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Preface

In 1981, under the directing of the great scientist Xuesen Qian, an integrated
frontier science—Man–Machine–Environment System Engineering (MMESE)—
came into being in China. Xuesen Qian gave high praise to this emerging science.
In the letter to Shengzhao Long, he pointed out, ‘‘You are creating this very
important modern science and technology in China!’’ in October 22, 1993.

In the congratulation letter to the commemoration meeting of 20th anniversary
of establishing the MMESE, the great scientist Xuesen Qian stated, ‘‘You have
made active development and exploration in this new emerging science of
MMESE, and obtained encouraging achievements. I am sincerely pleased and
hope you can do even more to make prosper development in the theory and
application of MMESE, and make positive contribution to the progress of
science and technology in China, and even in the whole world’’ in June 26,
2001.

October 22nd, which is the day that the great scientist Xuesen Qian gave high
praise to MMESE, was determined to be Foundation Commemoration Day of
MMESE by the second conference of the fifth MMESE Committee on October 22,
2010. On this very special day, the great scientists Xuesen Qian pointed out in the
letter to Shengzhao Long, ‘‘You are creating this very important modern
science and technology in China!’’ And the conference also determined that the
annual Conference on MMESE would be held from October 21st to 24th to cherish
the memory of the great contributions that the great scientist Xuesen Qian had
made to the MMESE!

The 14th International Conference on MMESE will be held in Guilin, China on
October 21st–24th of this year; hence, we will dedicate Proceedings of the 14th
International Conference on Man–Machine–Environment System Engineering to
our readers.

Proceedings of the 14th International Conference on Man–Machine–Environ-
ment System Engineering is the academic showcases of the 14th International
Conference on MMESE joint held by MMESE Committee of China and Beijing
KeCui Academe of MMESE in Guilin, China. The conference proceedings is
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consisted of 52 more excellent papers selected from more than 400 papers. Due to
limitations on space, some excellent papers have been left out, we feel deeply
sorry for that. Crudeness in contents and possible incorrectness are inevitable due
to the somewhat pressing editing time and we hope you kindly point them out
promptly, and your valuable comments and suggestions are also welcomed.

Proceedings of the 14th International Conference on Man–Machine–Environ-
ment System Engineering will be published by Springer-Verlag, German. Springer-
Verlag is also responsible for the related matters on index of Index to EI and
CPCI-S (ISTP), so that the world can know the research quality and development
trend of MMESE theory and application. Therefore, the publication of Proceed-
ings of the 14th International Conference on Man–Machine–Environment System
Engineering will greatly promote the vigorous development of MMESE in the
world, and realize the grand object of making positive contribution to the
progress of science and technology in China, and even in the whole world
proposed by Xuesen Qian.

We would like to express our sincere thanks to Springer-Verlag, German for
their full support and help of during the publishing process.

Beijing, July 2014 Shengzhao Long

x Preface
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Chapter 1
Performance of Ergonomics from 2001
to 2012

Jie Li, Menglu Li, Xiaohong Guo and Aleksandar Jovanovic

Abstract The objective of this paper is to conduct a quantitative and qualitative
analysis of the international journal of Ergonomics. Articles published in
Ergonomics from 2001 to 2012 have been downloaded from the Science Citation
Index-Expanded database. The bibliometrics methods have been used to analyse
the publication output with respect to authors, countries, institutes and keywords of
these documents. The results show that authors such as Van Dieen JH published
the most papers in this journal; the analysis of institutes and countries has shown
that Vrije University Amsterdam and USA are the most productive in each cate-
gory. The analysis of the keywords revealed that ‘‘electromyography’’ has been the
most-frequently author-used keywords, followed by ‘‘biomechanics’’, ‘‘ergonom-
ics’’ and ‘‘posture’’, reflecting the hot topics and main attention of Ergonomics.

