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Abstract
The aims of this two-piece study was to set standards for cold protective face masks for military use, to determine the effects of material and design factors on the performance of face masks and to develop a model for predicting conditions under which there is a risk of frostbite to the face. The basis for target values concerning military face masks was survival without facial frostbite at an ambient temperature of –30°C and air velocity of 10 m/s. Ease of transportation, in this case pocket size, and dimensional stability in industrial laundering were considered important usability factors. Nine designs of basic face mask were prepared, one design of basic face mask being fabricated separately from three materials. The thermal insulation properties of all masks were measured under calm and windy conditions. The protective effects of the face masks developed here were verified in measurements on test subjects, the results of which were used in developing the prediction model. The measurements showed that the air permeability of the fabric of a face mask has very little effect on the protection it gives. The design of a face mask has more influence on the amount of moisture absorbed by it than does the fabric used. A hole for the nostrils and mouth is necessary to enable efficient moisture extraction and minimisation of respiratory resistance.
A theoretical model for describing cooling of the face was developed as the result of this study. The model divides the head into three parts: bare skin, the area covered by the helmet and the area covered by a face mask. The development was made based on the laboratory measurements with a head model and test subjects to provide a scientific basis for instructions on protecting the face. The present results show that the amount of heat lost by a soldier on guard through insufficient protection of the head can amount to over 90 % of his heat production. A face mask can give a protective effect of 5-15 °C informed as air temperature depending on air velocity.
1.0
INTRODUCTION
Frostbite to the face has been the third most common type of frostbite in the Finnish military, straight after feet and hands [1, 2, 3]. The risk for facial frostbite will probably grow in the future due to increase in the use of motorised transport in cold weather. The combined effect of cold air and wind is still calculated using the basic wind chill index or more sophisticated indexes [4, 5]. It has also been found, that natural behaviour to protect your face is equivalent to wind speed at wind speeds over 2 m/s [6]. In military tasks this protective behaviour is not always possible, therefore the face needs to be protected from the cold by use of a facemask even though other methods have been used [7].
In previous researches the main problems with facemasks have been caused by accumulation of exhaled moisture. Correct fit was also found important in prevention of cold airflows onto nose and cheeks [8]. The aims of this study were to set standards for cold protective facemasks for military use and to determine the effects of material and design factors on the performance of facemasks. The basis for target values concerning military facemasks was set to be survival without facial frostbite at an ambient temperature of –30 °C and air velocity of 10 m/s. But when should we use it and what is the effect of it?
The second aim of this work was to evaluate the need for cold protective facemasks and help prepare instructions for the use of them. For this task the effects of material, design and protection area on the performance of facemasks had to be determined. After this a model could be produced for predicting conditions under which there is a risk of frostbite to the face.

A calculation model for describing cooling of the face was developed as the result of this study. The model divides the head into three parts: bare skin, the area covered by the helmet and the area covered by a face mask. The development was made based on laboratory measurements conducted on a head model and test subjects to provide a scientific basis for instructions on protecting the face.  

2.0
MATERIAL AND METHODS

First user requirements were determined by questionnaire and a market survey was carried out. On the basis of these and literature a list of target properties was determined. Ease of transportation, in this case pocket size, dimensional stability in industrial laundering at 60 °C and minimal skin irritation in long-term use were considered important usability factors. With these target properties in mind a total of seven materials were chosen for material tests. Material tests carried out were water vapour resistance (EN 31092), thermal insulation (EN 31092), air permeability (ISO 9237) and material thickness (SFS 3380). 

To determine the effect of facemask design on the protective properties of a facemask five designs of basic facemask and a total of four designs of special facemask were produced. To relate the effect of material differences and design differences one basic facemask design was made in three different materials. All other designs were made from 70 PP/30 CO knit only. All special facemasks were made from neoprene. 

A thermal head model (ENV 342) placed in a climatic chamber was used to determine the thermal insulation of facemasks in calm and windy conditions. The same head model with additional temperature and heat flow sensors was used to measure the effect of design, material and use of glasses on heat flow to cheeks, temples and chin. The ambient temperature in all these measurements was 15 °C with wind velocities of 0,3 m/s and 4 m/s. In all of these measurements a Finnish military composite helmet was worn in addition to the face mask under observation. 

