i1 M Loughborough
 University

This item was submitted to Loughborough's Research Repository by the author.
ltems in Figshare are protected by copyright, with all rights reserved, unless otherwise indicated.

Modelling the metabolic effects of protective clothing
PLEASE CITE THE PUBLISHED VERSION

http://www.es-pc.org/

PUBLISHER

© the authors

VERSION

VoR (Version of Record)

LICENCE

CC BY-NC-ND 4.0

REPOSITORY RECORD

Dorman, Lucy E., George Havenith, Peter Broede, Victor Candas, Emiel A. den Hartog, Ingvar Holmer, Harriet
Meinander, Wolfgang Nocker, and Mark Richards. 2019. “Modelling the Metabolic Effects of Protective
Clothing”. figshare. https://hdl.handle.net/2134/13702.


https://lboro.figshare.com/
http://www.es-pc.org/

B Loughborough
University

This item was submitted to Loughborough’s Institutional Repository
(https://dspace.lboro.ac.uk/) by the author and is made available under the
following Creative Commons Licence conditions.

@creative
ommon

COMMONS D EE D

Attribution-NonCommercial-NoDerivs 2.5
You are free:
» to copy, distribute, display, and perform the waorlk

Under the following conditions:

Attribution. ¥ou rmust attribute the wark in the manner specified by
the author or licensor,

MWoncommercial. vYou may not use this work for commercial purposes,

Mo Derivative Works, vou may not alter, transform, or build upon
this work,

& For any reuse or distribution, vou must make clear to others the license terms of
this work,

® Any of these conditions can be waived if you get permission from the copyright
holder,

Your fair use and other rights are in no way affected by the above.

This is a hurman-readable summary of the Legal Code (the full license).

Disclaimer BN

For the full text of this licence, please go to:
http://creativecommons.org/licenses/by-nc-nd/2.5/




Dorman LE, Havenith G. (2009) The effects of protective clothing on energy consumption during
different activities. Eur J Appl Physiol. 2009 Feb;105(3):463-70.

Dorman, L., Havenith, G., Brode, P., Candas, V., den Hartog, E., Havenith, G., Holmér, I.,
Meinander, H., Nocker, W. and Richards, M., "Modelling the Metabolic Effects of Protective
Clothing", Central Institute for Labour Protection - National Research Institute, 3rd European
Conference on Protective Clothing (ECPC), Poland, May 2006, ISBN: 83-7373-097-4. Download
from http://www.es-pc.org/

Dorman, L. and Havenith, G., "Protective clothing and it's effects on range of movement.”,
Proceedings of the 12th International Conference on Environmental Ergonomics, Igor B. Mekjavic,
stelios N. Kounalakis, Nigel A.S. Taylor, Biomed, Piran, Slovenia, August 2007, pp 212-219, ISBN
9789619054512.

Dorman, L. and Havenith, G., "The Influence of Clothing weight and Bulk on Metabolic Rate
When wearing Protective Clothing” , The Third International Conference on Human-
Environmental System ICHES' 05 , Tokyo, Japan, September 2005, pp 439-443

Lucy Dorman, George Havenith and Thermprotect Network (2005) The Effects Of Protective
Clothing On Metabolic Rate. The 11th International Conference On Environmental Ergonomics,
Ystad, Sweden; Proceedings published as Environmental Ergonomics 2005. Editors | Holmér, K
Kuklane and C Gao. Lund University, Lund, Sweden, 2005.ISBN 91-631-7062-0, Page 82-85



MODELLING THE METABOLIC EFFECTS OF PROTECTIVE
CLOTHING

Lucy DORMAN!, George HAVENITH?, P. BRODE?, V. CANDAS? E. den HARTOG?,
G. HAVENITH?, I. HOLMER?, H. MEINANDER ?, W. NOCKER?, M. RICHARDS?

Y Environmental Ergonomics Research Group, Department of Human Sciences, Loughborough
University, Loughborough, LE11 3TU, UK

2 THERMPROTECT network

e-mail author: L.E.Dorman@Iboro.ac.uk

ABSTRACT

Protective clothing is worn in many industrial and military situations. Although worn for protection
from one or more hazards, protective clothing can add significantly to the metabolic (energy) cost of
work. Suggestions put forward as to the mechanisms behind the observed increases include, the
additional clothing weight of the protective garments, possible friction between the number of layers
that must be worn and restriction of movement due to clothing bulk. However, despite much
speculation, these areas have not received much investigation.

