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ABSTRACT
Appropriate clothing is important formaintaining operative capability during coldweather operations.
This study examined the impact of different cold weather combat uniforms on body temperature,
manual performance, comfort and perspiration among nine male soldiers (aged 24± 4 years) in field
conditions (–2 to 5 °C). They completed three trials, consisting of a 1-h walk at 5 km/h and 1 h passive
standing, wearing uniforms with varying insulation levels (1.9, 2.2 and 2.5 Clo). The results show that
uniform type and insulation significantly affect skin temperature, moisture accumulation and manual
dexterity in mild sub-Arctic winter conditions. Results also indicate that the insulation and design of
hand protection significantly influence hand and finger skin temperatures, which in turn affects man-
ual performance, independentof overall clothing insulation. Finally,whilemodels like required clothing
insulation (IREQ) are useful for initial recommendations, individual adjustments are needed tomaintain
comfort and prevent cold weather injuries.
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1. Introduction

Soldiers operating in cold environments face challengesmain-
taining comfort, performance and health. Despite the protec-
tive measures provided by cold weather combat clothing, the
risk of body cooling remains significant during cold weather
operations (CWOs), with extremities such as the hands and
feet being particularly vulnerable. Manual finger dexterity is
reducedwhen finger skin temperatures fall below 12–20 °C [1]
or hand temperature drops below 15 °C [2]. This loss of motor
skills can have severe consequences for soldiers, impacting
essential tasks like fastening gear, zipping, lacing field boots,
setting up tents, handling weaponry, opening field rations,
managing protective equipment, and handling displays and
controls.

Furthermore, extremity cooling can cause cold weather
injuries (CWIs), e.g., non-freezing cold injuries (NFCIs) and
freezing cold injuries (FCIs) [3,4]. These can cause lasting harm.
A history of NFCIs and FCIs can further reduce manual dex-
terity and the ability to carry out manual work or tasks that
require fine motor skills in cold conditions. These CWIs may
disturb blood circulation, cause nerve damage, induce cold
intolerance andpersistent pain, andelevate the risk of re-injury
in the same area [5–7]. Thus, the consequences of NFCIs and
FCIs extendbeyond the battlefield, potentiallymaking soldiers
unfit for continued service and impairing their civilian employ-
ability, while also potentially reducing their overall quality of
life.

Maintaining thermal balance during CWOs depends on a
complex interplay of factors, including air temperature, air
velocity, humidity, radiation and metabolic heat production,
as well as individual physiological variables and the thermal

CONTACT Julie Renberg julie.renberg@ffi.no

properties of worn clothing. While thermoregulatory effector
mechanisms, such as regulatingblood flow, sweating and shiv-
ering, offer short-term solutions for the whole body, they do
not adequately address extremity discomfort. For instance,
reducing skin blood flow will reduce the overall rate of cool-
ing but can cause the extremities to cool down faster than the
rest of the body.

The most effective form of human thermoregulation is
thus behavioural adaptation, especially in cold environments,
where the effectiveness of physiological adaptation is lim-
ited [8]. Examples of behavioural adaptations are adjusting
posture, seeking shelter or warmth, regulating physical activ-
ity and wearing suitable clothing for both the environmental
conditions and the activity. During military missions, how-
ever, changing clothing or seeking shelter is not always pos-
sible. Additionally, adapting clothing in cold environments
based on weather and activity requires expertise and expe-
rience [9,10]. This means that individuals less accustomed
to cold conditions may rely more heavily on their clothing
and equipment compared to those with experience in such
environments.

While thermal insulation is needed to maintain body
temperature during CWOs, other properties, e.g., moisture
handling and transfer, clothing layers and weight, are also
important. Moisture management is especially important dur-
ingextendedCWOs, aswet clothing can lead todiscomfort and
an increased risk of CWIs due to accelerated heat loss [11,12].
The source of moisture may be the environment or the body
or both. Therefore, the clothing should keep rain and snow
out, while allowing heat to dissipate and sweat to evaporate.
Shifting conditions, in particular (e.g., transitioning from skiing
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Figure 1. Test set-up with primary variables.
Note: Tcore = core temperature; Tsk = mean skin temperature.

with heavy load to immobile guard duty), can be a challenge.
Furthermore, the weight, bulk and number of layers in the
clothing increase the metabolic cost of activities, thereby rais-
ing body heat production [13,14]. This can cause additional
perspiration, further increasing moisture in the clothing [15].
It may also affect physical performance by reducing the work
economy [13].

Different countries have varying prerequisites for coping
with cold environments, each offering distinct cold weather
combat clothing solutions. To ensure effective interoperability
during military operations, every soldier should be equipped
to handle the specific environmental challenges they may
encounter. Published research on the effects of combat cloth-
ing on thermal responses and manual performance in the
cold has been relatively limited, especially in real-world mili-
tary scenarios. However, some studies havedemonstrated that
proper clothing design and clothing selection are essential
for maintaining thermal balance, preventing CWIs and keep-
ing manual performance in military [16] and occupational [17]
settings.

Thermoregulatory models and calculations have been
developed as tools for predicting cold stress, the risk of
CWIs and survival rates. These models are based on simu-
lated human thermoregulatory responses as a function of
the environment, clothing, activity level and body charac-
teristics, and they often use data for insulative properties
of clothing from manikin testing. These models can rec-
ommend the level of thermal insulation to be worn, or
the endurance time when wearing specific clothing ensem-
bles, in different climates and activities [18,19]. In real mil-
itary operations, however, factors such as physical activity,
environmental changes and operational constraints create
complexities that are difficult to model. To ensure that the
models can provide reliable clothing recommendations for
military applications, it is important to assess whether their
predictions align with physiological outcomes observed in
field settings.

The primary objective of this study was to investigate how
three distinct cold weather combat uniforms from different
countries in a specific scenario impact body temperatures,
manual performance, comfort and perspiration in a field envi-
ronment. Additionally, the study aimed to examine whether
the extent to which soldiers are overdressed or underdressed
according to the required clothing insulation (IREQ) model
corresponds with their physiological responses.

