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Preface 

Owing to interdisciplinary linkage of occupational science and medicine, biomechanics 

and ergonomics, the presented research was carried out at the Institute of Occupational 

and Social Medicine and Health Services Research (IASV), University Hospital 

Tübingen, Germany. Separately from the doctoral project, I was employed as a research 

officer at IFA1 as a staff of the MEGAPHYS2 project (BAuA 2019b; DGUV 2020). 

Through this project, I was guaranteed access to research data from real workplaces, and 

I was allowed to use these data for my dissertation. Prof. Dr. Monika A. Rieger supervised 

the doctorate and thesis together with PD Dr. Benjamin Steinhilber.  

Ethics committee of the University of Technology, Darmstadt, Germany, (EK 2/2013, 

EK 12/2015) approved MEGAPHYS. Additional approval for analyses planned for this 

thesis was obtained beforehand from the responsible ethics committee of the Medical 

Faculty of Eberhard Karls University, Tübingen, Germany (004/2016BO2). Additional 

experiments on animals or plants were not performed. Guidelines for good scientific 

practice (DFG 2019) and the Declaration of Helsinki (WMA 2013) were complied. 

Within this thesis, three peer reviewed articles with first authorship were published and 

internationally and nationally presented at conferences. As the third manuscript was 

published in German, an English translation is presented in addition to the German 

reprint. All relevant research results and primary data were archived at IFA.  

This thesis includes several chapters (C.). First, research background, state of research 

until data recording and objectives are presented (C. 1). C. 2 presents the main research 

findings namely the results of a systematic review, the development of a measurement-

based assessment approach, as well as testing of the new approach at real workplaces and 

the categorization of several measurement-based assessment methods for the upper 

extremity. After the results are individually discussed and compared with current research 

(C. 3), they are summarized (C. 4). Bibliography (C. 5) and author's own contribution 

(C. 6) follow afterwards, as well as a list of thesis-related publications (C. 7). Finally, the 

supplementary material (C. 8), acknowledgement and curriculum vitae including a list of 

non-thesis related publications are presented.

 
1 Institute for Occupational Safety and Health of the German Social Accident Insurance (IFA), Alte 

Heerstraße 111, Sankt Augustin, 53757, Germany, DE. 
2 MEGAPHYS – German: ‘Mehrstufige Gefährdungsanalyse physischer Belastungen am Arbeitsplatz‘. 
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1 Introduction 

1.1 Research background 

1.1.1 Work-related risk factors and upper extremity or elbow disorders – a retrospect 

The influence of physically heavy work, unfavorable movement patterns at work and 

work-related physical factors on the human musculoskeletal system has been studied for 

many years. As early as 1878, early records by the physician Dr. Ludwig Hirt on external 

(surgical) diseases of workers indicated associations between work-related, mechanical, 

or physical stimuli and diseases of muscles, connective tissue, and nerves 

(Schiebelsberger 2009). At the time of late industrialization, Dr. Hirt described specific 

work-related factors, which could be increasingly associated with certain diseases 

e.g., muscular inflammation due to work-related overload (Schiebelsberger 2009).  

Movement-induced overload of arm muscles associated with tennis elbow (well-known 

disease in the elbow region) was also reported in a prestigious journal in 1886 (Pope and 

Plante 1886). Since these records from the late 19th century, research in the field of  

work-related physical risk factors and specific musculoskeletal disorders (MSDs) has 

been developed considerably. For example, circa 100 years after Dr. Hirt's discoveries, a 

study with a specific question was conducted to determine the prevalence of tenosynovitis 

and other upper extremity disorders that could be attributed to repetitive work in retail 

trade and assembly line in the food industry (Luopajarvi et al. 1979).  

 

Consequence 1: Numerous systematic reviews have been published in the last three 

decades. These reports summarized in different ways associations between work-related 

risk factors and nonspecific complaints or specific MSDs of the upper extremities 

(Bernard 1997; da Costa and Vieira 2010; Descatha et al. 2016; Lietz et al. 2018; Melhorn 

et al. 2014; van der Molen et al. 2017; van Rijn et al. 2009a, b, 2010). 

 

1.1.2 Overview of physiology and epidemiology of the upper extremity and elbow 

region 

The European Agency for Safety and Health at Work (EU-OSHA) and Health and Safety 

Executive (HSE) reported on work-related upper extremity diseases which ranged from 

20 up to 45 % of all work-related MSDs (HSE 2017; Schneider et al. 2010). Of the total 
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of 8.9 million days lost due to work-related MSDs in 2017, upper extremity diseases 

account for ≈ 44 % – more than back (≈ 36 %) or lower limb (≈ 20 %) disorders 

(HSE 2017). Work-related upper limb MSDs thus accounted for a large proportion of all 

MSDs and represent an important field of research. 

A common work-related and well-known upper extremity MSD is carpal tunnel 

syndrome (CTS) of the wrist. It is designated as ICD-10-GM: G56.0 according to the 

International Statistical Classification of Diseases and Related Health Problems (German 

Modification, version valid for 2019; ICD-10-GM) as published by DIMDI 2018. Dale et 

al. 2013 previously reported on prevalences and incidences of CTS, summarizing six 

studies. The workgroup of Dale reported on prevalences from 2.6 to 12.4 % in individual 

studies and an overall prevalence across all studies considered of 7.8 % with a  

95 %-confidence interval (95%-CI) of 7.1 to 8.6 %. In addition, the authors reported on 

incidences of 0.7 to 5.6 cases per 100 person-years, with an overall incidence across all 

studies of 2.3 cases per 100 person-years [95%-CI, (2.0, 2.7)]. 