Keywords Scientometrics � Bibliometric � Ergonomics � Knowledge mapping

1.1 Introduction

The term ‘‘ergonomics’’ is derived from two Greek words ‘‘ergon’’, meaning work,
and ‘‘nomoi’’, meaning natural laws (http://www.ergonomics.org/). These days,
ergonomics has been applied in a variety of areas, including safety, computers,
automobiles, cockpits, machinery and factories [1–4]. In addition, many
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ergonomics-related journals and magazines are published around the world.
In fact, there are totally 16 journals listed in the JCR 2012 (for more detailed
information, please visit http://blog.sciencenet.cn/blog-554179-752558.html);
these journals are all indexed by SSCI or SCI. Ergonomics is one of the most
important journals in ergonomics topics which are published in England by Taylor
and Francis Ltd and indexed by SCI and SSCI. According to the JCR Social
Sciences Edition 2012, Ergonomics is 3 out of 16 in ergonomics journals and 23
out of 73 journals in psychology and applied. However, according to the JCR
Science Edition 2012, Ergonomics is 9 out of 44 in categories of engineering,
industrial, and 47 out of 75 in the subject categories of psychology. Ergonomics
has an impact factor of 1.674 in 2013. Recently, the research shows that biblio-
metrics methods have become an effective way to analyse the performance of
Journals [5–7]. In this study, scientometrics method was used to help outline a
profile of the Ergonomics from 2001 to 2012, including annual distribution of
articles, authors, institutes, countries and keywords of the journal.

1.2 Data and Method

The data were retrieved on 30 August 2013, from the Science Citation Index-
Expanded (SCI-E) database with an online version published by Thomson Reuters,
which has been operated by Thomson Scientific, Philadelphia, PA, USA. The
retrieval strategies were arranged as Publication Name = (Ergonomics), Time
span = (2001–2012). Totally, 1544 documents, including articles (1289, 83.
484 %), book reviews (177, 11.464 %), proceedings papers (81, 5.246 %), edi-
torial materials (35, 2.267 %), reviews (22, 1.425 %), corrections (12, 0.777 %)
and biographical items (8, 0.518 %), have been published in Ergonomics. As
articles represented the majority of peer-reviewed document in the journal,
therefore, 1,289 articles were downloaded for further analysis (including 81 pro-
ceedings articles published in Ergonomics). The bibliometrics method has been
used in this study which includes basic statistics, geographic distribution and
co-words analysis. Also, tools for scientometrics analysis including Histcite [8],
VOSviewer [9] and SATI [10] have been used for the data analysis.

1.3 Results and Discussion

1.3.1 Publication Output

Articles published in Ergonomics from 2001 to 2012 are shown in Fig. 1.1. The
number of papers published annually in the journal of Ergonomics varies from 68
to 129 and the average number of papers published in Ergonomics is more than
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107, with standard deviation of 20.02. As a monthly journal, the papers published
in Ergonomics did not change significantly over time.

1.3.2 Authors’ Analysis

There are 3,039 authors from all the 1,289 articles. The top 10 most productive
authors are displayed in Fig. 1.2. Out of 3,039 authors, Van Dieen JH has con-
tributed the most number with 25 articles ranking the first place, followed by
Stanton NA (22), Nussbaum MA (18), Chang WR (16), Frings-Dresen MHW (16),
Callaghan JP (15), Kingma I (14), Chan AHS (12), Sauer J (12), Walker GH (12),
Johnson PW (11) and Sluiter JK (11). They are all core authors who have pub-
lished articles in Ergonomics.

1.3.3 Institute Analysis

The contributions of different institutes were assessed herein by the institutes’
affiliations with at least one author in the published papers. The top 20 institutes
with a paper quantity of more than 15 are ranked by the number of their published
articles. According to Table 1.1, Vrije University Amsterdam has published 40
articles, ranking first, followed by University Waterloo with 37 articles, and
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Table 1.1 Top 20 most productive Institutes of Ergonomics during 2001–2012