2. Methods

2.1. Participants

Nine healthy Swedish male soldiers stationed in a sub-Arctic
climate volunteered to participate in this study. Participant
characteristics (mean± SD) were: age, 24± 4 years; height,
184± 7 cm; body mass, 92.2± 11.1 kg; body fat percentage,
16.2± 4.2%; and experience as a soldier, 5± 2 years. In line
with the principles of the Declaration of Helsinki, the partic-
ipants were informed about the test protocol and their right
to withdraw from the experiment at any time before they pro-
vided their written informed consent. Ethics approval for this
study was granted by the Swedish Ethical Review Authority
(Approval No.: 2023-02263-02). Prior to the experimental ses-
sions, participants were asked to refrain from strenuous phys-
ical exercise 24 h before the tests, and coffee and alcohol 12 h
before the tests. Theywere also asked to eat breakfast and stay
hydrated before attending the tests.

2.2. Experimental design and clothing

The study employed a prospective, randomized, crossover
design. Participants served as their own controls and com-
pleted three experimental field trials alongwith familiarization
and preliminary measurements, as indicated in Figure 1. The
trials were conducted on three consecutive days, and all tri-
als started at the same time of day (arrival at 08:00; cold air
exposure outdoors from about 10:00 to 12:00). The environ-
mental conditions in terms of ambient temperature and wind
during the cold exposure were the following: 4.1–5.0 °C and
3.1–7.0m s−1 for day 1; –1.4 to –2.2 °C and 4.0–5.0m s−1 for
day 2; and 0.5–1.0 °C and 4.0–5.0m s−1 for day 3. These mea-
surements were recorded by the Swedish Meteorological and
Hydrological Institute at Arvidsjaur Airport, Sweden.

The three clothing ensembles tested (Table 1) were from
three different European countries. Each nation’s configura-
tion was chosen from their selection of cold weather uniforms
based on a specific scenario. The scenario was that the soldiers
would walk at a moderate pace for about 1 h, followed by a
period of passive phase for an unknown reason, during which
they could not change clothing or seek shelter. While one
country had only one choice of active cold weather uniform,
the other two had several alternative cold weather uniform
items. Representatives from their armed forces, with extensive
coldweather experience,made the decision onwhich uniform
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Table 1. Description and specifics of the clothing ensembles used.

Clothing ensemble

Category / parameter HIGH MED LOW

Underwear Wool briefs Participants’ own briefs Polyester briefs

Base layer Wool mesh shirt
Wool mesh pants

Cotton T-shirt
Wool pants

Polyester shirt
Polyester pants

Middle layer Wool shirt
Wool trousers

Wool jacket Wool shirt

Outer layer Combat jacket
Combat pants
Camouflage jacket
Camouflage pants
Cotton/polyester cap

Softshell combat vest
Combat jacket
Combat pants
Gaiters
Wool beanie
Goggles

Jacket
Combat pants
Gaiters
Polyester beanie

Handwear Wool mittens
Polyester and leather overmitts

Polyester gloves Polyester and leather gloves

Footwear Thin wool socks
Thick wool socks
Leather winter boots

Thin wool socks
Thick wool socks
Leather winter boots

Thick wool socks
Leather winter boots

Ensemble weight (kg) 7.0± 0.3 6.4± 0.3 5.3± 0.3

Total insulation (Clo) 2.5 2.2 1.9

Estimated intrinsic clothing insulation (Clo) 2.2 1.9 1.5

Estimated clothing area factor 1.7 1.6 1.5

Hand insulation (Clo) 0.092 0.097 0.072

Note: The same military boots (2.0± 0.1 kg) were worn under all ensemble configurations.
The stated material is the one that the garment has in the largest proportion. Insulation values (Clo) for the total insulation (IT) and hand insulation were attained
by measurements on a static thermal manikin placed in a climatic chamber with environmental conditions of 10 °C, 50% relative humidity and a wind speed of
< 0.2m/s according to Standard No. ISO 9920:2009 [21]. Local hand insulation was derived from hand-segment power data and the hand-to-body surface area
ratio.

configuration to choose. This resulted in the differences seen
inmaterials, layers and, consequently, insulation that is further
referred to as high (HIGH), medium (MED) and low (LOW). To
prevent the risk of foot injury (e.g., blisters), the soldiers exclu-
sively usedSwedishmilitarywinter boots andSwedishwoollen
socks for all configurations.

All participants were equipped and dressed in under-
wear and base-layer clothing on all days, and baseline mea-
surements were collected with the participants in a seated
position wearing base-layer clothing at room temperature
(20.6± 0.3 °C, 32± 4% relative humidity) for a minimum of
20min. The trials consisted of a 1-h walk at 5 km/h (active
phase) on a snowy road followed by 1 h of simulated guard
duty (passive phase), for which they were to remain in a stand-
ingposition. The trialswere conductedoutdoors (in Arvidsjaur,
Sweden), with the soldiers wearing one of three different win-
ter uniform ensembles with different compositions and vary-
ing total clothing insulation: HIGH (2.5 Clo), MED (2.2 Clo) and
LOW (1.9 Clo) [20,21]. The ensembles were worn in a balanced
order, i.e., three participants wore HIGH insulation, three MED
insulation and three LOW insulation each day, rotating so that
all nine participants hadworn all three ensembles once during
the 3 days of testing.

To test the differences due to the actual clothing, and not
the soldiers’ ability to regulate the clothing according to activ-
ity and ambient conditions, the participants were not allowed
to don, doff or otherwise regulate clothing during the trials.
They were also asked to walk normally and not change their
behaviour during the passive phase (e.g., pulling their fin-
gers into the centre of the gloves, warm their hands on other
body parts or moving to increase blood flow to the feet or

hands). All clothing itemswereweighed separately before and
immediately after the experiment (±0.1 g, maximum 16.2 kg)
(MS16001L and SB16001;Mettler Toledo, Switzerland,) tomea-
sure weight gain, as an indicator of moisture accumulation in
the clothing.

2.3. Preliminarymeasurements and familiarization

Most preliminarymeasurements and familiarizationswereper-
formed on the day before the first test day. Each partici-
pant’s height (Seca 217 Stadiometer, Hamburg, Germany),
body mass (±0.05 kg) (Astra B; Tanita, Japan) and body com-
position (Inbody 770; InBody Co. Ltd, Republic of Korea) (mea-
sured in a fasting state before breakfast) were measured and
recorded. The correct sizes of clothing for use in the tests were
selected from a wide range of available sizes. A size was con-
sidered correct when the participant found a size that was
well-fitted and comfortable, and which was also approved
by a member of the scientific team. Participants completed
six familiarization trials for each fine manual dexterity subtest
(dominant hand, non-dominant hand, both hands and assem-
bly) without gloves, to minimize practice effects before the
experimental testing. No familiarization of the gross manual
dexterity test was performed because the participants were
already familiar with the tasks.

