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ABSTRACT

Airliner maintenance is a high-risk sector from an occupational health and safety perspective. In the
current context of increasing air traffic worldwide and in view of the economic and safety issues associ-
ated with aircraft maintenance, it is imperative that companies providing this service receive support
in their quest to reconcile operational performance with OHS. A survey of interdisciplinary research
published from 2004 to 2014 allowed analysis of current thought in industrial engineering, human
factors engineering and aeronautical de-icing, thus revealing a need for the design of aircraft de-icing
activities that are sustainable, holistic and integrated. In response to market evolution, aeronautics will
have to offer aircrafts that are greener, meaning safe for all users (including maintenance workers) and
the environment throughout the product lifecycle.
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1 INTRODUCTION

The aim of sustainable development is to meet present needs of populations throughout the
world without compromising the capacity of future generations to do so. In view of this, the
International Labour Office (ILO) upholds the right of employees to work under conditions
that do not threaten wellbeing, meaning that adequate measures are in place to prevent acci-
dents and occupational illnesses. Whether in construction, manufacturing or other sectors,
several researchers have concluded that achieving true sustainability will require an approach
that is more holistic than that being taken in most cases (Hinze et al. [1], Haslam & Waterson
[2], Demirel & Duffy [3], Lozano & Huisingh [4]). This means more precisely that pro-active
preservation of all resources including human capital throughout the lifecycle of an economic
activity, be it mining, air transport or other, is now a pre-requisite for future development (Dul
et al. [5)).

The aviation sector foresees a major increase in future air traffic: 5-10% per year, depend-
ing on the continent (OACI [6]). Boeing estimates that 36,000 passenger aircraft will be in
service in 2025 (Boeing [7]). One hour of flight requires 12 hours of aircraft maintenance
(Rashid et al. [8]). A quadratic relationship exists between air traffic volume and accident
rate, which explains the recommendations to increase safety levels by a factor of three by
2020 and by ten on the long term if air traffic should triple (Vogt et al. [9]). According to
airliner incident and accident reports, the principal cause is improperly completed procedure
(Drury and Johnson [10]), information corroborated by an Australian study (Hampson et al.,
2012 [88]). Maintenance activities represent 10-15% of airline budgets, two thirds of which
are for labor costs in the case of heavy maintenance burdens (McFadden and Worrells 2012
[11]). In the case of commercial flight, the proportion of accidents related to airliner mainte-
nance is 12-20% (Rashid et al. [8]). In Europe, 10-20% of workplace accidents and 10-15%
of deaths in all industrial sectors are associated with maintenance activities (EU-OSHA [12]).
In 2002, there were no fatalities in the Québec air transport maintenance sector, although
numerous accidents and occupational illnesses were reported, leading the province’s occupa-
tional health and safety commission to rate this sector as high risk.
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The literature is replete with studies describing the associations between deficient meas-
ures for accident or occupational illness prevention and drops in productivity, losses of
business competitive advantage and even drops in national economic growth and competi-
tiveness (HESAPRO [13]) and individual and corporate social wealth (Dul er al. [5]).
Furthermore, organizational innovation through rapid and flexible adoption of innovative
approaches to the design and management of production systems appears to favor sustainable
business models (HESAPRO [13]). Market globalization, technological change and business
regulation is leading to profound, rapid and continuous changes in corporations, notably in
the workplace (Kristensen [14]). Production systems are becoming more integrated and com-
plex, characterized by greater process interdependence, greater numbers of variables and
arbitrations to be managed (Costella et al. [15]), focus on high-value-added products, and
design based on cutting-edge technologies and knowledge. A sustainable business must place
increased emphasis on balancing its performance imperatives with the wellbeing of its work-
ers (Westgaard and Winkel [16]). We examine the question of how this might be achieved in
the airliner maintenance sector, and more specifically in the context of de-icing operations,
based on the available literature on integrated risk management, on maintenance operations
and on ground de-icing. We analyze this knowledge from the perspective of justifying the
need for modeling as means of developing sustainable and holistic de-icing activities that will
ultimately balance worker performance with worker wellbeing. Further researches should be
conducted to develop technology to reduce human-factor associated variability in de-icing
activities. The models could help improve the integration of ergonomics in the de-icing pro-
cedure, through the development of task specific documentation and training. Tools to
integrate variability into the risk evaluations of critical task are also needed and could even-
tually lead to design improvements at the aircraft level.