When considering the upper extremity, not only the wrist but also the elbow region can 

be loaded and accompanied by specific inflammation, e.g., of nerves in the area of the 

elbow (van Rijn et al. 2009a). The elbow region includes the elbow joint 

(articulatio cubiti), where the humerus articulates with the ulna and radius. Furthermore, 

the prominent olecranon, protected by bursae, and the two bony appendages of the 

humerus (epicondylus medialis and epicondylus lateralis) belong to the elbow region. 

Ventral, superficial muscles of the forearm, such as Musculus (M.) pronator teres, 

M. flexor carpi radialis or M. flexor digitorum superficialis, originate at the medial 

epicondylus of the humerus. These muscles as well as profound, ventral, or radial muscles 

of the forearm, such as M. flexor carpi radialis or M. flexor digitorum superficialis with 

the tendinous attachment at the lateral epicondylus, belong to the elbow region as well. 

In addition, there are bony furrows for ulnar, median, and radial nerves (Sobotta 2004). 

More detailed information on anatomical basics, elbow joint structures, nerves or muscles 

are explained in further literature (Acosta Batlle et al. 2019; Ahmad et al. 2013;  

Cinque et al. 2020; Shiri and Viikari-Juntura 2011) and medical reference books 

(Aumüller et al. 2007; Sobotta 2004; Watts and Edwards 2020). 

According to DIMDI 2018, a distinction is made in the elbow region between injuries 

related to a bursa, e.g., olecranon bursitis (ICD-10-GM: M70.2), other bursitis at the 
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elbow (ICD-10-GM: M70.3), or other soft tissue diseases (ICD-10-GM: M70.8, M70.9), 

because of overuse and pressure. Acute injuries of nerves, muscles, tendons or open 

wounds at the elbow and forearm were also classified (ICD-10-GM: S51.0 to S59.9). 

Additionally, there were classifications of ulnar nerve lesions (cubital tunnel 

syndrome/ulnar nerve entrapment, ICD-10-GM: G56.2) or radial nerve lesions  

(radial tunnel syndrome, ICD-10-GM: G53.6). Specific diseases such as medial 

epicondylitis (ME, colloquially golfer's elbow, ICD-10-GM: M77.0) and lateral 

epicondylitis (LE, colloquially tennis elbow, ICD-10-GM: M77.1) are more prominent 

elbow MSDs that typically have longer underlying exposure times (DIMDI 2018).  

A comprehensive systematic review on work-related risk factors and specific relevant 

disorders of the elbow referred to specific tendinopathies and neuropathies such as LE, 

ME, cubital tunnel syndrome, and radial tunnel syndrome (van Rijn et al. 2009a). 

Regarding cubital tunnel syndrome, these authors referred to primary studies of other 

scientists reporting an incidence of 24.7 per 100,000 person-years (Mondelli et al. 2005). 

Prevalences of 2.8 to 6.8 % in various occupational groups were mentioned as well 

(Descatha et al. 2004; Mondelli et al. 2006). In contrast, radial tunnel syndrome is less 

common and fewer information are available about this condition in relation to the 

working population (van Rijn et al. 2009a). This may be because radial tunnel syndrome 

is often mixed-up with epicondylitis (Roquelaure et al. 2000). A recent study of ulnar or 

radial entrapment neuropathies in Finland also reported on the rarity of these diseases 

(Hulkkonen et al. 2020) in contrast to e.g., CTS. More information on cubital or radial 

tunnel syndrome is described elsewhere (Descatha et al. 2004; Naam and Nemani 2012; 

Nakashian et al. 2020; Roquelaure et al. 2000; Svernlov et al. 2009; Tang 2020). 

Overall, LE may affect 1 to 3 % of people in general population annually (Lai et al. 2018). 

Shiri and Viikari-Juntura 2011 analyzed in more detail and summarized studies to assess 

the prevalence and incidence of, e.g., lateral, or medial epicondylitis. The authors reported 

on an average prevalence of LE for general population of 0.7 to 4.0 %. The prevalence 

for the working population ranged from 0.3 to 12.2 % for LE. The prevalence for ME was 

lower (general population: 0.3 to 1.1 %; working population: 0.2 to 3.8 %). In contrast, 

prevalence of LE or ME for working population showed a wider range of 0.8 to 29.3 %. 

Shiri and Viikari-Juntura 2011 further mentioned an incidence for LE  

(general population: 0.3 to 1.1 %; working population: 2.0 to 4.0 %). The incidences for 
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ME (general population: 0.1 %; working population: ≤ 1.5 %), and LE or ME  

(general population: 0.4 %; working population: 0.6 to 3.7 %) were reported as well.  

There exist several work-related MSDs of the upper extremity such as De-Quervain’s 

Disease or elbow-related ulnar nerve syndrome which were reported as valid for France 

by Descatha et al. 2018. In Italy e.g., tendonitis of the biceps (long head) or supraspinatus, 

or olecranon’s bursitis were handled as work-related MSDs as well (Violante 2018). In 

this context, another author reported on similar well-known work-related diseases of the 

upper extremity valid in Germany such as “diseases of tendons or tendon sheaths or 

tendon and muscle insertions (occupational disease no. 2101, 722 suspected cases 

in 2015), diseases caused by working with vibrating or pneumatic machines 

(occupational disease no. 2103, 423 suspected cases in 2015), pressure damages of 

nerves (occupational disease no. 2106, 98 suspected cases in 2015)” (Ochsmann 2018, 

p. A255). Disorder number (no.) 2101 appears to be the one with the most suspected cases 

and therefore could be very relevant. Especially the two forms of epicondylitis belong to 

specific diseases of tendon sheaths and tendon gliding tissue (tendinitis or tendovaginitis) 

or tendon or muscle attachments according to the detailed definition of occupational 

disease no. 2101 as stated by Spahn et al. 2016. Statistics in the regular reports on 

occupational safety and health of the Federal Ministry of Labour and Social Affairs 

(BMAS) and the Federal Institute for Occupational Safety and Health (BAuA) primarily 

show an increase in absolute numbers for occupational disease no. 2101. The number of 

recognized occupational diseases no. 2101 that have forced the omission of all activities 

that are harmful to health has increased by 154 % over the last decade (reporting year 

2008 to 2018), from 11 to 17 cases (BMAS and BAuA 2010, 2011, 2012, 2013, 2014a, 

b, 2016a, b, 2017, 2018, 2020). In certain years, however, the numbers were much higher, 

such as in the reporting year 2015, when 33 cases were registered (BMAS and 

BAuA 2016b).  