2.4. Physiological measurements

The temperature of the skin was measured every minute at
eight positions with wireless temperature sensors (DS 1922L
Thermochron iButton; Maxim, USA) throughout the baseline
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measurements and cold exposure. The iButton sensors were
attacheddirectly to the skinwith Fixomull over the scapula and
on the chest, forehead, anterior thigh, calf, upper arm, fore-
armanddorsal sideof thehand (Thand).Mean skin temperature
(Tsk) was calculated according to Standard No. ISO 9886:2004
[22]:

Tsk = 0.07 × Tforehead + 0.175 × Tscapula

+ 0.175 × Tupper chest + 0.07 × Tupper arm

+ 0.07 × Tforearm + 0.05 × Thand

+ 0.19 × Tanterior thigh + 0.2 × Tcalf. (1)

Thermistors (EU-U-3V-0, Grant, UK) were also placed on the
skin over the middle phalanx on the dorsal side of the mid-
dle finger of the non-dominant hand (T finger) and on the dorsal
side of the first toe. The temperature on the finger and toe was
recorded every 10min during the simulated guard duty (Eltek
1000 Squirrel; Grant, UK).

In addition, the skin temperature of the palmar side of the
right hand and on the skin over the distal phalanxes of each
finger on the palmar side was measured using a thermogra-
phy camera at baseline, immediately after the 20-min stabi-
lization period and directly before the Purdue pegboard (PP)
test, and again immediately after the cold exposure, directly
before thepost-exposurePP test. Thermogramswere recorded
with a FLIR T460 imager (FLIR Systems, Sweden), with a reso-
lution of 320× 240 pixels (76,800 pixels), measuring range of
–20 to +120 °C, accuracy of 2%, sensitivity ≤ 0.04 °C, infrared
spectral band of 7.5–13μm and autofocus, setting the emis-
sivity at 0.98. The camera was turned on 30min before the
measurements to allow for sensor stabilization, and was posi-
tionedona tripod76 cm from the subject, perpendicular to the
regionof interest (ROI). An anti-reflectivebluebackgroundwas
set behind the hand to minimize any reflection from infrared
radiation [23].

Thermogramswere analysedwith FLIR ResearchIRMax, ver-
sion 4.40.7.26, which allowed us to obtain the average tem-
perature of each manually outlined ROI. Variations in surface
areabetweenparticipantswere accounted for bymanual read-
justment of each ROI prior to extracting average and standard
deviation values. The digits were isolated using a rectangular
ROI extending from the base of each finger where it connects
to the palm to the fingertip, with slight reductions of the ROI
borders to avoid edge effects and isolate the finger from the
background. The palm was isolated using a polygonal ROI
encompassing the thenar and hypothenar eminences.

Temperature in the gastrointestinal tract as indicator of
core temperature (Tcore)was registered telemetrically byuseof
telemetric pills that the participants swallowed in themorning
at 06:00 each test day (e-Celsius; BodyCAP, France).

Nude bodymass was recorded pre and post test. To ensure
that theparticipants had some liquid intakeduring the approx-
imately 3-h period when they were otherwise not allowed to
eat or drink, they were provided with 0.2 L tempered water
after the baseline period (the amount was subtracted from
the post-test body mass measurements). Body mass loss was
calculated as change in body mass from pre-trial to post-trial
measurements and used as an indicator of sweating.

The cold exposure was stopped, and dexterity tests were
thenperformed if the termination criterionwas reached: either
one of the skin temperatures remained below 10℃ for longer

than 20min, or droppedbelow8 °C. These criteriawere chosen
to reduce the risk of CWIs for the participants.

2.5. Manual dexteritymeasurements

Finemanual dexteritywas assessedusing thePP test (Lafayette
Instruments, Inc., USA). In the first tests, the participants placed
as many pegs as possible into a board with fitting holes in
30 s. The test was repeated three times: first with the domi-
nant hand, thenwith the non-dominant hand and, finally, with
both hands. Following this, the participants completed a PP
assembly test, in which they assembled as many sets as pos-
sible consisting of a peg, two sleeves and a washer into the
same kind of board, using both hands in 1min. Gross man-
ual dexterity was assessed by a magazine loading task [24].
The task consisted of loading as many dummy cartridges as
possible in 130 s into an AK5 rifle magazine, each magazine
having a capacity of 30 cartridges. The gross manual dexter-
ity test was performed outside wearing thin wool gloves both
at baseline (directly before starting the march) and after the
simulated guard duty. To avoid the risk of FCIs when touching
metal with bare hands in cold conditions, the finemanual dex-
terity tests (PP tests) were performed indoors both at baseline
and following the passive phasewithout the use of gloves. The
PP tests were performed by two participants at the same time.
For the post test, participantswaited outdoors until it was their
turn to perform the tests. Upon entering the testing facility,
they removed their gloves and thermograms were captured
promptly using a prepared camera set up to minimize delay,
followed by the PP tests. The order of the participants was
set to be the same for eachmeasurement, with approximately
20min between the first and the last participant. However, if a
participant reached the termination criteria, they were moved
forward to avoid further cold exposure.

2.6. Perceptual responses

Perceptual responses were assessed at the start, middle and
end of both the march and the simulated guard exercise. Per-
ceived thermal sensation (PTS) and pain were assessed for the
whole body, head, hands and feet. PTS was assessed using a
7-point scale (1 = cold, 7 = hot) [25], and pain was evaluated
using the Borg 0–10 scale (0 = none at all, 10 = maximally
strong) [26]. Rate of perceived exertion (RPE) was measured
using the 6–20 Borg scale (6 = very, very light; 20 = maximal
exertion) [26]. Sensation of shivering and sweating was rated
on a 1–7 scale (1 = vigorously shivering, 7 = heavy sweating)
[27], and thermal comfort on a 1–4 scale (1 = comfortable,
4 = very uncomfortable) [28].