2 AERONAUTICAL DE-ICING

Icing of aircraft surfaces cannot be avoided completely and remains a significant cause of acci-
dents. It can occur during flight or on the ground, whenever the aircraft encounters frosting
conditions. Accumulation of ice on the wings of an aircraft increases the stalling speed and
modifies the flight envelope, which may lead to accidents (Brown [17]). Certification authori-
ties therefore define an envelope of the most probable icing conditions, and aircraft manufacturers
must demonstrate that their planes fly safely under these conditions. For an aircraft to obtain
authorization for flight through icing conditions, the manufacturer must install anti-icing sys-
tems, which are often based on heating of the wings (Hannat and Morency, [18]). When icing
conditions arise on the ground before takeoff, the aircraft must be de-iced and protected against
subsequent frost deposition using de-icing liquids.

Aircraft de-icing shares most of the common maintenance problems related to deregula-
tion in the aircraft industry. In Canada and USA, the air carrier must have a ground de-icing
program approved by the authorities, but outsourcing of aircraft ground de-icing services is
becoming the norm (FAA, [92]). Although new policies have been under development over
the last 10 years, no procedure yet exists for the service provider to have an approved de-icing
program, as in some other aircraft maintenance activities. The service provider has to comply
with every air carrier de-icing program, as many as 25 different air carriers (EASA, [94]).
Another particularity is the fact that offshore de-icing activities are inevitable, as de-icing
must be done at the aircraft departure airport if icing conditions occur. Contrary to most
maintenance activities (Quinlan, 2013 [91]), human errors in de-icing have immediate effects,
either by exposing workers to injury or by jeopardizing aircraft takeoff. Most airports nowa-
days have a single service provider dedicated to de-icing activities, potentially resulting in a
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growing level of experience and higher level of service (EASA, [94]). The typical centralized
service provider is well organized with good training, experienced supervisors and manage-
ment systems, avoiding some previously identified failures in other aircraft maintenance
activities (Quinlan, 2014 [90]). The typical employee, however, has been with the company
for less than 2 years, almost always does part time and seasonal work, and often it is his/her
first exposure to aircraft maintenance work (EASA, [94]).

When conducting de-icing tasks on aircraft, maintainers are exposed to many risks as falls
from heights of ten meters or more, splashes or run-offs of fluids from the aircrafts, the plat-
form colliding with the aircraft, being sucked towards the intake of running motors during
audit of small aircraft, slipping on the ground during audit of small aircraft, direct exposure
to de-icing/anti-icing fluids, direct exposure to conditions on the airport tarmac (cold temper-
ature, wind-chill factor, noise, glare (passing from darkness to brightness), musculoskeletal
lesions associated with working postures and the weight (about 3 to 5 kg) of the de-icing
nozzle being handled, fatigue (Torres et al., [96]) and others. A de-icing ground crew sprays
these liquids and inspects critical surfaces to ensure that no ice remains (Ayache et al., [19]).
De-icing operations on the ground must be conducted as quickly as possible not to cause
undue delays in flight schedules.

The protection of aircraft against frost build-up is often divided into two aspects, namely
ground and in-flight. However, in accidents or incidents due to frost build-up, very often
both aspects are involved to varying degrees. For example, in the case of the crash of a
Cessna 208B Caravan on Pelée Island in Ontario in January 2004, ice began to build up on
the wings while the plane was on the ground and the process continued in flight (Transpor-
tation Safety Board of Canada [20]). From 2006 to 2010, the National Safety Board (NSTSB)
has documented 228 accidents associated with ice formation in the USA (Appiah-Kubi et al.
[21]). These accidents include all those caused by ice in the broad sense, be it frost build-up
on aircraft surfaces or ice in engines under certain weather conditions, in flight or on the
ground.

Frost formation occurs on aircraft on the ground when the temperature is near or below the
freezing point of water. Frost may build up even when ground conditions are not ‘frosty’,
since aircraft surfaces may become very cold during a long flight at high altitude and remain
so for considerable time because of thermal inertia, thereby causing ground-level atmos-
pheric moisture to condense (Transport Canada, 2004 [22]). Frost build-up may occur in
flight during the summer as well, when the aircraft encounters a thunderstorm cell (Honom-
ichl et al. [23]).

