clearly, respondents believed that satisfactory maintainability is not a 

separate issue outside of the ‘usual’ design process. 
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8.0 CONCLUSIONS 

 

 During this research effort, all attempts were made to identify, learn, analyze and review the 

various design, development and manufacturing processes practiced by the two PPES 

manufacturers.  Since the two products selected were so different in terms of complexity and the 

companies were so different in size, very few of the systems development processes were similar 

between the two manufacturers.  These differences were outlined and discussed herein, and any 

‘Best Practices’ as outlined in the Guidelines document that were followed by each manufacturer 

were presented, as were variances from them.  The CM is a well-established PPES manufacturer, 

and appeared to be in a position to take structured and innovative steps to improve the 

performance and design of their PPES.  The CM is financially capable to make capital 

expenditures towards improving its processes (especially towards the recommendations espoused 

in the Guidelines document), and can resolve compliance issues by consulting experts. 

Conversely, the SM does not maintain such financial resources and technical capabilities due to 

its small company size and amount of capital available to it.  The SM, as a small PPES 

development organization comprised of well meaning—but somewhat uniformed (with respect 

to the considerations involved in producing and marketing a PPES)—individuals, had and 

continues to experience difficulty entering the market with their device.  Both manufacturers 

experienced distinctly different compliance issues that were identified through differing 

compliance criteria (or a lack of knowledge of them) with respect to product functionality, 

although both entities recognized the value of third-party affirmation of their product 

performance declarations. 

 

  Both of the manufacturers have made concerted efforts to apply certain fundamental 

manufacturing and development processes, but differed in terms of their application and scope.  

Most of the design and development processes followed by the CM are complaint with the 

NIOSH Guidelines document because the CM operates with a ‘flexibility of sorts’ with which to 

apply similar or improved processes such as DFSS.  In the case of the SM, most of the design 

and development processes were carried out without any formal documentation, while not 

complying with any existing structured process such as testing to NFPA standards or using 

DFSS.  Both manufacturers indicated significant issues with the composition and direction of 
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standards-making organizations, largely focusing on and whether or not existing rules to foster 

adequate representation are realized in practice. 

 

  Processes such as the functional safety life cycle and the functional safety file mentioned 

in the NIOSH Guidelines document were completely new to both manufacturers.  However, the 

manufacturers appeared to have tried to identify and to compare their own processes with other 

known processes throughout the design and manufacturing phases for their product.  Based on 

this research effort, it appears that the NIOSH Guidelines document will indeed be useful to 

PPES manufacturers in terms of improving the design, development, manufacturing, compliance, 

and safety-related elements of their products.  The need for a uniform roadmap with which PPES 

manufacturers can use to ensure that the incompatibility and interoperability issues and others 

that were spotlighted as a result of the 9/11 incident do not happen again appears to be met with 

the dissemination of the NIOSH Guidelines document, and the manufacturers appreciated the 

framework.  However, both manufacturers demanded more flexibility and freedom in terms of 

applying the processes towards meeting the requirements of certain tests prescribed by existing 

guidelines—as well as those which may present in the completed NIOSH Guidelines document. 
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Appendix A 

Fire-Eye Specifications  

Model FE- 2000 - U. S. Patents 6,118,382 and 6,417,774 

General Product Description: Light Indicating Thermometer. Fire-Eye consists of a 

Sensor/Display piece fitted at the top of the mask faceplate and an electronic Clip-Box worn 

clipped at the back of the mask webbing, under the NomexTM hood. 

Design Application: For use with standard SCBA facemasks when fighting structure fires.  

Temperature Sense Point: Near the center of the mask faceplate.  

Temperature Sensing Element: Thin-film Platinum RTD on thin ceramic chip.  

Temperature Sensing Rate: The sensor element is read four times per second when temperature 

conditions are being displayed.  

Indicator Visibility: Green and Red indicator lights are visible through the facemask, centered 

just above the line of sight.  

Indicated Temperature Conditions: The temperature conditions indicated depend on the 

environmental temperature, on the temperature of the surface of your protective gear and on the 

time spent at a particular temperature.  

--- No Lights (below 125F):  

Proceed normally. Victims can survive. Act according to the Department's training and policies. 

--- Green is Blinking and is mostly off:  

You are in a warm environment and your fire protective gear should be safe. Unprotected victims 

can survive only a few minutes. Act according to your Department's training and policies. 

--- Green is Blinking and is 50% on:  

The temperature is warmer and your fire protective gear should be safe. It is less likely that 

unprotected victims could survive. Act according to your Department's training and policies. 

--- Green is Blinking and is mostly on:  
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The temperature is very warm. You are depending on the thermal barrier of your fire protective 

clothing. Cool the environment and act according to your Department's training and policies. 

--- Solid Green:  

The temperature is hot but your protective gear is safe for a few more minutes. Steam injury can 

occur. Unprotected victims cannot survive. Cool the area and act according to your Department's 

training and policies. 

--- Red (in general):  

Your gear is near its protection limit. Get lower. Cool the area immediately or move. Flashover 

is possible. Act according to your Department's training and policies. 

--- Red is blinking:  

The environment is hot but is cooling. Your gear is near its protective limit. Cool the area 

immediately or seek a cooler location. Act according to your Department's training and policies. 

--- Red is solid:  

The environment is hot and is still heating. The integrity of your protective gear is at risk. You 

are in serious jeopardy. Evacuate immediately to a cooler location. Flashover is likely. Act 

according to your Department's training and policies. 

--- Early Red:  

If the temperature increases very rapidly, Fire-Eye will display RED immediately without 

displaying all stages of GREEN. This warns quickly of extreme conditions. RED will be 

displayed until the rate of temperature increase slows. 

--- Heat-soak Red:  

If the temperature at the surface of your protective gear has been above 148F for more than 10 

minutes, Fire-Eye will display RED. This condition indicates that the protective capacity of your 

gear is likely nearing exhaustion. RED will blink if the temperature is decreasing and will be 
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solid if the temperature is increasing. RED will continue to be displayed until the temperature 

cools below 125F. 

Temperature Accuracy: +/- 5 Fahrenheit.  

 

Temperature Response Rate: 2 degrees Fahrenheit per second when the temperature difference 

between the Fire-Eye Sensor and the environment is 20 degrees Fahrenheit. The higher the 

differential, the faster the response. 

Battery Required: Two size AAA Alkaline cells.  

 

Efficient Idle Mode: When the temperature is below 125F, Fire-Eye reads the thermal sensor 

once every eight seconds to prolong battery life. 

 

Expected Battery Life: 4 Months  

Recommended Battery Replacement Interval: 2 Months  

 

Equipment Check Features: 

--- Test Button for Electronics, Battery, and Lights  

--- Continuously monitors battery voltage  

--- Continuously monitors the connections to the temperature sensing element for open-circuit 

and short-circuit failures 

--- Battery-low or sensor failure is indicated by blinking both lights continually in alternation or 

by both lights off 

--- Built-in absolute calibration test for zero degree Centigrade standard 

 

Absolute Calibration Check: Prepare a mixture of finely-crushed ice and water in an insulated 

container such as a 12-ounce foam cup. Immerse the Sensor/Display part of the Fire-Eye 

Temperature encoder in the ice/water mixture with the tip of the sensor near the center of the ice. 

Wait 5 minutes for the temperature to stabilize. Press and hold the test button. Both lights will 

blink 3 times and then the green light will blink if the Fire-Eye unit is accurately calibrated. The 
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green light will continue to blink as long as the button is held and the temperature of the sensor 

remains between 30 and 34 degrees Fahrenheit.  

Sensor/Display Operating Environment: Temperature 0 to 400 Fahrenheit. 

Clip-Box Operating Environment: Temperature 0 to 185 Fahrenheit. 

Temperature Endurance:  

--- Black Plastic Parts: Reduced Strength at 450, melts at 650 Fahrenheit.  

--- Clear Plastic Parts: Reduced Strength at 350, melts at 680 Fahrenheit.  

--- Teflon(tm) Cable: 20,000 Hour Service Life at 400 Fahrenheit.  

 

Plastic Components:  

--- Black Plastic Parts: GE ULTEM 1000, UL File Number E121562; UL-94 rated V-O for 0.016 

inch thickness; UL-94 rated V-5A for 0.075 inch thickness; CSA File Number LS88480.  

--- Clear Plastic Parts: GE LEXAN 4701R, UL File Number E121562; UL-94 rating HB for 

0.058 inch thickness.  
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Appendix B 

 

Air-Pak® FiftyTM and 2.2/3.0/4.5 SCBA 

 

BID SPECIFICATIONS 

for NFPA 1981, 2002 Edition with Optional CBRN Approval 

 

NOTE: To select Air-Pak 2.2/3.0/4.5, refer to harness & backframe “wireform” section; for Air-

Pak Fifty, refer to “one-piece aluminum version” backframe section. 

 

General Requirements 

One (or more) open circuit, self-contained breathing apparatus consisting of the 

following major sub-assemblies: 1) cylinder and valve assembly for storing breathing air under 

pressure; 2) full facepiece assembly; 3) an automatic dual path redundant pressure reducing 

regulator; 4) a removable, facepiece-mounted, positive pressure breathing regulator with air-

saver switch, low-pressure alarm and purge valve; 5) a harness and backframe assembly for 

supporting the equipment on the body of the wearer; 6) a shoulder strap mounted, remote gauge 

indicating cylinder pressure; 7) a heads-up display (HUD) redundant low-pressure alarm; and 8) 

a rapid intervention crew/universal air connection (RIC/UAC). 