2.7. Insulation required versus actually worn insulation
calculations

One goal of this study was to assess whether variance
between physiological outcomes could be explained by
variations in required clothing insulation. To that end, the
deviation between required clothing insulation and actually
worn clothing insulation (�Clo = Cloactual – Clorequired) is used
as explaining variable. Standard No. ISO 11079 IREQ [18]
describes a mathematical procedure to calculate the required
intrinsic clothing insulation (IREQ) for humans to remain in
thermal balance based on metabolic rate, body surface area,
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Figure 2. (A) Mean skin temperature (Tsk) and (B) core temperature (Tcore) for the three clothing ensembles (HIGH, MED, LOW) from baseline through the active and
passive phase.
Note: ∗Significant main effect of clothing ensemble. ∗∗Significant main effect of time. #Significant interaction between clothing ensemble and time. Values presented as mean± standard
deviation.

thermal environment (air temperature, mean radiant temper-
ature, humidity and wind speed) and wind permeability of the
clothing ensemble (< 8 L/m2/s). IREQ includes the effects of
body movement and wind that reduce the insulative value of
the clothing ensemble relative to its static state. Therefore, in
order to compare the calculated IREQ values with measured
thermal manikin values, the IREQ values are converted to the
intrinsic static clothing insulation (Icl,required = clorequired), also
as described in StandardNo. ISO11079. Furthermore, note that
the thermal manikinmeasurements provide total static insula-
tion (IT), which is a combination of the intrinsic static clothing
insulation (Icl) and the insulation provided by the surrounding
air layer (Iair), corrected for added surface area by the clothing
(f cl):

IT = iIcl + iIair/fcl.

The ensemble intrinsic clothing insulative values were esti-
matedby assuming that the air insulation (Ia)was 0.085m2K/W
(about 0.55 Clo) and consequently iterating the clothing area
factor (f cl) until (IT,measured – IT,estimated) < 0.001 Clo. The result-
ing values are presented in Table 1.

The �Clo values were calculated separately for the active
and passive experiment phases. For both phases, the thermal
environment inputwas asdescribed in Section2.2.Wind speed
was reported 10mabove ground level and converted from the
10m value to the 2m value asw2m = 0.667w10m [29]. For the
active phase, the metabolic rate (in watts per square metre)
was calculated using the Pandolf equation for heat produc-
tion (in watts) [30] and dividing by the average participant
body surface area [31]. The inputs for the Pandolf equation
were the average participant body weight, the weight of the
clothing ensemble as carried load and walking at 5 km/h on a
near-flat top road; which resulted in 171, 173 and 174W/m2

for the LOW, MED and HIGH clothing ensembles, respectively.
For the passive condition, 1.5Met or 90W/m2 was assumed for
the standing activity of the passive phase.

2.8. Statistical analysis

Statistical analyses used SPSS version 27.0. Two-way repeated-
measures analysis of variance (ANOVA) was used to analyse
the main effects of time and clothing configuration, and the

interaction between clothing configuration and time on Tsk,
Tcore, and palm and finger skin temperatures measured with
thermography. For the skin temperaturesmeasured with ther-
mography, the significant main effect of clothing ensemble
was followed up using Bonferroni’s multiple comparisons test.
One-way repeated-measures ANOVA was used to test for dif-
ferences in fine manual dexterity, gross manual dexterity,
T finger, Thand, rate of change in Tcore and Tsk, total body mass
loss and moisture accumulation between the three clothing
ensembles.Where significant differenceswere found between
ensembles, pairwise comparisons with Bonferroni corrections
were used to identify the ensembles between which the dif-
ference originated. The Wilcoxon signed-ranks test was used
for paired samples between the clothing configurations for
the non-parametric data (RPE, PTS, pain, sensation of shivering
and sweating, and thermal comfort). The R-package lme4 1.1-
32 was used for multilevel model analysis to test the associ-
ation between outputs and the deviation between required
and actual clothing insulation. Additionally, the conditional
percentage of explained variance (r2) was calculated, consid-
ering both the fixed and random effects of individuals who
repeated the test under three conditions. Non-parametric data
are presented as the median and range, and all other data are
presented as the mean± standard deviation, and differences
are considered significant if p < 0.05.

3. Results

3.1. Thermal responses

Tsk changed over time during both the active and passive
phases (Figure 2(A)). The rate of change in Tsk from base-
line through the active phase differed significantly between
the ensembles (p < 0.05). The soldiers had the slowest
rate of change when wearing the HIGH clothing ensemble
(0.1± 1.1℃× h−1), followed by MED at an intermediate rate
(–1.8± 1.0℃× h−1) and the fastest rate of change with the
LOWensemble (–4.5± 1.2℃× h−1). Rateof change in Tsk dur-
ing the passive phase was significantly slower wearing LOW
(–2.4± 1.1℃× h−1) compared to MED (–3.9± 0.6℃×h−1,
p = 0.047) and HIGH (–3.8± 0.6℃× h−1, p < 0.001). Tcore
increased during the active phase and decreased during
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Figure 3. (A) Hand skin temperature (Thand) measured with an iButton and (B) middle finger (finger III) skin temperature (Tfinger) measured with a thermistor at the
end of the passive phase when wearing three different clothing ensembles (HIGH, MED, LOW).
Note: ∗Significant difference (p < 0.05). ∗∗Significant difference (p < 0.01). ∗∗∗Significant difference (p < 0.001). Individual data points plotted, withmean (horizontal lines) and standard
deviation (error bars).

the passive phase (Figure 2(B)). There were no significant
differences in Tcore between the clothing ensembles dur-
ing the active phase. For Tcore, the rate of change during
the passive phase was significantly slower wearing HIGH
(–0.5± 0.1℃× h−1) compared to MED (–0.9± 0.3℃× h−1,
p = 0.015) and LOW (–0.8± 0.2℃× h−1, p = 0.011).

At the end of the passive phase, Thand was lowest wear-
ing LOW. It was 4.2± 1.1 and 5.6± 0.7℃ higher when wear-
ing HIGH and MED, respectively (Figure 3(A)). T finger was also
lowest wearing LOW, with a 10.8± 2.0℃ difference com-
pared to HIGH (Figure 3(B)). Toe temperature at the end of
the passive phase did not differ between clothing ensembles
(HIGH, 27.8± 2.9℃; MED, 27.8± 2.4℃; LOW, 26.9± 2.7℃;
p = 0.742).

On the second test day, two participants reached the termi-
nation criteria when waiting outside for their turn to perform
the PP test post cold exposure. One participant wearing MED
had to do the PP test 4min before the set time, and one partic-
ipant wearing LOW had to do the PP test 22min before the set
time.