 

Interim conclusion 1: Based on the national statistics of BMAS and BAuA and other 

studies as mentioned above, it should be emphasized that especially these two forms of 

epicondylitis (LE, ME) have relevance in Germany with regard to prevention of  

work-related diseases. Therefore, the elbow area and both forms of epicondylitis should 

be further investigated in occupational scientific research.  
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1.1.3 Economics associated with MSDs, upper extremity, and elbow-related diseases 

Work-related MSDs are a widespread issue in various workplaces and are associated with 

large impacts on economics. This is also confirmed by the statistics of BMAS and BAuA. 

According to the current statistics for the reporting year 2018 (BMAS and BAuA 2020), 

124.8 million days of incapacity to work were registered in Germany due to 

MSDs (21.9 %). Although the percentage of days lost to work has remained similar over 

the last decade (on average about 22.8 %), the cost of lost production caused by MSD has 

increased almost continuously from €10.6 billion in 2008 to €18.5 billion in 2018. 

Likewise, over the last decade, the loss of gross value added due to MSDs has increased 

from €19.2 billion in 2008 to €31.7 billion in 2018 (BMAS and BAuA 2010, 2011, 2012, 

2013, 2014a, b, 2016a, b, 2017, 2018, 2020).  

Harris et al. 2011 reported on previous costs for distal upper extremity injuries (DUE), 

especially isolated for the wrist, elbow, and forearm. They referred to average cost of a 

DUE case, which was approximately US$6,977 to US$8,000 as indicated for the years 

1986 and 1994 (Silverstein et al. 1986; Webster and Snook 1994). The cost of upper limb 

MSDs due to work loss, known as compensation costs, accounts for up to 65.1 % of the 

total cost in 1994 (Webster and Snook 1994). The median cost per case was US$824 and 

the total cost of upper extremity MSDs in the United States was US$563 million for 

compensation as indicated for the year 1994 by Webster and Snook as well. For lateral 

epicondylitis, a cohort study in the state of Minnesota in the United States reported a 

median cost of $660 and a median cost of $402 per patient over one year after diagnosis 

with regard to the year 2003 up to 2012 (Sanders et al. 2016). Other authors reported on 

workers diagnosed with rotator cuff syndrome (total claims: n = 17,083), epicondylitis 

(total claims: n = 11,897) and/or CTS (total claims: n = 27,148) in Washington State and 

associated average (rotator cuff syndrome: $17,410; LE: $8,099; CTS: $14,523) as well 

as median total costs per claim (rotator cuff syndrome: $2,114; LE: $734; CTS: $4,672) 

with respect to the period 1990 up to 1998 (Silverstein et al. 2002). In a follow-up, 

Anderson et al. 2015 reported on non-traumatic epicondylitis from 2002 to 2010 in 

Washington State, with direct claim costs of $55,121 on average (median: $19,484) 

during this period. Degen et al. 2018 reported on $4263 per patient as an average cost of 

surgical treatment for LE from 2007 to 2014, based on a sample of 83,518 cases in the 

United States. 
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Interim conclusion 2: It can be assumed that MSDs in general, but especially in the 

upper extremity and elbow region, are often associated with higher costs for treatment, 

compensation, and payments for work incapacity. Therefore, from an economic point of 

view, the investigation of work-related risk factors and associated MSDs of the upper 

extremity is appropriate to preventively protect employees from these diseases and to 

reduce costs for occupational diseases or specific elbow-related disorders. 

 

1.1.4 Legal principles, laws, and regulations in Germany 

Valid methods are required to objectively assess workload in the elbow region and to 

protect employees from work-related risk factors and MSDs in this area (BAuA 2019b). 

According to the German Occupational Safety and Health Act (ArbSchG 1996), and the 

accident prevention regulation Principles of Prevention (DGUV 2013), employers are 

obliged to assess the working conditions and risk factors (BAuA 2019a, b). Above all, 

the German Occupational Safety and Health Act regulates in paragraph 4 (§ 4 I – III) that 

hazards should be avoided or kept low. In addition, the follow-up methods for 

occupational safety and health should correspond to the current state of the art in 

technology and occupational medicine. They should consider further research results and 

findings from occupational science (ArbSchG 1996). Furthermore, paragraph 5 refers to 

the legally required risk assessment, e.g., of physical impacts (§ 5 III).  

As reported by BAuA 2019b, dealing with physical workload is also addressed in the 

Ordinance on Preventive Occupational Health Care (ARBMEDVV 2008), Occupational 

medical rule 13.2 (AMR 13.2 2014) and Ordinance on company safety and health 

(BETRSICHV 2015). After successful load assessment, e.g., in the elbow region, 

appropriate measures can be derived that are effective in primary prevention (reduction 

of elbow-related overload/diseases/complaints). Not only in primary, but also in 

secondary prevention (prevention of spread of disease) or tertiary prevention (avoiding 

consequential diseases or damage) relevant measures can be deduced (BAuA 2019b).  

 

Consequence 2: To improve prevention and to adapt risk assessment methods according 

to technical progress of risk assessment of physical workloads, especially in the elbow 

region, a possible field of research is the compilation and classification of current methods 
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for assessment of physical workload. If necessary, a new development of methods with 

the goal to strengthen the objective risk assessment should be performed. 

