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Abstract
The International Maritime Organization (IMO) regulates the provision of thermal protec-
tion, including Thermal Protective Immersion Suits (TPIS), for passenger vessels operat-
ing in Polar regions. These TPIS must be donned within 120 s. While IMO also requires 
evacuation modelling analysis to demonstrate timely abandonment of passenger vessels, 
the two regulatory requirements currently remain independent. TPIS usage is excluded 
from evacuation analysis partly due to insufficient data. This study's uniqueness and im-
portance lies in its provision of a reliable and robust evidence base, quantifying donning 
times and correctness for a regulatory compliant, non-insulated TPIS, designed for use on-
board passenger vessels. Donning time is defined as the duration taken to put on the TPIS, 
while donning correctness refers to the proper, watertight, and immersion-ready applica-
tion of the TPIS. Experimental trials with 96 volunteers (67 males, 29 females) aged 18 
to 72 revealed donning times from 55 to 186 s, with 39% donning correctly. Age affected 
donning performance (increase in time and errors with age), while gender and experience 
did not significantly impact it, which was inconsistent with prior donning studies of dif-
ferent types of TPIS. Surprisingly, watching a donning video did not significantly reduce 
time compared to written instructions, but it did significantly improve correctness. Clearly, 
donning times for this regulatory compliant TPIS exceeding 120 s question the appropri-
ateness of suit testing protocols. Finally, donning time distributions for use in agent-based 
ship evacuation analysis is proposed and TPIS design improvements suggested.

Keywords  Immersion suit · Thermal protection · Donning time · Passenger ship · 
Evacuation · Polar region
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Abbreviations
AG	� Age group
DE	� Donning error
DP	� Donning phase
DT	� Donning time
DTnew	� DT for participants with new suit
DTused	� DT for participants with used suit
E	� Experienced
IMO	� International Maritime Organization
ISO	� International Organization for Standardization
LSA	� Life-saving appliances
NDT	� Net donning time
NE	� Not experienced
NI	� No instruction
NSD	� Norwegian Centre for Research Data
PP	� Preparation phase
PT	� Preparation time
PXP	� Combined preparation and extraction phase
PXT	� Combined preparation and extraction time
SIKT	� Norwegian Agency for Shared Services in Education and Research
SM	� Supplementary material
SOLAS	� International Convention for the Safety of Life at Sea
TDT	� Total donning time
te	� End trial time
TPIS	� Thermal protective immersion suit
ts	� Start trial time
txe	� End time of the suit extraction process
VI	� Video instruction
WI	� Written instructions
XP	� Extraction phase
XT	� Extraction time

1  Introduction

In the field of safety science, understanding human behaviour during emergencies is criti-
cal for improving survival outcomes. Dr. Rita Fahy has been a leading figure in this area, 
particularly in her studies on human behaviour during fire evacuation scenarios (see for 
example [1–4]). Her research has greatly contributed to shaping fire safety regulations by 
collecting and studying human factors data and showing how human factors data can be 
incorporated into safety standards [2]. Fahy’s work emphasizes the importance of realistic 
human factor data in emergency situations (see for example [2–4]), a theme that resonates 
with the present study.

This paper focuses on human factors in the context of maritime emergencies, specifically 
on the collection of realistic donning performance data of immersion suits, which are criti-
cal for survival in evacuation scenarios in cold environments. Similar to Fahy’s research on 
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evacuation behaviour, this study aims to gather empirical data on how quickly and correctly 
people can don immersion suits. This data is essential not only for understanding human 
performance in time-critical evacuation scenarios but also for feeding into evacuation mod-
elling, a key area of Fahy’s work (see for example [5, 6]). Such models are used to simu-
late emergency scenarios, predict outcomes, and develop strategies to optimise evacuation 
procedures.

Moreover, this study’s findings have the potential to influence regulatory evacuation 
standards, much like Fahy’s work has done for fire safety. The primary objective of this 
research is to provide data that can be integrated into evacuation modelling frameworks, 
with the aim of informing and potentially supporting future changes in regulatory require-
ments related to passenger ship evacuations in polar regions.

In the maritime domain, the Polar Code of the International Maritime Organization 
(IMO) [7] regulates the provision of thermal protection for all passengers onboard vessels 
travelling in Arctic and Antarctic regions. Appropriate thermal protection enhances pas-
senger survivability in an evacuation scenario. Evacuation of a vessel may be necessary in 
accident scenarios such as a major fire outbreak onboard the vessel, collision with another 
vessel or object, or grounding and subsequent capsizing or sinking. According to the Polar 
Code [7], thermal protection can range from woollen underwear to specialised waterproof 
and insulated garments, commonly known as immersion suits or survival suits. Key features 
of an immersion suit may include insulating materials, waterproof construction, provision 
of buoyancy, visibility, or integrated hood and gloves. In this paper, the term "thermal pro-
tective immersion suits” (TPIS) is used to describe these garments, acknowledging their 
diverse and specialised designs tailored to specific application scenarios. “Thermal protec-
tive" highlights the focus on providing protection against the cold, and "immersion suits" 
specifies the type of garment designed for use in situations that may involve immersion in 
water.

Allowable donning performances of immersion suits are regulated, amongst others, by 
the IMO [8] and the International Organization for Standardization (ISO) [9]. Both define 
a 2-min donning requirement, which is assessed using six human test subjects of varying 
defined height, weight, and gender. After receiving a demonstration all test subjects must be 
able to unpack and don the TPIS including a lifejacket if the immersion suit is to be worn in 
conjunction with a lifejacket. The donning should be performed without assistance within 
a time frame of under two minutes. Furthermore, while not explicitly stated in the IMO or 
ISO requirements, it is assumed that the TPIS must be donned correctly by the participants 
to be considered a pass. However, no description is provided as to the level of correctness 
required to be considered a pass.

IMO furthermore requires that the evacuation capabilities of passenger ships are assessed 
during the design phase of the vessel, with the assessment usually undertaken using com-
puter simulation [10]. The purpose of the evacuation analysis is to assess the evacuation 
performance using prescribed parameters, such as passenger walking speeds, exit flow rates, 
passenger response times, and measure it against performance standards. As all ship evacu-
ations are time-critical events, the main measurement of evacuation performance stipulated 
in the IMO standard is evacuation duration, which is currently based on an analysis of fire 
risk [10, paragraph 8]. Passenger ship evacuation time comprises two components, the time 
required to assemble the passengers and the time required to abandon the vessel. However, 
the current IMO guidelines for evacuation analysis do not include any consideration regard-
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ing thermal protective clothing, in particular TPIS, for cold environments. The use of TPIS 
during passenger ship evacuation can impact evacuation performance in several ways, e.g., 
the time required to correctly put on the TPIS (donning time), a likely reduction in walk-
ing speeds while wearing the TPIS, and additional time associated with procedural aspects 
regarding the distribution of the TPIS.

Advanced evacuation simulation can be a powerful tool to assess the impact of deploying 
TPIS on the evacuation process [11–16]. Many evacuation simulation tools represent human 
behaviour using a stochastic approach and probability distributions [17–19]. Furthermore, 
the current IMO guidelines for evacuation analysis have adopted the stochastic approach for 
the advanced evacuation simulation, which can be seen for example in the representation 
of the passenger response time distribution [20]. However, the stochastic approach requires 
a reliable evidence base describing and quantifying the identified behaviour, thus if the 
donning process is to be included within ship-based evacuation models, a reliable evidence 
base quantifying donning performance, including donning times, and walking speeds when 
wearing a TPIS, is essential.

Unfortunately, there are very few studies that assess the impact of deploying TPIS on the 
evacuation process. Most research to date concerning TPIS has a focus on the thermal pro-
tection performance [21–23]. However, other aspects associated with TPIS that are likely to 
impact evacuation performance, such as donning time and donning correctness, the likely 
reduction in individual walking speeds, and procedural aspects associated with the use of 
TPIS, have received far less attention. Some procedural aspects may positively impact don-
ning performance. For example, for ships on international voyages of more than 24 h, a 
muster and safety briefing must be conducted before or immediately on departure [24]. 
Safety demonstrations may improve passengers’ safety knowledge and familiarity of safety 
critical equipment and procedures. Especially, in vivo demonstrations were found to build 
more trust to crew members than video instructions, which is believed to be vital to ensure 
a safe and effective evacuation [25].

The donning time and donning correctness of a TPIS are likely dependent on the com-
plexity of the suit design [26, 27]. Given that the test protocols [8, 9] only require six test 
subjects, as mentioned earlier, it is unlikely that the donning data produced for certification 
purposes accurately reflects the expected population performance and is also unreliable and 
inappropriate for use in the evaluation and planning of emergency procedures [28].

One of the few studies published in the academic literature that assess donning perfor-
mance is the work performed by Azizpour et al. [26], as part of the ARCEVAC project (see 
below). Azizpour et al. [26] investigated factors that influence donning time and donning 
correctness of an immersion suit with fully integrated buoyancy and thermal insulation. 
The TPIS was supplied in a carry bag with a placard displaying donning instructions and 
satisfied the IMO requirements. In total 108 male and female volunteers between 18 and 
72 years of age participated in the donning trials. A Net Donning Time (NDT) was defined 
as the time required to open the carry bag, extract the TPIS and don the suit. In addition, 
a Preparation Time (PT) was defined in which participants were anticipated to read the 
donning instructions provided on the carry bag. Some participants (N = 19) were shown a 
donning instruction video prior to the donning process. At the end of the donning process, 
the donning correctness of each participant was recorded. The influence of age, gender, 
experience, and method of instruction on NDT and number of donning errors was analysed 
and discussed.
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Azizpour et al. [26] reported that 89% of participants had NDTs exceeding the 2-min 
regulatory requirement. Also Mallam et al. [27], who collected donning times of two suits of 
similar design and both similar to the suit used in the study by Azizpour et al. [26], reported 
26% of donning times exceeding the IMO/ISO 2-min criteria. Furthermore, in the Azizpour 
et al. [26] study, 96% of the participants had at least one donning error and 75% had two, 
while in the Mallam et al. study 56.3% incorrectly donned the suit. These findings support 
the suggestion that donning data using the current certification protocol does not reflect the 
expected population performance and is unreliable and inappropriate for use in the evalu-
ation and planning of emergency procedures. However, how generalisable are the research 
findings by Azizpour et al. [26] and Mallam et al. [27]? In particular, are the trends in don-
ning times and donning error rates reported by Azizpour et al. [26] for an immersion suit 
with fully integrated buoyancy and thermal insulation applicable to different types of TPIS, 
such as lightweight survival suits [28, 29]?

To address this lack of data and amass an evidence base that can be used to assess the 
impact of TPIS on evacuation performance in cold environments, Western Norway Uni-
versity of Applied Sciences (HVL) and UiT The Arctic University of Applied Sciences 
embarked on the ARCEVAC (ARCtic EVACuation) project. As part of the ARCEVAC proj-
ect, two different types of TPIS were used in a series of experiments to quantify donning 
times and the factors that influenced donning times and to assess their impact on walking 
speeds and stair ascent/descent speeds. The two TPIS differed substantially, one was a light-
weight survival suit produced by Hansen Protection (Sea Pass passenger suit) [28] and the 
other was an immersion suit with fully integrated buoyancy and thermal insulation produced 
by Viking (Yousafe Blizzard PS5002) [26]. The impact of TPIS on walking speeds of indi-
viduals along a corridor at different angles of heel was recently reported in Azizpour et al. 
[30] while the impact of the TPIS on walking speeds on stairs is currently under investiga-
tion [31]. The aim of this paper is to build a reliable evidence base quantifying the donning 
performance of a specific type of TPIS (exemplified by the Hansen Protection TPIS), by 
typical passengers, with a focus on identifying key factors that influence donning time and 
correctness. The key research questions which are examined by corresponding hypothesis 
tests for each of the individual factors include:

1)	 Is there a significant difference in the number of donning errors based on the factors 
age, gender, experience and/or instruction method?

2)	 Is there a significant difference in the donning time based on the factors age, gender, 
experience and/or instruction method?

In addition, the study provides quantified donning time data for this type of suit, which can 
be applied in regulatory contexts, particularly in advanced computer simulations for pas-
senger ship evacuation analysis.