No. Institution Country Recs Percentage LCS GCS

1 Vrije University Amsterdam Netherlands 40 3.1 67 542

2 University Waterloo Canada 37 2.9 62 376

3 Liberty Mutual Res Inst Safety USA 32 2.5 25 193

4 University Nottingham UK 28 2.2 64 397

5 Liverpool John Moores
University

UK 27 2.1 12 438

6 NIOSH USA 26 2 64 452

7 University Cincinnati USA 25 1.9 45 273

8 University Amsterdam Netherlands 24 1.9 31 320

9 University Michigan USA 23 1.8 46 217

10 University Loughborough UK 22 1.7 40 202

11 Delft University Technol Netherlands 21 1.6 18 180

12 University Southampton UK 20 1.6 24 105

13 Brunel University UK 19 1.5 84 295

14 Virginia Tech USA 19 1.5 12 92

15 Finnish Inst Occupat Hlth Finland 18 1.4 80 442

16 Hong Kong Polytech University China 18 1.4 30 157

17 Massey University New
Zealand

18 1.4 32 178

18 Ohio State University USA 17 1.3 31 152

19 University Wisconsin USA 17 1.3 24 158

20 University Washington USA 16 1.2 54 252

Note Rec is number of the articles, Percentage is percentage of articles, LCS is local citation
score, which means the number of cited times cited by other papers in local database. GCS is
global citation score that means the number of cited times cited by other papers in web of
science (until 30 August 2013)
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Liberty Mutual Res Inst Safety with 32 article ranking third that makes up the
three of the most powerful institutions in ergonomics. The GCS of the Vrije
University Amsterdam (542) also is the highest, followed by NIOSH (452),
Finnish Inst Occupat Hlth (442) and Liverpool John Moores University (438).
Moreover, Finnish Inst Occupat Hlth (24.5) has the highest AVGS, followed by
NIOSH (17.4) and Liverpool John Moores University (16.2), are the leading
institutes in paper quantity.

The VOSviewer software has been used to analyse the bibliographic coupling
of the 20 most productive institutions (see in Fig. 1.3). From the software, four
major clusters of institutions have been generated. Cluster 1 includes Brunel Univ,
Hong Kong Polytech Univ, Liverpool John Moores Univ, Massey Univ, Univ
Loughborough, Univ Nottingham and Univ Southampton; the cluster 2 includes
Finnish Inst Occupat Hlth, Liberty Mutual Res Inst Safety, Univ Michigan, Univ
Washington, Univ Waterloo, Univ Wisconsin and Virginia Tech. The cluster 3
includes Niosh, Ohio State Univ and Univ Cincinnati; the cluster 4 includes Delft
Univ Technol, Univ Amsterdam and Vrije Univ Amsterdam. Institutions in same
cluster have more cooperation and the close ergonomics topics. The institutes of
Vrije University Amsterdam, University Waterloo, Liberty Mutual Res Inst Safety,
University of Nottingham, Liverpool john Moores University, NIOSH and
University of Cincinnati are in the core status of correspondent cluster. Further-
more, institutions including Vrije University Amsterdam, University of Waterloo,

Fig. 1.3 Bibliographic coupling of key institutions in Ergonomics
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Liberty Mutual Res Inst Safety, University of Nottingham and NIOSH have
cooperated with other institutes frequently and have an important role in their
cluster group.

1.3.4 Spatial Distribution Analysis

The outputs of different countries or territories are presented in Fig. 1.4, and the
detailed information of top 10 countries are listed in Table 1.2. The most pro-
ductive country is USA, followed by UK, Canada and the Netherlands. Further-
more, these countries also have the high citation rates that have been evaluated by
TLCS and TGCS. Finland ranked the first place when compared in terms of AGCS
(AGCS is the average citation frequency of article, which implies the quality of the
articles). It means that these countries/territories published the most high-quality
papers in this journal and have the highest strength in ergonomics research. The
number of publications in other countries is all below 100.

1.3.5 Keywords Research

In this part, Statistical Analysis Toolkit for Informetrics1 (SATI) has been used to
analyse the frequency of the keywords and make the 100 9 100 Co-occurrence
matrix (Valued) of the ergonomics keywords. Keywords matrix has been used in

Fig. 1.4 The spatial distribution of Ergonomics papers during 2001–2012. To explore the map in
an interactive way, please visit: https://www.google.com/fusiontables/DataSource?docid=
15CoDtAs5PEscK7Zgae9Y9m9yq2MVHHoDrsTuoec8

1 Statistical Analysis Toolkit for Informetrics can freely get from http://sati.liuqiyuan.com/.
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Ucinet to get NET file, and Gephi2 was used to draw the network of the keywords
distribution. The most-frequent keywords and their annual distribution are dis-
played in Fig. 1.5. The high-frequency words including ‘‘electromyography (47)’’,
‘‘biomechanics (45)’’, ‘‘ergonomics (44)’’, ‘‘posture (43)’’, ‘‘performance (42)’’,
‘‘musculoskeletal disorders’’ (38), ‘‘EMG (29)’’, ‘‘lifting (29)’’, ‘‘workload (24)’’,
‘‘driving (23)’’, ‘‘children (23)’’ and ‘‘load carriage (23)’’ are shown in the Fig. 1.5.
These high-frequency keywords are reflecting the main topics which Ergonomics
focus on. In addition, Fig. 1.5 also reveals that ‘‘electromyography’’ and ‘‘driving’’
were the hot research topics in 2007; ‘‘performance’’ was a hot topic in 2009;
‘‘posture’’ is a hot topic in 2011; ‘‘biomechanics’’ is a hot topic in 2006 and 2012.
Each word demonstrates the trend of different research areas in Ergonomics. From
the network of the keywords in journal of Ergonomics (See Fig. 1.6), it has been