 

1.1.5 State of scientific knowledge and preliminary investigations related to the elbow 

The unpublished report by Hartmann 2014 on frequencies, complaints, and risk factors 

which was submitted to the ergonomics department at IFA, formed the basis for some 

ideas for this thesis. Further detailed research was conducted for the elbow region. This 

means additional systematic reviews were investigated. A research gap was identified in 

these analyses related to the elbow region. As mentioned subsequently by Seidel et al. 

2017, systematic reviews often provided predominantly qualitative information (e.g., for 

awkward postures or repetitiveness) on the association between work-related physical 

risk factors and elbow joint complaints or specific disorders at the elbow (SDEs) (Bernard 

1997; da Costa and Vieira 2010; van Rijn et al. 2009a). Whereat, some reviews provided 

semi-quantitative information (Descatha et al. 2016; Melhorn et al. 2014; van Rijn et al. 

2009a). Furthermore, Seidel et al. 2017 concluded by pointing out that such quantitative 

associations are relevant and necessary for prospective threshold definitions and 

assessment approach developments. 

 

Interim conclusion 3: Purely quantitative information on work-related physical risk 

factors in the elbow region were lacking. Therefore, an updated systematic review of 

quantitative information on work-related risk factors associated with diseases of the 

elbow was required to reflect the current state of science. 

 

In addition to systematic reviews concerning risk factors, reviews of different assessment 

approaches for physical workload (Grooten and Johanssons 2018; Nasrull Abdol Rahman 

and Syafiqa Abd Razak 2016; Takala et al. 2010) were examined. These papers mainly 

summarized assessment tools that were based on paper-and-pencil approaches, 

observational methods, expert estimations, or video analyses. Direct measurement-based 

assessments could not be identified within this research. But, during further narrative 

literature searches, isolated approaches were identified in which thresholds were defined 

to quantify workload in the distal upper extremity using measurement-based assessment 

methods. Here, however, the wrist area was the primary focus of investigation. A 
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promising approach was described in this context by Hansson’s research group 

(Hansson et al. 2009; Hansson et al. 2000; Hansson et al. 1996; Hansson et al. 2004a; 

Hansson et al. 2004b). These researchers showed that the kinematic parameters such as 

mean power frequency, angular velocity, and kinematic micro pauses can be used to 

estimate hand repetitions. These kinematic parameters have also been investigated by 

other scientists e.g., Arvidsson et al. 2003, Balogh et al. 2019, Nordander et al. 2013, 

Ohlsson et al. 1994 or Stål et al. 1999. For the wrist region, there exist already 

measurement-based assessment approaches linking some of these kinematic parameters. 

For instance, Schedlbauer et al. 2014 used in this context a traffic light approach. With 

this, flexion and extension movements of the wrist could be rated. Subsequent frequency 

analyses can be used to determine frequency and median velocity. The objective of this 

traffic light assessment was to estimate and quantify repetitive loading on the wrist.  

 

Interim conclusion 4: Measurement-based approaches are required to assess  

work-related loading on hands, but particularly in the elbow region. In addition, 

measurement-based assessment methods for the distal upper extremity are needed in 

practice to assess exposures more accurately and objectively, especially for exposures 

that are difficult to capture through observation. The approach of Schedlbauer et al. 2014 

seemed promising. It should be used as a basis for new developments. Moreover, this 

method should be further developed, scientifically substantiated, transferred and applied 

to the elbow region to be able to estimate work-related load of the entire distal upper 

extremity.  

 

Since the early beginnings of exposure recording in hands and elbows with sensors as 

mentioned above, the technology has evolved rapidly. Today, new technology, improved 

sensors and updated software are already available for exposure estimations – e.g., as 

those reported by Barrero et al. 2012, Lin et al. 2018, Merino et al. 2019 or Plantard et 

al. 2017. It can therefore be assumed that in the next few years, technical development 

will continue and new or improved approaches for exposure assessment will also become 

available.  
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Interim conclusion 5: For this reason, another research focus should be a classification 

of current measurement-based assessment approaches for physical exposures. In this 

context different methods for objective risk assessment of the upper extremity should be 

presented. This primarily serves prevention of work-related physical hazards. 

 

1.2 Objectives and research questions 

Owing to high numbers of work-related musculoskeletal disorders, which are associated 

with high costs and absenteeism, preventive measures are needed. Especially in the 

relevant area like the elbow, preventive measures are required to protect workers from 

further overloading. Fulfilling this purpose and summarizing the preceding research 

background, three main research deficits have been identified for the elbow region.  

First, substantial quantitative information on work-related physical risk factors in the 

elbow region is needed. This should be operationalized by a systematic review on 

quantitative information on work-related physical risk factors associated with SDEs. The 

following questions (Q.) are at the front. 

Q. 1 What specific quantitative work-related risk factors and exposures can be 

identified in current literature for the elbow region? 

Q. 2 How and to what extent can the associations between such risk factors and specific 

elbow disorders be quantitatively described? 

 

Secondly, this quantitative information is further required for development of prospective 

objective workload assessment tools for the elbow region according to current state of 

research. This should be operationalized as follows. Based on the findings of the 

systematic review and additional references from narrative literature searches, the results 

should be filtered. Risk factors identified as relevant should be extracted. Considering 

these filtered results, the assessment approach of Schedlbauer et al. 2014 should be 

processed and further developed for the elbow region. The final assessment approach 

should be tested in practice as a pilot study using the measurement-based exposure data 

of the hand and elbow region – as well as medical outcome data of the hand and elbow 

area from the field cross-sectional study of the MEGAPHYS project (BAuA 2019b; 

DGUV 2020). 
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Q. 3 Can appropriate measurement parameters (e.g., kinematics, muscular load) be 

derived for the identified risk factors? 

Q. 4 To what extent can quantitative criteria for the assessment of work-related elbow 

load be defined? 