2  Experimental Methodology

The experimental methodology employed in the collection of the TPIS donning data has 
been previously described and discussed in detail [28]. Here a brief outline of the methodol-
ogy used in the study is provided.
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2.1  Brief Description of Trial Participants, Location and the TPIS

The experimental programme made use of volunteer human test subjects and so followed 
appropriate ethical standards and protocols. The approach used in collecting and handling 
personal data was approved by the Norwegian Centre for Research Data (NSD, now called 
SIKT– Norwegian Agency for Shared Services in Education and Research). All appropriate 
measures were taken to ensure the safety and anonymity of participants (see [28] for details). 
In total 96 volunteers (67 males and 29 females) from the local communities were recruited 
through the local media, social media and word of mouth, with an emphasis on enrolling 
naïve test subjects. The test subjects were non-disabled, healthy participants aged between 
18 and 72 years. Of the 96 volunteers, 91 participants were included in the donning time 
and donning error analysis (see sect. 2.6 and the Online Resource Supplementary Material 
(SM) sect. S3 for details). The trials took place at three shore-based facilities in Norway, 
the ARCOS safety centre in Tromsø, the Faculty of Science at UiT The Arctic University 
of Norway in Tromsø, and the ResQ safety centre in Haugesund (see the Online Resource 
SM sect. S1). The donning took place within a large room, with a smooth flat floor. Prior 
to commencing the trials, participants were requested to complete a pre-trial questionnaire 
(providing demographic information) and consent form, and were given a safety briefing.

The TPIS used in the trials was a lightweight, non-insulated immersion suit without inte-
grated buoyancy. The TPIS is available in two sizes, adult and child, but only adult-sized 
suits were used in this study. The suit is complete with integrated hood, gloves, and foot 
coverings (see Fig. 1). It is designed for use onboard passenger vessels or recreational ves-
sels, is approved as an uninsulated immersion suit in accordance with SOLAS’ LSA Code 
Med/1.5a [32] to be used with additional approved lifejacket. The suit has thus been tested 
to meet the 2-min donning requirement including the donning of an approved lifejacket. 
Note however, that the TPIS was donned without a lifejacket during the trials. According to 
the manufacturer [29], the TPIS is also compliant with the requirement of a thermal protec-
tive aid according to the IMO Polar Code [7], which is part of the survival equipment to be 
stored aboard life raft and -boats. General information and donning instructions are printed 
on the vacuum-packaging, but not on the suit itself. Furthermore, due to a limited number 
of new suits sealed in their vacuum packaging available for the trials (N = 24), unpacked 

Fig. 1  Picture of a unpacked immersion suit and b vacuum packed suit
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used suits were re-used by the majority of the participants (N = 72). An essential component 
of the TPIS is the zipper located at the front of the suit that is used to close the suit once it 
is donned. During the trials, zippers on 10 suits broke, resulting in a reduction in the data 
available for donning time and donning correctness analysis (see sect. 2.6 and Table 1 for 
details).

2.2  Method of Participant Instruction

As part of the trial design, three methods of instruction were investigated: written instruc-
tion (WI), video instruction (VI), and no instruction (NI). The WI (as delivered by the manu-

Table 1  Definitions of control variables
Control 
variable

Subcategory Definition Sam-
ple 
size

Broken 
zippers+

Number of 
useable data 
points
Don-
ning 
time

Don-
ning 
error

Suit state New suit A suit that is sealed in the vacuum 
packaging

23 2 22 21

Used suit A suit that has been removed from the 
vacuum packaging

68 19 61 49

Method of 
instruction

No instructions 
(NI)

Participants that were not provided 
with WI or VI

68 19 61 49

Written in-
struction (WI)

Participants that had access only to 
the written instructions printed on the 
sealed vacuum packaging (whether 
they read the instruction or not)

11 1 11 10

Video instruc-
tion (VI)

Participants that had access to a video 
demonstration of the correct procedure 
for donning the TPIS (whether they 
paid attention to the video or not). 
Note, those that had access to VI also 
had access to WI

12 1 11 11

Prior 
donning 
experience

No experience 
(NE)

Have never attempted to don a TPIS 
before, regardless of the type of TPIS. 
Based on response to post-trial ques-
tionnaire and previous participation in 
trials, if applicable

68 13 63 55

Experienced 
(E)

Participants that have donned a TPIS 
previously, regardless of when, how 
often or type of TPIS. Based on 
response to post-trial questionnaire 
and previous participation in trials, if 
applicable

23 8 20 15

Gender Male Participants identifying as “male” 62 19 54 43
Female Participants identifying as “female” 29 2 29 27

Age 
(AG = Age 
Group)

AG1 18–29 years of age male/female 36 13 18/12* 12/11*
AG2 30–50 years of age male/female 33 4 18/13* 16/13*
AG3 51–72 years of age male/female 22 4 18/4* 15/3*

+10 zippers broke during the donning, reducing the number of data points that could be used in the analysis 
of the donning time and donning correctness (see sect. 2.6)
*Numbers in cells are shown male/female
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facturer) described the donning procedure in eight steps, with each instruction expressed 
using a simple short sentence written in four languages (Norwegian, English, German, 
and French) and accompanied with an illustration (see Fig. 1). The VI consisted of a short 
instructional video demonstrating how to don the suit correctly and was prepared by the 
research team. The video was 2.3 min long and the soundtrack was in Norwegian, the first 
language of the participants that were exposed to the VI. Participants who experienced the 
VI also had access to the WI. As mentioned in sect. 2.1, donning instructions are printed on 
the vacuum-packaging, but not on the suit itself and thus only participants with new suits 
could be assigned to the WI or VI group. Thus, these groups consisted of a total of 24 par-
ticipants. Prior to the start of the trials, a group of 12 participants were randomly selected 
to receive the VI and another group of 12 participants were randomly selected to receive 
the WI. As suggested by the title, NI meant that no instructions, neither VI nor WI were 
provided. Participants in the NI group donned previously used suits, and so the packaging 
and hence instructions were not available. A total of 72 participants were in the NI group.

2.3  Brief Description of Trial Protocol

Groups of up to 15 participants would attempt to don the suit at the same time. The amount 
of floor space available to each participant was minimum 0.6 m2 as required by the IMO 
regulations [33]. A TPIS was set at the feet of each participant, either an unused TPIS in 
the vacuum packaging or a folded used suit. The participants in the VI group were shown 
the instructional video just prior to positioning them behind their assigned suit. The trial 
manager would then set the scene by instructing the participants 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 cor-
rectly as possible so that they would be ready to safely evacuate the vessel. The trial would 
commence once the manager gave the “GO” command and the end point was defined as 
the time that the participant raised their arms above their head. On completing the trial, 
participants were required to complete the post-trial questionnaire that explored the partici-
pants’ opinions about their donning experience, and asked for suggestions and feedback to 
improve the donning task (see the Online Resource SM sect. S5 and/or [28] for the complete 
questionnaire).

The participants’ donning performance was recorded throughout using two GoPro 
Hero cameras (frame rate of 25 FPS). A range of quantitative and qualitative data was col-
lected during the trials through video footage and post-trial questionnaires (see the Online 
Resource SM sect. S5 or [28] for details). Quantitative data concerning donning correctness 
and speed of donning was collected through analysis of the video footage using Adobe Pre-
mier Pro v15.0. Statistical analysis of the data was performed using IBM SPSS® Statistics 
version 28.0 using a significance level of 0.05 in all statistical tests.

2.4  Definition of Trial Control Variables and Key Events

Based on the experimental set-up, five control variables were defined: suit state, method of 
instruction, participant prior experience of donning a TPIS, gender, and age. Details of the 
definition of each control variable and the number of participants associated with each are 
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presented in Table 1. Note that age is specified in three groups as defined in the current IMO 
guidelines for evacuation analysis [10].

The various phases and key events that occur during the donning process are schemati-
cally described in the time-line diagram presented in Fig. 2. The four key events that define 
the donning process are, event ‘a’, the start signal for the trial, event ‘b’, the start of the 
extraction phase, event ‘c’, the start of the donning phase and finally, event ‘d’, the end of 
the donning phase. As noted in Fig. 2, participants donning a new suit and used suit involve 
a different combination of key events as the used suits are not sealed within the vacuum 
packaging. The donning phases are the time intervals between the key events, and for don-
ning a new suit this typically involves the preparation phase (PP), extraction phase (XP) 
and donning phase (DP), while donning a used suit only involves the DP. During the PP the 
participant may undertake a number of activities such as pick up the TPIS package, study 
the instructions on the package, etc. The XP is the period during which the TPIS is removed 
from the packaging and is ready to be donned. During the XP participants do not stop to 
study the instructions or undertake any other task. The PP and the XP is only applicable 
for participants with a new suit. Some participants began to open the packaging while still 
engaged in preparation activities. For these participants it is not possible to define a distinct 
PP and XP. However, a combined preparation and extraction phase (PXP) can be defined for 
all participants with new suits (see method 2 in Fig. 2 and Table 2).

The duration of each phase represents a key time interval during the donning process and 
are referred to as, preparation time (PT), extraction time (XT), combined preparation and 
extraction time (PXT) and donning time (DT).

To determine the key time intervals defining the donning process, the timing of the key 
events is derived from the video analysis. The process by which the timings of these events 
were reliably and consistently extracted from video footage relied on the specification of a 
data dictionary that precisely defined these key events. The precise definition of key timed 
events and parameters as defined in the data dictionary can be found in the Online Resource 
SM sect. S2. Here, the relevant key events and time intervals are described, and a more 
comprehensive description can be found in the Online Resource SM sect. S2.

The DT for a participant with a used suit (DTused) is defined as the time interval from the 
trial start time to their trial end time, i.e. from event ‘a’ to ‘d’ in Fig. 2 and Table 2, and is 
given by,

	 DT used = te − ts� (1)

where ts is the start trial time and te is the end trial time.

Fig. 2  Time-line for donning of TPIS
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The DT for a participant with a new suit (DTnew) is defined as the time interval from the 
end of their extraction phase to their trial end time, i.e. from event ‘c’ to ‘d’ in Fig. 2 and 
Table 2, and is given by,

	 DT new = te − txe� (2)

where txe is the end time of the extraction process and te is the end trial time.
The DT is a measure of the time required to don the TPIS, and so is an inherent measure 

of the ease or difficulty associated with putting on the suit. This is a useful measure as it 
allows for the comparison of one TPIS design with another. Furthermore, the XT is a mea-
sure of the ease of opening the packaging and so enables the comparison of various packag-
ing designs, while the PT is a measure of the time participants spend in preparing to don the 
TPIS, which can include studying the instructions.

For regulatory applications, the Total Donning Time (TDT) is required. The TDT is a 
measure of the time required for the entire process of preparation, extraction, and donning. 
The TDT is defined as,

	 TDT = PXT + DT � (3)

The DT is given by Eqs. 1 and 2 for used and new suits, respectively. The duration of the 
combined preparation and extraction phase (PXT) is defined as the time interval from the 
start of the trial to the end of the extraction phase, i.e. from event ‘a’ to ‘c’ in Fig. 2 and 
Table 2, (i.e. PXT = PT + XT) and can be derived for the 23 participants donning a new TPIS 
(see Table 1 and sect. 2.6). However, a PXT could not be measured for participants donning 
a used TPIS, and so to determine the TDT for a used TPIS an approximation for PXT must 
be used. Depending on the nature of the intended application, PXT can be represented by 
the mean of the measured PXT distribution for the 23 new suits, or the maximum PXT or 
values can be randomly selected from the PXT distribution.

Table 2  Depiction of key events on timeline for donning of TPIS
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2.5  Definition of Donning Error

In addition to the timed events associated with donning the TPIS, behavioural data, such 
as donning errors, was quantified and recorded in the form of binary and nominal variables 
(see [28]). The number of donning errors incurred by a participant provides a Donning Error 
(DE) score. It is important to note, that DE measures the final state of key suit features, 
i.e., it does not measure if the participant incorrectly executes a donning task but corrects 
it before completing the donning process. An overview of key features and the correct final 
state is shown in Table 3. These are based on the features identified by the TPIS manufac-
turer as indicated in the instructions panel on the TPIS packaging (see Fig. 1). The scale for 
DE varies from a minimum of zero (no donning errors) to a maximum of five, indicating that 
the participant incurred all the donning errors.

2.6  Zipper Malfunction and Data Validation

A total of 25 new TPIS in vacuum sealed packaging were available at the start of the experi-
ment, of which 23 resulted in valid data for DT and DE analysis. Another 72 participants 
donned a used TPIS, of which 68 resulted in valid data for DT and DE analysis (see the 
Online Resource SM sect. S3 for details).

Table 3  List of key donning features and their correct final state
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During the trials, it became apparent that the zipper was of poor quality and that a sub-
stantial number of zippers malfunctioned and broke. However, given that the number of 
TPIS were limited, it was necessary to make use of the data from the TPIS with broken 
zippers. Thus, in order to not lose the data points, it was judged appropriate to include par-
ticipants with a broken zipper in the DT analysis, that had performed all other donning tasks 
prior the attempt to close the zipper, and to add an appropriate correction factor to represent 
the time required to close the zip (see the Online Resource SM sect. S3 for details). In total 
10 zippers (representing 40% of the available TPIS) broke during the donning process and a 
further 11 participants were required to don a TPIS with a broken zipper. Of the 21 partici-
pants with broken zippers a total of 13 (62%) were included in the DT analysis (see Table 1). 
All participants with broken zippers were excluded from the analysis of donning correctness 
as the zipper end-status for these participants could not be determined.

