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Abstract
The aim of science is to help in better understanding of phenomena and mechanisms, evaluation of knowledge, comparisons by measurements and development of better solutions.  It also serves us by providing information for development of better materials and equipment for survival, protection and performance in the cold conditions, usually by diminishing the negative and increasing the positive effects. In addition to natural and technical sciences also medicine, physiology and psychology have offered their expertise to us. We need it because the demands relating to our duties and physical and mental performance in those are increasing all the time. During our 40 years co-operation with Finnish defence forces we have evaluated and developed two different combat clothing systems. The aim of the research program has been to improve military performance in extended military operations in cold conditions by development of Finnish military combat clothing. Concerning the combat clothing M2005 we started in 1997 by defining clear planning requirements mainly based on clothing physiological and psychological parameters like thermal insulation, air permeability, water vapour permeability, performance ergonomics and textile properties in different military tasks. But we studied also the meaning of weight of clothing and friction between clothing layers. As the result we have developed model of combat clothing M05, which were compared to the model M91 including material, cold climate laboratory and field measurements. We also compared the clothing physiological parameters of the new clothing to the planned requirements. The usability of clothing system was evaluated.. Nearly all requirements were gained during these 10 years of development. The main conclusion is that, when we have defined the aim of development process exactly, we will also gain these requirements, which in this case means clothing with better performance to soldiers.

1.0
INTRODUCTION
Finland is one of the most northern inhabited countries in the world and the whole country is north from the 60° latitude. For this reason cold exposure is a natural but also a harmful part of outside and also inside work in Finland. The coldest temperatures could be even below -40 °C. (Finnish Meteorological Institute 1977 - 1985). Additionally the wind chills the workers depending on wind velocity which often is more than 10 m/s in northern Finland. In spite of this there are no exact recommendations or regulations given by authorities to regulate the cold exposure and hazardous effects of cold exposure. 

Protection against the cold exposure can be ruled by recommendations and regulations, and put in practise by using technical protective means or by clothing and other equipment which can reduce the heat loss from body. The evaluation and design of clothing against cold have been developed systematically for decades [1,2]. The design of multilayer winter clothing has included many physical, chemical, physiological, psychological, aesthetical, clothing physiological and ergonomic principles e.g. controlling heat and moisture near the skin. There is also need of variety of the insulation of clothing depending on activity and weather. The wet conditions have given a great demand for design of clothing as also wind, radiation, mobility, tactility, and dexterity, the mechanical and chemical protection. Also there is a practical and scientific need to understand the basic mechanism of heat transfer in different kinds of clothing materials including semi-permeable membranes, hydrophobic and hygroscopic materials.

 The question is not only about design, but also of modelling and understanding the function of different layers of an ensemble. The basis for the physical clothing research is in the 1940's. In those days also the estimation and measurements of insulation values were developed based on thermal manikins and heated flat plate [3,4]. In the 50's also the simple calculation models were used and they recognized that one of the most important things in cold protection is insulation of extremities. In the 60's they started to handle also sweat evaporation and moisture permeability concepts [5].  With these basic ideas also the physical and physiological modelling of clothing based on the second law of thermodynamics were computerized and the effect of cooling could be calculated [6-9]. Not earlier than in the 1980’s there were reliable methods to evaluate the physiological properties of clothing from the point of view of skin. The main instruments developed were the sweating hot plate, sweating cylinder and thermal manikins with the used predictive models [10-15].