Table 1.2 Top 10 most productive countries/territories of Ergonomics papers during 2001–2012

No. Country Recs Percentage TLCS TGCS AGCS

1 USA 368 28.5 613 3,608 9.80

2 UK 230 17.8 383 2,726 11.85

3 Canada 129 10 195 1,100 8.53

4 the Netherlands 104 8.1 146 1,266 12.17

5 Australia 97 7.5 141 862 8.89

6 Sweden 63 4.9 152 878 13.94

7 Germany 56 4.3 79 463 8.27

8 Peoples R China 51 4 70 381 7.47

9 New Zealand 39 3 53 328 8.41

10 France 38 2.9 46 301 7.92

Keywords/Year Totally 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 Totally
Electromyography 47 3 2 3

22143131413492Emg

4 5 4 8 4 4 2 5 3 47
Biomechanics 45 5 2 2 4 2 6 4 2 4 4 4 6 45
Ergonomics 44 4 2 3 2 3 2 4 5 6 0 6 7 44
Posture 43 3 2 1 5 3 3 6 5 2 5 7 1 43
Performance 42 2 2 2 4 1 3 4 2 8 4 4 6 42
Musculoskeletal Disorders 38 2 0 2 2 5 2 3 5 6 4 2 5 38

92
Lifting 29 1 4 0 3 3 0 3 2 3 6 2 2 29
Workload 24 0 5 0 2 3 0 2 1 5 1 3 2 24
Driving 23 1 1 4 1 2 2 7 0 3 0 0 2 23
Children 23 1 0 2 4 1 0 3 5 2 4 1 0 23
Load Carriage 23 1 0 3 5 0 2 3 2 1 4 1 1 23
Keywords/Year Totally 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 Totally

Fig. 1.5 Annual distribution of the keywords in Ergonomics

2 The Open Graph Viz Platform can freely get from https://gephi.org/.
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shown that ‘‘electromyography’’, ‘‘biomechanics’’, ‘‘ergonomics’’, ‘‘posture’’,
‘‘performance’’, ‘‘musculoskeletal disorders’’, ‘‘EMG’’, ‘‘lifting’’, ‘‘workload’’ and
‘‘driving’’ have a high degree in the network. It means these keywords have played
an important role in connection with each topic in Ergonomics.

1.4 Conclusions

In this study, bibliometrics methods have been used to analyse the performance of
the journal of Ergonomics from 2001 to 2012. The results of publications outputs,
authors, countries/territories, institutes and keywords distribution are explained in
this paper. The analysis of the authors shows that Van Dieen JH, Stanton NA,
Nussbaum MA and Chang WR are the most productive authors who publish more
articles in Ergonomics. The articles published in Ergonomics reveal that Vrije
University Amsterdam, University Waterloo and Liberty Mutual Res Inst Safety
are the key institutes. Moreover, USA, UK, Canada and the Netherlands are
the most productive countries. Finally, keywords of ‘‘electromyography (47)’’,
‘‘biomechanics (45)’’, ‘‘ergonomics (44)’’, ‘‘posture (43)’’, and ‘‘performance
(42)’’ are the hot topics, which are the Ergonomics’ focus.

