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The cold environment in polar regions introduces additional challenges when abandoning passenger vessels and
offshore facilities. The International Maritime Organization Polar Code requires vessels operating in polar re-
gions to be equipped with approved thermal protective immersion suits (TPIS) that can be donned unassisted
within 120 s. As time is critical during an evacuation, quantifying the Net Donning Time (NDT) is important as
this may need to be factored into passenger ship evacuation analysis. Furthermore, an incorrectly donned TPIS
may be ineffective in providing the required thermal protection, so in addition to NDT, it is important to un-
derstand the factors that impact donning correctness. In this study, we present the results of a series of trials that
quantified participants’ performance while donning a TPIS with integrated buoyancy. Analysis of data from 108
participants revealed that NDT ranged from 65 to 341 s, with over 90 % requiring a total donning time of greater
than 120 s. The mean NDT was dependent on a complex relationship between, age (increases by 6.6 % for each
10 years), gender (increases by 33 % if female), experience (decreases by 17 % with experience), method of
instruction (increases by 21 % with video instruction) and failure to remove shoes (increases by 26 %).
Furthermore, the method of instruction significantly impacted the number of donning errors, with instruction by
video producing an average of 1.5 errors while written instruction producing 2.3. Finally, a donning time dis-
tribution is suggested for use in evacuation modelling analysis.

Polar waters
Passenger ship

1. Introduction

Decreasing sea ice coverage in polar regions in recent times has
resulted in a growth in the popularity of adventure cruises involving
large passenger ships sailing in polar waters (Luck et al., 2010; Maher,
2017). The increase in ship traffic inevitably results in a higher proba-
bility of accidents or incidents involving these vessels in these chal-
lenging conditions (Khan et al, 2020). In light of this, and
acknowledging the inadequacy of existing safety provisions for passen-
ger ships operating in polar waters, the International Maritime Organi-
zation (IMO) introduced the Polar Code in 2017 (Polar Code, 2017). The
Polar Code requires that passenger ships operating within polar waters
are required where appropriate, to provide thermal protective clothing
and insulated immersion suits (referred here as Thermal Protective
Immersion Suit (TPIS)), for each person on board.

The unpredictability and speed at which maritime emergencies may
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occur make time a critical factor (Andreassen et al., 2020), whether it be
associated with the time required to gather the passengers in the as-
sembly stations, the time required by passengers to don their TPIS, or the
time available to move passengers from the assembly station to the life
safety apparatus (LSA) and consequently abandon the vessel. Given that
emergencies may occur on passenger ships in polar waters, and that
passengers and crew are likely to be encumbered by TPIS it is important
to know how the TPIS is likely to impact time-critical procedures and
operations. In particular, how long does it take to don TPIS, and how
does the wearing of TPIS impact the movement rates of passengers and
crew? An essential design requirement of TPIS is that they can be quickly
donned during an emergency. According to IMO (SOLAS) and Interna-
tional Organization of Standardization (ISO) requirements, TPIS must be
unpacked, properly donned and secured without assistance within 120 s
in ambient temperatures of 20 & 2°C (ISO, 2012; SOLAS, 1998). Within
this paper, the total time required to don the TPIS is referred to as the
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Total Donning Time (TDT). This includes the time associated with
opening all packaging, removing the suit from the packaging and don-
ning the suit. It is further noted that it is essential that the TPIS is
correctly donned. A TPIS that is incorrectly donned can impact the
effectiveness of the thermal protection and buoyancy offered by the suit
and may also adversely impact the ability of the wearer to walk
efficiently.

In most cases, apart from anecdotal information, or information from
marketing materials, a rigorous evidence base characterising the impact
of TPIS on human performance within maritime environments does not
exist. Furthermore, quantifying TPIS donning time is critical for three
reasons: (1) developing achievable evacuation procedures for passenger
ships operating in polar waters, (2) enhancing the design of TPIS, and (3)
modelling evacuation performance using ship-based evacuation models
(Galea et al., 2013; Gwynne et al., 2003; Vassalos et al., 2002; Pradillon,
2004).

Since 2002 the IMO has published a set of guidelines for evacuation
modelling associated with new and existing passenger ships (IMO-MSC/
Circ., 1033). The human performance data specified in these guidelines
are based on research associated with land-based scenarios such as
walking speed data collected from the built environment, such as rail
stations. As such, the human performance data implemented within
maritime evacuation models do not incorporate the performance of in-
dividuals under conditions associated with maritime emergencies such
as adverse vessel orientation (heel or trim) or conditions associated with
extreme weather such as may be encountered in polar regions. However,
within the guidelines the IMO invited the Member States to collect and
submit information and data resulting from research and development
activities on human behaviour associated with ship evacuation (IMO-
MSC/Circ., 1533).

Implicit within the intent of the IMO Polar Code (Polar Code, 2017)
and the associated ISO standards (ISO, 2012) is the requirement that the
TPIS should not adversely impact passenger ship evacuation. This is
reflected by the requirement that the TPIS can be donned within 120 s
and that it does not adversely impact walking speeds of individuals by
more than 25 %, compared with normal walking speeds (ISO, 2012).
However, thus far there is a lack of a substantive evidence base quan-
tifying the impact of various types of TPIS on these parameters, and
there is little understanding of the impact that the TPIS may have on
evacuation performance within a maritime environment.

From the mid-1990s, the first ship evacuation models started to
appear in the literature (Vassalos et al., 2002; Galea and Owen, 1994;
Galea et al., 1998; Galea, 2000), and these publications highlighted the
need for the collection of maritime specific human performance data,
such as walking rates in maritime environments involving adverse vessel
orientation, the impact of protective clothing, such as lifejackets on
walking speeds and passenger response times (Galea et al.). Interest in
quantifying the performance of people resulted in two significant land-
based studies with a major focus on the impact of the maritime envi-
ronment on walking speeds. Both studies attempted to reproduce key
aspects of the maritime environment using land-based simulators. Both
studies occurred independently and at around the same time, one in the
Netherlands at the Dutch Research Institute (TNO) (Bles et al., 2002)
and the other at an industrial research facility in Canada (Glen, et al.,
2003). The TNO study made use of a modified shipping container on
hydraulics to represent a ship corridor at various angles of heel and trim
while the Canadian study made use of a purpose-built facility called
SHEBA (Ship Evacuation Behaviour Assessment Facility) that could be
heeled at various angles.

The SHEBA facility allowed measurements of human performance
and behaviour in a typical ship passageway and stairway. Tests were
conducted with participants with and without life jackets. While the
SHEBA trials involved participants wearing lifejackets and collected
data on donning of lifejackets (Glen, et al., 2003), none of the studies
considered the impact of TPIS on the performance of individuals. More
recently, several other lifejackets donning trials have been reported
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providing useful data concerning lifejacket donning times for infants
and adults in full-scale studies (Brown et al., 2008; MacDonald et al.,
2011).

One of the few studies concerning the donning of TPIS was con-
ducted by Mallam et al. (2012). Their trials involved 32 test subjects (18
male and 14 female) with an average age of 22.9 + 2.0 years, donning
two different types of TPIS in both static and dynamic environments.
The dynamic environment was created using an electric motion platform
(2m x 2m) with six degrees of freedom. The two types of TPIS were
randomly distributed among both genders such that each type of suite
was donned by nine males and seven females. Each participant repeated
the trials seven times using the same type of suit. Each participant
received verbal instruction on how to don the TPIS and was also allowed
300 s to read the instruction sheet prior to attempting to don the suit.
Participants could also read the instructions again during the rest period
between each subsequent donning trial. Thus, the participants can be
expected to be well briefed as to the donning procedures prior to the
start of the trial. The average donning time, determined by analysis of
video recordings, was found to vary between 90.1 s and 115.9 s
depending on the type of suit. A key finding of this work was that there
was a significant learning effect associated with repeated donning of the
TPIS. However, unfortunately, the donning times and the correctness of
donning for the first donning attempt of each suit was not reported, and
so it is uncertain how long a time was required for the first donning of
each suit or what level of correctness that was achieved. Furthermore,
there are a number of other limitations associated with these trials that
reduce the usefulness of the findings. For example, all the participants
were in the early twenties and so unrepresentative of the broad cross-
section of the population that may need to utilise the TPIS, the sample
size was very small, participants were instructed to tie back long hair
prior to the trial so as not to interfere with the donning process and
finally, the TPIS used in the trials were not representative of the type of
survival suit approved for evacuation in polar waters (Mallam et al.,
2012; Mallam et al., 2014).

In another donning study, the effect of learning and training on the
correctness of donning survival gear (immersion suits) was investigated
using 536 seafarers (290 officers and 246 ratings). Less than 1 % of the
donning trials involved an error relating to the correctness of donning.
In this experiment, all participants had received the necessary safety
training required to serve at sea (Sanli et al., 2019). As the participants
in this study were trained professional seafarers, the results do not shed
light on the performance of typical cruise or adventure cruise
passengers.