Q. 5 Can significant differences in the prevalence of complaints be described in 

workplaces with high exposure versus workplaces with low exposure? 

Q. 6 To what extent can different load profiles be differentiated with respect to total 

load and assessed with consideration of different load levels for structures in the 

elbow region (surface electromyography, complaints, examination findings)? 

 

Thirdly, due to an expected permanent development of sensor technology and assessment 

methods, a categorization of measurement-based approaches for assessment of physical 

exposure of the upper extremity is needed. This should be operationalized as follows. In 

addition to the developed assessment approach, other current measurement-based 

methods for risk assessment of physical workload on the upper extremities should be 

presented especially for occupational safety specialists or occupational safety and health 

officers based on narrative literature searching. The developed approach should be 

classified according to the current state of research. This will generally support objective 

risk assessment and prevention in the field of occupational safety and health. 

Q. 7 What other objective, measurement-based assessment methods exist besides the 

approach developed here? 

Q. 8 To what extent are the methods available for usage in the working environment?  

 

The main question of this thesis was related to all three research topics:  

Is it possible to develop a measurement-based assessment method for the elbow region 

using a systematic literature review and measurement-based occupational-scientific 

analyses in the field and to present this assessment approach together with other technical 

methods to occupational safety specialists or occupational safety and health officers for 

objective risk assessment of physical exposures? 
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2 Results 

2.1 Publication 1 – Seidel et al. 2019b 

Seidel DH, Ditchen DM, Hoehne-Hückstädt UM, Rieger MA and Steinhilber B (2019) 

Quantitative Measures of Physical Risk Factors Associated with Work-Related 

Musculoskeletal Disorders of the Elbow: A Systematic Review. Int J Environ Res Public 

Health 16(130): 1-23. doi: 10.3390/ijerph16010130. 
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2.2 From the review to the assessment approach – parameter definition 

The systematic review by Seidel et al. 2019b is the basis for considerations used to 

develop a measurement-based assessment method. According to this work, the most 

frequently reported risk factors with the most specifications are, ‘Posture/movement’  

(44 of 133 specifications in 7/10 studies) and ‘Combined exposures’  

(62 of 133 specifications in 7/10 studies). This was verified (Figure 2. in the manuscript 

by Seidel et al. 2019b, p. 8). Thus, these two main exposure categories seem to be the 

most important ones. As more combined exposures were reported, the main risk factor 

‘Combined exposures’ appears to be most relevant according to Seidel and colleagues. 

Furthermore, the review showed that the relevance – to analyze the combination of risk 

factors – has increased significantly since the key paper of van Rijn et al. 2009a. 

Regarding Seidel’s systematic review, the main exposure categories were subdivided into 

subcategories. The evidence of these subcategories was determined (Table 5. in the 

manuscript by Seidel et al. 2019b, p. 14). Evidence was rated as ‘high’ in the following 7 

of 16 subcategories: “S2 (Forceful exertion), S4 (Manual load handling), 

S6 (Repetitiveness), S8 (Hand movements), S10 (Non-neutral posture), S13 (Force and 

repetition), S14 (Posture and force)” (Seidel et al. 2019b, p. 13). Thus, these 7 exposure 

subcategories appear to be the most important ones. Considering the main risk factors and 

highest evidence of exposure subcategories “S13 (Force and repetition)” and “S14 

(Posture and force)” (Seidel et al. 2019b, p. 13) are the most important ones. Similar 

evidence ratings by Melhorn et al. 2014 provided additional support for this assumption. 

More precise, force in combination with another factor (repetition or posture) has the 

greatest influence on the development of SDEs. Based on Seidel’s review and given the 

identified relevance of the two subcategories, the assessment method to be developed 

should evaluate either the combination of force and repetition or force and posture. 

Further intensive visual investigations revealed higher measures of e.g., ORs for S13 than 

for S14 (Table 4. in the manuscript by Seidel et al. 2019b, pp. 9-10). Thus, S13 appears 

to be slightly more significant than subcategory S14.  

In addition, Seidel and colleagues identified in 2019 only three studies (Fan et al. 2014b; 

Fan et al. 2009; Nordander et al. 2013) that conducted measurement-based exposure 

assessments based on sensor or force gauge data. These studies also received the highest 

score (5 out of 5) for exposure assessment (Table 3. in the manuscript by Seidel et 
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al. 2019b, p. 7). Based on these three studies, the following 19 risk factor specifications 

could be considered for development of an assessment approach: “#6 Forceful lifting 

(≥4.5 kg) >0% of time”; “#7 Forceful lifting (≥4.5 kg) ≥2 times/min”; “#10 wrist angular 

velocity (5°/s) in [%/(°/s)]”; “#16 Wrist flexion (−40.0°) in [%/°]”; “#17 Wrist flexion 

(−20.0°) in [%/°]”; “#24 Forearm rotation ≥45° for ≥45% time and duty cycle ≥10% of 

time”; “#25 Forearm pronation ≥45° for ≥40% time and duty cycle ≥10% of time”; “#26 

Forearm supination ≥45° for ≥5% time”; “#29 Frequency of forceful exertions (≥44.1 N 

or ≥4.5 kg) ≤1 to <5 times/min”; “#30 Frequency of forceful exertions (≥44.1 N or 

≥4.5 kg) ≥5 times/min”; “#31 Duty cycle of forceful exertions (≥44.1 N or ≥4.5 kg) from 

≤3 to <15% time”; “#32 Duty cycle of forceful exertions (≥44.1 N or ≥4.5 kg) for 

≥15% time”; “#33 Forearm supination ≥45° and forceful lifting (≥4.5 kg) in [% time]”; 

“#34 Forearm supination ≥45° ≥5% (duty cycle) and forceful lifting (≥4.5 kg) 