Since respiratory condensation is one of the main problems concerning facemasks in the cold, a breathing head model was constructed to help determine the effect of material and design on the amount of accumulated condensation. A coiffure head was used as the basis of the model. The model breathes only through the nose, as this is the recommended breathing method in the cold. A flexible tube (( 12 mm) was placed inside the head from the nape of the neck to the forehead, where it was forked into two smaller tubes functioning as nostrils. The temperature of the tube was kept constant with use of a heating cable and tubing insulation. Moisturised (0,039 g/l) 20 °C air was pumped into the tube at the rate of 20 l/min. Heating elements were fitted under the plastic shell of the model keeping cheek skin temperatures at 33 °C at ambient temperature 20 °C. Temperatures on the outer surface of the tube, inside the head, on the cheek, chin and side of nose were measured throughout the measurements. Facemasks were weighed and photographed before and after measurements to determine the amount and location of accumulated moisture and freezing. Measurements were carried out in a climatic chamber at ambient temperature –15 °C and air velocity 1 m/s. 

Finally test subjects verified the results obtained from laboratory measurements. Test subjects (n= 5, male) did light work in conditions of Ta= –25 °C, v= 8 m/s for 30 min wearing adequate clothing, facemask, woollen hat and Finnish military composite helmet. Skin temperatures next to the nose were measured and both thermal sensation according to ISO 10551 and skin moisture sensation were asked after exposure. An IR-camera was also used to compare skin temperatures after exposure. 

To make a model for describing head cooling we used the data of the described measurements. The thermal insulation of ten face masks were measured under calm and windy, up to 16m/s, conditions using a heated head model. During the measurements a Finnish military composite helmet was worn in addition to the facemasks. 

A theoretical model for describing cooling and protection of the facemask was developed as the result of the measurements. The model divides the head into three parts: bare face, the area covered by the helmet and the area covered by a facemask.
Heat flow from the head can be calculated according to Newton's law,

Pout=hc(Tsk-Ta)Ahead,



(1)

where hc is the convection coefficient of the head, Tsk is the skin temperature, Ta is the ambient temperature and  Ahead  the area of the head. From another direction a heating power from the inner part of the head is [9].
Pin=hi(Tsk-Thead)Ahead,



(2)

where hi is a conduction coefficient of a inner parts of the head and  Thead is the temperature of those inner parts. 

When using the facemask and headgear we need to know the covering areas and convection coefficients of these different sections. When the area covered by headgear is p and the area of apertures of facemask is q, the convection coefficient of the whole head is as follows [10]:
hc = q%*((4,5+16 v0,5)+(100-p%-q%)/Ifm + p%*1/(Ihel*A*e-vB),


(3)

where Ifm is thermal insulation of facemask, Ihel is thermal insulation of the headgear, v is wind velocity and  A and B are parameters depending on material. The first part of the formula describes the heat flow from bare skin, the second term the heat flow through the facemask and the last one through the headgear. 

Hence the thermal insulation of facemask is

Ifm=I1m/s*e-(v-1m/s)*B,





(4)

where I1m/s is the thermal insulation value of the material at the wind velocity of  1 m/s, v is the actual wind velocity and B is a parameter depending on the air permeability of the material (0,07).
3.0
RESULTS