To address this lack of maritime relevant data and amass an evidence
base that can be used to assess the impact of TPIS on evacuation per-
formance in polar regions, Wester Norway University of Applied Science
(HVL) and The Arctic University of Norway (UiT) embarked on the
ARCtic EVACuation (ARCEVAC) project. As part of the AREVAC project,
two different types of TPIS were used in a series of experiments to assess
their impact on walking speeds and quantify donning times and the
factors that influenced donning times. The two TPIS differed signifi-
cantly, one was a lightweight survival suit produced by Hansen Pro-
tection (Sea Pass passenger suit) (Briinig et al., 2021) and the other was
an immersion suit with fully integrated buoyancy and thermal insulation
produced by Viking (Yousafe Blizzard PS5002). The impact of TPIS on
walking speeds of individuals along a corridor at four different angles of
the heel (0°,10°,15 and 20°) has recently been reported in Azizpour
et al. (2022).

The aim of this paper is to systematically explore TPIS donning time
and correctness and the factors that influence these parameters. To
explore these issues a series of donning trials are conducted with over
100 volunteers donning a buoyancy integrated immersion suit produced
by Viking (Viking TPIS, see Fig. 1). In addition, the paper provides a
quantification of the TDT for the Viking TPIS that can be used in evac-
uation modelling analysis for passenger ships in polar conditions.
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(a) Viking TPIS

(b) TPIS carry bag with instructions placard
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(c) TPIS in sealed plastic bag

Fig. 1. The Viking TPIS and its packaging.

2. Experimental procedure and data collection

To identify the factors influencing donning times and the correctness
of donning and to quantify the TDT for the Viking TPIS a series of trials
were conducted with volunteers recruited from the local community.
This section describes the recruitment of participants, the TPIS used in
the trials and the experimental procedures employed.

2.1. Trial participants

Trial participants were recruited through the local media, social
media, word of mouth etc. Recruited participants were asked to com-
plete a pre- and post-trial questionnaire that included questions related
to demographical information and potential previous experience in
donning TPIS. In total 108 volunteers (71 male and 37 female) aged
between 18 and 72 years of age were recruited. Older participants were
not allowed in order to reduce the risk of injuries if slipping. Other
recruitment criteria were that participants should be in good health
without any serious condition that could impair their movement or
vision. The total number of participants in different age groups for males
and females is presented in Table 1. Of the 108 participants, 59 stated
that they did not have prior experience of donning TPIS. The rest of the
participants (49 people) either claimed to have a previous experience
with donning a survival suit or had donned another type of survival suit
(Hansen TPIS (Briinig et al., 2021) prior to the trial (see Table 1). The
average height and weight of the male group were 1.83 m (Standard
Deviation (SD) = 0.06 m) and 84.1 kg (SD = 11.9 kg), respectively. The
female group had an average height and weight of 1.67 m (SD = 0.05 m)

Table 1

and 68.3 kg (SD = 10.5 kg), respectively.
2.2. TPIS

The TPIS used in this study was supplied by Viking and is a buoyancy
integrated immersion suit equipped with a thick layer of thermal insu-
lation, satisfying the thermal requirements of the Polar Code (2017).
This TPIS is a one size fits all suit, accommodating a wide array of body
types and heights. The suit consists of integral foot coverings and a hood
with non-integral but attached gloves. Rubber seals around the face and
wrists are intended to prevent water ingress into the suit. The foot
covering was equipped with rubber soles requiring the suit to be worn
without shoes (Fig. 1.a). A total of 25 Viking TPIS were used in the trials,
of which 14 were new (previously unused) and 11 were previously used,
at least once. Each TPIS was stored in a zipped carry bag provided with
the suit (see Fig. 1.b). The zipper of the carry bag extended over three
sides of the carry bag. In addition, unused suits are sealed within a
plastic bag within the carry bag (see Fig. 1.c). Once used by the first
participants, suits were folded and placed inside the carry bags without
the sealed plastic bag, ready for the next group of participants. We define
the Net Donning Time (NDT) to be the time required to open the carry
bag, extract the TPIS and don the suit (see Eq. (4) and Eq. (5) for details).

2.3. Trial procedures
The donning trials were conducted at two shore-based facilities, the

ARCOS safety centre in Tromsg) and the ResQ safety centre in Hauge-
sund. In total, 84 volunteers participated at the ARCOS safety centre and

Arithmetic mean, minimum, and maximum NDT (s) for the different age groups of participants given their previous donning experience and method of instruction

(number of participants shown in brackets).

Mean, Min-Max and (Number of participants)

18-19
Years of age

Method of Instruction Experience

30 -50
Years of age

>51 Total number

Years of age

Male Female Male Female Male Female
Written Instruction (WI) No Experience (NE) 149.1 202.9 221.4 185.6 201.7 187.2 47
90.6-208.4 135 -335 164.4-341.1 142.6-210.6 125.4-278.1 187.2-187.2
(25) 12) “ 3 (2 @
Experience (E) 122.7 145.7 139.4 198.4 109.4 209.7 42
64.7-265.6 110.6-224.6 77.4-249.3 106.9-235.4 93.2-125.6 167.9-251.5
a4 “@ 13 @ 2) 2)
Video Instruction (VI) No Experience (NE) 156 315.5 N/A 177.5 165.1 365 12
101.9-221.3 315.5-315.5 172.4-182.6 165.1-165.1 365-365
@ (€D 2 @™ 1
Experience (E) N/A 179.8 170.3 185.8 112.3 201.7 7
179.8-179.8 146.7-193.9 111.8-259.7 112.3-112.3 201.7-201.7
(€D 2) 2) @™ (€]
Total number 46 18 19 11 6 8 108
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24 at the ResQ safety centre. Full details concerning the trial procedures
can be found in the Supplementary Materials (see Sec. S1), here we
present a summary of the key details. Upon the arrival of the participants
at the trial location, participants went through a registration process
which included completing the pre-trial questionnaire and consent form,
and participants were then given a group safety briefing. Participants
were also instructed to remove coats and jackets and to leave all per-
sonal belongings behind prior to being escorted to the trial area.

The TPIS within its carry bag was placed on the floor in front of each
participant. Participants were instructed to imagine that they were at
sea on board a passenger ship sailing in polar waters and the evacuation
alarm had just been sounded. The participants were told that they had to
don the suit as quickly and as correctly as possible so that they would be
ready to safely evacuate the vessel. The task would start once the
instructor yelled “GO” and the end point was defined as the time that the
participant raised their arms above their head.

Prior to starting the trials, a sub-group of randomly selected partic-
ipants were shown a two-minute instructional video demonstrating the
correct donning procedure. In total 19 participants were shown the
video demonstration. This sub-group consisted of 10 male and 9 female
participants aged between 18 and 72 years.

In addition, written instructions (provided by the manufacturer)
were available to all participants through a laminated sheet located
prominently on the suit carrying cover (Fig. 1.b and Supplementary
Material Sec. S2). Participants were not permitted to read the in-
structions prior to the start of the trial. The participants’ donning

,

2.2. Start of the donning process with
participant touching the zipper
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performance was recorded throughout the donning trial using two
GoPro Hero cameras (frame rate of 25 FPS). A range of quantitative and
qualitative data was collected during the trials through video footage
and questionnaires (see Supplementary Material Sec. S3). Quantitative
data concerning donning correctness and speed of donning was collected
through analysis of the video footage.

Presented in Fig. 2 are example frames extracted from the trial video
footage highlighting important behaviours noted during the donning
trials (additional information can be found in Supplementary Material
Figure S2). The images demonstrate examples of participant behaviour
as they read the instructions (Fig. 2.1), unpack the TPIS (Fig. 2.2 to
Fig. 2.4) and attempt to don the suit (Fig. 2.5 to Fig. 2.7).

Prior to the start of the experiments, an application for ethical
approval for the research was sent to the Norwegian Centre for Research
Data (NSD). All appropriate measures were taken to ensure the safety
and anonymity of participants. Participation in the trials was completely
voluntary and the participants could withdraw from the trials at any
time.

3. Results
In this section the main results from the data collection are sum-

marised. This consists of data extracted from the video analysis sup-
ported by data extracted from trial questionnaires.