Palm and skin temperatures of the distal phalanxes of the
five fingers on the right hand as measured via thermogra-
phy (Figure 4) all significantly decreasedwith time (p < 0.001).
Clothing had a significant main effect (p < 0.05) on skin tem-
perature for the palm (Figure 4(A)), and the middle finger (fin-
ger III) (Figure 4(D)), the ring finger (finger IV) (Figure 4(E)) and
the little finger (finger V) (Figure 4(F)). Therewereno significant
differences in baseline temperaturesmeasured via thermogra-
phy between the clothing ensembles. Palm temperature was
3.5 and 4.1℃ lower wearing LOW thanMED andHIGH, respec-
tively. HIGH temperatures were higher (3.6–5.5℃) than MED
and LOW for fingers III, IV and V.

3.2. Perceptual responses

There were no significant differences (p = 0.104) in RPE
between the median [range] HIGH (10 [8, 12]), MED (10 [7,
11]) or LOW (9 [8, 11]) ensembles during walking at 5 km/h.

When wearing HIGH, participants reported that their body felt
warm at the end of the active phase; while wearing LOW, they
felt between neutral and slightly warm (Table 2). Participants
reported moderate to some sweating during the active phase
for all ensembles. Wearing LOW, the participants felt that their
hands became cold during the passive phase, while wearing
HIGH their hands felt slightly cool. Between moderate and
slight shivering was reported at the end of the passive phase
wearing LOW versus no shivering wearing HIGH. The partici-
pants felt uncomfortablewearingHIGH at the endof the active
phase andwhenwearing LOW at the end of the passive phase.
No pain was reported in the body, face or feet for any cloth-
ing ensemble. No pain in the hands was reported wearing
HIGH, whereas all but one reported pain in the hands wearing
LOW at the end of the passive phase. Durning the same phase,
three participants reported very mild to quite strong pain in
the hands when wearing MED.

3.3. Manual dexterity

Table 3 presents the change in fine manual dexterity (PP
assembly) and gross manual dexterity (magazine loading)
scores from baseline to post passive phase. The PP assembly
test and the magazine loading test showed significant differ-
ences between ensembles. The PP assembly score decreased
17± 4 and 18± 6 percentage points more wearing MED and
LOW than HIGH, respectively (Figure 5(A)). For the maga-
zine loading task, the difference between HIGH and LOW was
22± 4 percentage points (Figure 5(B)).

3.4. Clothingmoisture accumulation

Total bodymass loss (used as an indicator of sweating)was sig-
nificantly higher for HIGH (0.7± 0.3 kg) than LOW (0.4± 0.2 kg,
p = 0.010), but there was no significant difference with MED
(0.5± 0.2, p = 0.349). The highest level of moisture accumu-
lation was found in the HIGH clothing ensemble (180± 69 g)
with 78± 17 g less in MED, and a further 36± 11 g less in LOW
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Figure 4. Individual skin temperatures of thepalmandfingers obtainedby infrared thermographyon the ventral surface of thehandat baseline and after completion
of the passive phase for the three clothing ensembles (HIGH, MED, LOW): (A) palm; (B) thumb (finger I); (C) index finger (finger II); (D) middle finger (finger III); (E) ring
finger (finger IV); (F) little finger (finger V).
Note: ∗Significant difference (p < 0.05). ∗∗Significant difference (p < 0.01). ∗∗∗Significant difference (p < 0.001). Individual data points are plotted, with mean (horizontal lines) and
standard deviation (error bars).

(Figure 6(A)). For the base layer, HIGH had a higher level of
moisture accumulation compared to both MED (p = 0.003)
and LOW (p < 0.001) (Figure 6(B)). Furthermore, HIGH also dis-
played ahigher level of accumulatedmoisture in both themid-
dle andouter layerswhencomparedwithMED (p = 0.022) and

LOW (p = 0.003). There were no differences in accumulated
moisture in the footwear between the clothing ensembles.
In the hand wear, HIGH had the most moisture accumulated,
followed by MED and then LOW, with significant differences
between all (p < 0.01).
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Table 2. Perceptual responses at baseline and the end of the walking and the
passive periods while wearing three different clothing ensembles.

Measure
Clothing
ensemble Baseline Active Passive

PTS bodya HIGH 4 [4, 4] 6 [5, 7]∗ 3 [3, 4]

MED 4 [3, 4] 5 [4, 6] 3 [1, 3]

LOW 4 [4, 5] 4.5 [2, 5]# 2 [1, 4]

PTS handsa HIGH 4 [4, 4] 6 [5, 7] 3 [2, 4]∗

MED 4 [4, 4] 6 [5, 7] 2 [1, 3]

LOW 4 [4, 5] 5 [5, 7] 1 [1, 2]#

PTS heada HIGH 4 [4, 4] 5 [2, 7] 3 [2, 5]

MED 4 [4, 4] 4 [3, 6] 3 [2, 4]

LOW 4 [4, 5] 4 [2, 5] 3 [2, 4]

PTS feeta HIGH 4 [3, 4] 6 [4, 7] 4 [3, 4]

MED 4 [2, 4] 5 [4, 6] 4 [3, 4]

LOW 4 [3, 5] 5 [4, 6] 4 [3, 4]

Pain handsb HIGH 0 [0, 0] 0 [0, 0] 0 [0, 0]∗

MED 0 [0, 0] 0 [0, 0] 0 [0, 4]∗

LOW 0 [0, 0] 0 [0, 0] 3 [0, 5]

Thermal comfortc HIGH 1 [1, 2] 3 [2, 3]∗ 2 [1, 2]∗

MED 1 [1, 2] 2 [1, 3] 2 [1, 3]

LOW 1 [1, 2] 2 [1, 3]# 3 [2, 3]#

Shivering/sweating sensationd HIGH 4 [4, 4] 6 [5, 6] 4 [3, 4]∗

MED 4 [4, 4] 6 [4, 7] 3 [3, 4]

LOW 4 [4, 4] 5 [4, 6] 2.5 [2, 3]#

a1 = cold; 2 = cool; 3 = slightly cool; 4 = neutral; 5 = slightly warm;
6 = warm; 7 = hot.

b0 = none at all; 0.5 = verymild (barely perceptible); 1 = veryweak; 2 = weak;
3 = moderate; 4 = somewhat strong; 5 = strong; 6; 7 = very strong; 8; 9;
10 = maximally strong.

c1 = comfortable; 2 = slightly uncomfortable; 3 = uncomfortable; 4 = very
uncomfortable.

d1 = vigorously shivering; 2 = moderately shivering; 3 = slightly shivering;
4 = neither shivering nor sweating; 5 = some sweating; 6 = moderate sweat-
ing; 7 = heavy sweating.