The unit shall be covered by a warranty providing protection against defects in 

materials or workmanship. This warranty shall be for a period of eight years on the SCBA, 

except for the pressure reducer, which shall be covered for 15 years. Electronic components shall 

be warranted for one year. 

The SCBA shall be certified by NIOSH/MSHA as conforming to the Code of Federal 

Regulations, 42 CFR 84. 

This apparatus, without modification, shall be NIOSH/MSHA certified. The apparatus shall meet 

all requirements of NFPA-1981 Standard on Open-Circuit, Self-Contained Breathing Apparatus, 

2002 edition. 

As an option, this apparatus, without modification, can be certified to the NIOSH Chemical, 

Biological, Radiological and Nuclear (CBRN) standard. 
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Successful bidder agrees to provide, at his own expense, a factory-trained instructor for such 

time as the department head shall require for complete instruction in the operation and 

maintenance of the apparatus. Any 

exceptions to these specifications must be detailed in a separate attachment, and failure to do so 

will automatically disqualify the bidder. Successful bidder must be a factory-authorized 

distributor to sell the equipment specified herein. 

 

Cylinder & Valve Assembly Type and Requirements 

The cylinder threads shall be straight with an O-ring or quad-ring gasket type seal. The cylinder 

valve shall be a “fail open” type, constructed of forged aluminum and designed such that no stem 

packing or packing gland nuts 

are required. It shall contain an upper and lower seat such that the pressure will seal the stem on 

the upperseat, thus preventing leakage past the stem. No adjustment shall be necessary during the 

life of the valve. The cylinder 

valve outlet shall be a modification of the Compressed Gas Association (CGA) standard threaded 

connection number 346 for breathing air (Proposed CGA connection No. 347) with a tri-lobe 

ergonomically designed handwheel. 

The valve shall be constructed such that damage will not occur if the coupling is over-torqued by 

hand. Each cylinder valve shall consist of the following: 1) a hand activated valve mechanism 

with a spring-loaded, positive 

action, ratchet type safety lock and lock-out release for selecting “lock open service” or “non-

lock open service”; 

2) an upstream connected frangible disc safety relief device; 3) a dual reading pressure gauge 

indicating cylinder pressure at all times; 4) an elastomeric bumper; 5) an angled outlet. Each 

cylinder and valve assembly shall be 

equipped with a hanger bracket for positive locking attachment of the assembly to the 

backframe. 

The SCBA shall maintain all NIOSH and NFPA standards with any of the following types of 

cylinders listed as provided by the SCBA manufacturer. 
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2 

Pressure Duration 

H2O Free Gas Type 

(psig) (minutes) 

Capacity 

(in3) (SCF) 

Aluminum 2216 30 523 45 

Hoop-wrap 2216 30 523 45 

Full-wrap 2216 30 523 45 

Carbon 2216 30 523 45 

Kevlar 3000 30 514 59.1 

Carbon 3000 30 515 59 

Kevlar 4500 30 285 45 

4500 45 412 66 

4500 60 547 87 

Carbon 4500 30 283 45 

4500 45 418 66 

4500 60 550 87 

 

Aluminum, hoop-wrap & full-wrap cylinders 

The cylinder shall be manufactured in accordance with DOT specifications and have a working 

pressure of 2216 psig. The cylinder shall be an aluminum type; a lightweight composite 

consisting of an aluminum inner shell and hoop wrapped with resin impregnated glass filament; 

or a lightweight composite type with an aluminum inner shell and fully-wrapped with resin 

impregnated glass filament. 

 

Carbon cylinders 

The cylinder shall be manufactured in accordance with DOT specifications and have a working 

pressure of 2216, 3000, or 4500 psig. The cylinder shall be lightweight, composite type cylinder 

consisting of an aluminum alloy 

inner shell, with a total overwrap of carbon fiber, fiberglass and an epoxy resin. 
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Kevlar cylinders 

The cylinder shall be manufactured in accordance with DOT specifications and have a working 

pressure of 3000 or 4500 psig. The cylinder shall be lightweight, composite type cylinder 

consisting of an aluminum alloy inner shell, totally overwrapped with resin impregnated glass 

filament of Kevlar. 

 

Facepiece Assembly 

The full facepiece assembly shall fit persons of varying facial shapes and sizes with minimal 

visual interference. 

It shall be available in three color-coded sizes and maintain NIOSH/MSHA certification of the 

apparatus regardless of the size used. The color coded face seal shall be constructed of a blend of 

natural rubber/EDPM or silicone and be secured to the lens by a U-shaped channel frame that is 

retained to the lens using five fastener assemblies, four of which also serve as attachments points 

for the head harness. The lens shall be a single, replaceable, modified cone configuration 

constructed of a non-shatter type polycarbonate material and be designed to meet the impact and 

penetration requirements of a faceshield as specified in ANSI Z87.1 paragraphs 5.2.8.1 and 

5.2.8.2, shall have a silicone based coating to resist abrasion, chemical attack and meet the 

requirements of NFPA-1981, 2002 edition for lens abrasion. The lens shall have an anti-fog 

coating to reduce fogging in stand-by mode. 

The facepiece shall have a large diameter inlet serving as the female half of a quarter (1/4) turn 

coupling which mates with the positive pressure breathing regulator. Multi-directional 

voicemitters shall be lens mounted on both 

sides of the facepiece lens and ducted directly to an integral silicone nosecup to enhance voice 

transmission and minimize fogging of the lens. The voicemitters ducts and nosecup shall be 

easily removable without the use of tools. 

 

3 

The head harness shall be a four-point suspension made in the fashion of a net hood to minimize 

interference between securing of the facepiece and the wearing of head protection and be 

constructed of a Kevlar material. 
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Two flame resistant elastic straps, attached to the lens in four locations, shall provide adjustment 

for proper face sealing. A four-point attachment rubber head harness shall also be available. 

 

Pressure Reducer 

The pressure-reducing regulator shall be mounted on the backframe and be coupled to the 

cylinder valve through a short length of internally armored high pressure hose with a hand 

coupling for engagement and sealing within 

the cylinder valve outlet. In lieu of a manual by-pass, the pressure-reducing regulator shall 

include a back-up pressure-reducing valve connected in parallel with the primary pressure 

reducing valve and an automatic transfer valve for redundant control. The back-up pressure 

reducing valve shall also be the means of activating the low pressure alarm devices in the 

facepiece-mounted breathing regulator. This warning shall denote a switch from the primary 

reducing valve to the back-up reducing valve whether from a malfunction of the primary 

reducing valve or from low cylinder supply pressure. 

A press-to-test valve shall be included to allow bench testing of the back-up reducing valve. The 

pressure reducing regulator shall have extended temperature range dynamic O-ring seals 

composed of fluorosilicone elastomer. The outlet manifold of the pressure reducing regulator 

shall have incorporated a reseatable over pressurization relief valve which shall prevent the 

attached low pressure hose and facepiece-mounted breathing regulator from being subjected to 

high pressure. 

An optional outlet manifold shall also have provision for connection of an airline supply for 

extended duration use while reserving the cylinder supply for egress. The airline supply hose 

length shall be up to 300 feet and require an inlet pressure range of 60 to 115 psig, depending on 

the length of supply hose used. A check valve within the outlet manifold shall prevent the 

external release of cylinder air in the event the airline supply is either not used or disconnected. 

Switching from airline supply to cylinder supply shall be accomplished manually by the user, by 

opening the cylinder valve to prevent inadvertent use of the cylinder supply without the user’s 

knowledge. The outlet manifold shall also contain a second outlet port capable of being fitted 

with an auxiliary supply hose to support a second breathing regulator for the purpose of rescue 

only. The auxiliary hose shall be located on the primary wearer’s right shoulder and be 

terminated with a female quick connect fitting which can be easily connected and disconnected 
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by trained individuals with a gloved hand and/or in low light conditions. The coupling shall also 

be guarded against inadvertent disconnect during use of the equipment. When operated in this 

mode, supplying two breathing regulators, the primary wearer’s pressure reducer shall be capable 

of simultaneously supplying each regulator with a flow of at least 200 liters per minute while 

maintaining positive pressure in the respective facepieces. 

 

Rapid Intervention Crew/Universal Air Connection (RIC/UAC) 

The SCBA shall incorporate a RIC/UAC fitting to be compliant with the 2002 edition of the 

NFPA 1981 Self-Contained Breathing Apparatus standard. The RIC/UAC shall be an integral 

part of the high-pressure hose that attaches the cylinder valve to the first stage pressure reducer. 

The RIC/UAC inlet connection shall be within 4”(4-inches) of the tip of the CGA threads of the 

cylinder valve. The RIC/UAC shall consist of a connection for attaching a high-pressure air 

source and a self-resetting relief valve allowing a higher pressure than that of the 

SCBA to be attached to the SCBA. The RIC/UAC shall have a check valve to prevent the loss of 

air when the high-pressure air source has been disconnected. 

 

Facepiece-Mounted Positive Pressure Regulator 

The facepiece-mounted positive pressure-breathing regulator shall supply and maintain air to the 

facepiece to satisfy the needs of the user at a pressure greater than atmospheric by no more than 

1.5 inches of water pressure. The breathing regulator shall maintain this positive pressure during 

flows of up to 500 standard liters per minute. The regulator shall also meet or exceed a dynamic 

flow requirement of remaining positive while supplying a minute volume of 160 liters. 