2.3. Carry bag is opened, the start of the
process to remove TPIS from the sealed
plastic bag

2.4. End of removing TPIS from the
plastic bag

2.7. End of donning process

2.6. Pulling up the zipper

Fig. 2. Examples of key participant behaviours during donning trials.
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3.1. Definition of variables
The controlled variables of primary interest consisted of:

e Demographic: primarily age and gender

e Experience: no previous donning experience (NE) or previous don-
ning experience (E)

e Instruction method: written instruction only (WI) or video plus
written instruction (VI)

Information relating to Demographic and Experience variables were
quantified through analysis of the pre- and post-trial questionnaires. For
the Experience variable, participants were asked if they had previously
donned a TPIS. If they answered yes, they were considered experienced,
irrespective of how long ago or how often they had undertaken the task.
Participants were placed in one of the two Instruction categories at the
start of the trial. As a main purpose of the trial was to establish a donning
time distribution that could be used in evacuation modelling analysis, it
was decided to focus on the minimum instructional method associated
with just written instructions, and so most of the participants were
placed in this category.

Observational parameters derived from the video analysis included;
net donning times (NDT), preparation time (PT), extraction time (XT)
and donning errors. These terms are further defined in this and subse-
quent sections. The process by which observational parameters were
reliably and consistently extracted from video footage relied on the
specification of a data dictionary and the precise definition of key pa-
rameters that were to be quantified. The definitions of key timed events
as defined in the data dictionary are as follows:

(1) Trial Start/End:

(a) Trial start time: Time at which ‘GO’ command is heard on audio
track (t;).

(b) Trial end time: Time at which the participant has raised both
hands to the highest level they could reach, indicating they were
finished (see Fig. 2.7) (t.).

(2) Preparation phase:

(a) Start preparation: Trial start time (see Fig. 2.1) (tp, note by
definition, tg, = t;).

(b) End preparation: Time at which the participant disengaged from
the preparation phase and engaged in the donning process by
touching the zipper tracker in order to open the cover (see
Fig. 2.2) (tep)-

(3) Extraction phase:

(a) Start extraction process: Time at which the participant first
touches the plastic bag with the intent to open it (once the cover
is opened). (See Fig. 2.3) (tys)-

(b) End extraction process: Time at which the participant has fully
extracted the TPIS from the plastic bag (see Fig. 2.4) (ty.).

Having defined these parameters, it is possible to determine the time
required by each participant to undertake various tasks. These are
defined as follows:

During the preparation phase, it is anticipated that participants will
take some time to read the donning instructions which are available on
the face of the package in the form of a large placard (see Fig. 1.b and
Supplementary Material Sec. S2) prior to attempting to don the TPIS.
The time spent during the preparation phase (PT) for each participant is
defined as the time interval from the start of the trial (i.e., 1a) to the end
of the participants preparation process (i.e., 2b), see Eq. (1).

PT =t,— 1, (€8]

The time required to extract the TPIS from the plastic bag (XT) for
each participant is defined as the time interval from the start of the
extraction process (i.e., 3a) to the end of the extraction process (i.e., 3b),
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see Eq. (2).
XT = tye — by (2

The NDT for a participant with a used TPIS (NDT,4), i.€., suit not in
a sealed plastic bag, is defined as the time interval from the end of their
preparation phase (i.e., 2b) to their trial end time (i.e., 1b). The NDT,q
can be determined for 94 participants and is given by Eq. (3).

NDTu.&ed =1, — tep (3)

The NDT for a participant with a new TPIS (NDT,.,), i.e., suit in a
sealed plastic bag, is defined as the time interval from the end of their
preparation phase (i.e., 2b) to their trial end time (i.e., 1b) less the XT
time. The NDT,.,, can be determined for 14 participants and is given by
Eq (4).

NDT o, = (1o = 1) — XT “

The Total Donning Time (TDT) for a participant with a used TPIS
(TDTq) is defined as the time interval from the trial start time (i.e., 1a)
to their trial end time (i.e., 1b) plus the XT time. The TDT,s4 can be
determined for 94 participants and is given by Eq. (5).

TDT, = (i, —t,) + XT 5)

Thus, the TDT includes the preparation time and a representation of
the extraction time. Depending on the nature of the intended applica-
tion, the XT can be represented by the mean XT, maximum XT or the XT
distribution within Eq. (5).

The Total Donning Time (TDT) for a participant with a new TPIS
(TDT,ew) is defined as the time interval from the trial start time (i.e., 1a)
to their trial end time (i.e., 1b). The TDT,., can be determined for 14
participants and is given by Eq. (6).

DT, = (1, — t,) (6)

As the TDT,,.,, inherently includes a measure of the actual extraction
time achieved by each participant, there is no need to add the XT term to
Eq. (6).

Finally, it is important to note that the NDT is a combined measure of
two parameters, the time required to extract the TPIS from the zippered
carry bag and the time required to don the TPIS. Thus, the NDT does not
simply measure the inherent ease or difficulty associated with donning
the TPIS. This is particularly important to keep in mind when attempting
to compare the inherent donning performance of the TPIS described in
this analysis with another TPIS design.

Throughout the video analysis, other behavioural data such as don-
ning errors were quantified and recorded in the form of binary variables
(Yes = 1, No = 0) (see Sec. 3.4). A randomly selected set of footage was
analysed by two raters using the definition of variables provided in the
data dictionary. The analysis was undertaken independently by the two
raters to quantify key observational parameters (e.g., donning times,
instruction times, opening times, etc.) and behavioural parameters. As
part of the inter-rater assessment, video footage for 20 participants was
analysed by the two raters and the results were compared using inter-
rater analysis methods (McGraw and Wong, 1996; McHugh, 2012).
Interclass Correlation Coefficient (ICC) was used to compare the mea-
surements of durations and Kappa statistics were used for comparison of
quantified behavioural variables. Results showed excellent agreement
between raters with an average ICC value of 0.99 and a Kappa value of
0.85, respectively, for duration measurement and behavioural data.
Analysis of the video footage for the Viking TPIS required approximately
63 person-hours of effort, 5076 data points were collected.

3.2. Net donning time

The donning data from 108 participants were collected from two
different locations (see Sec. S1) thus, the possible influence of location
on the NDT was assessed using a Mann-Whitney test. Results from the
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test did not indicate that the location of trials influenced the NDT (P-
value = 0.23). Therefore, data from the two different locations were
merged into one dataset. Descriptive statistics for NDT according to the
different age groups, gender, experience and method of instruction are
presented in Table 1.

Across all categories, the NDT for males varied from 64.7 s to 341.1 s
(see Table 1), with an overall mean of 147.5 s while for females the NDT
varied from 106.9 s to 364.9 s (see Table 1) with an overall mean of
198.9 s. Taken across all categories, this suggests that males were on
average quicker in removing the TPIS from the zippered carry bag and
donning the TPIS.

A distribution identification test, based on the Anderson-Darling
goodness-of-fit test (Stephens et al., 1986), suggests that the NDT for
both males and females was best represented by log-normal distribu-
tions. The Anderson-Darling test gave P-values of 0.42 and 0.64 for the
male and the female group, respectively. As presented in Fig. 3, NDT can
be represented by log-normal distributions with location (1) and scale
(6) of 4.94 and 0.334 respectively for males and 5.25 and 0.297
respectively for females. The influence of age, gender, experience, and
method of instruction on NDT is examined in detail in Section 4.3.

3.3. Preparation and extraction times

By definition, all participants spent some time during the preparation
phase as defined by Eq. (1). This is the time interval between the trial
start time and the participant purposefully touching the zipper to open
the carry bag. Among all participants who did not receive the video
instruction (i.e., the 89 participants in the WI group, see Table 1) the
average time spent in the preparation phase prior to beginning to open
the carry bag was 2.5 s (SD = 5.2s) with a range from approximately 1 s
to a maximum of approximately 35 s.

For the 89 participants in the WI group, it is reasonable to assume
that some or all of the ‘preparation time’ is spent reading the donning
instructions. While there is a large amount of text on the instructions
placard, the actual donning instructions consist of eight short bullet
points and associated pictograms (see Supplementary Material Sec. S2).
Thus, once the appropriate text is identified on the placard, the donning
instructions would not require much time to read but may require more
time to correctly interpret. The time spent in the preparation phase (PT)

16

14

—
(=}

Frequency
]

S8
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for the 89 participants in the WI group is distributed as shown in Fig. 4.a.
A Mann-Whitney test did not show significant differences in PT time
based on gender (P-value = 0.62).

As can be seen in Fig. 4.a. some 14 (16 %) participants had an
extended preparation time (i.e., greater than 2 s). Given this large tail, it
is difficult to represent the PT distribution using a continuous mathe-
matical expression. Thus, two expressions are used to describe PT dis-
tribution. The long tail of the PT distribution is reasonably well
described using a log-normal distribution (P-value = 0.75) with the
location (u) and scale (o) respectively 2.35 and 0.56.

By taking an average preparation time of 1 s for participants without
extended preparation time and assuming that the additional time for
those with extended preparation time (16 %) follows a log-normal dis-
tribution, the PT distribution for the 89 participants in the WI group can
be approximated by Eq. (7).