3.1
Material measurements

On the basis of results from material measurements three materials with the best thermal insulation values ie. PP/CO, PES, WO/PP were chosen for facemasks. Properties of these materials are given in Table 1. Differences between the properties of the measured materials were small.
Table 1. Properties of facemask materials according to material tests. 
	Fibre content
	Material construction 
	Weight

g/m²
	Thickness

mm
	Thermal insulation

m2K/W
	Water vapour resistance 

m2Pa/W
	Air permea​bility 

mm/s

	70 PP/30 CO
	milanorib
	185
	1,3
	0,032
	4,4
	1044

	100 PP
	1x1 rib
	145
	1,0
	0,025
	3,5
	1916

	100 CO
	1x1 rib
	150
	1,0
	0,020
	3,2
	1141

	100 PES
	1x1 rib
	135
	1,0
	0,034
	3,5
	1600

	70 WO/30 PP
	milanorib
	170
	1,3
	0,041
	4,7
	1470

	100 NE
	foamrubber
	
	3,8
	0,062
	(
	0


3.2
Thermal insulation 

In thermal insulation measurements conducted with the thermal head model it was found that a facemask has significant effect on heat loss from the face especially in windy conditions. The percentage of protected area affects the thermal insulation of a facemask more than the material used. The measurements showed that the air permeability of the fabric of a facemask has very little effect on the protection it gives. The thermal insulation of a special facemask made of neoprene is much better in calm conditions than that of knitted facemasks, but decreases to the same level in windy conditions. This difference is caused by the differences in material drape and elasticity. A material with good elasticity and drape enables a snug fit, which in itself reduces heat loss by convection. Neoprene does not follow the shape of the face as closely as knitted materials do and in windy conditions cold air can get inside the facemask. 

3.3
Heat flow 

Differences in design of a facemask have more influence on the heat flow on the face than the material has. Adding a “mouth and nose hole” to a facemask with a small eyehole only increased the heat flow on the chin, but did not affect airflow on the cheek or temple. Heat flow on the cheek was even decreased by the addition of the mouth hole. The air permeability of the material used had only a very slight affect on the heat flow under a facemask with a small eyehole. Right size and fit around openings had significantly more influence on heat flow than air permeability. 

The effects of a good fit and sealing of the edges of the holes could easily be seen in the measurements made to determine the effect of glasses on heat flow. These measurements were done using a basic facemask with only a narrow eyehole, with and without slits for earpieces of eyeglasses at the temples. The airflow results are given in Figure 1. The decrease in heat flow could also be seen in temperatures measured by four sensors at the temple. In calm conditions no differences were found between the measurements which were consistent with the heat flow results. In windy conditions the use of glasses course temperatures at the temple to decrease by 1-1,5 °C as far as 4 cm inside the facemask. By threading earpieces of eyeglasses through the slits temperatures dropped only right at the slit, the drop being 0,8 °C. 

From these results the conclusion can be made, that if the edge of a hole in a facemask is not in contact with the skin, the heat flow inside the mask can increase up to 2.5-fold. A slit on each temple to allow glasses to be worn outside the mask provides an effective way of eliminating the flow of air to the temples when using glasses. 
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Figure 1. The effect of glasses and slits for earpieces of eyeglasses on the heat flow inside a basic facemask with one narrow eyehole. Ta= 15 °C, v= 0,3 or 4 m/s.
3.4
Moisture control

The design of a facemask has more influence on the amount of moisture absorbed by it than does the fabric used. This can be seen from the measurement results in Figure 2. When a "mouth and nose" hole was added to a mask with a narrow eyehole the amount of moisture absorbed dropped to a third, from 1,1 g to 0,4 g. The effect of nose protection can be seen when comparing a facemask with large eyehole (nose and part of cheeks exposed) and a facemask with small eyehole and mouth hole. The thin knit provides sufficient insulation to the nose to keep breathed air warm enabling condensation of the exhaled moisture to happen further away from the face decreasing the amount of water absorbed by the facemask.  Changes in fabric caused the amount of absorbed moisture to drop only 0,4 g, from 1,1 g to 0,7 g. The effect of fabric change was due to both fibre content, change to 100 % synthetic and decrease of water vapour resistance. 
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Figure 2. Amount of moisture absorbed by different facemasks in moisture control measurements. Ta= -15 °C, v=1 m/s, amount of air 20 l/min, amount of moisture 0,039 g/l, duration of measurement 30 min. 