 

4 

The breathing regulator shall have attached a low pressure hose which shall be threaded through 

the left shoulder strap to couple to the pressure reducing regulator mounted on the backframe. An 

optional regulator shall be available with a quick connect coupling in line for use with the 

optional outlet manifold and accessory hose to allow the breathing regulator to be disconnected 

from the unit and reconnected to the auxiliary hose of a second unit in the event rescue is 

required. The quick connect coupling shall be easily connected and disconnected by trained 

individuals with a gloved hand and/or in low light conditions. The coupling shall also be guarded 
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against inadvertent disconnect during use of the equipment. The low-pressure hose shall be 

equipped with swivel attachments at both ends. 

The breathing regulator outlet port shall be configured as the male half of a quarter (1/4) turn 

coupling which mates with the facepiece and shall be equipped with a doughnut-shaped gasket 

which provides the seal against the mating surface of the facepiece. The regulator cover shall be 

fabricated of a flame resistant, high impact plastic. The breathing regulator shall also have an 

integral low-pressure alarm device that shall combine an audible alarm with simultaneous 

vibration of the facepiece. This alarm device shall indicate either low cylinder pressure or 

primary first stage regulator failure. The breathing regulator shall have a demand valve to deliver 

air to the user, activated by a diaphragm responsive to respiration. The demand valve shall use an 

extended temperature range dynamic O-ring seal composed of a fluorosilicone elastomer. This 

diaphragm shall include the system exhalation valve and shall be constructed from a high 

strength silicone elastomer. 

A purge valve shall be situated at the inlet of the breathing regulator and shall be capable of 

delivering airflow of between 125 and 175 standard liters per minute. The breathing regulator 

shall be arranged to direct the incoming air over the inner surface of the facepiece for defogging 

purposes. The components of the breathing regulator shall be constructed of materials that are 

not vulnerable to corrosion. The flame resistant cover shall contain an air saver switch and 

pressure demand bias mechanism. It shall reactivate and supply air only in the positive pressure 

mode when the wearer affects a face seal and inhales. This device shall not affect the breathing 

flow through the system while in operation. 

 

End of Service Indicator (EOS) and Heads-up Display (HUD) 

The SCBA shall have two end-of-service (EOS) indicators. The primary EOS shall be the 

integral low-pressure alarm device that shall combine an audible alarm with simultaneous 

vibration of the facepiece. The primary EOS shall be located in the Facepiece-Mounted Positive 

Pressure Regulator. 

The HUD shall serve as the secondary EOS indicator. It shall be mounted in the user’s field of 

vision on the second stage regulator. It shall display one-quarter bottle increments including full 

bottle pressure and continuing to 25% of maximum bottle pressure. The display shall not have a 

numerical representation of bottle pressure. At one-half bottle pressure, one “yellow” LED shall 
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be illuminated and flash at a rate not to exceed one (1x) time per second. At one-quarter bottle 

pressure, one “red” LED shall be illuminated and flash at a rate not to exceed ten (10x) times per 

second. The HUD shall have a low battery indication that is distinct and distinguishable from the 

bottle pressure indications. 

The HUD shall be intrinsically safe per ANSI/UL 913, Class I, Division 1,Group A, B, C & D 

Hazardous Locations and certified to CAN/CSA Std C22.2 No. 57-92 when operated on two AA 

alkaline batteries. Battery life shall be for a minimum of 300 hours. 

 

Harness and Backframe Assembly 

Wireform Version 

A lightweight, adjustable, lumbar support style harness and backframe assembly shall be used to 

carry the cylinder and valve assembly and the pressure reducing regulator assembly. The 

backframe shall be a corrosion resistant wire form structure. The backframe shall include an 

over-the-center, adjustable tri-slide fixture, a Kevlar strap and a double-locking latch assembly to 

secure 30, 45 or 60 minute cylinders. The cylinder and valve assembly shall be positioned on the 

backframe by the combination of a guarded hook on the backframe and a 

hanger bracket on the cylinder and valve assembly. 

 

5 

The harness assembly shall be arranged so the majority of the weight is carried on the hips and 

be attached to the backframe by use of threaded fasteners for ease of replacement. All load-

carrying portions of the harness shall be constructed of Kevlar. It shall have a flexible, waist belt 

and two shoulder straps. The waist belt shall have a quick release metal structural buckle for easy 

connection and separation and two web adjusters, one on each side. Adjustment of the waist belt 

shall be accomplished by simultaneously pulling forward on the free end of the web at each hip-

located adjuster. Each shoulder strap shall connect to the rear section of the waist belt at one end 

and to the rigid section of the backframe at the other end. Each shoulder strap shall have a web 

adjuster for quick adjustment and release of the shoulder straps. The backframe shall include 

accommodation and mounting spaces suitable for installation of a distress alarm integrated with 

the SCBA. These mounting spaces shall permit installation of an alarm sensor module in an area 

between the cylinder hanger locking mechanism and the backframe. 
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One-Piece Aluminum Version 

A lightweight, lumbar support style backframe and harness assembly shall be used to carry the 

cylinder and valve assembly and the pressure reducing regulator assembly. The backframe shall 

be a solid, one-piece anodized aluminum frame that is contoured to follow the shape of the user’s 

back. The backframe shall include a mounting for the pressure reducer. This mounting shall 

contain a slide-type bracket permitting positioning of the pressure reducer to accommodate 

connection to either an angled or straight-type cylinder valve. 

The backframe shall include an over-the-center, adjustable tri-slide fixture, a Kevlar strap and a 

double-locking latch assembly to secure 30, 45 or 60 minute cylinders. The harness assembly 

shall consist of a one size black Kevlar strap with a yellow stripe. This harness shall include box-

stitched construction with no screws or bolts. The harness assembly shall incorporate parachute-

type, quick-release buckles and shall include shoulder and hip pads. The harness shall include a 

seat-belt type waist attachment. The backframe shall include accommodation and mounting 

spaces suitable for installation of a distress alarm integrated with the SCBA. These mounting 

spaces shall permit installation of an alarm sensor module in an area between the cylinder hanger 

locking mechanism and the backframe. 

 

Distress Alarm Integrated with SCBA (Optional) 

General Specifications 

The distress alarm shall be capable of integration with a NIOSH certified self-contained 

breathing apparatus, and this integrated SCBA and distress alarm system shall retain NIOSH 

certification. The system shall meet all requirements of NFPA-1982 Standard on Personal Alert 

Safety Systems (PASS), 1998 Edition Operation of this distress alarm shall be initiated with the 

opening of the valve of an SCBA cylinder charged to a minimum pressure of 30 to 80 psig. A 

visual indication of automatic mode activation shall consist of a green flashing LED on the 

system’s control module. 

 

Dual Alarms 

The system shall incorporate dual visual and audible alarms, which shall be activated in a pre-

alarm mode when the system remains motionless for approximately 20 seconds. A full alarm 
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shall be activated in the event the system remains motionless for approximately 30 seconds. 

Visual signals shall consist of a green flashing LED when the system is in operation and red 

flashing LED’s to indicate pre-alarm mode, full alarm mode and a low battery condition. The 

system’s LED signals shall be situated on a control console assembly mounted on the user’s right 

shoulder strap. The system shall have a visual LED indicator to check the battery condition while 

the system is not in use. 

The Alarm signal shall be in a frequency range of 1 kHz to 4 kHz and consist of three primary 

frequencies. Sound pressure level shall be >95 dBA. The Pre-alarm signal shall be in a frequency 

range of 1 kHz to 2 kHz and consist of two primary frequencies, the sound pressure level shall 

ramp up in two distinct steps from 60 to >100 dBA. 

 

Control Module 

The pressure gauge shall become an integral part of the control module assembly. The control 

module assembly shall contain push buttons for manual operation of the distress alarm. A yellow 

color-coded push button shall permit system re-set; a red color-coded push button shall permit 

manual activation of the full alarm mode. Both push buttons shall be recessed to minimize 

accidental activation. The system shall feature a “hands-free” re-set capability that may be 

activated by means of a slight movement of the SCBA when the system is in a pre-alert mode. 

Cables connecting the control console assembly and sensor module assembly shall be capable of 

withstanding approximately 150 pounds of tension. 

 

Sensor Module 

The system shall include a sensor module mounted to the SCBA backframe and located in an 

area between the cylinder and backframe in a manner designed to protect the assembly from 

damage. The system shall be powered by a 9-volt alkaline battery. A second 9-volt alkaline 

battery shall be reserved solely to power the system’s independent audible and visual alarm 

circuit. The batteries shall be housed in a battery compartment separated from sensor and control 

circuits and sealed with a gasketed cover. The sensor module shall contain dual sound emitters 

for the audible alarm. 
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Intrinsically Safe 

The distress alarm system shall be ETL listed as intrinsically safe in accordance with 

ANSI/UL913 for use in Class 1, Division I, Groups A, B, C and D Hazardous locations. The 

system shall weigh approximately 1.9 pounds. 

 

Monroe Corporate Center • P.O. Box 569 • Monroe, NC 28111 

Telephone: 800.247.7257 • Facsimile: 704.291.8330 

www.scotthealthsafety.com • sh-sale@tycoint.com 

H/S 5775F 3/05 ISO 9001 Registered. All Rights reserved. 
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Appendix C 

 
Excerpts from the NIOSH Draft for the Guidelines for Advanced Personal Protective Systems for 

First Responders  

 
Part 1 pg. 9-10  

1.3.  Manufacturers of PPES - Responding to New Challenges  

Manufacturers of PPES are responding both by incorporating advanced technology in equipment 
and by participating in the development of safety design and performance standards associated 
with the use of these technologies. Electronics and software implemented in PPES provide 
functions critical to life safety including: 
 

• Sensing and measuring biological, chemical and environmental characteristics of the site 
zone. 

What are the different means applied by manufacturers to identify the characteristics of 

site zone? Do they include the most recent chemical and biological threats posed by 

terrorists? How are the manufacturers coping with the increasing list of the new additions 

to the threat list? 