PT=1+UxX 7)

where U ~ Bernoulli(0.16) and X ~ Log-normal(2.35,0.56)

Using this formulation, each person is allocated a 1 s PT and 16 %
have an additional PT derived randomly from the log-normal distribu-
tion (X).

Finally, as 14 new suits were available during the trial, 14 (eight
males and six females) participants were engaged in the extraction
phase, where the TPIS had to be removed from the sealed plastic bag.
The duration of the extraction phase (i.e., XT as defined by Eq. (2))
varied from 9.8 s to 31.5 s, with a mean of 19.4 s (SD = 7 s). A Mann-
Whitney test did not show that the mean XT was significantly
different between the male and female groups (P-value = 0.33). The XT
was not significantly different from the log-normal distribution (P-value
= 0.06) and should be a reasonable choice for modelling purposes
(though a distribution fit is in any case deemed to be uncertain with such
small sample size). The time spent in the extraction phase (XT) by the 14
participants who had new suits is distributed as shown in Fig. 5. The XT
distribution can be approximated by a log-normal distribution and is
given by Eq. (8).

XT = Log — normal(2.9,0.39) ®

Gender

——= Male

E =1 Female

Loc Scale N

4938 03339 71
* x 0

Loc Scale N
* * 0

5.250 0.2974 37

l\

N\

/ FEL

0
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100 150 200 250 300 350

Net Donning Time (second)

Fig. 3. Distribution of NDT for both male and female groups.
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Fig. 5. Extraction time (XT) distribution (14 participants).

3.4. Donning errors

The number of donning errors incurred by each participant was also
evaluated. A donning error was defined as a key feature of the donning
process that was not correctly completed by the participant. These fea-
tures were based on the checklist of features identified by the TPIS
manufacturer and indicated on the laminated instructions appearing on
the suit carry case (see Fig. 1.b and Supplementary Material Sec. S2).
Donning errors are associated with seven key donning features as shown
in Table 2. To be classed as a donning error, the donning feature must be
in a final state other than the correct final state identified in Table 2.

Throughout the video analysis, correctness of donning of all items
listed in Table 2 was checked/quantified for each participant using a
binary variable (Incorrect/No = 0, Correct/Yes = 1). The Error Count
(number) for each participant was defined as a metric to investigate the

Table 2
List of key donning features and their correct final state.

#  Key donning feature  Definition of correct state

1 Shoes Shoes should be removed prior to donning suit

2 Hood (see Fig. l.aand  Hood should be pulled over the head covering the
Fig. 2.7) entire head

3 Ankle straps (see Both ankle straps should be securely fastened
Fig. 1.a)

Both interior length straps should be adjusting to
ensure suit legs are not to baggy

The zipper should be pulled up all the way past the
chin

The chest buckle must be fastened

Both gloves should be worn

4 Interior length straps
5 Zipper (see Fig. 2.6)

6 Chest buckle
7 Gloves (see Fig. 2.5)

correctness of donning. An ‘Error Count’ of zero indicates that the
participant donned the TPIS correctly with no errors, while an ‘Error
Count’ of seven denotes that the participant made seven errors during
donning. The error metric did not distinguish between the different
types of errors listed in Table 2.

As shown in Table 3, the 108 participants incurred a total of 234
donning errors, 158 by male (of which there are 71) and 76 by female (of
which there are 37) participants. On average, males incurred 2.2 don-
ning errors while females incurred 2.0, and experience and video in-
struction decreased the mean number for donning errors. Presented in
Fig. 6 is a pie chart showing the frequency of each donning error.

The least number of donning errors was associated with the hood and
gloves, representing only 0.4 % (1) and 0.9 % (2), respectively, of the
total number of errors (see Fig. 6). Only 0.9 % and 1.8 %, respectively, of
the population donned these suit components incorrectly. Participants
with very long hair appeared to require longer time to ensure that their
hair was within the hood, and this was confirmed by participants in their
post-trial questionnaire (see Supplementary Material Sec. S3).

The next most frequent donning error concerned the fastening of the
ankle strap, representing 6 % (14) of the total number of errors (see
Fig. 6). Given the universal size (one size fits all) of the TPIS, the ankle
strap is necessary to secure that the shoe of the TPIS remains in place on
the wearers foot. In total 13 % (9) of men and 14 % (5) of women failed
to fasten the ankle straps. The next most frequent donning error, rep-
resenting 8.1 % of the total number of errors, involved the zipper (see
Fig. 6). When the zipper is correctly pulled up over the chin it creates a
waterproof seal, however participants struggled with pulling the zipper
above the neck and chin. Approximately 11 % (8) of males and 30 % of
females (11) struggled with this task.

The third most frequent donning error, representing 22.6 % of the
total errors (see Fig. 6) concerned the lifting harness (chest buckle). This
is designed to aid the retrieval of an individual from water. If the lifting
harness is not buckled up it is more difficult to rescue passengers that
have fallen into the water. Only 46 % (33) of males and 59 % (22) of
females had buckled up their lifting harness when donning was
completed. The second most common donning error, representing 23.1
% of the total errors (see Fig. 6), was associated with failing to remove
shoes prior to donning. More than half the males (54 % i.e., 38) and 43 %
(16) of females failed to remove their shoes. The most frequent donning
error, representing 38.9 % of the total errors (see Fig. 6), was failure to
adjust the length straps. These straps are intended to compensate for the
universal size of the TPIS. The length straps, one located on each side,
adjust the length of the TPIS, lifting the gusset and bunching up excess
fabric in the legs and upper body area. Some 88 % (63) of men and 76 %
(28) of women failed to adjust these.

Presented in Fig. 7 is the distribution of the number of donning errors
incurred by participants from the male and female groups. For each
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Table 3
Descriptive statistics for donning errors according to different methods of instruction and experience.
Method of Experience (Number of errors) / Average number Mode of Number of Min number of Max number of Number of
Instruction (Number of people) of errors / person errors per occurrence of €ITOrS PEr PErson  errors per person people
person mode
Written No Experience 118/47 2.5 3 18 0 5 47
Instruction (NE)
(WD) Experience (E) 87/42 2.1 2 17 0 4 42
Video NoExperience 19/12 1.6 2 7 1 2 12
Instruction (NE)
(VD Experience (E) 10/7 1.4 1 4 1 2 7
Total 234/108 2.2 2 44 0 5 108

0.4%
0.9%

38.9%

@ Shoes OAnkle Straps B Hood
OGloves B Zipper OLength Straps
OChest Buckle

Fig. 6. Frequency for each type of donning error.
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Fig. 7. Percentage of male and female participants committing a given number
of donning errors.

participant the number of donning errors varies from 0 to 5 for both
males and females, with the most common number of errors being 2 for
both males and females.

4. Identification of factors impacting number of donning errors
and NDT using regression modelling

In this section a regression model is developed to explore which
parameters are most influential in impacting NDT and the number of
donning errors and the nature of the interaction. All the regression
analysis was performed using Minitab (version 19.2) and a significance
level of 0.05 is used in all statistical inferences.

4.1. Regression models

4.1.1. Poisson regression

Poisson regression (Hoffmann, 2016) can be used to predict a
dependent variable that are counts (e.g., number of donning errors)
following a Poisson distribution given one or more independent vari-
ables or predictors. Let Y ~ Poisson(¢y) denote the number of donning
errors following a Poisson distribution with expected number of donning
errors given by yuy. In order to avoid negative values of yy, one assumes
that there is a log-linear relationship between p, and the predictors x;,
i =1,...,n, in the following way:

Ln(py) = ao + arxi + axxy + -+ + a,x, )
By exponentiation of Eq. (9) we have:

Py = €% % €T % e ke @M = Ag x AY kAT ke x AT 10

In the Poisson regression model, each 1-unit increase in the predictor
x; multiplies the expected value of Y by e% = A;. Here A; can be inter-
preted as a growth factor, and A; —1 gives the relative increase in ex-
pected number of donning errors per unit increase of x; (all other factors
being kept constant).

4.1.2. Log-linear regression

The potential impact of various predictors on the NDT was investi-
gated using a log-linear regression model by log transforming the NDT
(as a response factor) in a general linear regression model (Levine et al.,
2001). If the response variable (i.e., NDT) is log-transformed, the effect
of any predictor in a linear regression model would be a percentage-wise
reduction or increase in the NDT. A log-linear multiple regression model
for response variable Z (i.e., NDT) and predictors x; can generically be
represented as follows:

11
Ln(Z) = by + bix; + byxz + - + €,€ ~ Normal(0, ) an

By exponentiation of Eq. (11) we have:
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Z =" x e x &P 5 oo x ¢ =By x B} % BY x - %,
€ ~ Log — normal(0, 0) 12)

In the log-linear regression model, each 1-unit increase in the pre-
dictor x; multiplies the expected value of Z by " = B;. Here B; can be
interpreted as a growth factor, and B; —1 gives the relative increase in
NDT per unit increase of x; (all other factors being kept constant).