Wearing protective clothing from a range of industries and with quite different characteristics for
example weight, bulk and stiffness significantly increased metabolic rate when walking, stepping and
completing an obstacle course activity. Increases in the metabolic rate of up to 20% above control
conditions (lightweight tracksuit and trainers worn) were seen. A number of clothing properties were
then investigated to try and understand the causes of these recorded metabolic rate increases. Clothing
bulk was measured at 3 sites, upper arm, torso and thigh. The stiffness of the clothing was also
calculated, using a method which measured the clothing drape of the sleeve, main body of the garment
and trouser leg.

A multiple regression carried out on the data showed body weight to be the best predictor of absolute
metabolic increases across all work modes. For the % increase in metabolic rate total clothing weight
was the best predictor. Torso bulk was negatively correlated with the increased metabolic rate for
walking and stepping and the overall average, whereas leg bulk was a significant predictor of an
increased stepping metabolic rate and leg stiffness a significant predictor for the obstacle course work
mode.

1. INTRODUCTION

The effects of protective clothing on workers has been studied across a number of industries but most
studies have emphasized the thermal effects of clothing, such as heart rate, core temperature responses
to different garments and performance decrements in the heat. Few studies have considered the
metabolic effects. In those that have, it has been shown that various protective clothing ensembles
increase the metabolic cost of performing walking and stepping tasks by adding weight (1, 2, 3, 4).



A ‘hobbling’ effect of clothing due to the interference with movement at the body’s joints, produced
by the bulk of the clothing, has also been suggested as a contributing factor to the increased energy
costs documented (1, 2, 3, 4).

2. METHODS

Using the data from this lab on increased metabolic rate for a number of protective garments (1),
further data was collected on the clothing characteristics. Clothing bulk was measured at 3 sites, upper
arm, torso and thigh, Participants wore a pair of work trousers and t-shirt under the protective
garments and then measurements of the excess clothing fabric were made at 3 sites; upper arm, torso
and upper thigh, using a standard tape measure, by pinching the clothing fabric at each site and
measuring the excess fold of material as illustrated in Figure 1.

Figure 1. Photographs showing site and method of measuring clothing bulk.

The stiffness of the clothing was also recorded, using a method which measured the clothing drape of
the sleeve, main body of the garment and leg. Measurements were made by supporting the garment on
a small platform 20cm above the ground, as illustrated in Figure 2 and allowing the section of the
garment to be measured to drape over the edge. A tape was in place on the floor and the distance to the
point at which the garment touched the floor was recorded, as shown in Figure 2. For the leg
measurements the trousers were laid on the platform with the crotch at the edge of the platform and the
left leg of the garment draped off the platform. For the arm measurement the main body of the
garment was placed on the platform with the seam of the left sleeve on the edge of the platform
allowing the left sleeve of the garment to drape off the platform as in Figure 2. For the torso
measurement, the main body of the garment was supported on the platform with the armpits of the
garment in line with the edge of the platform allowing the torso section of the garment to drape over
the edge.



Figure 2. Photographs to illustrate platform and tape measure used for stiffness measurements and their
positions during measurements of the drape of the sleeve of a garment.

A stepwise interactive multiple regression was carried out to assess if any of these clothing properties
(weight, bulk, stiffness) could be used to predict the metabolic cost of wearing the protective clothing.

3. RESULTS AND DISCUSSION

The results of the regression modelling have been summarised in Table 1. The columns contain
headings and units of the variables recorded when protective clothing was worn walking, stepping,
completing the obstacle course and overall (average of the 3 work modes). Metabolic rate was
measured in watts and subsequently calculated as watts per metre squared to take account of body
surface area and as percentage (%) increase from a control condition. Heart rate results have also been
analysed. The rows in the table contain the variables that the modelling process showed to be
significant predictors of the metabolic rate and heart rate.

When the overall % increase in metabolic rate was analysed, total clothing weight was found to
positively correlate with an increased metabolic rate and clothing bulk around the torso to negatively
correlate with an increased metabolic rate. The effects of load, in this instance carried as extra clothing
weight, on oxygen consumption and metabolic cost of work has been well documented. The modelling
suggests that greater increases in metabolic rate are seen in garments with a lower clothing bulk in the
torso region. When the absolute results (watts) for overall increase in metabolic rate are considered the
best predictor of the increase is body weight.