3 METHODOLOGY
This critical review of literature of interdisciplinary writings was conducted in two phases:

1. A search from an industrial engineering and human factors engineering perspective. The
databases consulted were PubMed/Medline, Compendex/Engineering Village, and Web
of Science. The keywords used were (in French and English) occupational health and
safety, ergonomics, human factors, integrated risk management, lean, Toyota, Honda,
Volvo, Volkswagen, autonomous work, production planning, continuous improvement,

2. A search from an on-ground de-icing and human factors engineering perspective. The da-
tabases consulted were Scopus, Compendex/Engineering Village, and Web of Science. The
keywords used were (in French and English) aircraft ground deicing, aircraft icing, human
factors, human engineering, aircraft icing accident, Canada, aircraft icing statistic, aircraft
maintenance, human error,
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For both searches, only documents available in the public domain, published in peer-reviewed
journals or as peer-reviewed conference proceedings were retained. The timeframe was 2009
to 2014. Titles and abstracts of papers found in the databases were screened according to their
relevance to the subject. Full papers were then read and quality assessed according to classi-
cal epistemology rules. Only relevant and high-quality papers were retained for critical
analysis. By the snowball effect, flagship studies published prior to the targeted years were
also identified.

4 RESULTS
4.1 Integrated risk management, a promising avenue

Many researchers, research organizations, practitioners and regulatory agencies consider
integrating interventions in occupational health and safety with normal business processes to
be a very promising focus for scientific advancement in the field of sustainable development.
Contributions to development and exchange of knowledge in this sector have evolved from
demonstrations of its relevance in the 1990s to more recent proposals and evaluations of
models of integration. An integrated approach to occupational health and safety improves
working conditions, the surrounding social climate and organizational processes notably by:

1. Improving the corporate brand image and hence labor recruitment, loyalty and satisfac-
tion, improving system quality, reliability, availability and maintainability, increasing
productivity and innovation, yielding better organizational decisions;

2. Decreasing direct costs, overhead, redesign, personnel turnover, absenteeism, slacking,
inefficiencies, errors and system failures.

Integrated risk management focuses on complex sociotechnical systems involving numerous
interdependent risks of diverse nature associated with a diversity of disciplines and in which
uncertainty and the expectations of several parties must be taken into consideration. Its ulti-
mate aim is to rank risks in terms of the various issues and constraints in play, and to guide
choices among the various means available for managing these risks (avoidance, mitigation,
deflection, contingence, retention) (Aubert & Bernard, 2004).

To achieve this, we need: (1) to understand and formalize the functioning and dysfunction
of the system under study; (2) to model the system; (3) to quantify/qualify the model; (4) to
apply the model in the field and validate its results. The principal scientific challenge consists
of integrating risks characterized at different levels of sophistication (Aubert and Bernard
[24]), for example risks for which it is not possible to identify the events that could result
(level 0), risks for which there are definable event scenarios (level 4) and finally risks for
which the uncertainty can be estimated in quantitative terms (level 6). It is also necessary to
materialize this integration in interdisciplinary or even inter-sectorial contexts, which poses
the challenge of determining the applicability of definitions and evaluation methods to the
uncertainty concept (Péry et al. [25]). The degree of integration of risks will also depend on
the size, structure and competitive positioning of the business concerned (Gangolells et al.
[26]). Characteristics such as these dictate which management tool to adopt (Rocha [27]).