4.2. Factors influencing the number of donning errors

A Poisson regression analysis (see Sec. 4.1.1) was undertaken to
explore the impact of predictor parameters on the expected average
number of donning errors (ADE = u,). The predictor parameters
explored in the regression analysis are preparation time (x; ), method of
instruction (x2), experience (x3), gender (x,4) and age (xs). The definition
and state of the predictor variables are presented in Table 4. Note that
video instruction (VI) is an abbreviation of video with written instruc-
tion, i.e., these participants had access to both forms of instruction.

In addition to the predictor parameters identified in Table 4, po-
tential interactions between the parameters were also considered
through the introduction of interaction terms such as method of in-
struction and donning experience (x2 x x3). According to the results of
the stepwise Poisson regression, only the x;, x» and x3 predictor pa-
rameters were found to be significant, while none of the interaction
terms turned out to be significant (R? = 25.4 %). As a result, the ex-
pected average number of donning errors can be estimated by:

ADE =2.81 % 0.96" % 0.59" % 0.73% 13

Presented in Table 5 are the coefficients, standard errors and P-
values for the significant predictor parameters in Eq. (13). Also pre-
sented is the expected change in predicted ADE per unit increase in
predictor parameter.

From Table 5, ‘method of instruction’ (x3) is predicted to have the
greatest impact on the ADE, followed by ‘experience’ and then ‘PT’.
From Eq. (13), a group of people exposed to written instruction only
(x2 = 0), without previous donning experience (x3 = 0) and aPT of O s
(i.e., no time to read instructions) are expected to incur an average of 2.8
donning errors (ADE = 2.81 x 1 = 2.81 from Eq. (13)). However, if the
same group has a PT of 10 s (i.e., has more available time to read the
instructions), then they are expected to incur an average of 1.9 donning
errors (ADE = 2.81 % 0.96'°=1.9). Thus, for inexperienced persons
exposed only to written instructions, the average number of donning
errors is predicted to decrease by approximately 33 % for every 10 s of
preparation time.

Presented in Fig. 8 is a plot of the expected ADE (Eq. (13)) for par-
ticipants with different types of instruction as a function of preparation
time. However, it should be noted that only a single participant had a PT
as high as 35 s, but any test intended to confirm how representative this
data point is would be very uncertain due to the small sample size. If this
PT is considered an outlier and excluded from the analysis, then the P-
value for PT increases from 0.02 (i.e., a significant result) to 0.09 (i.e.,
not a significant result). Thus, while it may be argued that intuitively it
would be expected that PT would exert a significant impact on the ex-
pected number of donning errors, the analysis presented here is not

Table 4
Definition of predictor parameters examined in the regression analysis.
Predictor Definition State
Parameter
X1 Preparation 0-35s
Time (s)
X2 Method of 1 = Video 0 = Written
Instruction Instruction (VI) Instruction (WI)
X3 Experience 1 = Yes (E) 0 = No (NE)
X4 Gender 1 = Female 0 = Male
Xs Age (years) 18 to 72 years
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Table 5
Contributing factors and change in the ADE given one unit increase in each of the
influencing variables (when all other variables are fixed).

Variable  Coefficient Standard A = Change in the ADE P-
Error of e per unit increase of value

Coefficient X;

X1 —0.044 0.02 0.96 Approximately —4% 0.023
per second
preparation time
—41 % with 0.009
receiving video
instruction
—27 % with having 0.03
previous donning
experience

X2 —0.52 0.2 0.59

X3 —0.32 0.15 0.73

3.0

=—0=—WI+NE
2.5
—0—WI+E

coee VI+ NE
2.0

1.5

1.0

Expected average number of donning errors

0.5

0.0
0 4 8 12 16 20 24 28 32 36 40 44 48 52

Preparation time in seconds

Fig. 8. Predicted average number of donning errors as a function of prepara-
tion time for various methods of instruction and experience.

conclusive and would benefit from additional data.

As can be seen from Fig. 8, for a given preparation time those with WI
and no experience always produce more errors on average than those
with VI and no experience. The WI and experience group fall between
the two. To produce an average of one donning error, those with WI and
no experience require a preparation time of 23 s, those with WI and
experience require on average a preparation time of 16 s, while those
with VI and no experience require a mean preparation time of 12 s.
When interpreting Fig. 8, it should be noted that the maximum recorded
preparation time was approximately 35 s. Furthermore, for the VI group
none of the participants has a preparation time of greater than 2 s and so
the curve is essentially a model extrapolation (hence shown as a dashed
line).

4.3. Factors influencing NDT

As with the donning errors, a variety of parameters such as age,
gender, method of instruction, etc may influence donning performance
of individuals. Here, we explore the potential impact of the control
variables (i.e., age, gender, height, weight, previous donning experi-
ence, video instruction) (see Sec. 3.1) and a selection of the observed
variables (such as taking the shoes off prior to donning, number of
donning errors including and excluding the error associated with the
taking off the shoes at the beginning, duration of preparation time) on
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the NDT (response variable) using a log-linear regression model. The
purpose of the modelling in this section is not to predict or quantify the
NDT for modelling application, but to analyse the postulated impact of
all aforementioned factors on donning performance of individuals. More
generally, the regression analysis is used to understand the interrelation
between the different variables. A recommended expression to predict
NDT for modelling application is presented in Section 5.4.

As in the donning errors analysis (see Sec. 4.2), the five predictor
parameters of preparation time (x;), method of instruction (x;), expe-
rience (x3), age (x4), and gender (xs) were considered (see Table 4). In
addition, the observational variable, ‘failure to remove shoes prior to
donning’ (x¢) was included. This parameter was included in the analysis
as it was noted from the video analysis that if participants did not
remove their shoes prior to donning the suit, they tended to struggle
with their inserted foot getting stuck in the suit’s thigh, thereby
extending their donning time. If x¢ = 1, i.e., YES, then shoes were not
removed and if x¢ = 0, i.e., NO, then shoes were removed prior to
donning.

First, the donning data from the participants without previous
experience (59 people) was considered within the regression model.
Thus, the parameters investigated were those identified above,
excluding the x3 parameter, and we call this Model 1. As in the donning
error analysis, potential interactions between the parameters were also
considered.

The regression analysis suggests that gender (x4) strongly impacts
the average NDT, with being female increasing the expected average
NDT by 29 %. However, apart from gender (x4), none of the parameters
were found to significantly influence the average NDT (see Table 6)
producing a model with an R? of 25.5 %. While not significant, age (xs),
preparation time (x;) and video instruction (x; = 1) were found to
potentially increase the average NDT. The result concerning preparation
time and video instruction may appear surprising as it is expected that
having more preparation time and having video instruction would better
equip the participants to don the suit faster and so we could expect that
the average NDT would decrease rather than increase. However, as
shown in Sec. 4.2, both preparation time and video instruction tend to
decrease the number of donning errors. If participants perform fewer
donning errors, it is possible that the NDT increases (as suggested by the
regression models) as participants correctly undertake all the tasks
required to correctly don the suit. The one exception is the donning error
associated with (not) removing shoes prior to donning. As stated pre-
viously, from analysis of the video footage, participants who did not
remove their shoes prior to donning struggled with the donning process
increasing their NDT. Thus, as noted in the regression model if xg = 1
(shoes not removed), the average NDT increases by approximately 16 %
(see Table 6). The positive correlation between age (xs) and expected
average NDT is to be expected. The regression analysis suggests that
expected average NDT increases by 6 % for every 10-year increase in
age. Donning the suit is a strenuous physical activity requiring a certain
amount of flexibility and so it is expected that donning time will
generally increase with age.

To increase the power of the analysis, the data associated with the
experience parameter (x3) was included in the regression model, which

Table 6
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we call Model 2. This increased the number of data points from 59 to
108. With the increased data set, all the parameters, with the exception
of preparation time (x;) are now found to significantly impact the
average NDT (see Table 7). Furthermore, the impact of each variable on
the expected average NDT has also increased. However, the results show
that only experience (x3) significantly reduces the expected average
NDT. Having previous donning experience reduced the expected
average NDT by about 17 %. Thus, these results are consistent with
earlier findings (Mallam et al., 2012) that suggest that experience tends
to reduce the expected donning time. However, unlike the previous
studies, the current study has quantified the potential impact of expe-
rience on donning time.

All other parameters tended to increase the expected average NDT,
being female (x4 = 1) by 33 %, failure to remove shoes (x¢ = 1) by 26
%, video instruction (x3 = 1) by 21 %, preparation time (x;) by 11 % for
every 10 s and age (x5) by 6.6 % for each 10 years increase in age.
However, it is noted that preparation time was not found to be signifi-
cant, with a P-value of 0.07 (see Table 7). Other factors such as height,
weight, and cross-product terms representing potential interactions be-
tween the parameters were not found to have a significant impact on the
NDT.