In Finland wider discussion about working clothing started at the end of 1970's. The most important measurement possibilities for equipment were developed in the 1980's and at the end of the decade also the new standards and calculation methods were taken into consideration [16].
There are three different main principles to handle the evaluation of clothing: to understand the meaning of heat balance of body, to have a physical and physiological model in order to understand the thermal system and regulation of body and to have a model to handle the evaluation and measurements of clothing. When we have understood these facts, we are able to define the scientific requirements and limit values for development work. According to the law of thermodynamics, heat loss and heat balance can be calculated knowing that heat loss occurs by radiation, conduction, convection and change of phases of water. The primary role of clothing in the system of man-clothing-environment is to regulate the rate of body heat loss.
Varying objective and physical evaluations of clothing for cold climate have been done only during last years and not until in 1990's the exact physical measurements have been adapted [2,12,17,18]. The latest models help to understand the heat balance analysis considering thermal environment, thermal insulation and water vapour resistance of clothing and heat production of body [8,10,19,20].  Because many kinds of physical and physiological test methods are proposed to estimate the properties of clothing and textile materials, it is important to have understanding of the evaluation systems (Figure 1).

Figure 1: The used clothing physical and physiological test methods.

Figure 2: A general scheme of the simulation models relating the environment and performance [21].
In Fig. 2 there can be seen how the environmental conditions are related to performance, and how clothing system on a test person relates to physiological and psychological properties. Accordingly the used simulating models are divided into two groups: 1) physical, usually clothing models, 2) physiological models, data regression models, models based on sensations at the skin [2]. In these models the heat and moisture transfer through clothing depend on insulation, water vapour resistance, ventilation 
and moisture, behavioural and postural effects. The heat is transferred in body by conduction and circulatory convection. The heat flow is controlled by sweating, shivering, vasomotor action and metabolic heat production. The physiological strain is used as a criterion to decide whether there is clothing enough or not. 

By using these kinds of tools we can predict heat and mass flow through clothing and heat balance of man, which give us possibility to define also excellent target values for military clothing. The most often used and measured parameters used in predicting models are water vapour resistance, thermal resistance or insulation, air permeability, thickness of clothing, water resistance, weight of clothing, regain parameter and also the indexes describing the water mass flow and water vapour flow through the clothing. Not only the thermal properties of textiles but also fit, drape and design, interaction of layers in a multilayer clothing, body movements and wind effect heat loss through clothing [22]. Hence it is important to define the thermal quantities of clothing systems, not only material parameters. The two main methods are the thermal manikins and the measurements with test subjects.
To have maximal work efficiency and safety in cold conditions the adequate heat balance is required. This can be controlled by heat production but also by clothing. The insulation value measured by standing man or thermal manikin can be reduced by wind or movements up to 50% [23].
Mecheels and Umbach [13] have defined a range of wear for (utility range) clothing and presented 
the so-called lowest temperature in which the body is in thermal balance. The lowest temperature satisfies the condition in which the body at rest (100 W) is lightly cool in the absence of sweating
 (Tsk = 32 °C). Then 
                                                 0.06 (pssk - pa)

Tmin = 32 - Rct {M - Hres - ________________} , 
                                                           Ret
where pssk is the saturated vapour pressure on skin.

In the same way they have defined the highest temperature for thermal equilibrium, when the actual evaporation at the skin surface is about 60% of the maximum possible and a mean skin temperature of 
36 °C.  

The best and the most original concept of the index of a required clothing insulation was revived by Holmer [8]. His model defines and calculates required clothing insulation value (IREQ) from the data for ambient climate and activity level. The IREQ method was proposed as a standard for ISO [24]. The IREQ index has taken care of many parameters in the working situations. Now
            Tsk - Tcl                                       Tsk - Tcl
Icl = _________________________  = __________  ,  

       0.155 . (M - W - Hres - E)                0.155(R + C)

where Tcl is the surface temperature of clothing being

Tcl = Tsk - 0.155 Icl(R + C) .                
When the minimum and maximum recommended values for ambient condition are known, we can 
define the utility range of clothing system based mainly on physiological limits for assessment of cold risks.
Because it has now defined and measured most important parameters of clothing system 
and we are able to simulate the behaviour of human by computers, we can define the 
measurement standards and target values for winter clothing.  For that we have needed the scientific data and tools.
2.0 The used methods and how they have developed

The main principle of our measuring process is described already in Figure 1. By these measurements 
the selection of layers and the weak points of clothing as well as physiological responses 
and subjective ranking were done. In Figure 3 feedback-systems in the evaluation methods 
were described. In every stage of evaluation we got correction measures to improve new functional clothing.
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Figure 3: General procedure of investigations in this research. 