We note at this point that in conventional management systems, integration of risk is
achieved through the application of standardization frameworks on a voluntary basis
(Fernandez-Muniz et al. [28]). American Society for Testing and Materials International,
(ASTM E2350-07 [29]), Occupational Health and Safety Assessment Series, (OHSAS
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18001-2007), American National Standards Institute/American Industrial Hygiene Associa-
tion, (ANSI/AIHA Z10-2005), Canadian Standards Association (CSA Z1004-12), British
Standards (BS 8800:1996) or British Standards European Norm International Organization
for Standardization (BS EN ISO 14001) are the standards most widely applied to occupa-
tional health and safety. Adoption of occupational health and safety certification supports the
process of getting workers involved in prevention, can lead to improvements or innovations
going beyond legal or regulatory requirements and facilitates transparency of business audits
and contractual decisions/relations (Kristensen [14]) but does not support the advanced prac-
tices of organizational learning (Granerud and Rocha [30]). Standards dealing with
management of quality, the environment and occupational health and safety are all based on
the Deming wheel. Their integration can lead to overlapping of tasks involving different
human resources, and hence challenges of coordination and alignment with business strategy
and the potential for financial and social gains (Santos ef al. [31]; Zeng et al. [32]). Initial
set-up costs are high and the continuous updating of all the documentation can be tedious
(Santos et al. [31], Zeng et al. [32]). However, if integration is successful, internal audits
become unified, external audits are simplified, employees are better trained, responsibilities
are better defined, documentation is clearer, communications are improved, and the entire
management system is more effective and efficient, including supply management (Rebelo et
al. [33], Oliveira [34], Santos et al. [31]). For project-type processes involving much techni-
cal variability, subsystems, temporary locations (e.g. construction, mining, maintenance
activities) integration is difficult (Gangolells er al. [26]). The challenges stem from deficien-
cies in understanding how to integrate these standards at the planning stage and in
understanding of risk identification, evaluation and control, and from gaps in support from
certification agencies and poor suitability of the technical guides they offer (Gangollels et al.
[26]). Some are attempting to meet these challenges for conventional processes in the manufac-
turing sector (Rebelo et al. [33], Oliveira [34]). Solutions have been explored in the construction
and mining sectors (Badri et al. [35], Badri et al. [36, 37], Badri et al. [38]).

Integrated risk management may also be achieved through non-certified management sys-
tems, in particular those based on a philosophy of continuous improvement of quality and
productivity, such as the so-called Total Quality Management (TQM), lean, six sigma, lean
sigma or fit sigma production systems (Yang & Yang, [97]). Studies examining the occupa-
tional health and safety impact of systems called ‘lean’ indicate positive effects such as
increased involvement of workers in control over tasks, greater focus on quality and improved
training, task diversification, more teamwork with greater autonomy, a system that treats
workers as equals, but also negative effects such as more tasks and stress, less autonomy,
more intense and complex work, more intrusive supervision and frequent overtime on short
notice (Westgaard and Winkel [16], Dul and Neumann [39], Saurin and Ferreira [40]). These
contrasts stem from organizational culture issues, from the maturity of the production philos-
ophy being introduced, from the socioeconomic context of the business and from the level of
worker participation (Saurin and Ferreira [40]). We note that the literature provides little
support for the tools of such philosophies and their level of maturity, making the scientific
implications of the studies difficult to describe and practically impossible to extrapolate to
other contexts.

Techniques such as functional analysis, failure mode effects analysis (FMEA), hazard and
operability studies (HAZOP), cause/failure trees, the bow-tie model, human error analysis, or
other risk analysis techniques (Zahra, J.T. et al. [41], Tixier ef al. [42]) in laboratory experi-
ments (Dempsey et al. [43]) or using digital human modeling (Illmann et al. [44], Demirel
and Dufty [3], Fritzsche et al. [45], Neumann and Medbo [46], Cimino ef al. [47]) have been
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used to complete the comprehension, formalizing and modeling of the decisional subsystem
of the system under study. Quantitative or qualitative characterization of such a model can be
achieved using Bayesian methods (Knegtering and Pasman [48], Hu et al. [49]) or multi-cri-
teria methods such as AHP (analytical hierarchy process) (Saaty, [98]) or ELECTRE, when
specific events can be associated with risks and probabilities of their occurrence can be esti-
mated. When probabilities of occurrence cannot be estimated, consideration must be given to
using combinatory or continuous optimization algorithms, depending on the nature of the
system under study. Combinatory optimization can be achieved using exact methods (e.g.
Markov chains) or approximate methods such as meta-heuristics or techniques of artificial
intelligence (Hu et al. [49]). In all cases, the qualitative characterization of a model will nec-
essarily involve elicitation of experts (Knegtering and Pasman [48], Zahra et al. [41]). The
advantage of using a decision aid is to be able to use a model repeatedly to make decisions,
choose options or set diagnostics where consequences are major and possibly spread out over
time and past experience is of little help, all while minimizing the introduction of bias. These
are simplified representations of reality, allowing decision-making of which the quality (level
of performance of the resulting actions) depends on the model chosen. A decisional process
must be in place to guide any decision aid that might be used. The literature identifies explic-
itly the category of personnel for whom the decisional processes are intended. The question
of the resources at their disposition (time, information, finances) and the constraints under
which the decisions must be made nevertheless remains crucial.