The resultant log-linear regression model describing the NDT is
presented in Eq. (14) and can predict approximately 37 % of the vari-
ation in the NDT (R? = 37.0 %). The parameters in Eq. (14) are defined
in Table 7.

NDT = 105.2  1.011" % 1.21 % 0.83" % 1.33" % 1.0064" % 126" x &~
(14)

where ¢ ~ Log-normal.(0, 0.29)
5. Discussion

The analysis presented in Sec. 4 identified the main factors influ-
encing the number of donning errors (ADE, see Sec. 4.2) and the net
donning time (NDT, see Sec. 4.3). In this section the impact of these
relations is discussed.

5.1. Factors influencing the number of donning errors

Donning errors (see Sec. 3.4) can have a range of detrimental effects
on the safety of the person wearing the TPIS. Some donning errors
(related to hood, zipper and gloves) can reduce the effectiveness of the
thermal protection provided by the suit, reducing the survival time
offered by the TPIS. Some donning errors (related to ankle and interior
straps) may make it more difficult to walk, increasing the time required
to reach a place of safety or potentially causing trips and falls. Some
donning errors (related to shoes) may make it more difficult to don the
TPIS, reducing the time available to reach a place of safety. Thus,
multiple donning errors have an accumulative effect on reducing safety
and so should ideally be eliminated completely, or at the very least,
reduced in frequency by the population and absolute number incurred
by individuals.

Model 1: Definition of contributing factors and change in the NDT of the inexperienced participants, given one unit increase in each of the influencing variables (when

all other variables are fixed).

Variable Definition (Unit) Coefficient Standard Error of A = Change in the mean NDT per unit increase of x; P-
Coefficient e value

X1 Preparation time (seconds) 0.0054 0.0073 1.005 About + 5 % for every 10 s of preparation 0.46

Xo Method of instruction x; € {VI =1, WI = 0} 0.13 0.11 1.14 About + 14 % with receiving VI 0.23
X4 Gender x4 € {Male = 0, Female = 1} 0.25 0.076 1.29 About + 29 % longer donning time for females 0.002

Xs Age x5 € (18 — 72 yearold) 0.0060 0.0032 1.0060 +6% per every 10-year increase in age 0.07

Xe Failure to remove shoes prior to donning x¢ € {  0.15 0.092 1.16 About + 16 % increase in donning time with NOT 0.11

Yes = 1,No =0}

removing shoes prior to donning

10
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Table 7
Model 2: Definition of contributing factors and change in the NDT given one unit increase in each of the influencing variables (when all other variables are fixed).
Variable Definition (Unit) Coefficient Standard Error of A = Change in the mean NDT per unit increase of x; P-value
Coefficient ed
X1 Preparation time (seconds) 0.011 0.0061 1.011 About + 11 % for every 10 s of preparation 0.07
X2 Method of instruction x; € {VI =1, WI = 0} 0.19 0.085 1.21 About + 21 % with receiving VI 0.03
X3 Experience x3 € {Yes = 1,No = 0} —0.19 0.060 0.83 About —17 % reduction in donning time with having 0.002
previous experience

X4 Gender x4 € {Male = 0, Female =1} 0.29 0.060 1.33 About + 33 % longer donning time for females <0.001
Xs Age x5 € (18 — 72 yearold) 0.0064 0.0025 1.0064 +6.6 % per every 10-year increase in age 0.01
Xe Failure to remove shoes prior to donning x¢ € {  0.23 0.066 1.26 About + 26 % increase in donning time with NOT 0.001

Yes = 1,No = 0}

removing shoes prior to donning

From Section 3.4 the number of donning errors incurred by an in-
dividual ranged from 1 to 5 with an average of 2.2 for the 108 partici-
pants. Clearly, it is desirable to reduce the average number of errors
committed during the donning process, and so it is essential to deter-
mine the factors that influence donning errors. A Poisson regression
model was used to investigate the potential influence of all the back-
ground (demographic, experience), randomized (instruction method),
and observed (NDT, instruction reading times and extraction times)
variables on donning errors.

Results of the Poisson regression suggest that of all the variables
considered, three appeared to significantly impact the number of don-
ning errors. These were, preparation time, method of instruction (see
Sec. 4.3) and previous donning experience, producing P-values of 0.02,
0.009 and 0.03, respectively. Fig. 9 presents the histogram of donning
errors for four groups of participants according to the type of instruction
they received and their previous experience of donning. As shown in
Fig. 9 and supported by Fig. 8, VI appears to be the most effective in-
struction methodology, producing an average of 1.5 donning errors
amongst the 19 participants who had VI, compared to an average of 2.3
donning errors for the 89 participants who had WI. Furthermore, par-
ticipants who received VI made a maximum of two donning errors while
those that received WI made up to five errors (see Fig. 9). Of secondary
importance, but still of significance is experience (E). As seen in Fig. 9
and again supported by Fig. 8, E also appears to reduce the number of
errors. The average number of donning errors for those with no

60%

55% B WI +NE (47)

50% BWI+E (42)

45% B VI+NE(12)
mVI+E(7)

Percentage of participants

°

40%
35%
30%
25%
20%
15%
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o
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Number of donning errors

4 5

Fig. 9. Histogram of number of donning errors for participants according to
instruction method and experience.
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experience (NE), irrespective of instruction methodology, is 2.3 (59
participants) compared with 1.98 (49 participants) for those with E.
Experience has a smaller impact on the propensity to generate errors
than method of instruction. For those with WI, the maximum number of
errors for those with NE and E decreases from 5 to 4 while the average
decreases from 2.5 to 2.1. Similarly, for VI, the maximum remains un-
changed at 2 and the average changes from 1.58 to 1.42 for NE and E.
Thus, as with the expected donning time (see Sec. 4.3) these results are
consistent with earlier findings (Mallam et al., 2012; Sanli et al., 2019)
that suggest that experience tends to reduce the expected number of
donning errors. However, unlike the previous studies, the current study
has quantified the potential impact of experience on donning
correctness.

It is noted that the impact of experience in this study may be masked
by how the experience was defined and measured. The quality, fre-
quency and how recent the experience was gained is not represented in
the current study. So, the experience claimed by participants could have
been donning a similar TPIS, once 20 years ago, or once in the previous
week, or every day throughout a person’s sea going career. Furthermore,
within this study, all would have been considered equivalent. These
factors are likely to influence the effectiveness of the experience but are
not considered within this study.

Thus, the impact of experience identified in this study can be
considered indicative at best. In reality, experience may have a more
profound effect depending on the nature of the experience. This is
particularly important when considering utilising the presented data
and correlations to represent the performance of mariners/crew regu-
larly trained in donning TPIS. However, one of the prime motivations of
this study was to determine the factors that impact donning correctness
and time, and clearly experience is an important influential factor for
both. However, another motivation of this study was to quantify the
expected donning time for the TPIS, and this is further described in
Section 5.5.2.

5.2. Importance of the donning error associated with shoe removal

The NDT is a key parameter of interest as the time required to don the
TPIS may directly impact the amount of time available for passengers to
reach a place of safety. In time critical evacuation situations, the longer
it takes to don the TPIS, potentially the shorter is the time available to
reach a place of safety. Thus, factors that tend to increase the NDT
should be avoided and their number minimised. While most donning
errors tend to decrease the NDT - as they usually result in some key
donning function not being completed - neglecting to remove shoes
prior to donning tends to increase the NDT due to the inherent difficulty
of the resulting donning process while wearing shoes. From the video
analysis it is known that 50 % of the participants (54 participants out of
total 108) failed to remove their shoes prior to the first donning attempt
(see Fig. 6). Furthermore, as shown in Sec. 4.3, failing to remove shoes
prior to donning increases the average NDT by approximately 26 %.

The primary factors that influence this particular donning error are
expected to be method of instruction and experience. Analysis of the
donning video footage reveals that 100 % (19) of participants with VI
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and 52 % (22 out of 42) of those with previous experience in the WI
group removed their shoes prior to the donning process. However, just
approximately 30 % (14 out of 47) of those in the WI group with NE
removed their shoes prior to the donning process. It is also expected that
the duration of the preparation time is likely to impact whether or not
the shoes are removed prior to donning, however, this cannot be
determined easily from the basic frequencies. Nevertheless, it is
important to identify procedural measures that can reduce the frequency
of this donning error, in particular when dealing with those with NE and
when relying on written instructions of the type associated with the
tested TPIS.

To quantify the impact of background and randomised variables (see
Table 4) on the probability of removing shoes (PRS), binary logistic
regression (Hoffmann, 2016) was used (see Supplementary Material Sec.
S4). The analysis reveals that only the preparation time, PT (x;), method
of instruction (x2) and experience (x3) were found to be significant.
Furthermore, as previously suggested, VI had the most significant in-
fluence on PRS while E was the second most significant variable.