∗Significantly different from paired sample wearing LOW.
#Significantly different from paired sample wearing HIGH.
Note:Datapresentedas themedian [range]. PTS = perceived thermal sensation.

Table 3. Changes in Purdue pegboard (PP) and magazine loading test score
from baseline to post-passive phase while wearing three different clothing
ensembles (HIGH, MED, LOW).

Clothing ensemble

Test HIGH MED LOW p

PP assembly (number of pegs) –1.1± 5.4 –9.0± 4.2∗ –9.7± 5.1∗ 0.003

PP dominant hand (number of pegs) –1.1± 2.3 –1.8± 1.3 –1.9± 1.8 0.563

PP non-dominant hand (number of pegs) –1.3± 3.4 –1.3± 2.9 –2.9± 1.5 0.280

PP both hands (number of pegs) –1.0± 2.1 –1.1± 0.9 –2.1± 2.0 0.314

Magazine loading (number of cartridges) –1.9± 8.8 –10.2± 4.4 –14.2± 5.7∗ 0.004

Note: ∗Significantly different from HIGH.
Data presented as mean± standard deviation. p values from one-way analysis of variance
(ANOVA). The magazine loading task was performed with thin wool gloves.

3.5. Required clothing insulation and physiological
responses

The multilevel regression analysis revealed a significant pos-
itive relationship between �Clo values (static intrinsic Clo
of the ensemble worn minus static intrinsic required insula-
tion for thermal neutrality) and moisture accumulation, with
an intercept of 81 g (95% confidence interval [CI] [49, 113])
and a slope of 144 g×�Clo−1 (95% CI [104, 184], conditional
R2 = 0.78) (Figure 7(A)). Similarly, the relationship with finger
skin temperature hadan intercept of 40℃ (95%CI [35, 46]) and
a slopeof 16℃·�Clo−1 (95%CI [13, 20], conditionalR2 = 0.78)
(Figure 7(B)). For comfort ratings, increased �Clo during the

active phase was significantly associated with decreased ther-
mal comfort (conditional R2 = 0.66) (Figure 7(C)), and during
the passive phase a lower �Clo value was significantly asso-
ciated with reduced thermal comfort (conditional R2 = 0.63)
(Figure 7(D)). The model explained that 40–70% of the vari-
ance in finger skin temperature, moisture accumulation and
comfort were due to differences in �Clo. The increase in R2

(from marginal to conditional) upon including participants as
a random-effects variable shows the effect of individual varia-
tion on the dependent variables.

4. Discussion

This study highlights the impact of cold weather combat
clothing choices on body temperatures, hand and finger
skin temperature,manual performance, perspiration,moisture
accumulation, comfort and the associated CWI risk inmild sub-
Arctic winter conditions. Generally, lower insulation results in
decreased Tsk, less sweating and reduced moisture accumu-
lation within the clothing during walking. Higher insulation
levels, however, maintain higher hand and finger skin temper-
atures, enhance comfort and improvemanual dexterity during
periods of passivity. Nonetheless, there are interindividual dif-
ferences in physiological and performance outcomes that can-
not be attributed solely to ambient temperature or clothing
insulation.

4.1. Skin temperature andmanual dexterity

Fine finger dexterity decreased after cold exposure when
wearing the MED and LOW ensembles. The mean change in
the PP assembly test was a 3% decline when wearing HIGH,
compared to a 20%declinewhenwearingMED and LOW. Daa-
nen [32] found reduced finger dexterity when the finger skin
temperature was below 14℃. Wiggen et al. [17] suggested a
drop in both fine andgross finger dexterity at a finger skin tem-
perature lower than 20℃, while Schiefer et al. [33] reported
reduced manual performance at a finger skin temperature of
20–22℃, as well as a more pronounced performance drop
at 15–16℃. In our study, all but one participant had a fin-
ger skin temperature of 14℃ or lower when wearing the LOW
ensemble, and five participants had a finger skin temperature
of 14℃ or lower when wearing the MED ensemble. All partici-
pants had finger skin temperatures above 14℃whenwearing
the HIGH ensemble. Hand skin temperature did not signifi-
cantly differ between HIGH and MED, indicating that finger
skin temperature was the key factor affecting finemanual dex-
terity, emphasizing the importance of measuring finger skin
temperature, in addition to hand skin temperature.

Based on our results, it appears that utilizing thermography
to measure finger and hand skin temperatures following cold
exposure is apractical alternativewhen thermistors or iButtons
prove to be cumbersome in field settings.

Tcore did not drop below baseline levels, indicating that the
significant impact on manual dexterity was due to local skin
temperature. This aligns with previous research that empha-
sizes the importance of local skin temperature in cold-induced
reductions in manual dexterity [2,34].

Gross finger dexterity was significantly more reduced
when wearing LOW compared to HIGH, with a difference of
22 percentagepoints. Therewas no significant difference com-
pared to MED, despite an average 18% decline in the score
versus a 2% decline wearing HIGH. However, the observed



INTERNATIONAL JOURNAL OF OCCUPATIONAL SAFETY AND ERGONOMICS (JOSE) 9

Figure 5. Changes in (A) Purdue pegboard (PP) assembly and (B) magazine loading between baseline and after the passive phase while wearing three different
clothing ensembles (HIGH, MED, LOW).
Note: ∗Significant difference (p < 0.05). ∗∗Significant difference (p < 0.01). Individual data points plotted, with mean (horizontal lines) and standard deviation (error bars).

Figure 6. (A) Total moisture accumulation and (B) mean moisture accumulation in the clothing layers in the three different clothing ensembles (HIGH, MED, LOW).
Note: ∗Significant difference (p < 0.05); ∗∗Significant difference (p < 0.01); ∗∗∗Significant difference (p < 0.001). In (A) individual data points plotted, with mean (horizontal lines) and
standard deviation (error bars).

decrease in magazine loading speed in cold conditions aligns
with prior research results, reporting reductions of approxi-
mately 21% [35] and less than 15% [24], on average. These
results demonstrate that even brief exposure in a mild sub-
Arctic climate can impair fine and grossmanual dexterity if the
thermal protection is inadequate.