 

• Providing auditory, vibration, visual, and/or sensory cues to a first responder. 
How do the manufacturers decide about the priority about the mode of warning signals? 

Which mode of warning is better than other? Is it based on some research done in-house 

or is based on the past experiences or recent research? What are the sources that the 

manufacturers depend on for such kind of decision? 

 

• Sensing and measuring physiological parameters about the first responder. 
What kind of human factors data the manufacturers are using? Does it accommodate the 

diverse population of the first responders? 

 

• Identifying the location of the first responder. 
Lot of electronics gadgets would be used in this operation. Have the industry started to use 

GPS system for identifying the location of first responder. If not then why it is not 

applicable? Do similar systems exist in a micro level such as a town or a community? Can 

GPS system be used at least for metropolitan cities or bigger disaster struck area? 

 

• Transmitting and receiving information about the site zone and the first responder. 
This will be done from a control room that may or may not be located at the disaster 

location. Which is the better option – whether having a control room close to the disaster 

location or away from it? What are the advantages and disadvantages of the proximity of 

the control center to the disaster location? 

 

• Integrating and displaying safety information about site zones. 
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What are the traditional ways of integrating and displaying the safety information? Just a 

warning sign or an electronic warning board with most updated warning and safety 

information? How is the dangerous site zones classified?  

 
Part 1 pg. 12 

 
As manufacturers use electronics and software to provide better life safety equipment for first 
responders, it is important to consider expanding current safety evaluations to include functional 
safety evaluations of equipment and systems. The National Fire Protection Association (NFPA) 
Technical Committee on Electronic Safety Equipment, NFPA 1982, is developing an umbrella 
standard for electronic safety that includes software considerations.  The umbrella standard will 
cover all electrical/electronic products used by fire fighters, EMS and other first responders. 
 
What kinds of safety evaluation techniques the manufacturers are using? Is there enough 

awareness about the functional safety evaluations within the manufacturers? Has the 

standard come into existence? How do the manufacturers refer to the changes in the 

standards? Is it mandatory or is it being governed by the different agencies? 

 
Part 1 pg. 13 

 
It provides general background information for use by life safety equipment manufacturers 
including component manufacturers, subassembly manufacturers and final equipment 
manufacturers; systems integrators and installers; and life safety professionals when designing 
equipment and developing safety design and performance standards. 
 
How is the integration process carried out including all the above-mentioned entities at the 

same time?  Is there a formal procedure that the manufacturers follow or is there a governing 

agency that facilitates this integration process? Is there a formal procedure when all these 

entities come together to discuss about a product and its characteristics and its disadvantages 

relating to its usability? 

 
Part 1 pg. 18-19 

 
Figure is attached below:  
 
Each of these protective layers provides different degrees of risk reduction often referred to as 
Risk Reduction Factors or RRFs as described below: 
PL 1 has a risk reduction factor of RRF1.  
PL 2 and PL 3 have a combined risk reduction factor of RRF2, because even though they are 
separate products developed by different manufacturers, they are functionally dependent. That 
is, if PL 2 fails to transmit real-time data, then  
PL 3 will not provide the necessary warnings and location information.  Conversely, if PL 2 
transmits real-time data in accordance with the specification and PL 3 does not handle it 
correctly then PL 3 will not provide the necessary warnings and location information. 
PL 4 may or may not fail if PL 2 or PL 3 fails. Since PL 4 is functionally independent it has a 
separate risk reduction of RRF3 
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For some types of equipment, such as, industrial process control equipment, the engineer 
specifies values of these factors numerically based on field experience data. However, for PPES, 

it is difficult if not impossible to obtain valid usage data thus the determination of RRF values 

uses a qualitative approach. 

 

 

PL4: Standard Evacuation 

Procedures

PL3: Incident Manager Application 

Software and Computer Hardware

PL 2: Boot with 

Electronic Pedometer

PL 1:

Protective Clothing

& SCBA

Initiating Event: rapidly 
rising temperature

Impact Event: Loss 
of first responder’s 
life due to rapid-fire 
progression

Layer of Protection (PL)

Risk Reduction Factors

(RRFs) 

PL 1

PL 3

PL 2

PL 4

RRF 
2

RRF 
1

}

}

} RRF 
3

 
Figure C1. Example of protection layers for reducing risk. 

 

Questions:  

Are the manufacturers aware of the risk reduction factors depicted in the above diagram? Do 

they follow the logic of reducing risk factors by combining or integrating the various PPE’s? 

What kind of efforts do the manufacturers take to integrate their PPE’s with other PPE’s 

manufactured by a different entity? 

Do the manufacturers use a qualitative approach or quantitative approach for determining the 

Risk Reduction Factor, if at all they use to find it? 

 

 

Part 1 page 22-23 

 

3.0 Engineering for Functional safety 

 

“How does one address the safety of this system? By making the system more reliable, 

employing redundancy, or conducting extensive testing? All of these are necessary, but are not 
sufficient to ensure safety. Making a system more reliable is not sufficient if the system has 
unsafe functions. What could result is a system that reliably functions to cause unsafe conditions! 
Employing redundancy is not sufficient if both redundant parts are not safe. Testing alone is not 
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sufficient for safety. Studies show that testing does not find all of the "bugs," and some systems 
are too complex to test every condition. The key to safety is to "design in" safety early in the 
design by looking at the entire system, identifying hazards, designing to eliminate or reduce 

hazards, and doing this over the system life cycle.  
 
How do the manufacturers achieve the necessary reliability in the PPE’s? 

What kind of redundancy do they include in their PPE’s? What are the different approaches 

they have tried to inculcate the necessary and surplus redundancies in their PPE’s? 

How extensive testing is done by them? Do they conduct studies and publish the results of the 

test at all? 

How do they integrate safety with the design of their PPE’s? How is it being achieved in 

practice? 

 
3.1 The functional safety life cycle 

 
The functional safety life cycle concept can be traced back to 1947. In following a functional 
safety life cycle, the manufacturer takes a systems approach by designing and building safety 

into the entire system from initial conceptualization to retirement.  
 
Do the manufacturers follow the systems approach in practice? Or what is the alternative 

process followed by them? 

 

The concept now addresses the safety of complex electronics and software based systems. 
Leveson [1995] states: "The primary concern of the safety life cycle is the management of 
hazards: their identification, evaluation, elimination, and control through analysis, design and 
management procedures." The functional safety life cycle emphasizes:  

• Integrating safety into the design,  

• Systematic hazard identification and analysis, 

• Addressing the entire system in addition to the subsystems and components,  

• Using protection layers for risk reduction, and  

• Qualitative and quantitative approaches. 

 
To achieve functional safety, manufacturers construct and implement a safety life cycle 

suitable for each application.  

 

How do the manufacturers achieve functional safety for their PPE? 

Do they at all follow the above-mentioned steps to achieve functional safety or follow some 

alternative method to achieve it? Who all participate in the design process? Have the 

manufacturers noticed any disadvantages in their design process when they have neglected or 

did not involve the following entities in their design process? 

Do they involve the user in the design process at all? 

 
Figure C2 shows a functional safety life cycle. The safety life cycle activities require active 
participation from and interaction with product engineers, electronic engineers, system 

analyses, software developers, quality assurance/testing professionals, and users. The 
development team must be familiar with the intended use of the product, taking into account the 
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environment in which it will operate. Early and continuing participation from the user provides 

information about how the user plans to use the system and under what conditions. 

 

II. Development  and Use

IV. Manage Change

III. Prepare

Safety

Documentation

I. Plan

II-1. Define Scope 

II-3. Specify

Requirements

II-4. Design

and Manufacture 

II-6. Install and 

Commission

II-8. Operate, 

Maintain, and 
Decommission

II-2. Conduct Hazard 

and 

Risk Analysis

II-7. Validate

II-5. Verify

 
 

Figure C2. A functional safety life cycle. 

 

Part 1 pg 25 

 

Design and Manufacture  

Designing and manufacturing the equipment to meet the required specifications is the fourth 
activity. The efficient, safe operation of a system requires that the design of all components 

consider the equipment scope and its context of use. 
 
Consequently, the PPES design engineer now addresses this complexity by addressing how 

non-performance of the electronics and software components affects the proper functioning of 

the operational product.  

 

Are the manufacturers addressing the non-performance of electronics and software issue into 

the design of their product? Is the design engineer at the manufacturing facility integrating 

the equipments scope and its use wisely? 

 
Part 1 pg 27 – 28 
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Systematic failure
 - A failure related to a certain cause, which can only be eliminated by a 

modification of the design or of the manufacturing process, operational procedures, 
documentation, or other relevant factors. 
 
How do the manufacturers address the systematic failure of their product? 

 
Systematic failures result from inadequacies in the design and logic. These include design errors 
such as incorrect software algorithms and interfaces; coding errors, including syntax, incorrect 
signs, endless loops and the like; timing errors that can cause program execution to occur 
prematurely or late, latent errors not detectable until a given set of conditions occur; and failure 
of the system to perform any function at all. Systematic failures affect functional safety in two 

ways: 1) output values and/or timing that permit the system to reach a state that could lead to 

a mishap or 2) failure to identify or properly handle hazardous events to which it must 

respond. A systematic failure in a software component that converts values from an analog 
pressure gauge to facemask readout of oxygen remaining may result in a potential mishap for the 
first responder. 
 
Have the manufacturers analyzed the effects of the failure of their products? What design 

changes have been integrated after taking into account the systematic failure effects? 