Acknowledgment The study has been supported by the Joint Education Graduate Cooperation
Program between Capital University of Economics and Business (CUEB) and Steinbeis
Advanced Risk Technologies.
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Chapter 2
Perceived Fatigue Evaluating Model
in Health Men Performing Backpack
Load-Carriage Exercises

Yuhong Shen, Jiewen Zheng, Chenming Li, Yafei Guo
and Pengfei Ren

Abstract Objectives This study aimed to develop a fatigue model for human load
carriage during endurance exercise using quantification of perceived pains and
physiological parameters. Methods Heart rate, skin contact pressure, and perceived
pains and corresponding locations of five healthy participants were measured
during treadmill tests on non-consecutive days under three different conditions of
backpack payloads (29, 31.5, and 34 kg). Results All participants could complete
the trials without resting using 29, 31.5, and 34 kg payloads for 50 min. The slopes
for heart rate regression equations in three-payload conditions became steeper as
the payload increased. The trends of root mean square (RMS) of skin contact
pressure in back, shoulder, and hip regions are all changing smoothly. But the
overall amplitudes of RMS of pressure in shoulder region in all three-payload
conditions are higher comparing with other two regions. Perceived fatigue inten-
sity results showed that shoulder region was the most discomfort region on the
body and was highest using 34-kg payload. Conclusions The results suggested that
shoulder fatigue may limit endurance performance, thereby indicating the
importance of a well-designed shoulder strap. A fatigue intensity predictive model
was proposed to allow prediction of human load carriage limits and fatigue
intensity trend for endurance exercise.

Keywords Backpacks � Biomechanical assessment � Load carriage � Fatigue
intensity predictive model � Skin contact pressure
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2.1 Introduction

Backpacks or personal load carriage systems are commonly used by soldiers to
carry heavy loads in different terrains and gradients even in long-distance
marching or in the fighting [1]. With technological advancements, loads carried by
soldiers especially in terms of increased firepower and protection equipments have
progressively increased. Unfortunately, carrying heavy loads often caused dis-
comfort, fatigue, and injuries and affecting soldiers’ operational performance [2].
In a recent military report, US rifle squads carried fighting load of 28.3 kg (34.9 %
body weight (BW)), approach march load of 43.1 kg (52.6 % BW), and emer-
gency approach march load of 58.2 kg (73.6 % BW) [3]. A difficulty for military
personnel have to face is to assess the fatigue or injury that various loads will have
on foot soldiers. Even though payload and mission are known, there are only a few
strategies to assess or predict the impact of loads on the soldiers. It is important to
develop a predictive model or equation that encompasses more of the major
variables that limit performance of load carriage in the field.

Till date, the studies of fatigue predictive model for human load carriage par-
ticularly in military conditions are limited and less reported, especially applying
both biomechanical and physiological approaches. This paper will explore the
relationships between fatigue and backpacks and give some suggestions for
improving the design of backpack and reducing discomfort or fatigue when car-
rying heavy loads. Finally, a fatigue intensity predictive model was proposed to
allow prediction of human load carriage limits and fatigue intensity trend for
endurance exercise, which would be used to provide backpackers and military with
a simple guideline to assess the load reasonably carried by a soldier or backpacker,
the duration with corresponding load, and the dropout rate for a certain task.

2.2 Methods

2.2.1 Subjects

Five male individuals with a mean (±SD) age, body weight, and height of
24.2 ± 3.7 years, 64.5 ± 11.59 kg, and 172.2 ± 2.39 cm, respectively, enrolled
in this study. The participants were healthy Chinese men and had no muscular or
skeletal illness that would influence load carriage performance. Both written
consent and verbal consent were obtained from all participants prior to experiment.
They were asked to have a good rest and avoid caffeine, alcohol, smoking, and
intense physical activity at least 24 h prior to the experiment.

14 Y. Shen et al.



2.2.2 Apparatus and Measurements

The pressures at shoulder, back, and hip regions were measured by miniature
pressure sensor (Model 9801, Tekscan, USA). The 9801 sensor has sensing region
dimension of 7.6 9 20.3 cm that is so small that a minimal change to the cur-
vature of the shoulder strap can be measured. Two 9801 sensor pads were put on
each region to detect pressure of both sides, as shown in Fig. 2.1. Each 9801
sensor was plugged into a data scanner where pressure data were collected and sent
to PC via USB cable where the data can be viewed, analyzed, and stored in real
time with I-Scan� application software. Heart rate (HR) was acquired using a chest
HR belt and a wristwatch monitor (S610i, Polar, Finland). The HR data stored in
wristwatch monitor will be uploaded to PC via infrared port after experiment.