The assessment of cold stress has been based on local cooling or body cooling [25]. 
From the physiological responses follow psychological responses and both effect performance and also motivation and mood [26].  Extreme response can be possible damages like frostbites and accidents. Hence we have changed this figure to have a wider perspective and actually show better the relation to the aim of all development work ─ performance and ability to survive (Figures 4-5).

Figure 4: New type of study design
Figure 5: Typical used study design in clothing research [27]
Questionnaires, physiological and physical measurements, performance measurements and clothing tests were applied in nine different research projects and in three different long term field trainings. The thermal balance was measured by skin and clothing temperature, heat flow from the skin and moisture inside the clothing. We recorded the background information, conscripts' expectations and experiences, physical and mental strain and evaluations of combat clothing. The test subjects were voluntary conscripts and they used old and new clothing systems. The field experiments were the long term exposures, lasting more than 10 days. During the research period we studied all the different clothing pieces from head cover and face mask to socks and boots. According to the feedback of field survey at the beginning we focused especially on gloves and functioning of clothing in long-term exposure, which were informed to be problematic in cold conditions. Mostly we used our own research design.

3.0 Results and discussion

When we started the research and development projects in 1970's with defence forces, the answers were very detailed and mostly related to individual parameters like thermal resistance of clothing materials or hand skin temperatures. The list of output in the projects is now comprehensive. We should answer e.g. following challenges during one project.

· Meaning of thermal balance for body and especially extremities - which are the risks, performance, utility range of clothing.

· The effect of heat balance on neuromuscular and manual performance: 10-20 % even 50% ─ sensory, cognitive, motor functions.

· Effect of garment itself: mass, 1 kg is effect of 3% and friction effect of 10% on metabolism.

· Energy expenditure: 100kJ/ C.
· Fluid balance: recommendations.
· Sleep: time, quality, reasons of disturbances.

· Effect on military task itself: e.g. effect of gloves on shooting, magazine loading.
· Moving and movements.
· Leadership, commands, understanding of commands.

· Attitudes: expectations, experiences.
· Stress and strain: understanding. 

· Usability of equipment.
· List of demands; basic demands to clothing and equipments.
· Users requirements.
· Users responses: sensation and feelings.
· What is statistically meaningful?
To answer these challenges we have more numerous and complicated data and material as ever before (Figure 6).

Figure 6:  Insulation of K05 and M91-clothing and moisture in clothing (N=4)
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Figure 7: Thermal insulation measured with thermal manikin and test subject.

Often we also compare the results from different sources just to be sure that laboratory and field measurement support each others (Figure 7). There is also a requirement that in the wide questionnaires the results should be statistically significant and reliable (table 1), which means wider research projects.
Table 1:  Statistical analysis from the clothing questionnaire. 

               *** p<0,001, ** p<0,01, ns=not significant
	Weather conditions affect survival of hands
	ns

	Hands cope better with the cold as general thermal sensation increases
	***

	Feet cope better with the cold as general thermal sensation increases
	***

	Sweating of feet decreases their thermal sensation
	***

	Sweating of feet decreases their ability to cope with the cold
	***

	Weather conditions affect thermal sensations at rest
	ns

	Increase in wind decreases dampness caused by sweating
	**

	The ability to cope with the cold increases as thermal sensations rise
	***

	The ability to cope with the cold increases when wetting decreases
	***


Figure 8: Ability of hands to cope in cold conditions with different clothing system.