>0% of time”; “#35 Forearm supination ≥45° for <5% time and lifting (≥4.5 kg) 

≥3% of time”; “#36 Forearm supination ≥45° for <5% time and any power grip 

(≥44.1 N)”; “#37 Forearm rotation ≥45° for ≥45% time and any power grip (≥44.1 N)”; 

“#38 Forearm pronation ≥45° for ≥40% time and any power grip (≥44.1 N)”; 

“#39 Forearm pronation ≥45° for ≥40% time and lifting (≥4.5 kg) ≥3% of time” (Table 4. 

in the manuscript by Seidel et al. 2019b, pp. 9-10). Furthermore, Nordander et al. 2013 

predominantly reported on wrist flexion/extension (Table 4. in the manuscript by Seidel 

et al. 2019b, pp. 9-10, specifications: “#10 Wrist angular velocity (5°/s) in [%/(°/s)]”; 

“#16 Wrist flexion (−40.0°) in [%/°]”; “#17 Wrist flexion (−20.0°) in [%/°]”). Whereat, 

Fan et al. 2009 and Fan et al. 2014b reported on forearm supination/pronation (Table 4. 

in the manuscript by Seidel et al. 2019b, pp. 9-10, specifications: “#24 Forearm rotation 

≥45° for ≥45% time and duty cycle ≥10% of time”; “#25 Forearm pronation ≥45° for 

≥40% time and duty cycle ≥10% of time”; “#26 Forearm supination ≥45° for ≥5% time”; 

“#33 Forearm supination ≥45° and forceful lifting (≥4.5 kg) in [% time]”; “#34 Forearm 

supination ≥45° ≥5% (duty cycle) and forceful lifting (≥4.5 kg) >0% of time”; 

“#35 Forearm supination ≥45° for <5% time and lifting (≥4.5 kg) ≥3% of time”; 

“#36 Forearm supination ≥45° for <5% time and any power grip (≥44.1 N)”; 

“#37 Forearm rotation ≥45° for ≥45% time and any power grip (≥44.1 N)”; 

“#38 Forearm pronation ≥45° for ≥40% time and any power grip (≥44.1 N)”; 

“#39 Forearm pronation ≥45° for ≥40% time and lifting (≥4.5 kg) ≥3% of time”). Further 
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visual inspection of Table 4. in the manuscript by Seidel et al. 2019b, pp. 9-10 revealed 

that wrist flexion/extension and forearm supination/pronation are the two most common 

degrees of freedom (DoF) examined in all included studies (specifications: “#13 Frequent 

wrist bending or twisting on average 2 to 4 h/day”; “#14 Frequent wrist bending or 

twisting on average ≥4 h/day”; “#15 Frequent wrist bending ≥4 h/day and forearm 

rotating on average ≥2 h/day”; “#16 Wrist flexion (−40.0°) in [%/°]”; “#17 Wrist flexion 

(−20.0°) in [%/°]”; “#18 Wrist extension >1 h/day”; “#19 Wrist flexion >1 h/day”; 

“#20 Extreme wrist bending >2 h/day”; “#22 Forearm rotating (also twisting, or 

screwing motion) ≥4 h/day”; “#24 Forearm rotation ≥45° for ≥45% time and duty cycle 

≥10% of time”; “#25 Forearm pronation ≥45° for ≥40% time and duty cycle 

≥10% of time”; “#26 Forearm supination ≥45° for ≥5% time”; “#33 Forearm supination 

≥45° and forceful lifting (≥4.5 kg) in [% time]”; “#34 Forearm supination ≥45° 

≥5% (duty cycle) and forceful lifting (≥4.5 kg) >0% of time”; “#35 Forearm supination 

≥45° for <5% time and lifting (≥4.5 kg) ≥3% of time”; “#36 Forearm supination ≥45° for 

<5% time and any power grip (≥44.1 N)”; “#37 Forearm rotation ≥45° for ≥45% time 

and any power grip (≥44.1 N)”; “#38 Forearm pronation ≥45° for ≥40% time and any 

power grip (≥44.1 N)”; “#39 Forearm pronation ≥45° for ≥40% time and lifting (≥4.5 kg) 

≥3% of time”). As a digression, it can be additionally mentioned here that, for example, 

the pressure on the ulnar nerve increases through forearm movements. This 

pathophysiological effect has been extensively studied by the National Research Council 

(NRC 1999) and supports the assumption that besides flexion/extension of the wrist, 

forearm supination/pronation might be very important in connection with the 

development of distal upper extremity disorders. Further in the ideas for approach 

development, Nordander et al. 2013 dealt with similar content (e.g., specification: 

“#10 Wrist angular velocity (5°/s) in [%/(°/s)]” in Table 4. in the manuscript by Seidel 

et al. 2019b, pp. 9-10) as Schedlbauer et al. 2014 (a basis for further assessment 

developments, chapter 1.1.5). Therefore, Nordander’s work should be preferably included 

in the development of the assessment method. Another aspect in favor of Nordander et 

al. 2013 is the usage of EMG. This is an adequate method for measuring exposures, 

especially muscle activity (Seidel et al. 2019b). Regarding risk factor specification 

“#3 <10% maximum voluntary contraction across a full working day” and “#4 10 to 29% 

maximum voluntary contraction across a full working day” investigated by Svendsen et 
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al. 2012 and shown in Table 4. in the manuscript by Seidel et al. 2019b, pp. 9-10, it could 

be assumed that muscle activity and maximum voluntary contraction might be very 

important and should be considered in the assessment of occupational exposure. 