3.5
Test subjects 

Facemasks were tested on five subjects. Two basic facemasks with a small eyehole and “nose and mouth hole”, one made from 70 PP/30 CO milanorib and the other from 100 PES 1 x 1 rib, were tested. Skin temperatures measured using a sensor next to the nose were higher with the PP/CO facemask, though the IR-camera pictures showed more variation. The average thermal sensation for cheeks for PP/CO facemask was 2,8 and for PES mask 2,4, for the chin respectively 2,4 and 1,6 and for the top of the head 3,0 and 2,8 respectively (0= extremely cold 4= neutral). Although the amount of moisture absorbed was by average was the same 2,6 g for both facemasks, the skin moisture sensations for the PP/CO facemask were on average much dryer than for the PES facemask (Table 2).

Table 2.  The average skin moisture sensations (n=5) for different parts of the face, using two different facemasks. 1 = totally dry, 4 = damp, 7 = dripping wet.

	Facemask
	forehead
	cheek
	nose
	chin
	top of head

	PP/CO, 

small eyehole + mouth hole
	2,0
	1,6
	2,0
	2,4
	2,0

	PES, 

small eyehole + mouth hole
	2,6
	2,2
	2,2
	3,8,
	1,8


On the basis of results from material measurements the typical properties of the used materials were given in Table 1.
Based on our measurements the following values of parameters for the calculation model have been used. The covering percentage of the helmet with woollen hat was 60 % and 40 % without hat, parameter B when using just a helmet was 0.04 and for PES face mask 0,035. Parameter A was 0,9 and the size of the apertures in the face mask about 10 % of the area of head (0.12 m2).

The original measurement results used in modelling are in table 3. In table 4 there are some calculated and measured results relating to the convection coefficient of the head.  

Now we can use for calculation of skin temperature the developed two layer model [11],

Tsk = (hc * Ta + hi * 37) / (hc + hi),  where

(5)

hc = 1 / (1/(4,5 + 16*v0,5) + Ifm) [W/m2oC].

(6)

By using formula (5) we have calculated the facial skin temperatures with different masks results of whoch are presented in Table 5. 

Table 3. Measurement results with the head model.

	Face mask
	Wind v(m/s)
	Lg       (mm/s)
	Average for 
head cover
	Insulation on face
	Insulation of material
	Area of apertures (cm2)

	
	
	
	I (m2K/W)
	 I (m2K/W)
	 (m2K/W)
	

	naked
	0.3
	
	0.217
	
	
	

	
	1
	
	0.076
	0.042
	
	

	
	4
	
	0.067
	
	
	

	
	8
	
	0.025
	0.014
	
	

	
	
	
	
	
	
	

	helmet+ 
	0.3
	0
	0.314
	0.174
	0.062
	75

	foamrubber
	4
	0
	0.126
	0.060
	
	75

	facemask+

woolen hat
	8
	0
	0.084
	0.039
	
	75

	PES-face mask+   helmet
	0.3
	1800
	0.232
	0.128
	0.034
	70

	
	4
	1800
	0.074
	0.043
	
	70

	PES-face mask+ helmet+ woolen hat
	0.3
	1904
	0.276
	0.148
	0.034
	70

	
	4
	1904
	0.118
	0.056
	
	70

	
	8
	1904
	0.075
	0.035
	
	70


Table 4. Convection coefficients for whole head with different masks, hc (W/ m2K).

	
	1 m/s
	4 m/s
	8 m/s
	16 m/s

	PES-mask+woollen hat
	
	
	
	

	hc measured
	
	8.5
	13.3
	

	hc calculated
	7.7
	10.3
	13.3
	19.9

	rubberfoam-mask
	
	
	
	

	hc measured
	
	7.9
	11.9
	

	hc calculated
	7.2
	9.7
	12.4
	18.4


Table 5. The measured and calculated skin temperatures under the masks and  head covers (-25 (C  and 8 m/s).