3  Descriptive Results

The main results from the data collections consists of data extracted from the video analysis 
supported by data extracted from trial questionnaires (see the Online Resource SM sect. S5 
for details concerning the questionnaires).

A dataset comprising of 83 data points is available for the DT analysis while a dataset 
comprising of 70 data points is available for the DE analysis. Data from the participants 
excluded from the DT and DE analysis is included in the analysis of the post-trial question-
naires, where appropriate.

3.1  Preparation and Extraction Time

The results presented in this section relate only to those participants with a new suit and 
no prior experience (NE-group). Participants with prior experience were excluded for two 
reasons: 1) it is believed that experience may impact the PT and PXT, and 2) since only two 
participants who donned a new TPIS had prior experience, the sample size was too small 
to assess the impact of experience on PT and PXT meaningfully. The PXT were identified 
for participants with written instructions (NE + WI group, N = 10) and video instructions 
(NE + VI group, N = 11) (see Table 4). Four of the total 21 participants extracted the TPIS 
while undertaking preparation tasks and so a distinct PT and XT could not be defined, result-
ing in 17 data points for PT and XT (see sect. 2.4, definition of PP and XP).

The distribution of PT, XT, and PXT for the NE + VI and NE + WI groups are presented 
in Fig. 3. As can be seen from the distribution of PT, some participants in the NE + WI group 
display a longer PT than the participants in the NE + VI group. This is also reflected in the 
mean PT for the seven participants exposed to only WI, which is 8.8 s, while the 10 partici-
pants exposed to VI have a mean PT of 2.2 s (see Table 4).

Donning trial video footage suggests that only three of the seven participants in the WI 
group with a detectable PT were observed to look at the instructions during the PP while 
none of the participants in the VI group with a detectable PT were observed to look at the 
written instructions. The three participants that were observed to look at the instructions 
displayed a longer PT (between 13 and 21 s) than the other four participants that were not 
observed to look at the instructions (between 2 and 5 s). These observations are not surpris-
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ing as participants that were exposed to the VI just prior to the commencement of the don-
ning trials are unlikely to feel the need to study the donning instructions prior to attempting 
to don the TPIS, whereas those with only WI are likely to take time to study the instruc-
tions. Thus, the PT distribution for the WI group effectively consists of two distributions. 
One distribution representing those that appear to ignore the instructions, consisting of four 
participants resulting in very short PTs (between 2 and 5 s), and another representing those 
that appear to gaze at the instructions, consisting of three participants producing longer PTs 
(between 13 and 21 s).

In contrast to PT, the mean XT for participants with NE + WI and NE + VI are more 
similar, being 8.5 s and 5.6 s, respectively. Given that participants in the NE + WI group 
produced a longer PT than the NE + VI group, it follows naturally that the mean for the 
combined PXT is larger for the NE + WI group (17.4 s) than for the NE + VI group (8.3 s).

3.2  Donning Correctness

The number of donning errors (DEs) incurred by each participant is a measure of the don-
ning correctness. A DE was identified for incorrect final states of shoes, hood, zipper, gusset 
strap, and ankle straps as defined in Table 3.

As shown in Table 5, the 70 participants incurred a total of 71 DEs, resulting in an aver-
age of 1.0 DE per person. The 43 males produced 43 DEs resulting in an average of 1.0 DE 
per male participant while the 27 females produced 28 DEs also resulting in an average 
of 1.0 DE per female participant. Thus, taken across all the age groups, experience and 
instruction categories, males and females produce the same number of DEs on average. The 
distribution of the number of DEs for male and female participants are also very similar and 
are presented in Fig. 4.

Experience tended to reduce the average number of DEs, from an average of 1.1 (59 
out of N = 55) for the NE group to an average of 0.8 (12/15) for the E group, however, it 
is noted that the WI and VI groups only had one experienced participant each. For the NE 
group (N = 55), the method of instruction impacted the average number of DEs, with the NI 
(N = 36), WI (N = 9) and VI (N = 10) groups incurring an average of 1.3, 1.1 and 0.2 DEs, 
respectively.

Approximately 61% of all participants made at least one DE. However, this means that 
39% of the participants made no DEs. Indeed, from Fig. 4 the most frequent observed out-
come (i.e., the mode) was that a participant incurred zero DEs. Furthermore, the method of 
instruction impacted the proportion of the participants incurring at least one DE, with NI, 
WI and VI groups resulting in 69%, 70% and 18% of the group population respectively.

Presented in Fig. 5 is a pie chart showing the frequency of each type of DE across all 
experience and instruction categories. The least number of DEs was associated with the 
hood, representing only 3% (2) of the total number of errors, and– the same value– 3% (2) 
of the participants made this type of error (Note: The percentages, after rounding, are equal 
since the total number of participants, N = 70, and the total number of errors, N = 71, are 
so similar). The next highest number of DEs, representing 10% (7) of the total number of 
DEs (and 10% (7) of the population), involved the shoes. The shoes could be worn within 
the TPIS or externally, once the TPIS was donned. This DE involved the participants not 
wearing shoes once the donning was complete. The next highest number of DEs, represent-
ing 24% (17) of the total number of DEs, involved the gusset. This typically meant that the 
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gusset was not closed. The neck cord at the top of the gusset must be tightened to seal the 
gusset and the gusset tucked into the suit. A total of 24% (17) of the population made an 
error associated with the gusset. Approximately 33% (14) of males and 11% of females (3) 
struggled with this task.

Table 5  Descriptive statistics for DEs according to different methods of instruction and experience category
Method of instruction experience (NE = No expe-
rience, E = Experienced)

All

No instructions (NI) Written 
instructions 
(WI)

Video 
instructions 
(VI)

NE E NE E NE E
(Total number of errors)/(total number of 
participants)

47/36 10/13 10/9 2/1 2/10 0/1 71/70

Average number of errors per person 1.3 0.8 1.1 2 0.2 0 1
Mode of errors per person/Frequency of mode 1/12 1/6 0,1/3 2/1 0/8 0/1 0/27
Min–Max number of errors per person 0–4 0–2 0–3 2–2 0–1 0–0 0–4

Fig. 4  Percentage of male (N = 43) and female (N = 27) participants incurring a given number of DEs 
across all experience and instruction categories

 

Fig. 3  Distribution of a PT for NE + WI (N = 7) and NE + VI (N = 10) groups, b XT for NE + WI (N = 7) and 
NE + VI (N = 10) groups, and c PXT for NE + WI (N = 10) and NE + VI (N = 11) groups

 

1 3



Fire Technology

The second most common DE representing 25% (18) of the total DEs (and 26% (18) of 
the population) was associated with the zipper. When the zipper is correctly pulled up over 
the chin and the gusset correctly closed, a waterproof seal is created. However, participants 
struggled with pulling the zipper above the neck and chin. Approximately 26% (11) of 
males and 26% of females (7) struggled with this task.

The most frequent DE, representing 38% (27) of the total DEs (and 39% (27) of the 
population), was failure to close the ankle straps. The ankle straps are the only means, incor-
porated within the suit, to adjust its fit. Given the universal size (one size fits all) of the TPIS, 
the ankle straps are vital to ensure that the socks of the TPIS remain in place, especially if 
the shoes are worn inside the TPIS. Furthermore, the ankle straps prevent excess suit mate-
rial from accumulating around the feet during movement. In total 33% (14) of men and 48% 
(13) of women failed to fasten the ankle straps.

3.3  Donning Time

Descriptive statistics for DT according to age group, gender, experience, and method of 
instruction are presented in Table 6. Across all categories, the DT for males (N = 54) varied 
from 55.2 to 186.3 s, with an overall mean of 104.9 s, while for females (N = 29) the DT 
varied from 60.9 to 183.6 s with an overall mean of 106.4 s. Taken across all categories, this 
suggests that on average, males and females were equally fast in donning the TPIS. The DT 
distributions for males and females, respectively, are presented in Fig. 6.

By visual inspection, the DT distributions for males and females appear to follow either 
a normal or log-normal distribution. However, it could be argued that the characteristics of 
a log-normal distribution better represent the nature of the DT variable by, for example not 
allowing negative DT-values, and at the same time having non-negligible likelihood for 
observing larger DT values. To determine which provides a better fit to the data, Shapiro–
Wilk tests were performed on the DT data and on log-transformed DT data. The results sug-
gest that DT for male and female is not normally distributed (Male: W(54) = 0.955, p = 0.041; 
Female: W(29) = 0.924, p = 0.038), but fits a log-normal distribution (Male: W(54) = 0.986, 

Fig. 5  Frequency of each type of DE taken across all experience and instruction categories (N = 71)
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p = 0.78, Female: W(29) = 0.971, p = 0.59). The DT distributions for male and female can be 
described by Eq. (4) and are depicted in Fig. 6.

	
PDF DT = 1√

2π ∗ σ ∗ x
e− (ln(x)−µ)2

2∗σ2 � (4)

where, PDFDT = probability density function for donning time, μ = location parameter of the 
log-normal distribution, Male: 4.619, Female: 4.630, σ = scale parameter of the log-normal 
distribution, Male: 0.264, Female: 0.278.

Across all categories, the overall mean DTs for AG1 (18–29 years, N = 30), AG2 (30–
50 years, N = 31), and AG3 (51–72 years, N = 22), were found to be 96 s, 108 s, and 115 s, 
respectively. This suggests that age may impact DT, which is examined further in sects. 4.2 
and 5.2.2. Similarly, to the DT distributions for males and females, the DT distribution 
for AG1, AG2, and AG3 can be described by a log-normal distribution (see the Online 
Resource SM sect. S4 for details) using Eq. 7, where:

μ = location parameter, AG1: 4.53, AG2: 4.65, AG3: 4.71.

Table 6  Arithmetic mean, minimum, and maximum DT for male and female participants in AG1, AG2, AG3, 
given their level of experience and method of instruction
Method of 
Instruction*

Experience** Mean, Min–Max DT and (Number of participants)
AG 1
18–29
Years of age

AG 2
30–50
Years of age

AG 3
51–72
Years of age

Overall

Male Female Male Female Male Female
NI NE 94.2

55.2–
140.3
(8)

73.2
60.9–94.3
(4)

100.5
59.7–132.9
(8)

102.3
79.6–
125.9
(7)

121.0
77.8–
186.3
(14)

97.7
76.2–
119.3
(2)

103.6
55.2–
186.3
(43)

E 93.9
75.9–
123.5
(6)

116.0
88.8–151.8
(4)

74.4
65.2–83.6
(2)

66.1
66.1–
66.1
(1)

110.5
80.0–
133.4
(4)

100.7
100.7–
100.7
(1)

99.1
65.2–
151.8
(18)

WI NE 79.4
79.4–
79.4
(1)

114.2
91.8–131.6
(3)

125.8
104.3–151.3
(3)

160.5
115.0–
183.6
(3)

N/A N/A 128.1
79.4–
183.6
(10)

E N/A N/A 86.3
86.3–86.3
(1)

N/A N/A N/A 86.3
86.3–86.3
(1)

VI NE 94.6
78.6–
103.8
(3)

95.8
95.8–95.8
(1)

112.1
84.5–143.5
(3)

117.8
113.1–
122.4
(2)

N/A 96.2
96.2–
96.2
(1)

104.7
78.6–
143.5
(10)

E N/A N/A 97.3
97.3–97.3
(1)

N/A N/A N/A 97.3
97.3–97.3
(1)

Total number 93.3
55.2–
140.3
(18)

99.6
60.9–151.8
(12)

102.8
59.7–151.3
(18)

115.3
66.1–
183.6
(13)

118.6
77.8–
186.3
(18)

98.1
76.2–
119.3
(4)

105.4
55.2–
186.3
(83)

*NI No instruction, WI Written instruction, VI Video instruction
**NE No experience, E Experience
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σ = scale parameter, AG1: 0.246, AG2: 0.273, AG3: 0.260.
Finally, for participants without previous donning experience, taken across all age and 

gender categories, the three methods of instruction, NI, WI, and VI produced average DTs 
of 104 s, 128 s, and 105 s respectively. These results suggest that the method of instruction 
may have an influence on the DT of those without prior experience, which is examined 
further in sects. 4.3 and 5.4.