2.2.3 Procedure

The experimental trials began at 08:00. Temperature of the climate chamber was
maintained at 25 �C throughout all the trials. Participants visited the climate
chamber at our institute for three exercise sessions on non-successive days. The
payloads were packed into the modern Chinese army backpack that was adjusted
to fit each participant with a balanced and uniform load distribution. Five par-
ticipants will perform treadmill tests (5 km/h speed, 0 % incline) under three

Fig. 2.1 Location of 9801
pressure sensors
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different conditions (29, 31.5, or 34 kg). Every three minutes, numerical fatigue
intensity (0 to 10 where ‘‘0’’ indicates ‘‘no fatigue’’ and ‘‘10’’ indicates ‘‘fatigue as
bad as it can be’’) on three regions (shoulder, back, and hip) and whole body were
recorded by the researcher, until finishing 50 min of trail or until the participant
reported stopping exercising.

2.2.4 Statistics

Descriptive statistics were used to calculate mean values for fatigue intensity. The
root mean square (RMS) was used to describe the magnitude of skin contact
pressure in three minutes. P \ 0.05 was considered significant. All statistical
analyses were performed in SPSS 11.0 and MATLAB 7.0.

2.3 Results

Figure 2.2 shows the mean HR resulting from 50 min of load carriage on a
treadmill for three payloads. In Fig. 2.2, the regression equation for each payload
was calculated based on time (independent variable) and mean HR (dependant
variable). The slope for regression equation became steeper as the payload
increased. Figure 2.2 also shows that mean HRs generally reached a plateau
(slopes became gentle) between 25 and 40 min of exercise.

Figure 2.3 shows the RMS of skin contact pressure during 50 min of load
carriage exercise for three payloads. It can be seen that the trends of RMS of skin
contact pressure in back, shoulder, and hip regions in three-payload conditions are
all changing smoothly. But the overall amplitudes of RMS of pressure in shoulder
regions are higher comparing with other two regions (back and hip). And the
difference is most obvious in 34 kg payload.

Fig. 2.2 Mean HR during
50 min of load carriage
exercise
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Table 2.1 shows perceived fatigue scores of three regions and whole body
during 50 min exercises in three-payload conditions. In shoulder and hip regions,
the fatigue scores increased as the payloads changing from 29 to 34 kg. But the
opposite is in back region. Whereas there is no regular changes of the whole body
fatigue score. Table 2.1 also shows that shoulder region was the most discom-
fortable region on the body and was highest using 34-kg payload.

To develop fatigue predictive model for load carriage, a number of regression
equations were calculated. Figure 2.4 shows the regression equations for each
payload, calculated based on fatigue scores from the most discomfortable of
shoulder region (dependent variable) and time (independent variable). Figure 2.5
shows the regression equations, calculated based on shoulder fatigue (dependent

Fig. 2.3 The RMS of skin contact pressure during 50 min of load carriage exercise

Table 2.1 Perceived fatigue score of shoulder, back, and hip regions and whole body in three-
payload conditions

Time Shoulder Back Hip Whole body

29
kg

31.5
kg

34
kg

29
kg

31.5
kg

34
kg

29
kg

31.5
kg

34
kg

29
kg

31.5
kg

34
kg

50 min 3.2 4.1 5.7 3.3 2.1 1.3 3.1 2.3 3.7 3.6 3.3 3.9

Fig. 2.4 The relationship
between shoulder region
fatigue and excising time
during load carriage
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variable) and payload (independent variable). For this test, all participants could
complete 50-min exercises without resting using all three payloads.

Based on above findings, a simple fatigue predictive model will be proposed
(Fig. 2.6).

Fig. 2.5 The relationship between shoulder region fatigue and payload during load carriage

Model 1
Prediction of load carriage duration for 

discrete payloads ≤ 34 kg

Model 2
Prediction of percent of maximal fatigue intensity for a 

given payload during 50-minute exercise.
If payload is known (e.g. 29, 31.5, 34 kg),
then the maximal duration can be predicted.
Choose appropriate regression equation
from Figure 4;
Where, x = time; y = shoulder fatigue score.
For example:
To predict how long backpacker can endure
31.5 kg before fell exhausted.
y = 0.066x + 0.592; (31.5 kg), when y = 5.7,
x = 77 minutes;
Therefore, backpacker can endure 77
minutes exercise when carrying 31.5 kg
payload.