	Head gear
	Calculated Tsk  ((C)
	Measured Tsk ((C)
	Used hc

(W/m2K)

	PES-mask+      woollenhat+ helmet
	
	
	

	cheek
	1
	5
	17.3

	fore head
	18
	19
	5.2

	
	
	
	

	Rubberfoam-mask

+woollenhat+helmet
	
	
	

	cheek
	3
	6
	14.7

	forehead
	18
	18
	5.2


According to the formula (5) we can now in a certain wind calculate the ambient temperature Ta, in which Tsk = 0oC, meaning a risk of facial frostbite. Those conditions are given in figure 3 as a function of wind velocity.
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 Figure 3. Ambient conditions of frostbite risk, Tsk=0 °C with different facemasks.

4.0
DISCUSSION AND CONCLUSIONS

Air permeability of the fabric of a facemask has a small effect on the protection it gives. A material with good elasticity and drape enables a snug fit, which in itself reduces heat loss by convection. Use of a thicker material with good elasticity would give slightly better cold protection, but moisture absorbtion may cause more problems than with the materials tested. The thermal insulation of the neoprene used in the special facemasks was excellent in planar measurements but decreased to the same level as that of the knitted materials when made into a facemask, especially in windy conditions. The decrease was mainly due to heat loss by convection as gaps between the face and mask enabled cold air to flow under the mask. Feel to the skin is also very important. Moisture in contact with the  skin causes cool and unpleasent sensations. The effect of this could be seen in the test subject measuremenst where the two-layer PP/CO knit was rated dryer than PES. Since the amount of moisture was actually the same, it must be concluded that the gathered moisture was absorbed in the outer (CO) layer of the knit leaving the skin relatively dry. The two-layer knit also felt warmer, though skin temperatures were conflicting in some cases. 

The design of a facemask has more influence on the amount of moisture absorbed by it than does the fabric used. When a "mouth and nose" hole was added to a mask with a narrow eyehole the amount of moisture absorbed dropped to a third, whereas it was only halved by changes in fabric. If the nose and mouth have to be covered the water vapour resistance of the fabric used becomes significant, but moisture accumulation will grow considerably even so. It can be conclude that a hole for the nostrils and mouth is necessary to enable efficient moisture extraction and minimisation of respiratory resistance. 

The effects of a good fit and sealing of the edges of the holes could easily be seen in the measurements made to determine the effect of glasses on heat flow. If the edge of either the eyehole or the mouth hole is not in contact with the skin, the heat flow inside the mask can increase up to 2.5-fold. Slits on each temple to allow glasses to be worn outside the mask, provides an effective way of eliminating the flow of air to the temples. The facemasks measurede do not give sufficient cold protection when worn on there own under the Finnish military composite helmet. By wearing a woollen hat with a strip of windbreaker material on the forehead the range of survival without facial frostbite is considerably broadened. 
The present results show that the amount of heat lost from a human in rest through insufficient protection of the head can amount to over 90 % of his heat production. A facemask can give a protective effect of 5-20 °C against frostbite, depending on the air velocity. This means about 25 % change in convection coefficient. The model and the measurements done with test subjects also showed clearly the most important properties of face masks. 
The percentage of protected area affected the thermal insulation of a facemask more than the material used. When the size of apertures increased from 4 % to 20 % compared to head area hc, increased about 20-30 %. 

The curves calculated for frostbite risk slightly differed from those given in previous literature. The difference in higher wind velocities is a consequence of human protective behaviour [6]. When changing the posture of the head a person can change the convection coefficient of the head. 
According to the results, if the ambient conditions are more severe than -30 °C and 8 m/s, we need more protection than the normal face mask e.g. a good hood around the head [12]. 
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Sheet1

		2.vaihe (kasvomalli)

		ho=1/(1/hc+Ifm)				Tsk=(ho*Ta+hi*37degC)/(ho+hi)

						hi=		12

		aiemmin lasketut hc:t, saatu koko pään mallin kasvosuojain-osasta jakamalla

				Y21+pipo		3		E2				kasvosuojaimen prosentuaalisella

		1 m/s		10.7				9				osuudella koko päästä

		4 m/s		13				11

		8 m/s		17.3				14.7				Tässä hc=ho, koska kasvosuojaimen

		16 m/s		30.3				25.7				lämmöneristävyys on jo mukana

		Tsk:t kasvosuojaimen alla olevalle pisteelle

				Y21+pipo		3		E2				Ta=		-25

		1 m/s		7.7753303965				10.4285714286

		4 m/s		4.76				7.347826087

		8 m/s		0.3924914676				2.8651685393

		16 m/s		-7.4113475177				-5.2652519894

		Paljaan ihon hc eri tuulen nopeuksilla								hc=4,5+16*POWER(v;0,5)