 
Part 1 Pg 29 3.3 

 

3.3.2. Compatability/Interoperability goals address the need for equipment developed for 
different uses or by different manufacturers to work together. This involves the ability of PPES 
equipment and systems to provide services to and accept services from other PPES equipment 
and systems and to use the services so exchanged to enable them to operate effectively together. 
Interoperability goals range from addressing battery replacement in hand-held devices to open 

architecture standards for voice, data, and video communication systems. Radios provide an 
example of interoperability goals from specifying compatibility of jacks and other components 
among different radio unit models to allowing multiple parties to exchange information 
seamlessly.  
 
What efforts are being taken on the manufacturer’s part to achieve the compatibility and the 

interoperability goals of the PPE? Did the manufacturers come across real big problems while 

inculcating the compatibility issues with other PPE’s and their manufacturers? 

 
Part 1 pg. 31 Maintainability 

 

Addressing maintainability of electronics and software in PPES for first responders introduces 
additional factors for consideration. Environmental exposure, cleaning effects, inadequate power 
supply, and field changes all affect the performance of electronics and software functions. 
Achieving continuing functionality and hence functional safety warrants consideration of the 
above maintainability aspects. 
 
What are the maintainability problems that are most common for the PPE’s and how can be 

resolved or mitigated? 
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Part 1 pg 33 The functional safety framework 

 

Design & Test

Requirements

Compliance Requirements

• OSHA
• DOJ   

• NFPA 

• UL     

Functional Safety Goals 

Life Cycle

Configurability

Scalability

Maintainability

Usability

Design and Performance

Compatibility/Interoperability

 
 

Figure C3. A functional safety framework. 

 
 
The approach begins with specifying functional safety goals for the PPES. The functional safety 
goals are broadly stated goals associated with issues identified in the previous sections of the 
report. Combining coverage of these goals with specific design and testing requirements 
provides a mechanism for both building on existing compliance requirements and identifying the 
need for additional safety requirements 
 
Part 1 pg 35  

 

5.0. BENEFITS OF EXPERIENCES AND RISK REDUCTION 
 

Other industries have confronted the issue of building safe products that use electronics and 
software to implement safety-related functionality but unforeseen mishaps have still occurred. In 
an effort to avoid making the same mistakes, it is worthwhile for PPES manufacturers to 

consider the root causes of mishaps experienced by other industries. Additionally, reduced 

total life cycle costs are achievable when manufacturers implement risk reduction practices 

that contribute to functional safety achievement starting early in the life cycle.  

 

Do the manufacturers follow the root causes of mishaps experienced in other industries? Have 

they addressed the lessons learnt from such experiences in their products? 

 

5.2.  Early Risk Identification Contributes to Reduced Life Cycle Costs 
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For computer-controlled equipment, early identification of risk helps to isolate potential safety 
concerns, thereby eliminating the costs associated with making design changes later in 
development. Early risk identification also builds the foundation for streamlined on-going 
functional safety compliance as upgrades occur. Figure C4 shows that changes made early in the 
life cycle are easier and less costly to make. 
 

 
 

 

Figure C4. Ease and cost of making changes by life cycle phase. 

 
5.3.3. Equipment manufacturer:  

• Reduces likelihood of hazardous initial and future designs.  

• Problems identified quickly (provides better diagnosis).  

• Reduces product liability costs (safer design).  

• R&D provided with qualitative and quantitative focus for new product development 

(reduced false starts and reduced development of unnecessary devices).  

• New business opportunities presented due to safer designs.  

• Lowers design change and support costs. 

 

What are the various risk identification and risk reduction techniques followed by the 

manufacturers? 

Do the manufacturers follow any or some of the above mentioned practices? What are the 

practices that are very difficult to follow and why? 

 
Part II 

 

Part 2 page 10-11 

 

1.8. Responsibilities  

1.8.1. It is the manufacturer’s responsibility to expand their product life cycle activities to 

include FSLC activities. Do they include it? 

1.8.2   It is the manufacturer’s responsibility to create the Project Safety Plan (PSP) with input 
from the end users and other parties, where appropriate. Do they create a PSP? 
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1.8.3. Manufacturers and subcontractors involved in developing PPES are the intended users of 
this document.  
1.8.4. Any party involved in any phase of the (i.e., manufacturer and personnel internal to the 
organization, subcontractors, and end users), is responsible for communicating safety plan 
discrepancies to the appropriate responsible party. Are they being communicated to the 

concerned parties? The manufacturer is responsible for documenting reported discrepancies and 
results. Is it being followed? Who monitors it? 
 
2.2 Recommendations 

 

2.2.1 Set project functional safety policy and strategy by: 

• Establishing best practices in accordance with governing regulations, recognized 

standards, and corporate policy. 

• Reviewing accident data from OSHA, NFPA, International Association of Fire 

Fighters (IAFF) and other sources to avoid repeat occurrences. 

• Incorporating lessons learned from prior projects. 

 
Are all the manufacturers aware of the above-mentioned strategy? 

Is the above strategy being followed by the manufacturers voluntarily or is being avoided? 

What are some of the major reason for not following the above strategy? 

 
2.2.2 Establish FSLC activities and demonstrate follow-through commitment through planning, 
organizing, controlling, leading, and communicating recommended practices. 
NOTE 1: In many cases, a relationship exists between a list of management responsibilities 

and activities and established quality procedures. For example, if the manufacturer is ISO 

9000-2000 qualified or has basic corporate level quality procedures, then many of the 

management practices can reference the appropriate quality procedure(s) or use the 

framework of a quality procedure as the basis for a project-specific procedure. 

 

What are the standard quality procedures or quality assessment procedures followed by the 

manufacturers? Do they comply with the ISO standards? What are the changes that the 

manufacturers have to undergo to follow the ISO quality testing procedures? 

 

NOTE 2:  The PMBOK Standard is useful for establishing project management practices.    Do 
the manufacturers use any of the project management standard practices? 

 

3.2.2 Design and Manufacturing Planning 

 

3.2.2.1. Identify design criteria when specifying design procedures for the electronics, 
software/firmware and communications components.  
How do they practice it currently? 

 
3.2.2.2 Identify methods to be used for avoid, detecting, and recovering from random hardware 
failures and systematic failures. 
How do they practice it currently? 
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3.2.2.3 Specify manufacturing plans for the electronics, software/firmware, and communications 
components. 
 

3.2.6 Management of Change (MOC) Planning 

 

3.2.6.7. Make changes using manufacturer authorized representatives who are competent and 
knowledgeable about the entire PPES 
Do they have such an authorized representative? 

 
5.1.2. Update the safety documentation and the FSF. 
 
How are the safety requirements being followed? How are the verification and validation of 

safety requirements being done currently? 

 

Safety Requirements

II-4. Design

and Manufacture 

II-5. Verify

• Design and manufacture the equipment to meet the required 

specifications

• Address the efficient, safe operation of a system by considering

design of all components, the equipment scope and its context of

use.

• Allocate safety functions to components, subsystems, and 

systems or external risk reduction facilities.

• Implement development and integration plans for the electronics,

software/firmware, and communications components. 

• Conduct Design for Safety and 

Performance Reviews

• Test all components, subsystems, 

and systems

II-6 Configure,

Commission, and

Train

II-7. Validate • Validate that the installation meets the PPES

requirements

• Incorporate safety practices when 

Configuring and commissioning a PPES

 
 

Figure C5. Realizing the PPES  

 

Part 2 page 34 

 

5.2.1 Design and Manufacture (See II-4 of Figure C5. Realizing the PPES) 
5.2.1.1. Address the efficient, safe operation of a system by considering design of all 
components, the equipment scope and its context of use. 
5.2.1.2. Address human factors issues when designing. Are they addressing HF issues? What 

are the issues that they address usually? How do they address it? 
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5.2.1.3 Allocate safety functions to components, subsystems, and systems or external risk 
reduction facilities. 
5.2.1.4. Consider common cause failure modes when allocating safety functions to components, 
subsystems, and protection layers. 
 
Addressing the following: pg 36-37 

• system description, 

• system operating principles (i.e., theory of operation, 

• safety functions, 

• safety systems operation, testing, and maintenance, 

• hazards protected against, 

• description of all modes and mode transitions, 

• safety warning and alarms, 

• operator interfaces, 

• system operation, 

• emergency operation for single-failure modes, 

• emergency operation for multiple-failure modes occurring at once, 

• safe system maintenance, and 

• manual operation/intervention. 
 
What are the above mentioned points being addressed by the manufacturers? What are being 

avoided or not followed intentionally? 

 
Part III 

 

2.0 pg 15-16 

 

Overall System Design Approach and Design Criteria 

 
Are the manufacturers following this complete approach or a part of this approach? What are 

the difficulties that the manufacturers face while following any of these steps? How can the 

approach be made simple or practical on the manufacturing front for other manufacturers? 

 
2.1 Objectives:  
2.1.1 Eliminate hazards through design: The most desired and effective solution.  
2.2.2 Design for minimum risk: If hazard elimination is not practical, reduce the associated risk 
to a tolerable level.  
2.2.3 Incorporate safety devices: Reduce the risk to an acceptable level through the use of fixed, 
automatic, or other protective safety design features or devices. Provisions shall be made for 
periodic functional checks of safety devices, when applicable.  
2.2.4 Provide separate warning devices: Use means to detect the condition and produce an 
adequate warning signal to alert personnel of the hazard. Warning signals and their application 
shall minimize the probability of incorrect personnel reaction to the signals and shall be 
standardized within like types of systems.  
2.2.5 Develop procedures and training: Use procedures and training where it is impractical to 
eliminate hazards through design selection or adequately reduce the associated risk with safety 



                                                                                                                                                                                

   138  

and warning devices.  Avoid using warning, caution, or other written advisory as the only risk 
reduction method. Procedures may include the use of personal protective equipment. Standard 
cautionary notations are recommended. 
  