It is worth noting that the participants wore the same
footwear for all three ensembles, resulting in no significant
difference in toe temperature, despite the difference in cloth-
ing insulation and the subsequent Tsk. Furthermore, theywore
different handwear for each of the three ensembles, which
resulted in varying finger skin temperatures. This shows the
importance of extremity protection regardless of the overall
clothing insulation.

Manual dexterity significantly declined when individuals
wore either the MED or LOW insulation ensembles, both of

which included gloves for hand insulation. Conversely, wear-
ing the HIGH ensemble with mittens led to only minor reduc-
tions in manual dexterity. The LOW gloves provided least pro-
tection against the cold, consistent with their lower insulation
value. Althoughmanikinmeasurements showed that theMED
gloves hadbetter insulation than theHIGHmittens, in practice,
the fingers in the HIGH mittens retained heat more effectively
due to the design of the mittens. Hand temperature data indi-
cated that the MED gloves offered better protection against
the cold compared to the LOW gloves. However, much of
this protection was lost for the fingers, highlighting that the
design (gloves vs mittens) is as important as insulation value
for keeping hands and fingers warm during cold exposure.

Before the dexterity assessments, participants removed
their assigned gloves or mittens. For the gross manual dex-
terity task, however, all participants wore the same thin wool
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Figure 7. (A) Total moisture accumulation in the clothing, (B) finger skin temperature (Tfinger) at the end of the passive phase, and (C) active and (D) passive thermal
comfort for�Clo values (static intrinsic Clo of the ensemble worn minus static intrinsic Clo required for neutrality).
Note: Thermal comfort variable scaled from 1 to 4, where higher values indicate increasing discomfort (1 = comfortable, 4 = very uncomfortable).

gloves to avoid direct contact with cold metal while ensur-
ing that handwear did not differ between clothing ensembles.
This approach removed the influence of ensemble-specific
handwear on performance and allowed us to isolate the phys-
iological effects of the clothing systems, given that gloves and
mittens reduce manual dexterity [36]. If the assigned gloves
or mittens were not removed before such tasks, gloves would
most likely demonstrate better dexterity compared to mit-
tens. Previous research has shown that object size, glove type
and temperature all impact manual dexterity. Double glov-
ing may be recommended for increased insulation, with the
inner glove being used to perform precision tasks [37]. Nev-
ertheless, while mittens may compromise dexterity, they offer
better protection against heat loss, as evidenced by the lower
finger skin temperatures in the MED and LOW ensemble com-
pared to the HIGH ensemble. The need to remove participants
from the cold because their skin temperatures reached the
termination criteria while wearing the LOW ensemble under-
scores the risk of CWIs with inadequate clothing. Therefore,
the choice between gloves and mittens should consider spe-
cific environmental conditions and activity requirements, with
mittens being favoured for heat conservation and gloves for
better dexterity.

In our study, we observed substantial variations in finger
skin temperature (T finger ranging from15.2 to31.8℃) andboth
gross and fine manual dexterity (with changes ranging from
–24 to+14% and from –27 to+17%, respectively) among par-
ticipants when wearing the HIGH ensemble. These variations
suggest that clothing insulation was suitable for some indi-
viduals but slightly excessive or inadequate for others. When
participants wore the LOW ensemble, however, exposure to

cold conditions consistently led to low finger skin tempera-
tures (ranging from 8.4 to 15.2℃) and a subsequent decline
in manual dexterity (with declines of 7–31 and 13–39% in fine
and gross manual dexterity, respectively). This indicates that
the clothing was generally insufficient for passive standing
among all participants.

When the insulation of the worn clothing was compared to
the insulation required to maintain thermal balance without
discomfort or risk of cold stress in the specific environments,
all participants were underdressed during the passive phase.
Generally, the greater discrepancy between the required and
actual insulation worn, the lower the skin temperature on the
fingers, and the less comfort they experienced. However, even
when accounting for both insulation value and environmental
factors, there were still significant individual differences in fin-
ger temperature and thermal comfort. These differences likely
reflect well-known interindividual variability in vasoconstric-
tor responsiveness and peripheral circulation [8,38,39]. These
findings highlight the importance of considering individual
variation in thermal responses when making clothing choices.
This approach ensures that all personnel canmaintain thermal
comfort, performance and health, particularly in demanding
environmental conditions.

4.2. Moisture accumulation and comfort

During the active phase, the LOW ensemble was more com-
fortable and resulted in less sweating (measured as total body
mass loss) and accumulated moisture compared to the HIGH
ensemble. However, the HIGH ensemble provided improved
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comfort, maintained higher skin temperatures and resulted in
smaller changes in manual dexterity during periods of phys-
ical inactivity, despite the higher moisture accumulation in
the clothing during the active phase. This can be attributed
to the higher insulation value of the ensemble and proba-
bly the unique properties of wool used in the HIGH ensem-
ble’s base and middle layers. Wool fibres can retain mois-
ture, from sweat or light rain, within their central cortex
while keeping their hydrophobic surface dry. As a result, wool
fibres provide relatively high thermal resistance, and a com-
fortably dry, warm sensation, even when the fabric contains
30–40% moisture, provided that these distinctive qualities of
wool fabrics are not compromised by excessive antifelting
treatments [40,41].

The increased insulation andweight of the HIGH ensemble,
while effective in terms of heat conservation during the pas-
sive phase, resulted in elevated skin temperatures, an uncom-
fortable warm sensation, the sensation of moderate sweat-
ing, increased body mass loss, and moisture accumulation
within the clothing during the active phase. In addition to the
insulation being too high for the activity, previous research
has shown that wearing extra clothing imposes an additional
muscular [13] and metabolic cost [14,42] on the wearer. This
heightened cost leads to increased heat production during
physical activity, thus necessitating a more pronounced need
for heat dissipation mechanisms. Consequently, when wear-
ing clothing that provides excessive insulation during physical
activity, thermoregulatory mechanisms aimed at enhancing
heat loss to the environment are activated, as observed in our
study with elevated Tsk and sweating.