If the payload is known, then the percent of maximal
fatigue intensity can be predicted.
Step 1:
Use equation from Figure 5:
y = 0.496x - 11.28
Where, x = load; y = shoulder fatigue intensity.
Step 2:
Use following equation:
% maximal fatigue limit: = y/5.7 × 100%.
For example:
If 33 kg payload is carried for 50 minutes, backpacker
will be working at the following percent of his maximal
fatigue limit.
Step 1:
y = 0.496× 33 –11.28
y = 5.1
Step 2:
% maximal fatigue limit: = 5.09/5.7 × 100%= 89.3%
Therefore, fatigue is predicted to be 5.1/10 during payload
carriage of 33 kg for 50 minutes which is 89.3% of
maximal load carriage fatigue limit.

Fig. 2.6 The fatigue intensity predictive model
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2.4 Discussions

As expected, each participant showed increasing tendency of mean HR in all three-
payload conditions and reached a plateau between 25 and 40 min (Fig. 2.2). When
starting exercise, the cardiorespiratory system is trying to accommodate body to
changed load conditions, so the HR increased rapidly. After about 25 to 40 min,
the body tends to balance, so a plateau appeared. But the HR would continue to
grow up as the exercising intensity increased, and then, the body would explore
potential of the body to adapt to new change [4]. The highest mean HR recorded
was 137 beat/min (BPM) (34-kg payload), suggesting that the HR was in the
low end of cardiorespiratory limit. Tanaka et al. reported that following equation
could be used to predict maximal HR (HRmax): HRmax = 208 - (0.7 9 age)
[5]. Based on mean age of our participants (24.2 year), the expected HRmax
would be 191 BPM. From Fig. 2.2, it can be calculated that the participants were
excising at 71.1 % of HRmax (34 kg). Kenney et al. reported that about 70 % of
HRmax could be accepted for most healthy individuals [6]. Based on above, all
participants always took exercises within maximal cardiorespiratory limit, even for
the heaviest 34-kg payload, suggesting that HR may be not a major factor for
predicting fatigue when carrying under 34-kg payload.

Some studies have suggested that the shoulder region played the most important
role in determining load carriage limit and will be most vulnerable region of
feeling fatigue or pain [7, 8]. This study gets similar results that both in 31.5- and
34-kg payloads condition, fatigue scores of shoulder region are the biggest. But in
29-kg payload, the most discomfortable region was back. Table 2.1 shows that
fatigue scores of the shoulder, back, and hip regions in 29-kg payload were 3.2,
3.3, and 3.1, respectively, suggesting the differences between them had no sig-
nificances (P [ 0.05). This maybe can be explained that perceived fatigues in three
regions are so small in this low payload condition (29 kg) that it cannot be dif-
ferentiated. In all payloads conditions, fatigue score of shoulder region in 34 kg
was highest, suggesting that shoulder fatigue may limit endurance performance,
thereby indicating the importance of a well-designed shoulder strap. The sternum
strap and hip belt may also improve fatigue by reducing shoulder pressure through
the redistribution forces over a larger surface on the anterior body during endur-
ance exercise. These results are similar to other studies [1, 9, 10].

Figure 2.3 shows the RMS of pressure in shoulder region in all three-payload
conditions are higher than other regions, but almost no differences existed among
three-payload conditions. By contrast, the RMS of pressure in back and hip regions
seemed to present regular trends of increasing as adding payloads. It was possible
that the sternum strap and hip belt shared much pressures distributed in shoulder
region when payload increased. So that is why the RMS of pressure in shoulder
had less change, whereas those of back and hip increased. This also on the other
hand proved that well-designed sternum strap and hip belt would improve back-
pack performance in load carriage and proved the backpack used in this study had
good performance. The skin contact pressures could be acquired with film-type
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sensors, but some indeterminacy due to volatile contact areas between skin and
backpacks, bending errors, poor repeatability, and calibration limitations still
existed [11]. So modern pressure mapping technology must resolve these problems
or explore alternative methods to study biomechanical factors in load carriage.
As such, using two 3-axis accelerometers to assess the contact forces and pressures
between the backpack and person seems to be a prosperous method [12].

Some limitations of our studies must be pointed out. First, payload or duration
should be increased. In this study, the maximum payload was 34 kg, 52.7 % of
BW. But Fig. 2.4 shows that the maximal mean fatigue score was only 5.7 in
shoulder region. It was obvious that the participants did not reach their physical
limits. US army defined the limit of payload in load carriage was 50 kg based on
previous statistical data acquired from Afghanistan and the Falkland Islands bat-
tles. Second, the number of participants was small (N = 5). It was important to
have a dropout rate in order to develop a comprehensive fatigue predictive model
through increasing samples, payloads, or duration of exercise. Third, this study
tested a limited payloads (29, 31.5, 34 kg), march speed (5 km/h), incline (0 %),
and duration (50 min). Only when testing wide conditions, the predictive model
could have good performance in actual application.