The PRS for the WI + NE group is considerably smaller than that for
the VI 4+ NE group with PT of up to 20 s. The PRS for the VI 4+ NE group,
even with PT = 0 s is 91 %, while that for the WI + NE group is just 22 %.
If the PT is increased to 20 s, the PRS for the WI + NE group is just 85 %.
While having experience improves the PRS for the WI group, the
improvement is small and decreases as PT increases, furthermore, the
impact of experience is even smaller for the VI group. Analysis also
suggests that to achieve a 95 % probability of removing their shoes, the
WI + NE group require a PT of at least 28 s, whereas the VI + NE group
only require a PT of 4 s (for further details see Supplementary Material
Sec. S4).

While the average time spent in the preparation phase may be
considered short (2.3 s, see section 4.3), the actual donning instructions
are rather short, consisting of only eight short bullet points and associ-
ated pictograms (see Fig. 1.b and Supplementary Material Sec. S2). It
could therefore be argued that it should not require much time to read
the instructions. However, the donning instructions are somewhat lost in
a large amount of text, consisting of irrelevant text associated with care
of the TPIS and various language options. Thus, it can take some time to
actually locate the necessary information. Furthermore, the text font size
is rather small, making it difficult for many to read. Indeed, based on the
responses to the post-trial questionnaire (see Supplementary Material
Sec. S5), many participants encounter these difficulties and state that
they could not read the instructions. The ‘extended preparation time’
group (see Fig. 4.b) was identified as a sub-set of participants that spent
more time in the preparation phase (approximately 4 s to 35 s) and so
were more likely to have read the instructions, and thus more likely to
note the requirement to remove shoes prior to donning. 71 % (10 out of
14) of the participants in the ‘extended preparation time’ sub-group took
their shoes off prior to donning. This result is almost as good as the VI
group, that achieved all 19 participants removing their shoes prior to
donning.

The findings suggest that WI can also be an effective approach to
providing donning instructions. However, it is essential that the in-
structions are short, accompanied by clear pictorials, written in large
fonts, not combined with ‘care’ instructions, and simply focus on the
essential items. According to the SOLAS (IMO-SOLAS, 2014), ship pas-
sengers must undergo a safety drill including assembling at lifeboat
stations prior to or immediately following departure. It is likely that as
part of the assembly drill passengers will be shown a video of the don-
ning procedures, but it is unlikely that passengers will remember the
correct donning procedures when required during an emergency. It is
thus essential that clear, simple, short and unambiguous donning in-
structions are provided with the TPIS packaging.

5.3. NDT and donning errors

As stated in Section 4, NDT and donning errors are key parameters of
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Fig. 10. Mean NDT as a function of number of donning errors.

interest as they each directly impact passenger survivability albeit in
different ways. The longer the NDT, the less time is available for pas-
sengers to reach a place of safety, and donning errors have a cumulative
impact on reducing overall safety by compromising thermal protection
and possibly buoyancy. But how is NDT related to the number of don-
ning errors? Presented in Fig. 10 is a graph of mean NDT across all
participant control groups (108 participants) grouped according to the
number of donning errors. It is clear that a simple direct correlation
between number of donning errors and mean NDT does not exist.
Furthermore, a Kruskal-Wallis test was used to investigate the impact of
donning errors on NDT. The test did not find that NDT was significantly
influenced by donning correctness (P-value = 0.49).

Intuitively, this result may appear strange. It could be argued that
most donning errors tend to decrease NDT through omission, i.e.,
neglecting to undertake an essential task. However, it is also possible
that some participants may struggle with a particular essential task, such
as pulling the zipper over the chin, only to eventually give up incurring a
donning error while also having wasted time in the attempt, increasing
their NDT. Thus, some donning errors may either increase or decrease
average donning times, depending on the nature of the individual
involved. In contrast, the donning error associated with the failure to
remove shoes consistently increases donning time through the increased
difficulty incurred in donning while wearing shoes. The donning error
associated with shoe removal was the most common error, representing
approximately 40 % of all errors committed and was committed by 50 %
(54 out of 108) of the participants across all the trials (see Sec. 3.4).
Thus, the relationship between the number of donning errors and NDT is
inherently complex, with some donning errors increasing NDT for some
participants and decreasing it for others, while other types of donning
error tending to consistently increase NDT. This complex relationship
explains the lack of correlation observed in Fig. 10.

5.4. Quantification of donning time for regulatory purposes

Here the quantification of the TPIS donning time is provided to assess
regulatory compliance and for proposed use in evacuation simulation
analysis used to demonstrate that proposed vessel design and procedures
are appropriate.
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5.4.1. Regulatory compliance

As discussed previously (see Sec. 1) it is an IMO regulatory require-
ment that TPIS can be unpacked and donned without assistance within
120 s (ISO, 2012; IMO-SOLAS, 1998). For the TPIS investigated we
compare the TDT (derived from Eq. (5) and Eq. (6)) for inexperienced
participants (59 participants) with the requirement. For the XT
component in Eq. (5), we use the mean XT (19.4 s) derived from the
trials involving the 14 new TPIS. Presented in Fig. 11 is a frequency plot
of the 47 TDT’s based on the data derived from the trials involving
participants exposed to WI and who were inexperienced with the critical
120 s time indicated. As can be seen from Fig. 11, 95.7 % of the par-
ticipants have a TDT in excess of the maximum permitted donning time
of 120 s.

Even if only the NDT is considered (i.e., excluding the preparation
time and the extraction time) 89.4 % of the participants fail to don the
TPIS within 120 s. Clearly, the TPIS used in this study is not easy to don.
This is also supported by the participants responses to the post-trial
questionnaire (see Supplementary Material Sec. S5) where the major-
ity of female participant responses (38 %) found the TPIS very difficult
or difficult to don, while 18 % of the males found it very difficult or
difficult to don. However, 80 % of the participants suggested that it
would have been easier if there was a live visual demonstration during
the donning process while 50 % said it would have been easier had there
been some physical assistance during the donning process. While these
types of interventions are not permitted during the regulatory assess-
ment of the TPIS, these observations have important implications for the
procedures adopted onboard vessels.

5.4.2. Evacuation modelling

The guidelines for evacuation analysis of passenger ships (IMO-MSC/
Circ.,1533) specify population parameters that must be used in the
evacuation analysis. These include parameters such as passenger
response times, passenger deck walking speeds and passenger stair
walking speeds. The walking speed data is provided as a function of age
and gender. Furthermore, for evacuation modelling applications
involving vessels operating in polar waters it may be appropriate to
include the time required by passengers to don a TPIS. This could be
significant in evacuation analysis as the donning times for TPIS can be
up to 120 s (as required by IMO regulation) or more (see Fig. 15).
However, currently there are no formulations characterising the don-
ning times for TPIS that can be used in agent-based evacuation model-
ling applications, apart from simply assuming a uniform 120 s
regulatory compliant donning time. To address this limitation, we use
the data generated from the donning trials to specify a donning time
relationship that can be used in agent-based evacuation modelling.

We define the Total Donning Time (TDTyodening) for modelling ap-
plications by combining Eq. (1), (2) and (5), to produce,
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TDT yodetiing = PT + XT + NDT yyoietting (15)

where PT =1+ U xX, XT ~ Log — normal(2.9, 0.39)

and U ~ Bernoulli (0.16), X ~ Log — normal(2.35, 0.56)

In Eq. (15), NDT0qein is defined by the log-linear regression model
derived from the data-set for the group with WI, i.e., involving 89 par-
ticipants. The data for the participants with VI are excluded in order for
the NDT to be representative of the most conservative and likely situa-
tion on-board the vessel. The same type of log-linear regression model as
in Sec. 4.3 is applied, except that the variables method of instruction and
preparation time are excluded from the regression model. In this anal-
ysis, the background variables, age, gender and previous donning
experience appear to have a significant influence on the NDT. Thus,
NDT oqening is determined using these predicting factors in a log-linear
regression model. The resulting model, as defined by Eq. (16), can
predict R? = 27.5% of the expected variance of the NDT,

) N 16
NDT odetting = 130.3 % 1.006"¢ 5 1,320 4 . 795 werience y ¢ (16)

Where: ¢ ~ Log — normal(0, 0.3)

Age € (18 —72), Gender € {Male = 0, Female = 1}

Experience € {People without donning experience

= 0, People with donning experience = 1}

As can be seen in Eq. (16), previous donning experience is one of the
factors that can have a significant impact on the donning time. People
with experience can perform approximately 21 % faster than their
inexperienced counterparts. However, as noted in Section 5.1, given the
vagueness of the definition of experience used in this study, it is sug-
gested that the quantification of donning time for the inexperienced is
more reliable and representative of expected performance than the
quantification for the experienced. Thus, the predicted NDT for experi-
enced should be used with care as it is likely to underestimate the per-
formance of highly trained personnel such as crew.