2.2 Recommendations 

 

Are the manufacturers following the following hazard elimination approach at all? Is it 

practical approach or is there any other approach that the manufactures apply in practice? 

 

2.2.1 Eliminating a hazard is the most effective approach and is realized by applying the 
following design criteria:  

• Substitution  

• Simplification  

• Decoupling (isolation)  

• Elimination of conditions contributing to human error  
 
Do the manufacturers apply any simplification criteria? 

 

NOTE 41: Simplification is one of the most important design aspects for safety. Complexity of 
design makes it more difficult to understand, design, test, document, maintain, modify, and 
review. Complexity also makes it more likely for errors, failure, and unplanned interactions that 
may cause unsafe conditions. It can also increase demands on humans to operate and maintain 
the system. This can increase the training demands for operators and maintenance personnel. As 
a result, humans may unknowingly put the system in an unsafe state during operation or 
maintenance.  

4.2. Recommendations  

4.2.1 Conduct a hazard and risk analysis for the programmable component to determine what the 
risks are and the ways in which the software and hardware address or impact the identified risks.   
How do the manufacturers do it in practical? Do they follow the above process or some other 

way?   

NOTE:  Leveson [1995] identifies three basic tasks in the hazard analysis process: (1) identify 
the hazard, (2) identify and evaluate the hazard causal factors, and (3) evaluate risk. To increase 
effectiveness, revisit the hazard and risk analysis as a verification or validation activity during 
subsequent life cycle phases. That is, hazard identification and analysis start at the safety 
requirements definition phase of the project and continue until the PPES is decommissioned. 
Many techniques, ranging from simple qualitative to advanced quantitative methods, are 
available to help identify and analyze hazards. The System Safety Analysis Handbook [Stephans 
and Talso 1997] provides extensive listings and descriptions. Some examples of the more 
commonly used techniques are the preliminary hazard list (PHL), preliminary hazard analysis 
(PHA), hazard and operability study (HAZOP), and failure modes and effects analysis (FMEA), 
which are defined in the glossary.  

4.2.2 Apply the requirements of ANSI/UL 1998 to the software. 
 4.2.3 Test the electronics and software under the following operating conditions  

• Environmental (i.e., temperature, moisture, dust, and vibration)  

• Electrical (i.e., EMI, power sources, supply voltages, and data signals)   
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• Physical (i.e., rate and range of movement)  

• Logical (i.e., conditional responses based on Boolean expressions)  

• Temporal (i.e., clock times, response times, and delay times)  
Do the manufacturers do the testing in all the above mentioned conditions or they do some 

different extra testing or some of the above conditions are avoided? 

4.2.4 Test the software in accordance with the RRF categories as recommended in Mining 
industry SwSP. 
 

Part IV The functional safety file (FSF) 

 

A good definition of a “safety file” is given by Bishop and Bloomfield [1998]: 
A documented body of evidence that provides a convincing and valid argument that a system is 

adequately safe for a given application in a given environment. 

Is it being done? What are the difficulties associated with them?  

 “Technical file”, “safety case,” “safety argument,” “safety assessment report,” or “safety 
justification” are other names in use for a safety file.”   
The safety file specifies safety claims, summarizes both quantitative and qualitative supporting 

evidence, and communicates any limitations on installation and operation.     It includes 

written documentation and supporting engineering data that demonstrate— 

• Satisfaction of specific safety requirements of the system 

• Justification of engineering and management approaches to safety issues 

• Conformance to recognized standards 
 

The safety file is the summary of the rationale as to why the system is safe to deploy.  The safety 
file evolves to summarize, before deployment of the system, the evidence for the conclusion that 
the system is safe to deploy. Early versions of the safety file record planned activities, as well as 
those completed, and justify increasing confidence in the safety of the system.  Ideally, a 
preliminary safety file should be developed simultaneously with the design process, thereby 
keeping the design within a reasonable safety envelope. By integrating the safety file 
development into the design process, any unsuitable designs and associated costs are thereby 
avoided or at least minimized. 
Although a FSF assists in proving functional safety to an external reviewer, it also provides 
administrative and technical data that is useful to product managers, developers, and safety 
engineers.  It contains a reference library of safety data about the product using existing product 
safety documentation throughout the Functional Safety Life Cycle (FSLC).  The FSF is an 
organized collection of safety-related documents that provide a demonstrable, convincing, and 
valid suite of arguments that the system is adequately safe for a given life safety application. The 
safety file can be held on paper or electronic media. 
Lastly, the FSF conveys the confidence that designers and purchasers have in the safety of the 
system.   It provides evidence that, although an event may occur that was not foreseen or 
considered when the system was designed, all reasonably determinable safety-related concerns 
were considered and dealt with in accordance with best practices. This may provide an important 
legal defense. 
 

Pg. 21 3.2.1 Functional safety summary: 
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A signed statement that affirms that:  

• The FSF accurately reflects the engineering of the system 

• all identified hazards have been eliminated or their associated risks controlled to levels 
specified as acceptable 

• The system is ready to test or operate. 

• Documents all identified conditions of acceptability  

• Identifies compliance with standards, if any. 

What is the source for end user or the manufacturers to get access to standards? 

 
3..2.2.2 Provide an Electronics and Software Development Plan which provides a clear statement 
of the documents produced and the activities undertaken as part of the development life cycle 
and details: 

• A statement of the approach and activities used for electronics and software development 
including metrics to be collected and applicable standards  

Requirements specification activities and tools including: 

• Hazard and risk analysis 

• Safety Requirements Allocation 
A description of how the functional safety requirements will be met including 

• Design for Safety principles to be followed  

• Design methods and tools to be used 
 
3.2.4 Product Description 
 

3.2.4.1 Provide a Product Description of the PPES components and systems including  

• A list of safety functions provided by the electronics and software and how these 
functions relate to product functions. Is this distinction being done by the 
manufacturers? 

• A list of safety-critical components 

• a description of the intended use including the use environment and  the operating modes 
of the PPES  (e.g. Sample operational scenarios and conditions of use) 

• specifications of the performance characteristics and limitations of the product and 
especially the operating limits, required backups, machine settings for the electronics and 
software 

• specifications of mechanical, electrical, and human interfaces, including identification of 
all limitations 

• design descriptions for the electronics and software including system architecture 
drawings, CAD diagrams, timing diagrams, data dictionaries, etc. 

• identification of the safety-related components including resident hardware component or 
storage location, hardware and software configuration items and, later, proposed changes.  

• Communication protocols used  

• references to design and code libraries and build files 

• Unique reference to the applicable version and configuration of the PPES  

• when using second or third party electronics, software and tools include the following:  
o The name and version/revision identifier of the electronics, software and tools 
o Information about the electronics, software and tools providers 
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o A description of the purpose for which the electronics, software or tool is being 
used. 

o A clear description of the function provided by the electronics, software or tool. 
 
Part V 
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Figure C6. Managing for Functional Safety 

 
1.2 Types of IFSAs 
Three types of IFSAs are recommended as summarized below: 
Preliminary IFSA  -   an IFSA of the PPES staffing, development, plans, and preliminary FSF 
conducted after the hazard and risk analysis.   
Development IFSA – an IFSA conducted during the development phase of the FSLC 
Periodic Follow-up IFSA - an IFSA conducted periodically after the PPES has been released and 
is in use   
The Preliminary IFSA is optional though recommended for PPES having greater RRFs.  While 
the scope of the Development IFSA addresses both the complete system and the full 
development life cycle, the scope of the Periodic Follow-up Safety Assessment addresses only 
changes and modifications to the system once the Independent Safety Assessment is completed. 
Models of PPES can be based on common components with specific features being 
added/deleted or enabled/ disabled based on user requirements.  Results of IFSAs of earlier 
models are typically reused and are augmented with data from additional assessments of the 
impact of changes made. 
 
Are the manufacturers conducting any type of Independent functional safety assessment 

currently? 
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End of questionnaire. 
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Appendix D 

  

INTRODUCTION TO FUNCTIONAL SAFETY FOR PROGRAMMABLE ELECTRONICS 
USED IN PPE: BEST PRACTICE RECOMMENDATIONS 

(Part 1 of Nine Parts) 
 

The National Institute for Occupational Safety and Health (NIOSH) “Best Practices” document 
is a nine-part series of recommendations addressing the functional safety of advanced personal 
protective equipment and systems (PPES) for first responders.  As you know, first responders 
risk their lives to save the lives of others.  It is therefore a priority to provide them with the best 
equipment and the best usage and integration guidance to minimize their exposure to hazards, 
and to maximize their effectiveness in the conduct of their jobs. 
   
Advanced PPES incorporate product-ready technology in electrical, electronic, and 
programmable electronics. Use of newer materials, software, and wireless communications 
reduces life safety risks. Experience has shown, however, that these personal protective 
technologies may fail in ways not previously anticipated. Therefore, guidance for their use and 
integration is necessary. 
 
Achieving functional safety for advanced personal protective equipment requires a system design 
approach that addresses hardware, software, human behavior, and the operating environment 
over the equipment's life cycle. Functional safety involves more than performance testing of the 
finished equipment and software—the software, as a component, may provide numerous safety 
features tested in accordance with best practices, yet the equipment may be unsafe because of 
how the software and all of the other parts interact in the system. In other words, the sum can be 
less safe than the individual parts. Thus, the systems design process will necessarily involve 
heavy integration requirements, and the means to achieve it must be available to component 
manufacturers early in the design process.  
 