3.4  Post-trial Questionnaires

A total of 95 participants completed the post-trial questionnaires, representing a 99% com-
pletion rate. The questionnaire consisted of nine questions (see the Online Resource SM 
sect. S5 or [28] for details) with questions 3–7 being closed questions asking participants 
to rate various aspects of their donning experience while questions 8 and 9 were open ques-
tions asking participants to suggest how to improve TPIS design to ease the donning process 
and general additional feedback. Detailed responses to these questions can be found in the 
Online Resource (see SM sect. S5) and in the discussion section (see sect. 5), however, it is 
informative to note the following responses, which are based on responses taken over all the 
instruction, experience, age, and gender categories. Percentages reported in the bullet points 
refer to the number of valid responses per question; as some participants skipped individual 
items, resulting in varying sample sizes, missing responses were treated as missing com-
pletely at random and excluded on a per-question basis:

	● Question 3 (SM sect. S5.2) asked participants to rate how easy the donning process was. 
In total, 49.5% (47) of the respondents thought it was easy/very easy, while 15.8% (15) 
thought it was difficult/very difficult to don the TPIS.

	● Question 4 (SM sect. S5.3) asked if a visual (live or recorded) demonstration while don-
ning would have made the donning process easier. In total, 80% (75) said yes while 19% 
(18) said no. When asked if physical assistance would have made the donning process 
easier, 30% (26) said yes while 56% (49) said no.

Fig. 6  Distribution of DT for males (N = 54) and females (N = 29) taken across all experience and instruc-
tion groups
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	● Question 5 (SM sect. S5.4) asked participants if they believed that they had donned the 
TPIS correctly. In total, 71% (50) said yes while 21% (15) said no.

	● Question 6 (SM sect. S5.5) asked if participants thought that attempting to don the 
TPIS in conditions of rough seas would impact the time required to don the TPIS. In 
total, 34% (33) thought it would significantly increase donning time, 55% (53) thought 
it would slightly increase donning times while only 5% (5) believed it would have no 
impact.

	● Question 7 (SM sect. S5.6) asked if participants thought that wearing the TPIS would 
impact their walking speeds (in corridors or ascending/descending stairs). In total, taken 
across all types of walking terrain, 53% (147) thought it would impact their walking 
speed while 38% (105) said it would not.

4  Statistical Analysis

The main results concerning key trial parameters relating to PT, XT, DT, and DE extracted 
from the experimental data were presented in sect. 2.4. In this section the interrelationships 
between these parameters and their dependence on population demographics is explored.

The statistical analysis focuses on a plausible worst-case scenario, referring to partici-
pants that have no prior donning experience and no access to donning instructions. The 
rationale behind the plausible worst-case scenario is based on observations from the trials 
involving participants with new suits who were provided only with written instructions. In 
these trials, only 50% (5 out of 10) appeared to ‘view’ the written instructions, suggesting 
that the remaining 50% attempted to don the TPIS without first studying them. In a time-
critical emergency situation, it is possible that even fewer people would take the time to read 
the instructions. Furthermore, previous studies have shown that experience impacts donning 
performance, whereas one of the main aims of the study is to collect donning performance 
data for naïve (i.e. non-experienced) people, representing typical passengers. Thus, the don-
ning performance for participants that had no written instructions is explored as a possible 
plausible worst-case scenario. The dataset used for the worst-case scenario is the NE + NI 
dataset consisting of 36 data points for the DE analysis (see Table 5) and 43 data points for 
the DT analysis (see Table 6). Restricting the analysis to the NE + NI group also provides an 
indication as to how intuitive the TPIS used in this study is to don.

The statistical analysis makes use of the non-parametric Mann–Whitney U test to com-
pare two or more groups. In statistical analysis, the outcome is defined as the dependent 
variable (e.g. PT, XT, PXT, DT, and DE), while the factor that is manipulated or controlled 
to observe its effect on the dependent variable is defined as the independent variable (e.g. 
age, gender, instruction category, and experience). Potential confounding variables are 
accounted for by isolating the primary variable through dividing the data set in sub-groups 
based on relevant subcategories as defined in sect. 2.4. Analysis related to instruction cat-
egories WI and/or VI were performed excluding AG3, since only one participant belonged 
into the sub-category AG3. In addition, due to the small number of male and female partici-
pants in some of the age groups (see Table 1), to strengthen the statistical power for some 
of the DT and DE analysis relating to age and gender, the subcategory “Age Groups” was 
re-defined into two rather than the three original subgroups. These modified subgroups were 
defined as follows; AG A (18–45 years of age), representing a younger sample of partici-
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pants, with 14 and 11 in the male groups for DT and DE respectively and 11 and 11 in the 
female groups, and AG B (46–72 years of age), representing an older sample, with 16 and 12 
in the male groups for DT and DE respectively and 2 and 2 in the female groups. More infor-
mation concerning the sub-groups can be found in the Online Resource (see SM sect. S4).

The subsections of this section are organised as follows: First, the PT, XT and PXT are 
analysed with respect to the instruction categories. Then the impact of gender and age on 
DE and DT are explored focusing on the worst-case scenario. In addition to the worst-case 
scenario, the impact of method of instruction on DE and DT is explored in sect. 4.3, and the 
impact of experience on the donning performance (i.e. on PXT, DT and DE) is analysed in 
sect. 4.4. Unfortunately, there is insufficient data to perform a meaningful statistical analysis 
of the impact of DE on DT.

Table 7 provides an overview of the dependent and independent variables, along with 
their respective descriptive statistics for each group, and the probability values (p-value) 
from the Mann–Whitney U tests to indicate the significance of the differences between 
groups for each variable. Note, a Mann–Whitney U test was used for all analyses, except for 
the analysis of the relationship between age and DT, where a linear regression was applied 
(see annotation * in Table 7 and refer to sect. 4.2).

4.1  Preparation and Extraction Time

The PXT and PT distributions for the NE + WI and NE + VI groups show significant differ-
ences, with a Mann–Whitney test indicating that the method of instruction affects both PT 
and PXT (p < 0.045, refer to Table 7). Specifically, VI is more effective than WI in reducing 
the time participants spend preparing to don the TPIS. In contrast, the XT distribution is 
similar between the two groups, and no significant dependence on the method of instruction 
was detected (p = 0.051). This is expected, as opening the TPIS packaging is intuitive and 
requires only tearing it open.

4.2  Impact of Gender and Age on Donning Performance

4.2.1  Donning Correctness

The descriptive results (see sect. 3.2, Fig. 4 and Table 5) suggest that there is no difference 
between the DE rate for males and females across all instruction and experience categories. 
Restricting the analysis to the plausible worst-case (NE + NI) suggests that there could be 
gender differences in the DE rate as shown in Fig. 7. From the descriptive data, females 
made slightly fewer DE (N = 13, Mean = 1.23, Mode = 0) than the male participants (N = 23, 
Mean = 1.35, Mode = 1). However, it is also noted that the female group is on average 8 years 
younger than the male group (average age males/females = 46.8 years / 38.5 years) and this 
age imbalance between the genders may also exert an influence on the DE rate.

The potential impact of age on the number of DEs cannot be reliably assessed using the 
original three age groups due to small numbers in the female age groups and the small num-
ber of males in AG3 (see Table 8 and the Online Resource SM sect. 4.2 for details). Thus, 
here the potential impact of age on DE rate is assessed using male data only in the modified 
age sub-groups, AG A (18–45 years) and AG B (46–72 years). Males in AG A (N = 11) made 
statistically significantly fewer DEs than males in AG B (N = 12) (p = 0.020, see Table 7). To 
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Sections Dependent 
variable

Independent variable
G1: Group 1
G2: Group 2

Descriptive values p-value
Group 1 Group 2
Mean
Min–max
(N)

Mean
Min–max
(N)

Sections 4.1–4.3 includes participants with no experience (NE) only:
 4.1 Prepara-

tion time 
(PT)

Instruction category
G1: Written instruction (WI)
G2: Video instruction (VI)

WI VI 0.045
8.8 s
2.0 s-20.3 s
(7)

2.2 s
1.3 s-3.6 s
(10)

Extraction 
time (XT)

Instruction category
G1: Written instruction (WI)
G2: Video instruction (VI)

8.5 s
4.8 s -13.1 s
(7)

5.6 s
2.8 s-11.7 s
(10)

0.051

Prepara-
tion and 
extraction 
time (PXT)

Instruction category
G1: Written instruction (WI)
G2: Video instruction (VI)

17.4 s
6.9 s-28.0 s
(10)

8.3 s
5.5 s-14.4 s
(11)

0.002

 4.2 Donning 
errors (DE)

Age Group
G1: Males in AG A (18–45 yrs)
G2: Males in AG B (46–72 yrs)

Males in AG A Males in AG B 0.020
0.8
0–3
(11)

1.8
0–4
(12)

Gender
G1: Males in AG A (18–45 yrs)
G2: Females in AG A (18–45 
yrs)

Males in AG A Females in AG A 0.387
0.8
0–3
(11)

1.3
0–3
(11)

Donning 
time (DT)

Gender
G1: Males
G2: Females

Males Females 0.113
108.4 s
55.2 s-186.3 s
(30)

92.6 s
60.9 s-125.9 s
(13)

Gender
G1: Males in AG 2 (30–50 yrs)
G2: Females in AG 2 (30–50 
yrs)

Males in AG 2 Females in AG 2 0.817
100.5 s
59.7 s-132.9 s
(8)

102.3 s
79.6 s- 125.9 s
(7)

Gender
G1: Males in AG A (18–45 yrs)
G2: Females in AG A (18–45 
yrs)

Males in AG A Females in AG A 0.381
100.3 s
55.2 s-140.3 s
(14)

91.7 s
60.9 s-125.9 s
(11)

Donning 
time (DT)*

Age* N/A* N/A* 0.004*

Table 7  Mann–Whitney U Test Results for dependent and independent variables and descriptive statistics
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explore the impact of age and gender on the number of DEs, participants in one age group, 
i.e., AG A are considered (note there are insufficient females in AG B for analysis, N = 2). 
No statistically significantly difference between male and females was found (p > 0.38). 
That no statistical difference in number of DEs was found between males and females in the 
younger population confirms that the imbalance of age between the genders in the overall 
data set could impact the DEs analysis.

Furthermore, based on the findings from the male population, it is considered reasonable 
that older females would also make more DEs than younger females. It is also reasonable to 
assume that there is unlikely to be a difference in the DE rate between older males and older 
females, based on the findings of the younger male–female analysis.

Sections Dependent 
variable

Independent variable
G1: Group 1
G2: Group 2

Descriptive values p-value
Group 1 Group 2
Mean
Min–max
(N)

Mean
Min–max
(N)

 4.3 Donning 
errors (DE)

Instruction category
G1: NI in AG 1 and AG 2 
(18–50 yrs)
G2: WI in AG 1 and AG 2 
(18–50 yrs)

NI in AG1 + AG2 WI in AG1 + AG2 0.843
1.04
0–3
(23)

1.11
0–3
(9)

Instruction category
G1: WI in AG 1 and AG 2 
(18–50 yrs)
G2: VI in AG 1 and AG 2 
(18–50 yrs)

WI in AG1 + AG2 VI in AG1 + AG2 0.015
1.11
0–3
(9)

0.11
0–1
(9)

Donning 
time (DT)

Instruction category
G1: NI in AG 1 and AG 2 
(18–50 yrs)
G2: WI in AG 1 and AG 2 
(18–50 yrs)

NI in AG1 + AG2 WI in AG1 + AG2 0.018
95.1 s
55.2 s-140.3 s
(27)

128.1 s
79.4 s -183.6 s
(10)

Instruction category
G1: WI in AG 1 and AG 2 
(18–50 yrs)
G2: VI in AG 1 and AG 2 
(18–50 yrs)

WI in AG1 + AG2 VI in AG1 + AG2 0.121
128.1 s
79.4 s -183.6 s
(10)

105.6 s
78.6 s– 143.5 s
(9)

Section 4.4 includes participants with experience (E) and no experience (NE) from the instruction cat-
egory no instruction (NI):
 4.4 Donning 

errors (DE)
Experience category
G1: No experience (NE) in AG 
1 and AG 2
G2: Experienced (E) in AG 1 
and AG 2

NE in AG1 + AG2 E in AG1 + AG2 0.638
1.04
0–3
(23)

0.78
0–2
(9)

Donning 
time (DT)

Experience category
G1: No experience (NE) in 
AG 1
G2: Experienced (E) in AG 1

NE in AG 1 E in AG 1 0.166
87.2 s
55.2 s-140.3 s
(12)

102.7 s
75.9 s-151.8 s
(10)

Experience category
G1: No experience (NE) in 
AG 3
G2: Experienced (E) in AG 3

NE in AG 3 E in AG 3 0.680
118.1 s
76.2 s-186.3 s
(16)

108.5 s
80.0 s-133.4 s
(5)