In the product comparisons not only the statistical analysis but also the figures itself should illustrate that the new product is more suitable and better than the old one. One way to prove the effect of research work is also to show that a long time ago defined target values for new clothing has been reached (Table 2).
Table 2:  The target values for development of clothing model M05.
	Thermal insulation

	Parameter
	Limit
	Argument method
	M05/ok

	Insulation
	- 30 oC
	Heat balance
	ok

	Long term cold exposure
	0.45 m2K/W,3 clo
	prEN 342
	ok

	Gloves
	0,4 m2K/W, 2,5 clo
	Frostbites
	ok

	Sleeping bag
	1.5 m2K/W,10 clo
	Winter required rest
	ok

	Air permeability

	In wind, rest
	AP <20 l/m2 s
	Preventation of cooling
	 ok

	Water vapour permeability

	Cold weather clothing


	< 13 m2Pa/W 

	prEN 342


	 ok

	Mass of clothing
	-7 kg
	ergonomics
	-1,7kg/ok

	Mass of carrying equipment
	- 1 kg
	ergonomics
	- 1,4 kg/ok


Table 3: Typical test results of glove measurements to be sure that dexterity of hands will remain good enough.
	
	PP-under glove
	Fingered leather glove

	
	
	without lining
	lining
	thick lining

	Thickness (mm)
	    1,7
	    1,9
	     3,3
	  4

	Time (s)
	48
	79
	79
	90

	Average error-%
	  6
	21
	 3
	43


Also we should as clearly as possible to show that both the survivability and performance have improved (table 3).
What have been the benefits? The problems occurring with boots and gloves are much less now than before. And we know also the effect of new clothing system on performance and motivation of conscripts. We have calculated with IREQ-index the given utility ranges for clothing system. This means that we know also how much clothing should be dressed in different situations. These values have been studied both relating to the extremities and torso itself.

As a side result we have found that for example friction between material layers has a remarkable effect on performance [28]. In material measurements with dry materials the difference of friction between new and traditional materials is clear, 50 %. With wet materials it was smaller, 15 %. The conclusion from material measurements was that the difference could be seen also in metabolism and motion of body parts. The conclusion of physiological measurements was that the decrease of friction affects performance especially in the cases of wide movement ranges and in whole body movements. The effect on thigh motion was especially clear. The new lower friction clothing improved the performance by 7-13 %. The slight tightness of clothing had the effect of about 2% on performance. The improvement is remarkable: during a longer period the physical load can be 50 % of the maximal value of the test person. The bending angle of limbs was 10° less with traditional clothing. It means 10 cm shorter motion ranges (10/60 cm) in climbing. These facts are important in extreme conditions and in the case of extreme performance e.g. in climbing.  
We have measured air gaps in clothing and analysed their meaning and the effect of reflecting membranes and e.g. washing of sleeping bags to their insulation. We have found out that also the use of clothing decreases its thermal insulation and water resistance. According to our studies this finding is really remarkable. Main part of these results will be seen in our posters and other presentations. 

But the main goal was also fulfilled ─ survival and performance by using the new clothing system M05 was considerably better than by using the older clothing systems. Especially thermal sensations of the body and extremities were described to be warmer when using M05 than when using other clothing systems. Besides survival and performance improved clothing affected also soldiers' motivation and mood. General thermal sensation and sweating were more important than weather conditions for coping of feet and hands. There was the clear positive response to the success of development work made with clothing. Also the usability and utility range of clothing were better than before. The similar responses were seen in the questionnaires and measurement results, even in laboratory. The clothing was lighter, more comfortable, and easier to use, easier to undress, had better moisture handling and extremities were better protected. Nearly all requirements were gained during this 10 years development. The conclusion is that, when we have defined the aim of development process exactly, we will also gain these requirements. During these studies it has been developed new measurement and monitoring methods (38), new clothing pieces (60), new action models, new criteria for products and risks and reported the results in many publications.
How has the research changed during these last decades? The next table will present these changes well enough.
Table 4: Changes in research environment from the decade of 1980 to 2000.
	