2.5 Conclusion

A fatigue intensity predictive model was proposed to allow prediction of human
load carriage limits and fatigue intensity trend for endurance exercise. The fatigue
predictive model only considering limited physiological and biomechanical
aspects. But more factors should be introduced, such as demographic factor
including body size, gender, and age, fitness and injury factors, and so on. In this
paper, the study on fatigue predictive model is only elementary and groping, and a
lot of work need to do in the future.
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Chapter 3
The Changes of Physiological
and Biomechanical Indices and Their
Relations to Fatigue During Treadmill
Walking with Different Loads

Jiewen Zheng, Yuhong Shen, Chenming Li, Pengfei Ren
and Yafei Guo

Abstract Objectives To analyze the changes of physiological and biomechanical
signals and their relations to fatigue in treadmill walking with backpack load.
Methods Cardiopulmonary function parameters, shoulder force, trunk pressure,
and perceived fatigues are sampled simultaneously with six healthy men during
30-min treadmill walking experiments under five different conditions of backpack
loads. Results HR, BR, VE, and VO2 gradually increased as the load increased,
and the increasing rate became bigger during 37–39 kg tests. Shoulder force and
shoulder pressure were strongly correlated with load. Pressures at waist and back
regions were influenced by the tension degree of waist and chest belts. The 37-kg
load was the turning point of human cardiopulmonary function starting working
overload. The perceived fatigues in shoulder and whole body are more intense than
those of back and waist. Conclusions The coordinate ability of cardiopulmonary
system should be considered when studying treadmill walking with loads greater
than 37 kg. Shoulder force and pressure are considered as main factors for fatigue
evaluation.
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3.1 Introduction

Carrying heavy loads for long distances is a common requirement to military
personnel, various types of workers, and recreational hikers [1]. With technolog-
ical advancements, loads carried by people especially for soldiers in terms of
increased firepower and protection equipments have progressively increased.
Physical transport of heavy load over long distances often caused discomfort,
fatigue, and injuries and affecting soldiers’ operational performance [2–4]. In a
recent military report, U.S. rifle squads carried fighting load of 28.3 kg (34.9 %
body weight (BW)), approach March load of 43.1 kg (52.6 % BW), and emer-
gency approach March load of 58.2 kg (73.6 % BW) [5]. Even though U.S. Army
has been attempting to reduce loads carried by soldiers, little effects were obtained
for maintaining requirements of combat. According to statistics of U.S. Army,
there were 257,000 cases of injuries in lower extremity induced by overload
combat equipments in 2007. Thus, it is very significant to study relative factors
leading to fatigues and injuries by various load–condition experiments. At present,
many researchers have done much works related to load carriage applying with
physiological and biomechanical methods, such as to analyze forces distributed in
trunk regions using pressure sensors, to study effects of load carriage on kine-
matics of gait using human motion detecting system [4, 6, 7]. Many load carriage
relevant works have been done in China, but most of them only applied heart rate
(HR), body temperature, oxygen uptake (VO2), and other physiological variables
to study optimal load for single soldiers and to evaluate load carriage systems
[8–10]. The characteristics of physiological and biomechanical signals during
different-load treadmill walking and their relationships with perceived fatigues
have not been studied so far. The purpose of this study was to systematically
analyze the characteristics and trends of HR, breathing rate (BR), VO2 and other
physiological parameters, forces on shoulder, back and waist regions, and per-
ceived fatigues during different-load conditions, and to explore relative factors
leading to body fatigue.

3.2 Methods

3.2.1 Subjects

Six male individuals with a mean (±SD) age, body weight, and height of
24.7 ± 3.5 year, 63.8 ± 8.3 kg, 172.0 ± 2.3 cm, respectively, enrolled in this
study. The participants were healthy Chinese men and had no muscular or skeletal
illness that would influence load carriage performance. Both written and verbal
consent were obtained from all participants prior to experiment. They were asked
to have a good rest and avoid caffeine, alcohol, smoking, and intense physical
activity at least 24 h prior to the experiment.
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