At the operational level, integrating occupational health and safety into the design and
management of a production system means, among other things, integration of these risks
into the techniques and tools used to determine production system capacity, to study and
measure work, factory layout, stock management, production planning, raw material needs,
scheduling, quality management, equipment and facility management and supply manage-
ment. A few of the avenues that have been explored in published studies are listed in Table 1.
Research in this field nevertheless remains emergent and faces the challenges of quantifying
empirical relationships, integrating them into mathematical models currently used in opera-
tions/industrial engineering management and demonstrating to practitioners the usefulness of
these new integrated models (Neumann and Dul [50]). This involves demonstrating their
robustness in the face of uncertainty and under the changing conditions of business. The
research must also provide assurance that these tools all can be fit harmoniously into a system
of strategic management (Asif et al. [51]).

4.2 Human factors engineering of airliner maintenance and de-icing

The scientific literature on ergonomics and human factors engineering in aviation has been
growing significantly since the Second World War. Questions regarding sustainable human
factors engineering in this sector nevertheless remain to be examined (Haslam and Waterson
[2]). Among these questions, some are directly related to maintenance workers: Is the green
and safe label valid for aircraft in view of the accident and illness statistics indicating that
aircraft maintenance is a high-risk occupation? What occupational health and safety risks
associated with airliner maintenance work have the greatest influence on the operational per-
formance of airlines? How can these considerations and risks be integrated into the lifecycle
of an aircraft? Is the ‘Design for Maintainability’ approach sufficient? Or is an entirely new
systemic engineering model needed? These questions are of crucial importance in the avia-
tion sector, in view of the considerable impact of maintenance worker health and safety on
the safety of passengers and the public (Vogt et al. [9]).
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Maintenance activities in the conventional sense are carried out in a wide variety of indus-
trial sectors and workplaces, which implies a wide variety of risks: physical, chemical,
biological, ergonomic, machine safety and psychosocial. The activities are not routine in
nature and take place in changing work environments (EU-OSHA [60]). Maintenance work-
ers operate under highly restrictive time constraints and communication between the actors
involved or affected by their work is often deficient (EU-OSHA [61]). This combination of
risks and time constraints may lead to circumvention or deactivation of machine safety
devices and hence increased accident rates among maintenance workers (Papadopoulos et al.
[62], Reason 2016). These time constraints and communication deficiencies are respectively
the second and third causes of incidents in airliner maintenance (Warren et al. [63], Suzuki
et al. [64]). Distribution of maintenance tasks is increasing rapidly in many industrial sectors
(EU-OSHA [12]) and aviation is certainly no exception. According to the FAA, 64% of air-
craft maintenance activities were distributed in 2007 (McFadden and Worrells [11]).
Subcontracting (and sometimes offshoring) these activities may lead to challenges associ-
ated particularly with lack of knowledge about the environment and the risks present,
increased complexity of work organization (coordination and supervision of fragmented
tasks, among others), definition of roles and responsibilities of the various actors involved,
and with implementation of occupational health and safety measures, to name only a few
(EU-OSHA [60, 61], Papadopoulos et al. [62], Hampson ef al., 2012 [88], Quinlan et al.,
2013 [91], Gregson et al., 2015 [89]).

Aicraft de-icing activities exist potentially at all the airports of the world where below
freezing temperature are likely to occur. According to a study of the United States Environ-
mental Protection Agency (EPA, 2000), around 200 airports in United States performed
de-icing operation typically from October through May. In the case of Montréal, Canada,
the season extends mainly from November through March. Since aircraft de-icing is a sea-
sonal maintenance activity, the workers are often temporary employees on call. There is
much occupational health and safety literature showing an association between job insecu-
rity and increases in work-related accidents (for example Benavides et al. [65], Papadopoulos
et al. [62]). The mechanisms explaining this are still being studied. Two factors, namely
poor work conditions and lack of experience in and knowledge about the work environment
(Benavides et al. [65]), could be significant for de-icing personnel. Fatigue also plays a
frequent role in incidents associated with aircraft maintenance. Adequacy of rest, work
proficiency, communication and coordination, and work shift are the major factors deter-
mining the fatigue of individuals (Wang & Chuang [66]). Communication in particular
appears as important as time constraints in de-icing operations on the ground (Von Thaden
[67]). Although now more than 15 years old, the Von Thaden study sums up very well the
various human factors that make de-icing on the ground difficult. It emphasizes the impos-
sibility for the pilot without help from inspectors outside to be certain that no ice has
accumulated on the aircraft prior to takeoff and still respect the time constraints imposed by
the airport.