Altogether, all these considerations led to the selection of main exposure category 

‘Combined exposures’. More precisely, it led still to the selection of subcategory S13 – 

the combination of force and repetition. Additionally, reasonable DoF’s such as wrist 

flexion/extension and forearm supination/pronation and results of Nordander and 

colleagues published in 2013 should be considered in the assessment approach. Based on 

this information and the approach by Schedlbauer and colleagues from 2014, further 

systematic reviews were analyzed. Especially reviews focusing on upper extremity 

workload assessments (Grooten and Johanssons 2018; Nasrull Abdol Rahman and 

Syafiqa Abd Razak 2016; Takala et al. 2010) were investigated. In this context, Takala et 

al. 2010 investigated for instance 30 observational methods in which the following risk 

factors were assessed: force (n = 25), repetition (n = 19), posture (n = 28), duration 

(n = 16), vibration (n = 7), movements (n = 6), static action (n = 1) or work activity 

(n = 1). This study showed additionally that force, repetition, and posture were also most 

frequently recorded in observational-based assessments. Overall, the ACGIH1 TLV for 

HAL2 method (ACGIH 2001, 2018) was identified in these reviews as the most 

appropriate approach that provides a very good basis for a measurement-based 

assessment of physical exposures of the elbow (and hand). In this ACGIH method, the 

combination of force and repetition is illustrated. It is related to hand/wrist and includes 

concrete evidence that EMG can be used to assess the force component (ACGIH 2018; 

Harris et al. 2011). As stated by Seidel’s workgroup (Seidel et al. 2019 c; Weber et al. 

2019a), it also includes evidence that movement velocities are included alongside 

frequencies and pauses via a verbally anchored scale (Latko et al. 1997). Additionally, 

the TLV for HAL method has been used to verify associations with specific elbow 

diseases like LE (Garg et al. 2014), or diffuse disorders such as forearm or elbow 

tendonitis (Franzblau et al. 2005; Werner et al. 2005).  

To link the kinematic parameters of Nordander et al. 2013 and Schedlbauer et al. 2014 

with EMG to TLV for HAL, individual studies were specifically searched by D.H.S. in 

 
1 American Conference of Governmental Industrial Hygienists. 
2 Threshold Limit Value for Hand Activity Level. 
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Google Scholar narrative up to including 2019 (potential search terms: e.g., angular 

velocity, frequency, pauses, upper limb, inertial sensor, EMG). These studies should 

include information on kinematic parameters such as mean power frequency, angular 

velocity or kinematic micro-pauses, and EMG, similar to Nordander and colleagues or 

Schedlbauer’s work. 

 

Chapter summary: Via the procedure described, using the considerations from chapter 

1.1.5, the following parameters are defined, which should be transferred into a 

measurement-based assessment approach for the elbow region: Combination of risk 

factors: force and repetition; Degrees of freedom (DoF): wrist flexion/extension; forearm 

supination/pronation; Kinematic parameters: mean power frequency (MPF), angular 

velocity (ω), kinematic micro-pauses (MP); Kinetic parameter: EMG; Baseline methods: 

observational-based assessment approach TLV for HAL (ACGIH 2001, 2018) and the 

traffic light assessment approach of Schedlbauer et al. 2014. 
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2.3 Publication 2 – Seidel et al. 2021b 

Seidel DH, Heinrich K, Hermanns-Truxius I, Ellegast RP, Barrero LH, Rieger MA, 

Steinhilber B and Weber B (2021) Assessment of work-related hand and elbow workloads 

using measurement-based TLV for HAL. Appl Ergon 92(103310): 1-11.  

doi: 10.1016/j.apergo.2020.103310.
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2.4 More detailed information related to publication 2 

Additional and more detailed information which are important for transparency in this 

thesis are briefly indicated below and are included in supplementary material  

(chapter 8.2.1, p. 188ff) or were already published elsewhere and will not be duplicated 

in this thesis. The information for companies, subjects, the exact consent form, Original 

CUELA measurement protocol template in German for exposure recording/ 

documentation, and documentation forms for workplace or task schedules used for this 

thesis have been published elsewhere (DGUV 2020; Weber et al. 2020a). As mentioned 

in subchapter 2.2.1. Study design in the manuscript by Seidel et al. 2021b, p. 3, the 

workgroup of Seidel followed in 2021 a rigorous extended inclusion and exclusion 

proceeding to identify suitable datasets. A flowchart describing the detailed exclusion of 

275 data sets was already published elsewhere (DGUV 2020; Weber et al. 2020a). 

Table 3. (p. 188) and Table 4. (p. 189) presented the sample baseline-characteristics 

(n = 500) in more detail. 

The final attachment of all sensors, measuring devices including EMG electrodes 

application and fixation of electrodes with elastic tape (KintexTM®) and the system in 

motion is shown in Seidel et al. 2019c. 

The developed GEE model for an association analysis e.g., concerning LE – as presented 

in this thesis and used in Seidel et al. 2021b – is shown in detail in Figure 1. (p. 190). 

The presented script code also includes ideas, e.g., for a fourth mTLV for HAL exposure 

category. However, this idea was rejected in favor of better comparability between 

observational-based and measurement-based HAL assessments.  

The tables (Table 5. to Table 10., pp. 191-196) show the detailed results of all univariate 

and multivariate (adjusted) association analyses of each combination of mTLV for HAL 

and medical outcomes at the elbow region. Consideration of confounders revealed a 

similar pattern in many univariate and adjusted analyses. Age, comorbidity (Table 5. to 

Table 10., pp. 191-196), and, in some analyses, smoking, female sex or occasional sport 

practice (Table 9. to Table 10., pp. 195-196) represented significant risk factors for 

developing specific disorders or receiving complaints in the elbow region.  

RepScore verification and comparability testing with HAL are presented in more detail 

in chapter 8.2.2 (p. 197ff). 
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By using multilevel correlation-analytical investigations, the measurement-based 

assessment method presented here should originally be modified which was planned at 

the beginning of the doctorate. To fulfill this purpose, the threshold values should be  

fine-tuned based on employee data on subjective perception of load considering CUELA 

and EMG measurements as well as complaints and medical examination findings. 