When the walking work mode is considered, total clothing weight (+) and torso bulk (-) are again the
best predictors of the % increased metabolic rate, total clothing weight positively and torso bulk
negatively as described above. For the absolute walking results, metabolic rate (watts and watts/m?)
and heart rate, body weight is the best predictor of the increase.

For the stepping work mode, the % increase in metabolic rate was best predicted by increased clothing
weight (+) and decreased torso bulk (-) as for the overall and walking work modes. Additionally
increased leg bulk was positively related to an increased metabolic rate. During the stepping activity,
the range of movement in the leg especially in the knee is much higher than when walking so
bulkiness of the trousers will have a much larger effect on the energy cost of the activity. Body weight



was the only predictor of the stepping metabolic rate when the absolute values were considered (watts
and watts/m?) and total clothing weight the only predictor of heart rate.

When the results from the obstacle course work mode are considered in isolation, the total clothing
weight (+) is the best predictor of the % increase in metabolic rate. However when the absolute
metabolic rate results are analysed the body weight (+) and leg stiffness (+) are the best correlates of
an increased metabolic rate. The obstacle course involved a number of activities including lifting and
moving crates, moving over and under wooden hurdles and crawling on hands and knees. Garments
with greater material stiffness in the leg clearly made these movements harder and less efficient, as the
model predicts the greater the stiffness, the greater the metabolic rate. Total clothing weight and leg
bulk were also important correlates of an increased metabolic rate, they can be considered to be
equally important predictors of metabolic rate but when one is included in the model the other
becomes not significant and vice versa. Heart rate during the obstacle course is best predicted by total
clothing weight (+) worn but also by leg bulk (+).



overall walking stepping obstacle course
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Table 1. Summary table of results from multiple regression




4. CONCLUSIONS

In summary, the stepwise interactive multiple regression carried out on the data showed body weight
to be the best predictor of absolute metabolic rate increases across all work modes. For the adjusted
data on metabolic rate (% increase when wearing protective clothing from control) total clothing
weight was the best predictor of the increase. Torso bulk was negatively correlated with the increased
metabolic rate when walking, stepping and overall. Leg bulk proved to be a good predictor of an
increased stepping metabolic rate and leg stiffness a good predictor of an increased metabolic rate
when completing the obstacle course work mode.

This modelling was based on data from 12 protective garments and 4 categories of predictors; subject
weight, total clothing weight, bulk (measured at 3 sites; arm, torso and leg) and stiffness (measured at
3 sites; arm, torso and leg). Further work on clothing weight distribution and number of layers will
hopefully add to the predictive power of the model.
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The European Conference on Protective Clothing (ECPC) is organized every 3 years by the European Society
of Protective Clothing (ESPC) which was founded in 2000 in Stockholm. The purpose of ESPC s to act as

a forum for experts cooperation in the field of protective clothing (including gloves and shoes) all over the
Europe, but the experts from all over the world are also welcome. The forum was created in 1984
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Preventive Measure) was founded. ESPC and Nokobetef are independent organizations.
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Despite the latest achievements in technology aimed at new solutions in safety at the work place, there are still
traditional and new hazards and risks against which application of personal protective equipment
and protective clothing is necessary. Risk compounded by simultaneous exposure to several harmful or
dangerous factors must not be overlooked, either. At the same time it is crucial to take into account workers'
growing expectations of comfort while using personal protective equipment. Thus high-performance
protective clothing continues to be an important tool for creating safe working conditions and therefore
researchin this field is indispensable.

Application of new solutions, such as high-tech materials and microelectronics, in designing products can help
achieve equilibrium between protection, comfort and durability of protective clothing. In accordance with the
principle of balanced protection, both scientific and applied research aimed at the development of innovative
materials and clothing is necessary. Smart protective clothing is a good example of successful research; it, for
example, enables selt-adjustment of the microclimate under a protective barrier and indication of safe wearing
time of clothing. Improvement of testing and measurement technology, which should map real-use conditions
of protective clothing and make objective assessment of new products possible, also constitutes an important
areainresearch.

Intensive exchange of knowledge and experience among experts is needed for successful development
of optimal products.

That is why representatives from various institutions, organizations and enterprises involved in protective
clothing, including gloves and footwear are meeting in Gdynia, Poland. The 3rd European Conference
on Protective Clothing is an excellent opportunity for scientific discussions, an exchange of information
and co-operation among experts.

In these conference proceedings you will find abstracts of all oral presentations and posters presented
in Gdynia. The complete papers are available on a CD.
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