	70/80's
	90's
	2000's

	Target of research
	Coarsed cloth
	M91
	M 2005

	Research method
	Individual thermometer
	Biophysical measuring equipment, test persons
	Computers, GPS, enquirers in field

	Research place
	Outside, with soldier, simulations
	In laboratories
	Manoeuvres, European network

	Research frame
	Individual target (toes)
	Protectiveness, performance
	Effect on  task

	Research                           co-operation
	One researcher
	Multiprofessional group 
	Common platform of researchers


	Research results
	20 reports
	100 reports and publications
	40 publication-oriented


4.0 Conclusion

As a conclusion  based on our research concept we can clearly conform, that survival and performance by using new clothing system M05 was considerably better than by using older clothing systems. Also thermal sensations of the body and extremities were described to be warmer with M05 than with older clothing systems. Besides survival and performance improved clothing affected also soldiers' motivation and mood. General thermal sensation and sweating were more important than weather conditions for coping of feet and hands. There was a positive response to the success of development work done with clothing. The similar responses could be seen in the questionnaires and measurement results, even in laboratory. But the development of systems and its testing is time consuming, in this case 10 years.

Finally, if we define the aim of development work exactly, we can also gain the planned requirements. It is also very clear that the quality of clothing system is so high today that the increase of soldiers' performance could be reached more easily by better training than by any new development project.  In training the information should be given about weather, activities and accordingly about clothing needed.
5.0 References
[1] Lotens WA. Clothing design for work in the cold. Arct Med Res 1987;46:3-12. 

[2] Lotens WA. Optimal Design Principles for Clothing Systems. Comfort and Strain. In: Handbook on Clothing, Biomedical Effects of Military Clothing and Equipment Systems. Soesterberg: TNO, Institute of Perception, 1988.

[3] Burton AC, Edholm OG. Man in a Cold Environment. London: Edward Arnold & Co., 1955.
[4] Winslow CEA, Herrington LP, Gagge AP. The influence of air movement upon heat losses from the clothed human body. Am J Physiol 1939;127:505-18.

[5] Woodcock AH. Moisture transfer in textile systems. Part I.  Text Res J 1962;32:628-33.
[6] Stolwijk JAJ, Hardy JD. Temperature regulation in man - a theoretical study. Pflugers Arch 1966;291:129-62.

[7] Wissler EH. A mathematical model of the human thermal system. Bull Math Biophys, 1964;26:147-66.

[8] Holmér I. Required clothing insulation (IREQ) as an analytical index of cold stress. ASHRAE Transactions  1984;90:1116-28.

[9] Gordon RG, Roemer RB. The effect of radial nodal spacing on finite difference calculations of temperatures in living tissue. ICCE Trans Biomed Eng 1975;22:77-83.

[10] Umbach KH. Evaluation of comfort characteristics of clothing by use of laboratory measurements and predictive calculations. In: Amundin K, Brunius C, Brand-Persson A (eds.). Proceedings of the International Conference on Protective Clothing Systems, Stockholm, Sweden, 1983;141-49.

[11] Umbach KH. A universal description of wear comfort. Report 
of Research Project AIF No. 4827, 1984.

[12] Umbach KH. Physiological tests and evaluation models for the optimization of the performance of protective clothing. In: Mekajavic IB, Banister EW, Morrison JB (eds.). Environmental Ergonomics, Philadelphia: Taylor & Francis Ltd, 1988:139-61. 

[13] Mecheels JH, Umbach KH. Thermoregulation properties of clothing systems. Melliand Textilberichte. 1976;57:1142-6.

[14] Mecheels J, Umbach KH. Thermophysiological properties of 
clothing systems. Melliand Textilbererichte. 1977;58:73-81.

[15] Farnworth B, Nordli B. Measurements of the combined heat and water-vapour flow through clothing under transient conditions. Ottawa: Defence Research Establishment Ottawa, Technical Note No 82-13, 1982.

[16] SFS 5681 Textiles, Physiological properties. Determination of thermal isolation, water vapour resistance and the combined effect of heat and mois​ture. Skin Model method. SFS, Suomen Standardisoimisliitto, 1991

[17] Umbach KH. Prediction of the physiological performance of protective clothing based on laboratory tests. In: Mäkinen H (ed.). Quality and usage of protective clothing. Kittilä: Nokobetef, 1992;151-156.