				hc paljas

		1		20.5				-41.5

		4		36.5				-34.2

		8		49.7548339959				-25.7

		16		68.5				-14.7

		Tsk:t paljaana olevalle pisteelle (jolloin Ifm=0 ja h0=hc=paljaan ihon hc)

				Y21+pipo		3		E2				Ta=		-5

		1 m/s		10.5076923077				10.5076923077

		4 m/s		5.3917525773				5.3917525773

		8 m/s		3.1613044257				3.1613044257

		16 m/s		1.2608695652				1.2608695652

		Ta:t eri tuulen nopeuksilla kun Tsk=0								Ta=(Tsk*(ho+hi)-hi*37)/ho=-hi*37/ho

		Paljas iho								hi = 20 kuten aiemminkin paljaalle päälle

				Y21+pipo		3		E2

		1 m/s		-36.0975609756				-36.0975609756

		4 m/s		-20.2739726027				-20.2739726027

		8 m/s		-14.8729267203				-14.8729267203

		16 m/s		-10.802919708				-10.802919708

		Kasvosuojaimen alla

				Y21+pipo		3		E2		hi = 12 kuten aiemminkin kasvosuojaimella

		1 m/s		-41.4953271028				-49.3333333333

		4 m/s		-34.1538461538				-40.3636363636

		8 m/s		-25.6647398844				-30.2040816327

		16 m/s		-14.6534653465				-17.2762645914

		NÄMÄ OVATKIN TURHIA:

		aiemmin lasketut Ifm:t kasvosuojaimelle

				Y21+pipo		3		E2

		1 m/s		0.094				0.144

		4 m/s		0.076				0.117

		8 m/s		0.058				0.088

		16 m/s		0.033				0.05

		ho:t

				Y21+pipo		3		E2

		1 m/s		5.3345298634				3.9198606272

		4 m/s		6.5392354125				4.8097944906

		8 m/s		8.6353199561				6.4091384723

		16 m/s		15.1507575379				11.2472647702

		Tulostaulukko (Ta=-25degC ja v=8m/s)

		Y21+pipo		laskettu Tsk		mitattu Tsk		käytetty ho=hc

		paljas iho		-9.9				49.8

		suojattu (poski)		4.8		8.44		17.3

		pipon alla (otsa)		21.8		16.12		5.2

		E2+pipo		laskettu Tsk		mitattu Tsk		käytetty ho=hc

		suojattu (poski)		11.3		7.98		11.3

		pipon alla (otsa)		21.8		15.4		5.2

		lopulliset tulokset paljaalle iholle, kun vertaillaan aikaisempiinkin mittauksiin:

		koemittaus		v		Ta		mitattu Tsk (leuka)		laskettu Tsk

		viite 1.

				1.2		-36.2		1.3		-1.4

				2		-26		2.4		0.7

				4.1		-18.1		1.3		1.3

				8.4		-10.9		1.5		2.6

				14.6		-6.7		3.8		3.5

		viite 2.

				1.9		-5		11.1		10.8

				3.9		-5		8.7		7.9

				8.2		-5		7.3		5.1

				13.2		-5		5.1		3.5

		lopulliset tulokset peitetylle iholle, kun Ta=-25 ja v=8m/s

		käytetty suoja		laskettu Tsk		mitattu Tsk		laskuissa käytetty ho=hc

		Y21+pipo+kypärä

		suojan alla (poski)		4.8				17.3

		pipon alla (otsa)		21.8				5.2

		E2+pipo+kypärä

		suojan alla (poski)		11.3				11.3

		pipon alla (otsa)		21.8				5.2
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