*Performed statistical analysis: linear regression on log-transformed DT

Table 7  (continued) 
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4.2.2  Donning Time

The possible impact of gender on DT for the worst-case scenario (NE + NI group) is assessed 
for various age groupings. As there is insufficient gender-based data in each of the original 

Table 8  Descriptive statistics for donning errors for participants in group NE + NI according to different AGs 
and gender

Age Group
Gender
AG 1 
18–29 years 
of age

AG 2 
30–50 years 
of age

AG 3 
51–72 years of 
age

AG A 
18–45 years of 
age

AG B 
46–72 years 
of age

Male Female Male Female Male Female Male Female Male Female
(Total 
number of 
errors)/(total 
number of 
participants)

5/5 7/4 5/7 7/7 21/11 2/2 9/11 14/11 22/12 2/2

Average num-
ber of errors 
per person

1.0 1.8 0.7 1.0 1.9 1.0 0.8 1.3 1.8 1.0

Mode of errors 
per person

0,1 2 1 0 2 0,2 1 0 1,2 0,2

Frequency of 
mode

2 2 5 3 4 1 6 4 4 1

Min number 
of errors per 
person

0 0 0 0 0 0 0 0 0 0

Max number 
of errors per 
person

3 3 1 3 4 2 3 3 4 2

Fig. 7  Percentage of male (N = 23) and female (N = 13) participants in NE + NI group incurring a given 
number of donning errors
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three age sub-groups the analysis is undertaken for the following age groupings: the entire 
sample (Age: 18–72 years, Nmale = 30, Nfemale = 13), for AG 2 (Age: 30–50 years, Nmale = 8, 
Nfemale = 7), and for AG A (Age: 18–45 years, Nmale = 14, Nfemale = 11) (see Table 7). Unfortu-
nately, AG 1, AG 3, and AG B, did not have sufficient data points in the female population 
for a meaningful statistical analysis. The results of the statistical tests for these three age 
groupings showed no statistically significant difference in DT between males and female 
(p > 0.11).

As there was no indication from the statistical tests that gender has an impact on DT, the 
effect of age was analysed using the combined gender sample (N = 43). Simple log-linear 
regression was used to test whether age significantly predicted the average DT. This means 
that the regression analysis was based on the log-transformed DT data. The overall regres-
sion was statistically significant (R.2 = 0.18, F(1,41) = 9.44, p = 0.004), indicating that DT 
significantly depends on age. The fitted regression model is displayed in Fig. 8 and can be 
represented by Eq. (5)

	 Y = A0 ∗ A1
x1 ∗ eε = 72.2 ∗ 1.0073age(years) ∗ u� (5)

In Eq.  (5), Y  is the Donning Time (DT) in seconds. The model is derived from the cor-
responding linear regression model, ln (Y ) = β0 + β1x1 + ε, where β0 is the intercept 
andA0 = eβ0 = 72.2. The variable x1 is the explanatory variable, representing age in 
years, and A1 = eβ1 = 1.0073 is the growth factor corresponding tox1. The error term ε 
is assumed to follow a normal distribution,ε ∼ Normal(0,0.26), which corresponds to 
u = eε being log-normally distributed.

The appropriateness of the model was corroborated by residual analysis of the data-fitted 
values of u. A Shapiro–Wilk test was used to assess the fit of the standardised residuals, 
which suggested a strong fit to the normal distribution (N = 43, p = 0.66). Moreover, this 
log-linear model excludes the possibility of negative DT values, as opposed to the common 
linear model.

Fig. 8  Regression of DT against age in the NE + NI group (N = 43)
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From Eq. (5), the growth factor for each 10 years increase in age can be found by: 

	 A1
10years = 1.007310 = 1.075� (6)

From Eq. (6), the DT increases by 7.5% for each 10 years increase in age.

4.3  Impact of Method of Instruction on Donning Performance

4.3.1  Donning Correctness

A comparison of the number of DEs made by the participants without experience and in 
AG1 and AG2 between the various instruction categories is shown in Fig. 9. Focusing on 
the NE + NI (N = 23) and NE + WI (N = 9) groups, the participants in NE + NI (AG1 + AG2) 
(Mean = 1.04, Mode = 1) and NE + WI (AG1 + AG2) (Mean = 1.11, Mode = 0,1) incurred a 
similar number of DEs. It is noted that the WI group made slightly more errors on average 
than the NI group, which is counterintuitive, as it is expected that providing instructions 
would reduce the number of DEs compared to having no instructions available at all. How-
ever, no statistically significant impact of instruction category on the number of DEs was 
found (p > 0.84, see Table 7).

Comparing the number of DEs incurred by the NE + WI (AG1 + AG2) group (N = 9, 1.1 
DE/person) to that of the NE + VI group (AG1 + AG2) (N = 9, 0.11 DE/person), indicates 
that providing video instruction may significantly reduce the number of DEs compared 
to providing written instruction only. Table 7 shows that, indeed, a statistically significant 
impact of VI on the number of DEs compared to WI was found (p = 0.015).

4.3.2  Donning Time

To compare the effect of different instructional methods on DT, statistical analyses were 
conducted across various groups, as outlined in Table 7. Excluding AG3 from the NE + NI 
group (N = 27) results in an average DT of 95 s, which is 33 s shorter than the average DT 
for the NE + WI group (N = 10, Mean DT = 128 s), with this difference being statistically sig-

Fig. 9  Percentage of participants in AG1 + AG2 with E + NI (N = 9), NE + NI (N = 23), NE + WI (N = 9), 
and NE + VI (N = 9) incurring a given number of donning errors
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nificant (p = 0.018, see Table 7). The mean DT for the NE + VI group, again including only 
participants from AG1 + AG2 (N = 9), was 106 s, about 22 s faster than the NE + WI group. 
However, this difference was not found to be statistically significant (p > 0.12, see Table 7).

4.4  Impact of Experience on Donning Performance

The number of participants with experience in the NI group is small (N = 13) and not all 
sub-groups provide sufficient data points for a meaningful analysis thus, only variables that 
were found to significantly impact DT and DE are considered. In sect. 4.2, age was found 
to significantly impact DT and DE, but gender was not. Therefore, only age was considered 
by testing the impact of experience on DT and DE (see Table 7 for the tests and results and 
the Online Resource SM sect. 4.3 for more analysis). Note that for the DE analysis, AG1 
and AG2 were collapsed into a single grouping. Combining these data sets is considered 
appropriate as no significant difference was observed between participants below the age of 
50 years for the NE group.

The statistical analysis presented in Table 7 shows that no statistically significant differ-
ence in DT or DE between experienced and inexperienced participants was found for any of 
the performed tests (p > 0.16). Thus, for the TPIS investigated in this study, experience was 
not a statistically significant factor in determining average DT nor DE.

5  Discussion

The discussion section addresses the factors influencing donning performance of TPIS, 
beginning with an examination of preparation and extraction times. This is followed by 
an analysis of the impact of gender and age on donning time and correctness. The effect of 
different instructional methods and prior experience on performance is also considered. A 
summary of the key characteristics affecting donning performance is then provided. Finally, 
the discussion covers the influence of design features on donning performance, focusing on 
how these elements may affect both the speed and accuracy of the process in emergency 
situations.

5.1  Preparation and Extraction Time

The PXT is a combination of PT and XT and it was found that the PT and thus, PXT is 
statistically significantly shorter for the NE + VI group than the NE + WI group. It is noted 
that the trial involved an ideal situation where participants in the VI group were shown 
the donning instruction video immediately prior to attempting to don the TPIS– as in the 
IMO/ISO testing requirements [8, 9]. However, this is unlikely to be the case in an actual 
emergency situation where passengers are likely to only have access to WI. While it is pos-
sible that passengers may have seen an instructional donning video as part of a safety drill 
or briefing, prior to or immediately following departure as required by IMO SOLAS [24], 
during an actual emergency there is unlikely to be sufficient time for passengers to watch an 
instructional donning video prior to attempting to don the TPIS. Nevertheless, these results 
demonstrate that VI can significantly reduce the PT. What remains to be demonstrated is 
whether VI administered several days prior to attempting to don the TPIS, will have a ben-
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eficial impact on PT. And if it does, how long can the gap between the VI and the donning 
event be before the beneficial effect is diminished?

It is noted that the NE + WI group displayed an unexpectedly short PT, varying from 2 
to 20 s with a mean of 8 s. This is likely due to following three reasons: 1) an intuitive and 
simple donning process, 2) short and clear donning instructions, and 3) the fact that while it 
may be reasonable to expect participants to study the donning instructions prior to attempt-
ing to don the TPIS, this may not be the case. The first reason is supported by the responses 
of the participants collected through the post-trial questionnaires, where 64.8% (8) of par-
ticipants with WI thought that the TPIS was easy/very easy to don, while only 16.7% (2) 
thought it was difficult/very difficult (see question 3 of the post-trial questionnaire in the 
Online Resource SM sect. S5.2). Even among participants with NI, 40.8% (20) rated the 
TPIS as easy/ very easy to don, which is approximately 50% more than those who rated it 
as difficult/ very difficult (18.3% (13)). For a full breakdown of responses, please refer to 
the Online Resource SM sect. S5.2 The second reason is supported by a visual inspection 
of the donning instruction, which appears simple and clear with pictograms supported by 
short, clear text (see Fig. 1). The third reason is supported by analysis of the donning trial 
video footage, which suggests that only three of the seven participants in the WI group 
with a detectable PT were observed to look at the instructions during the PP while none of 
the participants in the VI group with a detectable PT were observed to look at the written 
instructions. The three participants that were observed to look at the instructions displayed 
a longer PT (between 13 and 21 s) than the other four participants that were not observed to 
look at the instructions (between 2 and 5 s). Thus, most of the participants ignored the WI 
prior to attempting to don the TPIS.

The short PT measured in these trials is not considered a weakness of the experimental 
methodology. In a real emergency situation, it is likely that not everyone will make the effort 
to study the written instructions prior to attempting to don the TPIS, or that the conditions 
of the emergency situation are not conducive to studying the instructions due to, e.g., poor 
lighting, time pressure, or ship movement etc. Additionally, if passengers do attend to the 
instructions, they may only give them a passing glance.

5.2  Impact of Gender and Age on Donning Performance

5.2.1  Donning Correctness

For a TPIS to function as intended and enhance the safety of the person wearing it, it is 
essential that the TPIS is worn correctly. Generally, DEs can detrimentally impact the safety 
of the person wearing the TPIS by compromising features associated with survival and 
escape, in particular features associated with thermal protection, buoyancy, or mobility.

Key donning features for the TPIS in this study that are important for survival and escape, 
concern the final state of the shoes, ankle straps, gusset strap, zipper, and hood. For example, 
an incorrect final state of the gusset strap or zipper will compromise the watertight integ-
rity of the suit enabling cold water to enter upon immersion in water, reducing the thermal 
protection and buoyancy capability of the TPIS. Neglecting to fasten the ankle straps com-
promises the fit of the TPIS allowing excess material to accumulate around the feet. This 
may make it more difficult to walk, increasing the time required to reach a place of safety or 
potentially causing trips and falls. Furthermore, in an attempt to counter-act this DE during 
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movement, a person may attempt to physically gather the excess material with their hands. 
However, during evacuation it may be essential for passengers to hold onto handrails, for 
example during conditions of bad weather or due to adverse vessel orientation. Not hold-
ing onto handrails may negatively impact overall evacuation performance and may lead to 
an increase in injuries or fatalities. Failing to wear the hood correctly and close the zipper 
all the way may also reduce the effectiveness of the thermal protection provided by the 
TPIS, reducing the survival time offered by the TPIS. Finally, neglecting to wear shoes may 
impact escape capabilities by making it difficult to walk in some situations, in particular 
where there may be debris on the deck. Clearly, multiple DE may have a cumulative effect, 
resulting in multiple compromises to survival and escape capabilities.

Thus, successful evacuation and enhanced survivability is not only dependent on the 
speed at which the TPIS can be donned, but also the degree of donning correctness that is 
achieved. It is thus essential to identify and understand the factors that contribute to DEs so 
that the number of DEs incurred by each passenger can be reduced.

It is noteworthy that more than a quarter of the participants (i.e., 28% comprising 5 males 
and 5 females) with no experience and no instructions were able to don the TPIS without 
error and a further 33% (10 males and 2 females) only incurred a single DE (see Fig. 7). 
Compare these results with the arguably more complex TPIS (heavier and with buoyancy) 
investigated by Azizpour et al. [26], where only 6% (3 out of 47) of those with NE + WI 
donned without errors and only 3.7% (4 out of 108) of those across all experience and 
instruction groups donned without errors. Thus, while 72% of the participants in the current 
study incurred at least one DE, given that so many could don the suit correctly, suggests that 
the TPIS investigated in this study is somewhat intuitive to don. This assertion is supported 
by the response of the participants to the post-trial questionnaire, with 41% (29) of the 
respondents with NI suggesting that it was ‘easy/very easy’ to don and a further 41% (29) 
stating it was ‘not difficult nor easy’. In addition, 67% (34) suggesting that they believed 
that they had donned the TPIS correctly (see the Online Resource SM sect. S5, Question 3 
and Question 5, respectively).