Presented in Fig. 12 is the mean TDT as a function of age and gender.
The mean TDT is calculated using Eq. (15), setting Experience to zero
(excluding the standard deviations) in Eq. (16) and using the mean
values for PT and XT. The mean donning time for the male group ranges
between 166 s and 218 s, while the female mean donning time ranges
between 211 s and 278 s. The donning time of both genders increases
approximately 5.7 % for a 10-year increase in age. Furthermore, females
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Fig. 12. Mean TDT for males and females as a function of age for people
without experience (NE) using Egs. (15) and (16).
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at any age require on average over 32 % longer to don than their male
counterparts of the same age. Nevertheless, there will always be a
number of females who manage to don the TPIS faster than their male
counterparts due to natural variations within each group (i.e., € in the
regression model of NDT in Eq. (16) and the ¢ parameter in the log-
normal distributions of PT and XT).

In addition to age, gender and experience, the type and ergonomics
of the TPIS design and its packaging will also have an influence on the
donning performance of individuals. Thus, the TDT presented in this
paper is only intended to be representative of the particular TPIS
examined. Furthermore, from analysis of the behaviour of participants
during the donning trials and reflecting on their comments in the
questionnaires, certain aspects of the TPIS design could be modified to
improve donning performance. These aspects are discussed in the Sup-
plementary Material (see Supplementary Material Sec. S5).

6. Limitations

As with any experimental study involving human test subjects, there
are limitations associated with this work which should be considered
when reviewing the results. The limitations of the current study are
identified as follows:

e In order to conduct the research in an ethical manner and to reduce
the risk of injury to the participants, the experiment was conducted
in a controlled environment and experimental protocol eliminated
some factors, such as stress, darkness, slippery surfaces, dynamic
motion, adverse deck orientation, etc. which could have a detri-
mental impact on donning performance of individuals. Indeed, in the
post-trial questionnaire, 95 % of the participants suggested that their
donning times would be adversely impacted by dynamic motions or
adverse deck orientation, with 48 % suggesting that their donning
times could be doubled under such circumstances (see Supplemen-
tary Material Sec. S5).

The TPIS used in the trials were new or in as good as new condition
and perfect working order. In actual applications, it is assumed that
the TPIS used by passengers will be well maintained and in good
working condition as required by international regulations.

While the physical space available to the participants during the
trials was representative of the floor area per passenger required by
international regulation, it is possible that in actual emergency sit-
uations, passengers may be in environments with less physical space.
This may make donning more difficult.

Prior to the start of the trial, participants were instructed to remove
excessive clothing such as winter jackets, scarves or heavy jumpers.
In reality, such extra warm clothing may be worn by passengers in
real situations, making donning of the TPIS more difficult. Further-
more, in real situations, passengers may be instructed to remove such
clothing prior to donning of the TPIS, increasing the number of
preparation tasks and hence increasing the preparation time (PT)
and hence the total donning time (TDT).

All trial participants (who were aged from 18 to 72 years old) were in
good health and physical condition. Almost 60 % of the participants
were under the age of 20 years, with just 13 % of the participants
being over the age of 51 years. Furthermore, the average Body Mass
Index (BMI) for male and female participants was 25 (SD = 4) and 24
(SD = 3), respectively. The majority of participants in the trial were
within the normal BMI range with none of the participants in the
obese category. It is noted that in the UK and USA 27 % and 38 %,
respectively, of the population are classified as obese (Gallagher
et al., 2000). Thus, the sample population used in the trials may not
be considered fully representative of the target population. While
further research is required to include a wider cross-section of the
public, the donning times measured in these trials may be considered
to be optimistic.
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e The video instruction was shown to the participants immediately
prior to their participation in the trial. In real life situations, pas-
sengers may have viewed the video or undertaken an emergency
assembly drill hours or days before the time of the actual emergency.
Furthermore, during an actual emergency, passengers may not
patiently concentrate and watch an instructional video prior to the
donning. Further investigation is required to understand the impact
of the duration of the time interval between receiving video in-
struction and actual donning on donning performance.

e For the participants in the written instruction group (WI), it is
assumed that participants devote some time during the preparation
phase to reading the donning instructions. However, in a real situ-
ation, it is possible that passengers may spend less (or more) time
reading the instructions and so this may impact the NDT and the
TDT.
Concerning the validity of the statistical analyses, the participants
performed the donning procedure in groups of up to 15 persons at the
same time. Hence the individual donning errors (and donning time)
could potentially have been influenced by the performance of the
other participants in the same group. The statistical tests that have
been performed is usually underpinned by that the individual sam-
ples are independent, and some caution should therefore be taken
when considering the analysis of the factors that influence donning
errors in particular.

7. Conclusion

Thermal Protection Immersion Suits (TPIS) are required by the IMO
for all vessels operating in polar waters and must be designed so that
they can be donned, unaided within 120 s. To meet this requirement,
TPIS are typically designed as a universal one-size fits all. The one-size
fits all approach has the advantage of reducing the time required to
distribute the TPIS and the inevitable disadvantage of impacting the
donning time, walking performance and general manoeuvrability of
those individuals who are either very large or small in stature. The aim
of this study was to explore the factors influencing the donning speed
and correctness through an experimental trial involving 108 volunteers
(71 males and 37 females) aged between 18 and 72 years old.

A key finding of this work is that the mean net donning time (NDT)
was dependent on a complex relationship between, age (increases by
6.6 % for each 10 years), gender (increases by 33 % if female), experi-
ence (decreases by 17 % with experience), method of instruction (in-
creases by 21 % with video instruction) and failure to remove shoes
prior to commencing the donning process (increases by 26 %). The study
is unique in that it identifies and quantifies, for the first time, the factors
that influence donning time for the type of TPIS used in this study. This
is important to ship operators as unnecessarily prolonging the time
involved in donning the TPIS may mean that less time is available to
safely abandon the vessel. With the insight that this information pro-
vides, ship operators can develop procedures to minimise the time
required to don the TPIS. The information is also important to TPIS
designers and manufacturers, as it identifies design issues that make it
difficult to quickly don the TPIS.

Perhaps of greater importance than the donning speed is the donning
correctness and the factors that influence correctness. Clearly, a TPIS
that is incorrectly donned will impact life critical issues such as thermal
protection and buoyancy. Thus, a further unique aspect of this study is
that it identified that the number of donning errors is significantly
impacted by the method of instruction, with video instruction (VI)
producing an average of 1.5 errors while written instruction (WI) pro-
ducing 2.3. This finding is again important to both ship operators and
TPIS designers and manufacturers. For example, as part of the ship
abandonment procedures, showing a live donning demonstration or
playing a video of the donning process during an actual emergency may
be more effective at reducing donning errors than relying on passengers
to read the donning instructions. Nevertheless, project findings also
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suggest that WI can also be an effective approach to reducing the
number of donning errors. However, it is essential that suit manufac-
turers provide instructions that are short, accompanied by clear picto-
rials, written in large fonts, not combined with ‘care’ instructions, and
simply focus on the essential items.

In reviewing these results, it is important to note the limitations
associated with the study. In particular, the study focuses on only a
single type of TPIS, other suits may have different characteristics. This
aspect is currently being examined in a related study involving a
different type of TPIS. The majority (60 %) of the participants where
under the age of 20 years, with just 13 % being over the age of 51 years
and none of the participants being classed as obese. Furthermore, the
trials were conducted in ideal environmental conditions. These limita-
tions were a combination of practical and ethical considerations, the
latter being intended to reduce the risk of injury to the participants.

Furthermore, it is interesting to note that the preparation time was
not found to have a significant influence on NDT and a significant but
weak influence on the expected number of donning errors. The later
relationship was further weakened, to the point of insignificance, if the
maximum preparation time data point was considered an outlier and
removed from the analysis. Thus, it is suggested that the important
relationship between preparation time and both NDT and number of
donning errors requires further analysis.

The final key result, addressing an important aim of the paper was
the specification of a donning time distribution that can be used in
agent-based passenger ship evacuation analysis. Passenger ship evacu-
ation analysis using modelling techniques, as required by IMO for all
new builds, currently does not represent the time required by passengers
to don the TPIS. As the time required to don the TPIS is a critical factor
identified in the IMO (SOLAS), it is reasonable to assume that it may also
be an important factor in evacuation analysis for passenger ships
intended to operate in polar waters. The donning time distribution
suitable for modelling analysis defined in this work allows engineers to
assess whether the time required to don the TPIS critically impacts the
evacuation process, and if it does, enables them to refine procedures to
reduce the impact. This latter point is currently being pursued by the
authors in a continuing study.
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