[18] Holmér I, Elnäs S. Physiological evaluation of the resistance to evaporative heat transfer by clothing. Ergonomics 1981;24:63-74.
[19] Lotens WA, Linde EJG. Insufficiency of Current Clothing Description. In: Proceedings of Internatinal Conference in Biophysical and Physiological Evaluation of Protective Clothing, 1983 Jul 4-8; Lyon.

[20] Lotens WA. Comparison of thermal predictive models for clothed humans. ASHRAE Transactions 1988;94:1321-40.

[21] Lotens WA. Predictive thermal modelling. In: Handbook on Clothing, Biomedical Effects of Military Clothing and Equipment Systems. Soesterberg : TNO-Institute of Perception, 1988.

[22] Chen Y. S, Fan J, Qian X, Zhang W. Effect of garment fit on thermal insulation and evaporative resistance. Textile Research Journal 2004;74 (8):742-8.
[23] Holmer I. Recent trends in clothing physiology. Scand J Work Environ Health 1989;15 (suppl 1):58-65.

[24] ISO/CD 11079. Ergonomics of the thermal environment - Determination and interpretation of cold stress when using required clothing insulation (IREQ) and local cooling effects. Geneva: International Organization for Standardization, 2002.
[25] Anttonen H, Tuhkanen P, Virtanen J. Survival in extreme conditions with new combat clothing. Oulu: Regional Institute of Occupational Health, 1992 (in Finnish).

[26] Mäkinen T, Palinkas L, Reeves D, Pääkkönen T, Rintamäki H, Leppäluoto J, Hassi J. Effect of repeated exposures to cold on cognitive performance in humans. Physiology & Behaviour 2006;87: 166-76.  

[27] Anttonen H, Kinnunen K, Niskanen J. Funtional glove combinations for cold conditions. In: Holmér I, Kuklane K, Gao C. Environmental Ergonomics XI. Proceedings of the 11th International Conference,2005 May 22-26; Ystad, Sweden. Thermal Environment Laboratory, EAT, Deparment of Design Sciences, Lund University. 

[28] Duggan A. Energy cost of stepping in protective clothing ensembles. Ergonomics 1988;31(1):3-11.
[image: image3.emf] 


impediment





Field trials





motion, behaviour





Limited field measurements





sweat





work  load





motivation





activity





body





Physical analysis of textiles


Skin model





Biophysical analysis of garments





Controlled tests in climatic chamber


Physiological data/subjective ratings





clothing





performance





physiol. strain





environment





acclimatization









































































































































TEST SUBJECT MEASUREMENTS IN FIELD


- Physiological data


- Subjective ranking





TEST SUBJECT MEASUREMENTS IN CHAMBER


- Physiological data


- Subjective ranking





         FIELD TRIALS


- Service, weak points


- Degradation of performance


- Questionnaires





RESULTS


- Corrections





PREDICTIVE CALCULATIONS


- Utility range, Model





UTILITY RANGE


AND RISK LIMITS





NEW FUNCTIONAL CLOTHING





RESULTS


- Corrections





PREDICTIVE CALCULATIONS


- Material modelling





BIOPHYSICAL CLOTHING MEASUREMENTS





RESULTS


- Selection





NON-STANDARDIZED


- Buffering of moisture


- Changing Ta, Wind


   Rcytot, Rctot, Rcop





STANDARDIZED


- Rct, Ret, Lg





MATERIAL MEASUREMENTS


- Rct, Ret, Rctot, Rcop


- Lg, d, transmittance of moisture





PRESURVEILLANCE


- Work conditions


- Job analysis


- Risk analysis


- Ergonomic limitations


- PPE-devices


- Human factors


- Overexposures


- Standards








NON- STANDARDIZED


- Wind, posture, wet





STANDARDIZED


- Manikin, dry








RTO-MP-HFM-168
KN4 - 1
KN4 - 14
RTO-MP-HFM-168
RTO-MP-HFM-168
KN4 - 13