When completed, the NIOSH Best Practices document will present the elements of functional 
safety achievement for electronics and software used in PPES for first responder applications. It 
will provide general background information for use by life safety equipment manufacturers 
including component manufacturers, subassembly manufacturers, final equipment 
manufacturers, systems integrators, systems installers and life safety professionals. The Best 
Practices document will stress the need for integrated safety engineering, from conception 
through decommissioning. It will introduce important considerations for identifying best 
practices. Implementation of the Best Practices may also lead to a reduction in total life cycle 
costs. 
 
Presented below are various salient aspects of PPES development as outlined in the Best 
Practices draft document.  What we ask of you, as a leading PPES developer and manufacturer, 
is to provide some insight into the two following questions for each element: 
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• In your estimation, what would be the time cost (i.e., in personnel time measured in 

person-hours) to meet the Best Practices element?  

• In your estimation, what would be the monetary cost for your organization to meet 

the Best Practices element? 

Each element (of which there are five) will be described in terms of PPES systems development.  
At the end of each description, the above two questions are posed specific to that element.  
Please provide answers to each question, as completely and as concisely as you can 

(quantitative answers are encouraged, but qualitative answers are certainly acceptable). 

 
ELEMENTS OF THE NIOSH BEST PRACTICES DOCUMENT (5) 

 
1) The Functional Safety Life Cycle. In following a functional safety life cycle, the 

manufacturer takes a systems approach by designing and building safety into the entire 
system from initial conceptualization to retirement. The concept now addresses the safety 
of complex electronics and software based systems.  The functional safety life cycle 
entails the following activities: 

• Project Plan. This activity involves the development of a project plan that 
addresses the entire life cycle including development and use activities, 
management of change activities, and the documentation of safety. Updating the 
project plan occurs throughout the life cycle. 

• Development and Use of the Project Plan.  Development and use activities 
include standard product engineering activities plus additional activities that 
address safety, including: 

a) Define scope 
b) Conduct hazard and risk analyses  
c) Specify requirements  
d) Design and manufacture  
e) Verify 
f) Install and commission 
g) Validate 
h) Operate, maintain, and decommission 

• Prepare Safety Documentation. Preparation of safety documentation occurs 
throughout the equipment or system life cycle. It provides a documented body of 
evidence that communicates a convincing and valid argument that a system is 
adequately safe for a given application in a given environment. The safety 
documentation is a living document and may be known as the “Technical File,” 
the “Safety Case,” the “Safety Argument,” the “Safety Assessment Report,” or the 
“Safety Justification.” 

• Manage Change. The management of change activities addresses, among other 
things, the handling of requirement changes, feature modification, platform 
modification, and scope creep. For all changes, the repeating of the appropriate 
steps in the safety life cycle occurs to address the safety impact of the change. 
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QUESTION #1: 

 
� In your estimation, what would be the time cost (i.e., in personnel time measured in 

person-hours) to meet the elements of the Functional Safety Life Cycle described 

above? 

 

� In your estimation, what would be the monetary cost for your organization to meet 

the elements of the Functional Safety Life Cycle described above? 
 

 
2) Design and Performance of Electronics and Software.  Products and systems that use 

electronics and software technologies to deliver functions are often more complex than 
their predecessors. For example, a monitor that once measured the presence of a single 
gas is now multi-functional and measures the presence of multiple gases. A LED display 
in a fire fighter’s facemask displays remaining oxygen levels in an SCBA tank. A 
personal alert safety system (PASS) device, in addition to emitting audible alarms, now 
communicates location information back to a command center. Increased complexity 
may also result from additional features that codify safety decisions thus introducing the 
potential for design inadequacies. 
 
Given the failure properties of electrical and mechanical components, data is available to 
support accurate reliability estimates. There is also a large body of engineering expertise 
on how to prevent failures, when they may occur if not preventable, and what the failure 
effects are. Engineering consensus based on carefully collecting failure data underpins 
the test specifications in NFPA and other basic safety standards. The situation also 
applies to wear-out failures in electronics components. For PPES, the product design 
engineer now considers both the potential for failures due to random phenomena and 
failures due to design or systematic phenomena. The IEC 61508 (2004) standard uses the 
following definitions:  
 

• Random hardware failure. A failure occurring at a random time, which results 
from one or more of the possible degradation mechanisms in the hardware. 

• Systematic failure.
 
 A failure related to a certain cause, which can only be 

eliminated by a modification of the design or of the manufacturing process, 
operational procedures, documentation, or other relevant factors. 

 
Operating environments contribute to random failure of electronic components by 
affecting electronic function. Interference from outside sources, such as electromagnetic 
emissions; temperature extremes; humidity, moisture, and water exposure; heat and flame 
exposure; chemicals, dust, and debris, and extreme impacts can corrupt electronically 
maintained data and software instruction processing. 

  
Systematic failures affect functional safety in two ways: 1) output values and/or timing 
that permit the system to reach a state that could lead to a mishap or 2) failure to identify 
or properly handle hazardous events to which it must respond.  Achievement of 
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functional safety does not occur in this situation since not all components are functioning 
properly. Thus, the functional chain is only as strong as its failing link. 

 

 
QUESTION #2: 

 

� In your estimation, what would be the time cost (i.e., in personnel time measured in 

person-hours) to ensure adequate design and performance of electronics and software 

to achieve complete functional safety?  

 

� In your estimation, what would be the monetary cost for your organization to 

ensure adequate design and performance of electronics and software to achieve 

complete functional safety? 
 

 
3) Configurability, Compatibility/Interoperability, and Scalability. In addition to 

addressing the design and performance of PPES at the individual level, life safety 
objectives include systems-level protection goals. Examples of systems-level protection 
activities include communications, location monitoring, and hazard monitoring. To 
achieve systems-level protection, PPES must be easy to configure, and be interoperable 
and scalable as follows: 

• Configurability Goals specify the requirements for rapidly configuring a PPES 
system to meet different life safety threats and to account for different user needs. 

• Compatibility/Interoperability Goals address the need for equipment developed 
for different uses or by different manufacturers to work together. This involves 
the ability of PPES equipment and systems to provide services to and accept 
services from other PPES equipment and systems and to use the services so 
exchanged to enable them to operate effectively together. 

• Scalability Goals identify requirements for PPES when scaling up a system to 
respond to threats which cross-jurisdictional boundaries. To achieve scalability in 
a practical manner involves coordination among first responder teams as well as 
the ability to transport equipment from one location to another. 

 

 
QUESTION #3: 

 
� In your estimation, what would be the time cost (i.e., in personnel time measured in 

person-hours) to meet the elements of configurability, compatibility/interoperability, and 

scalability? 

 
� In your estimation, what would be the monetary cost for your organization to meet 

the elements of configurability, compatibility/interoperability, and scalability? 
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4)  Usability and Human Computer Interaction (HCI). What is it that makes someone 
misread a display, ignore a warning signal, or press the wrong button? To the world 
outside the situation, it can look like dangerous stupidity, gross negligence, or just simple 
human error. Yet close inspection of cases of considered ‘human error’ often reveals that 
the problem was linked more closely to design rather than operation. 
The integration of electronics and software into PPES, although desirable for improving 
life safety, still must pass the test of usability by first responders. Small control knobs on 
radios and helmets interfering with SCBA gear are two non-high-technology examples. 
Gas monitors that display too much data or data that requires too much interpretation also 
limit usability.  To address usability considerations, it is imperative that focused lab 
and/or field usability analyses are conducted with representative users wherein all 
operational aspects of the PPES are evaluated in an effort to spotlight potential system 
deficiencies. 

 

 

QUESTION #4: 

 

� In your estimation, what would be the time cost (i.e., in personnel time measured in 

person-hours) to meet the elements of satisfactory usability and human computer 

interaction for your PPES? 

 

� In your estimation, what would be the monetary cost for your organization to meet 

the elements of satisfactory usability and human computer interaction for your PPES? 
 

 
5) Maintainability. Addressing maintainability of electronics and software in  

PPES for first responders introduces additional factors for consideration. Environmental 
exposure, cleaning effects, inadequate power supply, and field changes all affect the 
performance of electronics and software functions. Achieving continuing functionality and 
hence functional safety warrants consideration of the following maintainability aspects: 

• Exposure to Environmental Parameters. First responder use of PPES expose the 
equipment and systems to heat, flames, temperature extremes, corrosion, abrasion, 
liquids, chemicals, gases, puncture, cutting, tearing, and mechanical shocks.  

• Cleaning Effects. PPES require some form of cleaning. Cleaning garments may 
require the removal of electronic components from a garment.  

• Adequacy of Power Supply. Electronic devices require sustaining power in that 
the performance is susceptible to power fluctuations and degradation; some 
equipment may have different power requirements.  

• Management of Change. Changes in versions of sensors, actuators, software, 
firmware, integrated circuits, circuit boards and other components may result in 
life safety compromises. Labels and markings on electronics and software will 
need to provide unique version identification. 

• Premature Failure. Integration of electronics may also result in premature failure 
at stress or wear points. For example, incorporating electronics in a garment may 
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reduce the physical protection provided by the garment by creating openings and 
by compromising the strength of materials used.  

 

 

QUESTION #5: 

 
� In your estimation, what would be the time cost (i.e., in personnel time measured in 

person-hours) to meet the elements of satisfactory maintainability for your PPES? 

 

� In your estimation, what would be the monetary cost for your organization to meet 

the elements of satisfactory maintainability for your PPES? 
 

 
Please list your name, company name, and contact information (NOTE: all information provided 
will remain strictly confidential). 
 