However, excessive clothing can create a hot and humid
microclimate close to the skin, leading to sweat accumula-
tion without effective heat loss through evaporation. This
increased metabolic cost, demand for heat dissipation and
accompanying body mass loss due to sweating carry negative
implications. Not only do they result inmoisture accumulation
within the clothing, but also necessitate the replacement of
lost body water, and increased energy need, which is difficult
to maintain during CWOs [43].

Further, our results show that considering both the envi-
ronment and the activity, participants were overdressed in 21
out of 27 occasions according to the IREQ neutral calculations.
Evenwhen accounting for insulation value and environmental
factors, there were still considerable individual differences in
moisture accumulation and thermal comfort during the active
phase.

Tissue temperatures determine the physiological
responses, but comfort and thermal sensation are key ele-
ments in determining temperature-regulating behaviour [28].
Keeping soldiers comfortable is important, as it can affect their
well-being and morale, and likely their performance. Cloth-
ing plays a significant role in maintaining thermal comfort in
cold environments by controlling heat loss. Evaluating both
thermal comfort and thermal sensation is necessary for under-
standing combined sensations, such as those often experi-
enced during winter [28].

In our study, thermal comfort and thermal sensation scores
were congruent, with participants generally feeling warm and
uncomfortable during physical activity, and cold and uncom-
fortable in the passive phase. This indicates that maintaining
thermal comfort under changing conditions is challenging and
depends on several factors. Thermal discomfort is correlated
with both decreased Tsk and increased sweating, and in some

cases, comfort or discomfort can be anticipatory rather than a
reaction to body temperature [28]. Therefore, while protecting
soldiers from heat loss is crucial, cold weather combat cloth-
ing can also lead to thermal dissatisfaction, particularly under
shifting conditions. This shows the need for actively regulat-
ing clothing insulation and incorporating ventilation features
like zippers tomanage heat andmoisture during varying work
intensities in the cold.

It is essential to emphasize that successful moisture man-
agement requires discipline, both during and after physical
activity, ensuring optimal comfort and performance.

4.3. Limitations

Some limitations of this study should be considered when
interpreting these results. Firstly, the study was conducted in
moderately cold conditions, which limits our ability to com-
prehensively evaluate the entire winter clothing concept for
all nations. Therefore, the outcomes should primarily be inter-
preted within the context of mild sub-Arctic winter conditions
and short-term exposures. Extrapolation to prolonged oper-
ations or extreme weather conditions should be made with
caution. Secondly, the outcomesof this study are adirect result
of selecting specific components from the available clothing
and equipment of each country for this scenario. If different
components had been chosen, the results could have been
different.

Another notable limitation is the exclusive use of male par-
ticipants, which narrows the generalizability of the findings.
We also recognize that moisture transport is a crucial factor in
military clothing, and having data on the permeability of the
clothingwould have been valuable for interpreting the results.
Nevertheless, the results provide valuable insight into the sig-
nificant impact that the choiceof clothing canhaveon soldiers’
comfort, performance and health.

We chose to conduct the study in the field due to the gen-
eral lack of field studies in military human factors research,
even though findings are often applied in real-world condi-
tions. While the slightly varying climatic conditions between
days may have introduced interactions between the day, par-
ticipant and clothing, these factors were accounted for in the
IREQ calculations, and this adjustment did not influence the
results or alter the conclusions. Exact capture times for the
thermogramswerenot logged.As a result,minorbetween-trial
differences in the time from leaving the outdoor environment
to thermogram capture cannot be ruled out and may have
influenced post-exposure finger skin temperatures.

A further limitation is that although participants were
highly familiar with magazine loading as a standard soldier
task, they did not complete dedicated pre-training with the
thin gloves used during the gross manual dexterity assess-
ment. While the glove type was consistent across all clothing
concepts, prior task-specific trainingmight have reduced intra-
individual variability. However, our findings show that maga-
zine loading is ausable indicator of grossmanual dexterity, and
with similar results to the PP tests, offers a viable alternative
when a PP test is unavailable in the field.

4.4. Practical implications

In military CWOs involving multiple countries, it is essential
to consider not only how soldiers are behaviourally prepared,
but also the variations in clothing among the participating
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countries. It is important to recognize that our study primarily
reflects the impact solely of clothing. In real-world operational
contexts, experienced soldiers employ various techniques to
enhance their comfort, performance and health during both
physical activity and passive phases. These strategies include
adjusting insulation and ventilation by donning or doffing
clothing items or opening zippers and buttons as necessary
based on environmental and activity considerations. Addi-
tionally, the strategies may involve subtle muscle movements
to facilitate blood circulation when at rest or similar activity.
However, accurately timing these measures requires knowl-
edge, discipline, experience and proper training. Therefore,
our results aremore applicable to soldiers lacking prior experi-
ence in such environments.

Nonetheless, it is worth noting that less experienced sol-
diers oftenwear suboptimal clothing and equipment for these
conditions. Unsuitable combat clothing for CWOs among
some countries can have significant practical consequences,
affecting interoperability, operational efficiency, safety, coor-
dination and resource management for multinational military
forces operating in Arctic and sub-Arctic conditions. Standard-
izing and improving cold weather gear across coalition mem-
bers and providing training and support to ensure readiness in
diverse climates can help address these challenges.

5. Conclusion

This study finds that the type and insulation of cold weather
combat clothing affect hand and finger skin temperature,
moisture accumulation, comfort and manual performance in
a mild sub-Arctic winter climate. Wearing inadequate or inap-
propriate clothing in the cold quickly leads to low skin tem-
peratures and thus loss of dexterity, which correlate with
increased risk of CWIs.

Our results demonstrate a significant association between
thermal comfort, moisture accumulation and finger skin tem-
perature on one side and the difference between the actual
clothing insulation worn and the insulation required to main-
tain thermal balance (IREQ neutral) on the other.

Additionally, the study indicates that the insulation and
design of extremity protection significantly influence the skin
temperatures of these areas, independent of overall clothing
insulation.

The results emphasize the importance of considering
the insulation level, clothing type and behavioural adapta-
tions to mitigate CWIs, ensuring effective and safe perfor-
mance in sub-Arctic winter climates. Models provide a use-
ful starting point for clothing recommendations, but indi-
vidual variations require personal adjustments to prevent
excessive moisture accumulation, maintain comfort and avoid
CWIs.

Our findings provide valuable insights for the development
and selection of appropriate cold weather clothing for specific
military operations in mild sub-Arctic environments.
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