The statistical analysis for the worst-case scenario in sect. 4.2 suggests that the number of 
DEs is not influenced by gender but is significantly influenced by age for completely naïve 
participants (i.e., the NE + NI group). Older participants (above 45 years of age) appear to 
make more DEs than younger participants. This observation is in contrast to the finding 
of Azizpour et al. [26] who reported for the TPIS investigated in their study, that neither 
age nor gender significantly contributed to the number of DEs, and none of the interaction 
terms in the regression analysis (such as method of instruction and age) were significant. It 
has already been noted that the TPIS in the Azizpour et al. [26] study was arguably a more 
complex suit to don than the one used in the current study, and these factors likely contrib-
uted to the observed performance differences. The noted differences in performance for the 
two TPIS support the view that factors influencing the number of DEs are likely to be suit 
specific. However, it is noted that the test conditions in the Azizpour et al. [26] study were 
not identical to those of this study; in particular, all participants in that study had some form 
of instructions (WI or VI), which would arguably reduce the DE rate. In addition only 10% 
(11 out of 108) of the participants in the study by Azizpour et al. [26] were over 50 years of 
age, which could have made it less likely to detect any differences due to age.
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5.2.2  Donning Time

Passenger ship evacuation is a time-critical process and so all elements of the evacuation 
process must be thoroughly understood, quantified, and efficient, enabling robust planning 
to optimise the evacuation process. If donning a TPIS is a necessary part of the evacuation 
process, then quantifying DTs and understanding the factors that influence DTs are vital to 
enable appropriate planning to enhance the evacuation process.

From the statistical analysis referring to the worst-case scenario, gender was not found 
to statistically significantly impact the DT for the NE + NI group. As with the number of 
DEs (see sect. 4.2), this observation is in contrast to the findings of Azizpour et al. [26] who 
reported for the TPIS investigated in their study, that the net donning time was dependent 
on gender. In their analysis, they report that females take about 33% longer to don the 
TPIS than males. They also report dependence on age along with experience and method 
of instruction (see sect. 5.3 for discussion concerning method of instruction and sect. 5.4 
for discussion concerning experience). In contrast to gender, for the TPIS examined in this 
study, age, was found to increase DT by 7.5% for each 10 years increase in age. This obser-
vation is very similar to the findings of Azizpour et al. [26] who reported for the TPIS inves-
tigated in their study, that age exerted a slightly smaller effect of about 6.6% increase in net 
donning time per every 10-year increase in age. While the impact of age is similar for both 
TPIS, that gender is not an influential factor for this suit, but was for Azizpour et al. [26] 
supports the suggestion that the influencing variables for both DEs and DT are suit specific.

At first thought, it would be reasonable to assume that the average DT decreases as the 
number of DEs increases as essential tasks are not completed. However, achieving a correct 
final donning state not only requires that key activities are completed but they are completed 
correctly. Depending on their nature, DEs may increase or decrease the DT. For example, 
the correct final state for the footwear is that they are worn at the end of the donning pro-
cess– inside or outside the TPIS. If the footwear is not worn, this means that the footwear 
was removed during the donning process, which takes time, and was not worn at the end of 
the process. Thus, this DE could add time to the DT compared to someone who kept their 
footwear on during the donning process but would decrease the DT compared to someone 
who removed their footwear and then correctly wore the footwear at the end of the process. 
Whereas an incorrect final state of other key parameters typically refers to an omission of an 
activity, and thus a decrease in DT might be expected. For example, not pulling the zipper 
all the way up will decrease the DT. However, this non-executed task might have been pre-
ceded by a struggle to perform the task followed by a failure to complete the task, resulting 
in an increase in the DT. Thus, the relationship between the number of DEs and the DT is 
complex and is dependent, not simply on the number of DEs, but also the nature of the DEs 
and how they were incurred.

5.3  Impact of Method of Instruction on Donning Performance

5.3.1  Donning Correctness

While analysis of participant performance in the NI group is important as it provides insight 
into a plausible worst-case scenario, it is also important to explore the impact of instruction 
method on performance. From the statistical analysis, it was found that providing WI did not 
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significantly reduce the number of DE made. This might be attributed to three factors, 1) the 
WI needs improvement, 2) participants did not read the WI and/or 3) the TPIS is somewhat 
intuitive to don. Regarding the former, it is noted that the WI appears simple and clear with 
pictograms supported by short, clear text (see Fig. 1). Nevertheless, participants made sug-
gestions on how these could be improved (see the Online Resource SM sect. S5.7 (a)) and 
further suggestions on improving the WI are provided in the Online Resource SM sect. S6. 
These relate to issues associated with the ankle strap, which incurred the greatest number 
of DE’s in the WI group (see Fig. 10). Referring to factor 2, it was noted from the video 
analysis that a large proportion, i.e. eight of the ten participants in the NE + WI group (80%), 
glanced at the WI on several occasions during the donning trial. However, the amount of 
information the participants actually received from glancing at the WI, was not measured. 
The third factor is supported by the fact that over a quarter of the NE + NI group manged 
to don the TPIS without error, suggesting that donning the TPIS is somewhat intuitive, and 
so perhaps a passing glance at the donning instructions is unlikely to significantly impact 
the number of DEs. However, from the post-trial questionnaire, more participants with WI 
perceived it was easy/very easy (65% or 8) compared to those with NI (41% or 29) (see the 
Online Resource SM S5.2). Thus, by providing WI, participants perceived that it was easier 
to don the TPIS, although it did not result in a significant improvement in the actual donning 
correctness.

Results from comparing the WI and VI group suggest that providing VI immediately 
prior to the donning process can significantly reduce the number of DE incurred, compared 
to simply providing WI. This is supported by the study performed by Azizpour et al. [26], 
who also reported a similar finding for their more complex TPIS. This finding is particularly 
relevant for performance standards used for evacuation analysis purposes or emergency 
procedures planning. Certification standards for donning of TPIS [8, 9] require a visual don-
ning demonstration immediately prior to the donning performance testing. As demonstrated 
in both this work and Azizpour et al. [26], providing VI (or a live demonstration) immedi-
ately prior to attempting to don the TPIS significantly reduces the average number of DEs. 
However, it is questionable how relevant this testing approach is to real world situations, 
since during an emergency it is unlikely that passengers will have time to watch a video or 
live demonstration describing the donning procedures. Thus, the performance derived from 
certification testing is considered extremely optimistic and as such, can have detrimental 
consequences for the survivability of passengers. A relevant question not explored in this 

Fig. 10  Frequency of each type of donning error taken across a NE + NI group (Number of DE = 47), b 
NE + WI group (Number of DE = 10), and c NE + VI group (Number of DE = 2)
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work relates to how effective video instruction is in reducing DEs, when the video instruc-
tion occurs several days prior to the donning event.

Finally, it is noted that DEs were made by participants in all instruction category groups 
(see Fig. 10). While participants in the WI group (see Fig. 10b) incurred almost every type 
of possible error, those in the VI group incurred only one error type, involving incorrectly 
closing the zipper (see Fig. 10c). And as can be expected, those in the NI group incurred 
every possible type of error (see Fig. 10a).

5.3.2  Donning Time

Looking at the impact of method of instruction on DT, the statistical analysis found that 
participants in the NE + WI group took significantly longer to don the TPIS than the NE + NI 
group (see sect. 4.3.2). However, there was no corresponding significant improvement in 
the donning correctness (see sect. 4.3.1). This may be attributed to the TPIS used in the trial 
being somewhat intuitive to don (as already discussed in sects. 5.2.1 and 5.3.1) and thus not 
having instructions would not be a major hindrance, and without instructions, participants 
would not spend time studying the instructions during the donning process. This is sup-
ported by the fact that from the video analysis it was noted that eight of the participants in 
the NE + WI group (N = 10) glanced at the donning instructions on several occasions during 
the donning trial. The number of times a participant gazed at the instructions varied from 
1 to 6 times, with a mean of 3.3 times. Thus, having access to WI may encourage partici-
pants to refer to the instructions for reassurance. Each time a participant gazes towards the 
instructions they are extending their DT. This may account for the increase in DT for the 
NE + WI group.

The result regarding reduced average DT for participants without WI, while important, 
has limited general applicability to ship evacuation planning as it relates to the specific TPIS 
used in this study. However, it is informative to note that if the TPIS is sufficiently intui-
tive to don, passengers may be able to don it within a reasonable time without recourse to 
studying written instructions. This is clearly desirable as in an emergency, it is likely to be 
impractical for passengers to follow printed instructions while donning the TPIS, especially 
if there is poor lighting, or adverse vessel orientation and limited space.

Notably, previous research by Azizpour et al. [26] found that for the TPIS in their study, 
the method of instruction had a significant impact on net donning time, with VI increasing 
net donning time by as much as 21% compared to WI. The increase in net donning time 
resulting from VI, while counterintuitive, was most likely a result of participants performing 
fewer DEs and so undertaking all the donning tasks correctly, without missing out important 
steps in the donning process. Unlike the research by Azizpour et al. [26], where VI signifi-
cantly increased the net donning time, the data in this study, while not being statistically 
significant, showed an opposite impact of VI with tendency towards a reduction in average 
DT. These results further support the suggestion that the influencing variables for both DE 
and DT are suit specific and cannot be generalised to any and all TPIS.

Again, for the TPIS assessed in this study, providing VI immediately prior to attempt-
ing to don the TPIS tends to reduce DT and significantly reduces the number of DEs (see 
sect. 4.3). However, this advantage is unlikely to be experienced in a real situation– as it is 
unlikely that there will be sufficient time to show a donning video to passengers during an 
emergency - and so the performance achieved under these conditions is unrepresentative 
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of what is likely to be achieved in practice. As mentioned previously with regards to the 
impact of VI on DEs (see sect. 5.3.1), these results bring into question the efficacy of current 
IMO/ISO certification standards for donning of TPIS [8, 9] which require a visual donning 
demonstration immediately prior to the donning performance testing. A relevant question 
not explored in this work relates to how effective video instruction is in reducing DTs, when 
the video instruction occurs several days prior to the donning event.

5.4  Impact of Experience on Donning Performance

The preceding sections focused on a plausible worst-case scenario and participants with 
experience were excluded. However, previous research has suggested that experience will 
result in shorter DT and number of DE [26, 27]. Indeed, Azizpour et al. [26] found that for 
the TPIS in their study, previous experience could reduce the net donning time by as much 
as 17% and donning errors by 27%. However, for the TPIS used in this study, statistical 
analysis suggests that experience did not significantly impact DT nor DE (see sect. 4.4).

It is noted that the quality and nature of the experience of this group of participants was 
quite diverse. Participants were asked to identify whether they had previously donned a 
similar TPIS. However, it was not specified when they last donned the similar TPIS and how 
often they had donned it. Thus, the effectiveness of the gained experience may vary substan-
tially, which is likely to have impacted the quality of their donning performance. Addition-
ally, the TPIS used in this study is an emergency suit, that is, according to the manufacturer, 
specifically designed for the use onboard passenger ships or as an additional protection 
onboard leisure craft. As such, this particular TPIS is unlikely to be used in a professional 
work setting, such as anti-exposure suits used in the oil and gas industry, immersion suits 
for fishing vessels, or helicopter transport suits. Thus, it is likely that few participants would 
have had an opportunity to have gained donning experience in exactly this type of TPIS and 
it can be assumed that most participants refer to donning experience with a professional 
type of TPIS. This is supported by the observation that experienced participants tended to 
remove their footwear and kept their footwear off as generally required when using a pro-
fessional TPIS (see Fig. 11). Finally, given that the TPIS was relatively intuitive to don, it 
is unlikely that experience in donning a TPIS of any kind would have provided significant 
advantage in donning performance.