NAME: ___________________________________________________ 
COMPANY NAME:      
________________________________________________________________________ 
CONTACT INFORMATION:     (email): _____________________________  (phone): 
__________________ 
 

 

THANK YOU! PLEASE MAIL THIS QUESTIONNAIRE BACK IN THE STAMPED 

ENVELOPE PROVIDED 
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Appendix E 

 

Follow-Up Questions for Scott Health and Safety 

 
 
I) Questions related to System safety process: 

1) Do you have a system breakdown structure diagram (exploded diagram of system design) 
for the Sky Pak? 

2) Was there a safety engineer or a human factors engineer on the redesign team for HUD 
(if so, please try to have this individual[s] available for the meeting)? 

 
II) Questions related to Design of Air Pak and HUD: 

1) Scott’s Air Pak product has been since 1999. The HUD was designed later in 2003. For 
the designing of HUD, what was the scientific body of knowledge that was used 
conceptually? 

2) From the literature supplied, (SDP 1 Fast Track) Project Proposal Checklist – Was there 
any rationale or criteria for developing the following items in-house instead of purchasing 
the items from vendor – software, firmware (microprocessors), mechanical hardware, 
electrical etc. Were these items outsourced or developed in-house? How were the 
specifications decided by the team? 

 
III) Questions related to the Human Factors and Human Error Analysis: 

1) What kind of human factors data was used in the design of product? 
2) Was any test conducted to simulate all possible customer use issues (handling, human fit, 

human wear, dress, load bearing, etc.)? 
3) How was the test conducted with actual human subjects regarding the ease/difficulty of 

controls and indicator visibility, handling difficulties, possible failure conditions? Have 
you tried to make the product fail and what were the results obtained? 

4) Did you try to identify a focus group of users in order to evaluate the product 
performance in actual use conditions? 

5) Do you have any document or a test result that suggests confusion over operation by the 
user? 

6) Were there any users involved in the HUD redesign process? What was their input to the 
design process? 

 
IV) Questions related to Risk Assessment and Mitigation Analysis: 

1) Does Scott conduct any risk assessment and mitigation for the product? What is the 
method commonly used for risk analysis of new product? 

2) Is the risk-analysis report available for reference?  
3) Were there any issues identified related to the worst case failures and how did you 

address them? 
 
V) Question related to Software Safety Analysis: 

1) Does Scott develop the product software in-house? 
2) What was the method followed by Scott to conduct software safety analysis?  
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3) Is there any standard method that is followed or is it done by a third party vendor? 
4) Has the software been tested for abnormal input or environmental variations and what are 

the different ways it can fail? 
 
VI) Questions related to Failure Modes and Effects Analysis (FMEA): 

1) Design FMEA and Manufacturing FMEA are two different analyses conducted in the 
redesign of HUD. FMEA is a requirement of Six Sigma design process; did SCOTT 
follow the same FMEA process earlier in the traditional method of design of a new 
product? 

2) What is average time required to conduct FMEA of a sub-system or sub-assembly? 
3) Some of the typical failure conditions that can be considered are listed below. Did Scott 

maintain any documented failure in any or all of the following cases? 
a) Premature operation 
b) Failure to operate at a prescribed time 
c) Intermittent operation 
d) Failure to cease operation at a prescribed time 
e) Loss of output or failure during operation 
f) Degraded output or operational capability 
g) Other unique failure conditions as applicable based on system characteristics and 

operation requirements or constraints. 
 
VII) Questions related to the manufacturing process following Six Sigma (Design for Six 

Sigma, DFSS): 

 

1) What is the difference between the traditional design method for Sky Pak and the DFSS 
method for HUD? 

2) How did you define the key performance and reliability characteristics of HUD 
(commonly known as specs)? 

3) Voice of customer (VOC) – How were the user needs identified and taken into account - 
in terms of the user “must” have these specs and user “wants” these specs? 

4) What kind of historical or prior data for Sky Pak, related to problems, complaints and 
failures, were taken into account before beginning the design of the HUD? 

5) How did you ensure that incoming parts or critical components are meeting quality 
requirements (specs for the vendor sourced parts)? 

6) What is the procedure for assembly of these vendor-manufactured parts? 
7) Do you have a documented procedure for vendor selection? Did you actually use this 

procedure for microprocessor selection? 
8) What kind of compliance criteria is applied for the vendor-manufactured components? 

Several components are being outsourced by Scott as per the AP50 HUD REDESIGN 
report. 

9) Based on the HUD redesign meeting minutes supplied to us, Six Sigma review was 
started 3 months later than the redesign efforts started. Is there a specific reason for this 
and was the six sigma process applied later than the traditional design process? 

10) Does your Six Sigma process specify a criterion for selecting vendors or does it ask for 
their certification? How many vendors do you have? Is there a formal procedure where 
you confirm vendor-supplied materials? 
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11) Did you analyze your process capability for the first 15 units? (CPK index) 
12) Was there any issue in meetings about critical quality and reliability characteristics 

(quality specs)? 
13) Was any accelerated testing conducted to predict the performance and reliability of the 

HUD? If yes, what was the procedure and results obtained from these tests? 
14) If some issue was identified regarding the performance and reliability characteristic, how 

did you go about to finding the root cause of the failure?  
15) Did you come across any excess variability from unit to unit (first lot of 15 units)? 

a) Were any statistical methods (e.g. Design of Experiment or Regression analyses) 
used to tackle any issues identified? 

b) Did you use any cause and effect diagram to resolve the issues? 
c) Did you create any process-flow diagram? 

 
VIII) Questions related to the trade-off between standards and regulations and 

compliance: 

1) What is the company’s philosophy from regulation to best practices? How does Scott 
strategize as they move from regulation to best practice? What kind of voluntary 
standards are pursued and does Scott’s marketing or business strategies impact the choice 
of standards? (Look for a philosophical answer from higher individuals in company) 

2) Has Scott tried to get International Electro-technical Commission compliance or is NFPA 
compliance alone sufficient? Does Scott pursue different compliance procedures for 
foreign markets? 

3) If there is a law then Scott will comply with it but if it is a consensus standard like 
NIOSH or IEC, how does the company act towards the compliance issue for a consensus 
standard? Is liability a more dominant criterion than reputation? How does Scott evaluate 
the trade-offs for compliance compared to the risks for not doing so? 

4) The Rapid Intervention Crew/Universal Air Connection (RIC/UAC) is provided to 
standardize an emergency rapid cylinder filing connection with all SCBA, regardless of 
manufacturer. Was this capability designed due to the regulation or was it was Scott’s 
voluntary decision? 

5) One of the SCBA Laboratory Data Sheets shows the NFPA testing results as being NON-
COMPLIANT. What is the interpretation of that report? (Category D, Test performance 
date- 09/26/2003) 

6) What is the method that Scott follows to make its products compatible with existing 
systems manufactured by different manufacturers? 

7) Which regulatory compliance consideration is ‘top priority’ and how it is decided? 
a) Safety North America 
b) Safety World wide 
c) FCC considerations 
d) EMC considerations 

 
8) What was the process followed to obtain the NFPA certification for the product? How 

long did it take? What kinds of tests were conducted in order to achieve that certification? 
 
IX) Questions related to Field testing or the information testing done by Scott (For Air Pak 

as well as HUD design) 
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1) What are the ancillary processes that Scott goes through before a product is tested for 
compliance? 

2) Does Scott have in-house product testing capabilities? 
3) What is the organization’s capacity for testing and complying, and how much does it cost 

you (in terms of proportion of money compared to the research and development or 
testing funds)? What are the expenses that Scott allocates or is “affordability for testing” 
an issue? Is this done in-house or by a third party? 

4) As a large organization, how does Scott plan the testing of their devices? What are the 
factors that impact the testing methodology? 

5) Does Scott have an in-house legal department that helps or guides them with respect to 
product testing and launch decisions?  What other product decisions (if any) go through 
that department? 

6) Was there any mismatch found within the results obtained from in-house testing and third 
party testing (organization like ENTELA)? If so, how were they addressed? 

 

X)  Some UNKNOWN acronyms:  

1) DFM 
2) DFT 
3) CER 
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Appendix F 

 
Task List of Firefighting Operation 

Category Task Description 

Detection of fire-related 
scenario 

Maintain a strong vigil and plan to enter the incident 
place with protective ensemble. 
Warn people in the structure and in vicinity. 
Decide plan of action with other colleagues. 

Communication Radio, Cellular phone or advanced wireless 
communication devices. 

Detection of live human beings 
in the fire 

Look for inhabitants in every room or confined place. 
Conduct search and rescue. 
Coordinate evacuation and rescue with team members. 
Protect human beings from the effects of fire. 

Detection of firefighting sources 
at the venue 

Briefly study the building plan to learn the structure. 
Identify and locate the fire hose in the location. 
Try to connect various water sources for firefighting. 
Coordinate the firefighting resources with colleagues.  

Detection of falling objects 
from top 

Protect oneself from weak and falling structures. 
Protect oneself from other risky situation like gas 
leakage and small explosives. 
Top priority should also be given to self protection. 

Primary firefighting task like 
sprinkling water 

Concentrate on sprinkling water and controlling fire 
after the lives have been saved from the structure. 
Coordinate the firefighting activities with the 
colleagues. 
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• Founding Member - Rutgers Yoga and Meditation Club 

• Volunteer - Bone Marrow Registration drive at Rutgers University for 3 semesters. 

• Volunteer- Art of Living Foundation, a UN recognized non-profit spiritual organization 
working in over 100 countries for the upliftment of poor and uneducated 

• Volunteer-International Students Orientation Group for Fall-1999 and Fall-2000 at the 
International Center at Rutgers University 
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