In the world of aviation, the problem of human-factor-associated variability is often solved
by introduction of technology (Vogt et al. [9]), imposing written procedures and documented
work codes or training (Cromie et al. [68]). Several regulatory organizations including the
ICAO and IHST are nevertheless promoting proactive safe design (Rashid and Braithwaite
[8]). We therefore propose that to be sustainable and balance performance criteria with
worker wellbeing, the airliner maintenance sector and in particular de-icing operations should
aim for systemic design throughout their activity lifecycles.
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5 DISCUSSION

5.1 Introduction of technology to reduce human-factor-associated variability in aircraft
de-icing

The use of decision-aid tools is one approach studied to help humans make decisions under
time pressure. The majority of modern aircraft are equipped with detectors that warn the
flight crew that external conditions allow ice formation and in some aircraft activate anti-frost
protective systems automatically (Federal Aviation Administration, [69]). These detectors
only signal the presence of the conditions and do not propose action. Decision support sys-
tems (DSS) have been developed and tested by pilots in flight simulators to determine whether
or not they bring any significant benefit. One so-called ‘smart’ system detects frost build-up
in flight by monitoring changes in aircraft acrodynamic performance (Si-Bin ef al. [70]). It
has been shown that when the information obtained from a DSS is accurate, pilots’ manage-
ment of ice formation is improved, but when the information is inaccurate, their management
is poorer than it is without the DSS (Sarter and Schroeder, [71]). As an alternative to this
reactive type of decision aid, proactive decision-aid systems could be developed. Instead of
waiting for ice to accumulate on the aircraft, the danger of this occurrence could be predicted
in advance, based on aircraft flight and atmospheric conditions (Zeppetelli and Habashi,
[72]). Most of the research effort has been devoted to aiding pilots, with little attention to
decision aids for de-icing personnel on the ground, who in fact can only advise pilots. The
most promising systems for ground-level detection of ice formation on wings use cameras
and image processing. The current versions detect ice reliably but too slowly for use in air-
ports (Terrace et al. [73]).

5.2 Implementation and documentation of procedures designed to reduce human-factor-
associated variability in aircraft de-icing

Studies have focused on delays caused by de-icing operations. Various strategies that take
into consideration interactions between airports and airlines have been proposed, including at
the de-icing station design stage, to shorten the line-up of aircraft at airports that have multi-
ple de-icing bays (Wu et al. [74, 75]). Reduced line-ups would be beneficial if they allowed
reductions in the time constraints imposed on de-icing ground crews.

5.3 Development of training to reduce human-factor-associated variability in aircraft
de-icing

Various types of training have been devised to reduce the risk associated with frost both in
flight and on the ground. For example, pilots practice in flight simulators the actions to under-
take to escape from stalling caused by ice. The principal difficulty associated with this
approach has been the design of a calculation algorithm that allows the simulator to repro-
duce realistic behavior of the aircraft (Crider [76]). This is a daunting challenge, since the
behavior of a stalling aircraft is difficult to predict and training on a simulator that behaves
unrealistically could worsen decision-making in real situations. Meanwhile, de-icing ground
workers receive training prior to each de-icing season. The service provider is responsible for
this training, but it remains the duty of the air carriers, the certificate holder, to ensure that the
service provider knows their approved de-icing procedure. The certificate holder must
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provide a manual with the procedures for each type of aircraft operated (FAA, [93]). Obser-
vations on the field are presently in progress to look at the tasks of de-icing ground workers
and identify the gap in the training. These observations will lead to training improvements by
enabling additional task-oriented formation content.

5.4 Sustainable, holistic and integrated risk management in aircraft de-icing

Although human error plays a major role in accidents and incidents associated with aircraft
maintenance, various situations are the root cause of such errors: workers inadequately qual-
ified, poor inspections, incorrect replacement of components, erroneous entries in the
logbook, and over-extended task distribution (Geibel ef al. [77]). Application of the Human
Factors Analysis and Classification System (HFACS) to the study of accidents allows consid-
eration of specificities of flight crews, the environment, supervision and organizational factors
(Shappell et al. [78]). The AHP can be used to create a weighted model of human factor
involvement in aeronautical accidents associated with frost build-up. The AHP requires the
creation of a judgment matrix and allows consideration of the interactions between human
factors, equipment, management and the environment, which has revealed that human factors
and the environment are the dominant factors in accidents associated with frost build-up
(Lijuan & Shinan, [79]).