5.5  Summary of Donning Performance Characteristics

A key finding of this work is that TPIS donning performance, in terms of number of donning 
errors and time required to don is strongly related to the design of the TPIS, the quality of 
the instructions and the means by which the instructions are provided. This is clearly dem-
onstrated in Table 9 by comparing the performance, under similar experimental conditions 
(see the Online Resource SM sect. S7, Table SM 7 for details), of two very different types 
of TPIS. Trends in performance cannot be generalised from one type of TPIS to another, in 
particular when the TPIS are significantly different in form. This suggests that each type or 
class of TPIS, if not each TPIS, needs to be assessed separately to determine its likely don-
ning performance. A more complete summary of the differences and similarities between 
the two types of TPIS can be found in the Online Resource SM (see sect. S7, Table SM 8).
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5.6  TPIS Design Impacting Donning Performance

Clearly, the design of the TPIS will impact donning performance, both in terms of average 
DT and the number of DEs, which in turn impacts survival and escape. Differences in TPIS 
design will not only directly impact thermal and flotation performance but will also impact 
the speed at which TPIS can be donned, and hence evacuation performance, and the number 
of DEs likely to be incurred, and hence the effectiveness of the thermal protection offered 
and flotation performance.

For the particular TPIS explored in this study, several design issues were highlighted that 
adversely impacted performance. The most important issues concern the zipper. This is a key 
component of the TPIS as it assists in sealing the suit (along with the gusset) providing both 
thermal and buoyancy protection. During the trials a substantial number of zippers broke, either 
during the first donning attempt (3 out of 25 or 12%) or subsequent donnings (8 out of 59 or 
13.6%). This represents a failure rate of 13.1% (11 out of 84), which for a life critical component 
of a life critical system is unacceptable. Clearly, a stronger zipper is required.

Furthermore, the zipper received most attention by the participants in the post-trial ques-
tionnaires. Many comments related to the size of the zipper and the ability for the wearer to 
grab and pull the zipper while wearing the oversized, one-size-fits-all gloves (see the Online 
Resource SM sect. S5.7 for details). Several participants suggested that the zipper should 
include a long ‘grab tag’ to make it easier to clasp and pull the zipper while wearing the 
oversized gloves.

Another area requiring improvement for this particular TPIS concerns the gusset and 
gusset strap, which received the second highest number of comments in the post-trial ques-
tionnaires. The gusset is a key component of the TPIS as it is the final barrier sealing the 
suit providing both thermal and buoyancy protection (along with the zipper). The three main 
issues suggested by the participants requiring improvement were:

	● The gusset was too oversized, creating a vast surplus of fabric which made it difficult 
when stepping into the suit and attempting to close the zipper.

Fig.  11  Percentage of experienced (N = 13) and not experienced participants (N = 36) in the NI group 
incurring each type of donning error (all age groups)
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	● The gusset strap was considered too long and interfered with the zipper when the suit 
was being closed.

	● The gusset tightening mechanism was considered to be too small, its function unclear 
and not very intuitive.

The amount of gusset fabric may be difficult to reduce as it is required to be generous since 
it determines the size of the opening to enter the TPIS. Nevertheless, replacing the current 
toggle and drawstring mechanism with a larger and more intuitive closing mechanism, that 
can be easily operated while wearing the oversized gloves, is recommended.

Finally, an issue raised by some participants concerned vision impairment. One par-
ticipant observed that their glasses tended to fog up, while another participant experienced 

Table 9  Comparison of key performance parameters for two different types of TPIS
Hansen Protection TPIS (this study) Viking TPIS [26]

Results
 (Net) Donning 
time

Overall: 55–186 s Overall: 65–365 s

 Number of 
donning errors

Max possible types of errors: 5 Max possible types of errors: 7
No 
errors

Mode Mean No 
errors

Mode Mean

NE + NI 28% 1 1.3 NE + NI NA NA NA
NE + WI 33% 0, 1 1.1 NE + WI 6% 3 2.5
NE + VI 80% 0 0.2 NE + VI 0% 2 1.6

Factors influencing donning correctness
 Gender NE + NI group: Not significant All: Not significant
 Age NE + NI group: Significant

Males < 50 years of age made significantly fewer 
donning errors than males > 50 years of age

All: Not significant

 Experience+ NI group (< 50 years): Not significant All: Significant
Reduces donning errors by 27%

 Method of 
instruction

WI vs VI (NE group, < 50 years): Significant
WI vs NI (NE group, < 50 years): Not significant

WI vs VI (All): Significant

Receiving VI significantly reduces the number of donning errors compared to WI
Factors influencing DT/NDT
 Gender NE + NI group: Not significant All: Significant*

Females take about 33% longer to 
don than males

 Age NE + NI group: Significant
Increase in DT of 7.5% per every 10-years increase 
in age

All: Significant*
Increase in NDT of 6.6% per 
every 10-years increase in age

 Experience+ NI group: Not significant All: Significant*
About 17% reduction in NDT with 
having previous experience

 Method of 
instruction

WI vs VI (NE group, < 50 years): Not significant
However, mean DT for VI is 22 s (∼18%) lower 
than for WI
WI vs NI (NE group, < 50 years): Significant
NI mean DT is 33 s (~ 26%) lower than for WI

WI vs VI: Significant*
About 21% increase when receiv-
ing VI

*Based on Model 2
+Results considered to be only indicative due to the lack of accounting for the quality, frequency and how 
the donning experience was gained
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impaired vision when the TPIS was fully zipped up. Moreover, wearing the TPIS with the 
hood up and the zipper fully closed caused discomfort to the bridge of their nose due to their 
glasses.

6  Quantification of Donning Time for Regulatory Purposes

In this section, the experimental donning data is compared with the regulatory process to 
explore issues with the current compliance procedures. In addition, donning time distribu-
tions are proposed for use in evacuation simulation analyses intended to demonstrate that 
proposed vessel designs meet IMO requirements.

6.1  Regulatory Compliance

It is an IMO regulatory requirement that, after receiving a donning demonstration, the TPIS 
can be unpacked and donned without assistance within 120 s, including a lifejacket [8, 9] 
(see sect. 1). For the TPIS investigated the TDT (derived from Eq. 3) for participants in 
the NE + VI group (N = 10) (see Fig. 12a) and the NE + NI group (N = 43) (see Fig. 12b) are 
compared with the regulatory requirement. For the PXT component in Eq. 3, the mean PXT 
derived for the NE + NI group (N = 10), 17.4 s, and the PXT derived for the NE + VI group 
(N = 11), 8.3 s is used.

The TDT for the NE + VI group varies from 86.9 to 151.8 s and the TDT frequency dis-
tribution (see Fig. 12a) suggests that 30.0% (3 out of 10) of the participants have a TDT in 
excess of the maximum permitted donning time of 120 s. For the NE + NI group, the TDT 
varies from 72.6 to 203.7 s (see Fig. 12b), suggesting that 44.2% (19 out of 43) of the partici-
pants exceed the maximum permitted donning time. For regulatory purposes, to demonstrate 
that the donning performance of the TPIS satisfies regulatory requirements it is essential to 
follow the testing protocols set out in the guidance documentation [8, 9]. This requires that 
the test subjects are first shown a visual donning demonstration. Thus, the NE + WI results 
cannot be used for exploring TPIS compliance with regulatory requirements.

However, the trial conditions for the NE + VI group closely follow the test standards 
required by IMO/ISO [8, 9], including showing the participants a visual donning demonstra-
tion in form of a video immediately prior to undertaking the donning task, but excluding the 
time required to don a lifejacket, as is required for this TPIS. As the measured TDT does 
not include the time required to don a lifejacket, the measured TDT should be well below 
the 120 s criteria. As can be seen from Fig. 12a, 30% of the TDTs exceed the regulatory 
requirement, even without donning the lifejacket. The mean DT for the NE + VI group is 
104.7 s (see Table 6), and with a mean PXT of 8.3 s (see Table 4) this produces a mean 
TDT of 113.1 s, leaving 6.9 s to don the lifejacket. While donning lifejackets was not con-
sidered in this study, other studies have reported lifejacket donning times. Brown et al. [20] 
measured lifejacket donning times of between 15.6 and 83.9 s, with a mean of 38.5 s for 
test participants wearing normal clothing. It is noted that lifejacket donning times will vary 
depending on the nature of the lifejacket, and that wearing the TPIS while attempting to 
don the lifejacket is likely to be a more difficult task, especially due to the over-sized rubber 
gloves integral to the TPIS. If the mean lifejacket donning time from the Brown et al. [20] 
study is adopted, this results in a mean TDT for the NE + VI group of 151.6 s, well in excess 
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of the regulatory permitted maximum. Even if the minimum lifejacket donning time is used, 
this results in a mean TDT of 128.7 s, again exceeding the regulatory permitted maximum. 
Furthermore, if the mean lifejacket donning time is incorporated within the minimum TDT 
for the NE + VI dataset (86.9 s), this produces a time of 125.4 s, suggesting that 100% of the 
TDTs exceed the regulatory permitted maximum.

As already noted, exposing test participants to an instructional video immediately prior 
to donning the TPIS substantially reduces the number of DEs and the DT compared to 
other situations (see sect. 5.3). However, it is unlikely that passengers would be shown an 
instructional video on how to don a TPIS during an actual time-critical emergency situation 
aboard a passenger vessel, primarily due to time constraints. It is more likely that passen-
gers will have to rely on memory (from the initial pre-sailing demonstration), intuition, or 
written instructions, should they have time and the care to read them. This consideration 
highlights the practical relevance of the NE + NI condition, in which participants received 
no prior demonstration and were not provided with written instructions. The impact this has 
on regulatory compliance testing is demonstrated by the TDT data presented in Fig. 12b for 
the arguably more realistic NE + NI case. As can be seen from Fig. 12b, 44.2% of the TDTs 
exceed the regulatory requirement, even without donning the lifejacket. This is a greater 
proportion than in the group that received video instruction. If the mean lifejacket donning 
time (38.5 s) is added to the TDT for the NE + NI group, this produces a TDT of between 
111.1 and 241.2 s with a mean of 159.5 s, resulting in 90.7% (39 out of 43) exceeding the 
regulatory permitted value. Additionally, regulatory compliance is not based solely on time; 
the TPIS must also be correctly donned. Assuming this implies zero DE, it is notable that 
72% of participants in the NE + NI group incurred at least one error (see Table  9). Fur-
thermore, of the four participants who did meet the time requirement, all had at least one 
donning error, suggesting that they may not have satisfied the criterion for correct donning.

6.2  Evacuation Modelling

A main aim of this work was to provide a reliable evidence base to quantify the time required 
to don a TPIS that could be used in passenger ship evacuation analysis as specified in the 
IMO evacuation modelling guidelines (MSC.1/Circ 1533 [10]). Here, a TDT distribution 
for the specific TPIS examined in this work is proposed for use in agent-based evacuation 
modelling. The proposed TDT distribution could be incorporated into agent-based evacu-
ation modelling much the same way as passenger response time data is currently used. A 

Fig.  12  TDT distribution highlighting the 120  s regulatory requirement (dashed line) based on the a 
(NE + VI) distribution (N = 10) and (b) (NE + NI) distribution (N = 43)
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probability distribution, based on real-world data for the TPIS, can be used to randomly 
allocate a TDT to agents within the simulation based on their age group. In this way, the 
age-appropriate total donning time allocated to an agent will contribute to the determination 
of the total evacuation time for the vessel. The TDT for each unique passenger is defined by, 
TDT = PXT + DT (see Eq. 3 in sect. 2.4).

This contribution could be quite important as DTs for TPIS that have satisfied the IMO 
donning time requirement can be up to 120  s (as required by IMO regulation) or more 
(see Fig. 12). This will contribute to ensuring that the passenger ship evacuation analysis 
required by IMO will be adapted to accommodate one of the issues associated with passen-
ger ship evacuation in polar waters.

As discussed in sects. 4 and 5 a plausible worst-case scenario is considered to specify 
the DT. This consists of the DT data for passengers without previous experience (NE) and 
without written instructions (NI). This consists of a dataset comprising 43 data points (see 
Table 6). As demonstrated in sect. 5.2 the trial data indicate that DT for this type of TPIS is 
independent of gender but is dependent on age. To be consistent with the IMO evacuation 
modelling guidelines [10] three AGs were defined, AG1 < 30 years, AG2 30–50 years, AG3 
50 + years however, given the nature of the TPIS data collected, the lower limit for AG1 was 
set to 18 years and the upper limit for AG3 was set to 72 years.

As discussed in sect. 3.3, a log-normal distribution was found to best fit the DT data. The 
distribution curves presented in Fig. 6 are for the entire dataset while here distributions for 
the NE + NI dataset are required. The mean DTs, DT mean, for each AG were calculated 
based on mean ages, Agemean (see Eq. 7), and the mean DT regression curve (see Eq. 8) 
found from the collected data (see Eq. 5 in sect. 4.2.2):

	
Agemean = 1

2
(Ageupper + Agelower)� (7)

where Ageupper is the upper age limit, and Agelower is the lower age limit of AG1, AG2, 
and AG3, respectively. 