From human factors research, the trend in aviation has evolved towards the development
of tools for anticipating the risks stemming from human error during the performance of
critical tasks (Kunlun ef al. [80]). One of the difficulties here is that the system variables, in
particular the environment and the conditions of use, evolve over time, introducing variability
into the probability of accidents. One method proposed for taking this variability into consid-
eration allows identification of critical events that mark the boundary between safety and risk
of accident (Luo and Hu [80]). However, this does not address the essential step of identify-
ing the root cause of human error (Rashid and Braithwaite [81]), which in the case of
maintenance, repair and overhaul organizations, may occur in design practices, during man-
ufacturing processes, or at later stages due to organizational, individual or workplace
conditions (Rashid et al. [82]).

However, ‘In the tradition of product ergonomics, user involvement is considered essential
for the development of user-friendly products and services, and the participatory design
methods and tools that have been developed in ergonomics could be useful for linking ergo-
nomics to product innovation’ (Dul and Neumann [39]). There is now general agreement that
products incorporating occupational health and safety concerns will have a positive impact
on cost reduction (Rose et al. [83]).

Integration of occupational health and safety concerns could be achieved through the
development of wing profiles that are less sensitive to frost build-up, thus reducing the dete-
rioration of aircraft performance (Ghisu et al. [84]) and making de-icing less critical.
However, integration of these more robust wing profiles into initial aircraft design is a slow
process, if it is occurring at all. For the existing fleet however, only specific training or tech-
nological decision aid for de-icing personnel could enable integration of occupational health
and safety concerns. For example, the wing of the Cessna 208B Caravan is notoriously sen-
sitive to frost build-up and this aircraft has been involved in numerous accidents due to frost
and ice (FSF Editorial Staff [85]). The solution proposed to allow this aircraft to continue to
receive clearance to fly under frosting conditions has been primarily to improve pilot training
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(Turner [86]). This measure has proven to be only somewhat effective, since accidents con-
tinue to occur (Transportation Safety Board of Canada [87]).

A systemic and integrated design of de-icing operations (Asif et al. [51]) throughout the
lifecycle starting at aircraft and anti-icing system design and continuing all the way to elimi-
nation of frost, ice or snow on aircraft surfaces is necessary. Such an integrated design does not
exist yet and further researches are needed to find appropriate solutions for the aircraft manu-
facturers, the aircraft carriers and service provider. Decision tools that enable integration of
both quantitative and qualitative measurements must be developed. These decision tools
should take into account variability for anticipating the risk of accidents. For example, it could
be interesting to know how a wing design could impact aircraft ground de-icing activities.

6 CONCLUSION
From a sustainable development perspective, proactive support for occupational health and
safety throughout human activity lifecycles is essential. Airliner maintenance is a high-risk
sector. In the current context of worldwide increases in air traffic, in view of the economic
and safety issues stemming from maintenance, balancing of the imperatives of business per-
formance and occupational health and safety can no longer be put off.

Integrated management of business risks and occupational health and safety is a promising
avenue. The scientific literature proposes developments as much in the macro realm of busi-
ness (conventional or non-certified systems management, decisional subsystems) as in the
micro realm (operational systems). Airliner maintenance activities and de-icing in particular
are fraught with risk, variability and uncertainties and are subject to exacting time constraints.
They involve numerous actors and are subject to distribution of tasks.

The aviation industry has attempted to solve the problem of human-factor-associated varia-
bility by introducing technology (e.g. decision aids. frost-detecting cameras), imposition of
procedures (e.g. to manage line-ups at de-icing stations) and documented work codes, and by
training. Modeling and resolution of accidents/incidents via the control of human error run
into numerous limitations recognized in the literature, particularly in the case of complex sys-
tems such as aircraft de-icing. Integration of occupational health and safety, as an important
strategic tool in the business processes of airliner maintenance companies and their quest for
better control over business risks, can be achieved only through sustainable, holistic and inte-
grated design of airliner maintenance systems (de-icing activities in the present specific case).
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