	 DT mean = 72.2 ∗ 1.0073Agemean � (8)

Mean ages equate to 23.5 years, 40 years, 61.5 years for AG1, AG2, and AG3, respectively, 
and mean DTs to 85.7 s, 96.6 s, and 112.9 s, respectively.

The variances for the log-transformed DTs (NE + NI group) across all three age groups 
were assessed using Levene’s test, which showed no statistically significant difference, 
F(2,40) = 0.897, p = 0.42. Thus, an average standard deviation on the log-normal scale is 
used for all three age groups. And finally, the probability density function (PDF) is sug-
gested to be truncated after the 99.5% quantile for each AG, with the reasoning that crew-
members or other passengers may assist passengers that seem to struggle with the donning 
process. For a cruise ship of 3000 passengers, this would equate to 15 passengers being 
assigned a shorter DT. The PDFs are described by Eqs. (9), (10), and (11) for AG1, AG2, 
and AG3, respectively.

	
PDFAG1 = 1.005√

2π∗0.26∗x
e− (ln(x)−4.45)2

2∗0.262 x ≤ 167.3s� (9)
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PDFAG2 = 1.005√

2π∗0.26∗x
e− (ln(x)−4.57)2

2∗0.262 x ≤ 188.6s� (10)

	
PDFAG3 = 1.005√

2π∗0.26∗x
e− (ln(x)−4.73)2

2∗0.262 x ≤ 221.3s� (11)

The DT distributions for the three age groups are presented in Fig. 13.
To complete the definition of TDT a PXT is required (see Eq. 3), where PXT = PT + XT. 

However, the PXT was only measured for the new suits, not the used suits that were utilised 
to define the DT distribution. Given the complex nature of the behaviours during the PP 
and the relatively small number of data points in the Preparation Phase (PP) and Extraction 
Phase (XP), rather than attempt to specify separate distributions for each phase, a combined 
distribution is defined for the PXP. This combines the behaviours and times associated with 
preparing to don the TPIS and opening the packaging. As the PXT for the NE + NI group 
was not measured, here the PXT for the NE + WI group is adopted. This is based on the 
assumption that passengers will have been given new suits (still in the packaging) and pas-
sengers are unlikely to have been shown a training video immediately prior to donning the 
TPIS. For the NE + WI data, this consists of 10 data points (see Table 4 and Fig. 3). To deter-
mine whether a normal or log-normal distribution better represents the PXT distribution of 
the NE + WI group, a Shapiro–Wilk test was used. This suggested that the collected data 
could fit both, a normal distribution (W(10) = 0.96, p = 0.73) and a log-normal distribution 
(W(10) = 0.93, p = 0.48). However, since PXT is a non-negative stochastic variable, a log-
normal distribution was considered a more appropriate fit as its values cannot become nega-
tive. The log-normal distribution (see Eq. 4) describing the NE + WI PXT data is defined 
with μ = 2.79 and σ = 0.402 as shown in Fig. 14.

The PXT can be described by the following log-normal distribution:

	
PDF P XT = 1√

2π ∗ 0.40 ∗ x
e− (ln(x)−2.79)2

2∗0.402 � (12)

The TDT for the specific TPIS used in the trials described in this paper is defined according 
to Eq. 6 using Eqs. 9–11 to determine the DT and Eq. 12 to determine the PXT. It is sug-
gested that until additional data for different TPIS are collected, these equations can be used 
to represent this type of TPIS, i.e., lightweight TPIS without integrated buoyancy. Finally, 
for completeness, as the TPIS explored in this work did not include integrated buoyancy 
device, it is necessary to include a time required to don a lifejacket. As discussed in sect. 6.1, 

Fig. 13  Suggested DT PDFs for modelling purposes based on the NE + NI dataset (Total N = 43, AG1 
N = 12, AG2 N = 15, AG3 N = 16)
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based on the work of Brown et al. [20], a mean lifejacket donning time of 38.5 s should be 
added to the total donning time derived using Eqs. 9–12.

An example of generating DTs for evacuation modelling utilising the suggested DT and 
PXT distributions for modelling purposes is provided in the Online Resource SM sect. S8.

7  Limitations

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

	● The donning data was collected in land-based facilities in controlled environments with-
out the simulation of hazardous conditions that may arise on a vessel necessitating its 
evacuation. Thus, it is important to realise that the data represents donning times un-
der ideal conditions and that donning undertaken in a hazardous situation may require 
longer time.

	● Participants were instructed to remove excessive clothing such as jackets or heavy jump-
ers prior to the start of the trial, and participants came appropriately dressed wearing 
trousers and flat shoes. Onboard a vessel, passengers may be dressed in skirts or dresses, 
wearing high heels, may be wearing additional warm clothing, which may impact the 
PT and/or DT. The DT and TDT measured in the trials can be expected to be optimistic.

	● The physical space available to the participants during the trials was representative of 
the minimum floor area per passenger required by international regulation. However, 
as not all participants scheduled for a specific time slot always showed up, the space 
available for each participant varied from cohort to cohort. Generally, participants had 
ample space available. Nevertheless, it is possible that in actual emergency situations, 
passengers may be in environments with less physical space which may make donning 

Fig. 14  Suggested PXT distribution for NE + WI group
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more challenging.
	● For ethical reasons, all trial participants were in good health, non-disabled and below 

the age of 72 years to minimise the risk of injury. Some 24% were over the age of 50, 
with 8% being over the age of 65 years [28]. Thus, most participants were standing 
upright during the donning process. However, elderly people, or people with mobility 
impairments, may need to sit down to don the suit. As IMO require that 40% of the pas-
sengers simulated in evacuation modelling analysis for evacuation certification applica-
tions are assumed to have mobility impairments [10], it is essential that TPIS donning 
data for mobility impaired passengers is collected. Furthermore, a dynamic environment 
would add to the need for support during donning. This will have an impact on the don-
ning performance and on the space required, as well as the necessity for seating options 
all of which may impact the DT, suggesting that donning times measured in these trials 
are optimistic. Furthermore, of those aged over 50 years of age, only 4 out of 22 (18%) 
were female. Thus, females were under-represented in the higher age range, which may 
have impacted the gender independence noted in the trials.

	● The average Body Mass Index (BMI) for male and female participants was 26 (SD = 3) 
and 24 (SD = 5), respectively. The majority of participants in the trial were within the 
normal BMI range with only 8 (9%) of the participants in the obese category. It is noted 
that in the UK and the US 27% and 38%, respectively, of the population are classified 
as obese [34]. 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.

	● Concerning the validity of the statistical analyses, some of the sub-groups suffered from 
small numbers of participants, e.g., only 10 participants in the NE + WI group, for the 
WI group, there were no participants in AG3, and only one participant in the VI group. 
With such small numbers it is often difficult to generalise, and some caution should 
therefore be taken when considering the analysis of the factors that influence donning 
errors and donning times.

	● While the number of participants is high considering the time and effort needed to con-
duct the experiments, the strength of several of the statistical tests could have been 
greatly improved with higher number of participants. More influencing factors affecting 
DE and DT could potentially have been revealed if the data set had been larger.

	● The relative high number of statistical tests that are performed in the analysis increase 
the risk of having false positive results. Test with p-values in the same order as the cho-
sen significance level of 0.05, should be treated with caution, and it is recommended that 
more experimental research is performed to validate those results in particular.

Additional data concerning the impact of prior experience of donning a TPIS is required to 
explore the impact of experience on donning performance. The datasets presented in this 
paper that are recommended for regulatory application are based on naïve test subjects with 
no prior donning experience and so are considered conservative.
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8  Conclusion

The aim of this work was twofold, first to build a reliable evidence base describing Thermal 
Protection Immersion Suit (TPIS) donning performance by typical passengers and identify-
ing factors that impact donning time and donning correctness. Secondly, to suggest a TPIS 
dataset that could be used in regulatory applications such as advanced computer simulation 
of passenger ship evacuation. To address these aims a series of experimental donning tri-
als were conducted involving 96 volunteers (67 males and 29 females) aged between 18 to 
72 years. The particular type of TPIS used in the trials was a lightweight, one-size fits all, 
non-insulated suit without buoyancy.

The uniqueness and importance of this study is that it identifies and quantifies, for the 
first time, the factors that influence donning time and correctness for the type of TPIS used 
in this study. Good performance in both is essential for life safety; if the TPIS takes too long 
to don, this could reduce the likelihood of a safe evacuation, and if donned incorrectly, this 
could adversely impact the protection offered by the suit, reducing survivability probabil-
ity. The insight that this information provides is of benefit to both ship operators and TPIS 
designers. For ship operators it assists them to develop procedures to minimise the time 
required to correctly don the TPIS and for TPIS designers, it identifies design issues that 
make it difficult to quickly and correctly don the TPIS.

A key finding of this work is that, while the particular TPIS used in these trials was 
somewhat intuitive to don quickly and correctly, various factors were found to impact the 
donning performance, in particular age. Older participants made significantly more donning 
errors than younger participants and took significantly longer to don the TPIS. While the 
results were not conclusive, experience was not found to significantly impact speed and/
or correctness of donning. Furthermore, and unlike other studies, gender was not found to 
significantly impact donning time. It is suggested that this finding could be dependent on 
the nature of the TPIS used, which was both light and relatively simple to don, compared to 
TPIS used in other studies.

Three methods of donning instruction were assessed to determine their impact on both 
donning time and correctness, including provision of, no instructions, written instructions 
(provided by the manufacturer), and video (plus manufacturers written) instructions. The 
video instruction was provided immediately prior to the donning trial. An interesting find-
ing was that providing no instruction resulted in significantly lower donning times than 
providing written instructions. This counterintuitive result is thought to be related to the 
intuitive nature of donning this particular TPIS, resulting in participants not needing to read 
instructions to don. It is thus important not to generalise this finding to other types of TPIS. 
Another unexpected result was that watching a video prior to donning, while resulting in 
shorter donning times on average compared to the written instruction group, did not statisti-
cally significantly reduce donning time. However, video instruction did significantly reduce 
the number of donning errors compared to the other methods of instruction.

A significant observation resulting from this work concerns the appropriateness of testing 
protocols utilised by the IMO/ISO to approve TPIS for use in cold environments. Current 
testing only requires the use of six test subjects to determine whether they can correctly don 
the TPIS within a specified period of time. In addition, test subjects are shown an instruc-
tional video immediately prior to the donning trial. The analysis presented in this paper dem-
onstrates that, given the complexity of correctly donning a TPIS, even a relatively intuitive 
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TPIS as used in this trial, significantly more than six test subjects are required to quantify 
donning performance. Indeed, data from this work demonstrate that, given the power of the 
current study (53 participants in the NI and VI groups) more than 91% of the sample would 
fail to meet the IMO/ISO donning time requirement and 100% would have failed if donning 
errors were considered. Furthermore, in a real emergency incident requiring the abandon-
ment of a vessel, it is unlikely that there will be sufficient time to show all the passengers 
an instructional video demonstrating how to don the TPIS correctly. Results from this work 
demonstrate that showing participants an instructional video on how to correctly don the 
TPIS immediately prior to donning can reduce donning times and significantly reduce don-
ning errors, compared to simply providing written instructions or no instructions. It is thus 
suggested that IMO/ISO need to review their test protocols to better represent the diversity 
of the user population and the means of instruction likely available in an emergency.

Resulting from this work are several suggestions to improve the donning performance of 
the TPIS used in this study. The main suggested design change concerns the undersized suit 
closing mechanisms (zipper and gusset strap), which are challenging to operate when wear-
ing the provided oversized rubber gloves. Also, the zipper was found to be of poor quality 
and a significant number broke during the donning trials. In a real emergency incident, such 
failures could compromise passenger safety.

Finally, addressing the second aim of the paper, a donning time distribution that can be 
used in agent-based passenger ship evacuation analysis was developed. The suggested don-
ning time distribution reliably represents typical donning times of passengers donning the 
type of TPIS used in this study. However, donning times are believed to be suit specific, or 
at least specific to various types or classes of suit design. Thus, the suggested donning time 
distribution should only be used for TPIS of the type described in this paper. Using the pro-
posed donning time distribution in ship evacuation models will enable 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.

In reviewing these results, it is important to note the limitations associated with the study. 
In particular, about 76% (N = 69) of the study were under the age of 50 years, with just 
about 8% (N = 7) being over the age of 65  years and only 9% (N = 8) being classed as 
obese (BMI ≥ 30). Furthermore, the trials were conducted in ideal environmental conditions. 
These limitations were a combination of practical and ethical considerations, the latter being 
intended to reduce the risk of injury to the participants.

Further research involves quantifying the impact wearing a TPIS has on walking speeds 
of passengers ascending and descending stairs, and determining the impact of TPIS on ship 
evacuation through incorporating TPIS performance data within an agent-based passenger 
ship evacuation model.
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