However, a more extensive modification of the mTLV for HAL approach beyond a 

modification as for instance presented in equation (7) in Seidel et al. 2021b would go 

beyond the appropriate scope of this thesis. For this reason, this very comprehensive 

modification of the mTLV for HAL has not been presented here but could be a very 

interesting future research. 
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2.5 Publication 3 – Seidel et al. 2021a 

Seidel DH, Ellegast RP, Rieger MA, Steinhilber B und Weber B (2021) 

Messdatenbasierte Gefährdungsbeurteilung. Kategorisierung messtechnischer Methoden 

zur Beurteilung physischer Belastungen der oberen Extremität [Measurement-based risk 

assessment. Categorization of measurement methods for assessing physical workloads of 

the upper extremity]. Zentralbl Arbeitsmed Arbeitsschutz Ergon 71(4): 192-199.  

doi: 10.1007/s40664-021-00424-y. 

 

Measurement-based risk assessment. Categorization of measurement methods for 

assessing physical workloads of the upper extremity – English translation of the published 

manuscript [Messdatenbasierte Gefährdungsbeurteilung. Kategorisierung 

messtechnischer Methoden zur Beurteilung physischer Belastungen der oberen 

Extremität] 

 

The following chapter is the English translation of the publication; the original 

publication can be found in the supplementary material in chapter 8.3 on page 202ff. 
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Abstract 
Background. Observational-based methods for risk assessment of physical workloads of the upper extremity 
can be influenced by subjective experiences of the investigators. In addition, it is difficult to quantify 
biomechanical workloads, of e.g., time courses of joint angles, angular velocities, or forces by observations. For 
objective and precise quantification of exposures in the context of specific risk assessments, technical 
measurement-based methods are therefore particularly suitable, although the choice of the appropriate method 
can be challenging. Objectives. This article is intended to support occupational safety experts to identify the 
appropriate measurement-based method for an existing exposure situation from the different range of methods. 
Methods. Based on a literature review, measurement methods for the upper extremity were classified according 
to their complexity based on an established category system. In addition, application examples are presented for 
all categories. Results. This article provides an overview and classification of different recording and assessment  
methods of work-related musculoskeletal loads, which are divided into three categories from simple to complex. 
Discussion. Simplified sensor technology in combination with specific assessment approaches might support the 
objective risk assessment of physical workload in the future. 
 
Keywords 
Quantification of work-related exposure ∙ Objective assessment approach ∙ Measurement system category ∙ 
Sensor ∙ Shoulder-Elbow-Hand-area 
 

In the risk assessment of physical load, a 
distinction can be made between observational-
based and measurement-based methods. 
Measurement-based methods are characterized 
by objectivity and accuracy and are becoming 
increasingly less expensive and more 
practicable. This article provides an overview of 
potential measurement-based methods and 
supports occupational safety specialists in 
selecting suitable methods for the respective 
assessment situation.  

The performance of risk assessment of physical 
load is a central component of German occupational 
safety and health guidelines, regulations, laws, and 
legal ordinances. Employers are obliged 
(Occupational Safety and Health Act [3], § 5 I-III) 
to record and evaluate the relevant hazards at 
workplaces, work areas or executed tasks, to derive 
safeguards and to check their effectiveness as part 
of the risk assessment. Risk assessment contributes 
to prevention of work-related musculoskeletal load, 
which has been agreed as an important objective by 
the Joint German Occupational Safety and Health  
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2 

Strategy (GDA) of Federal Government, federal 
states, and agencies of the social accident insurance. 

To improve prevention and occupational safety 
and health, the European Agency for Safety and 
Health at Work (EU-OSHA) attracts attention to the 
promotion of prevention measures and risk 
assessments related to work-related 
musculoskeletal disorders (MSDs) in the current 
campaign “Healthy Workplaces Lighten the Load” 
[12]. By 2022, EU-OSHA aims to provide an 
overview of appropriate methods and assessment 
tools. 

Between 20 to 57 % of all work-related MSDs 
affect the hand-arm-shoulder region [24]. 
Abnormal loads on the upper extremities are thus a 
frequent cause of illness-related absenteeism. For 
risk assessments, it is necessary to identify 
corresponding risk factors in advance to select 
suitable methods for exposure assessment. In 
addition to highly repetitive or forceful work and 
awkward postures, combinations of force exertion 
and movement behavior have already been 
quantitatively described as work-related risk factors 
of the upper extremity [25]. 

For risk assessment of physical load, a 5-step 
level-model was already proposed in 2010 [11], 
which was the basis for the procedure in the 
MEGAPHYS (Multilevel risk assessment of 
physical workload) project [6, 9] and can be applied 
at the upper extremity. 

The levels can be divided into observational-
based (coarse screening, specific screening, expert 
screening) and measurement-based methods 
(occupational measurement, laboratory 
measurement/ simulation). 

The advantage of observational-based methods is 
primarily in their ease and practicality of use, 
especially when additional assessment of the 
workplace environment, conditions, or organization 
is required [6, 9]. They are advantageous for initial 
exposure estimations. However, some limitations 
are also described in the literature. Observational-
based methods can be influenced by subjective 
experiences [13]. This means that there may be 
significant differences in assessment between 
different observers. Other influencing factors are 
e.g., angle of view (occlusion), daily form or 
memory [13, 16, 17, 23]. In this context, 
Holtermann et al. [17] also remark that experienced 
observers are needed, which is costly per observed 
unit of working time and usually leads to short 
assessment sequences or limited sample sizes. 
Observations can also lead to ethical complications, 
e.g., in nursing activities [17].  

For coarse recordings, observational-based 
methods seem to be sufficient, but for more 
extensive investigations, complementary technical 
methods with higher reliability are advantageous 
[13, 23]. 

For example, Lin et al. [18] indicate that in recent 
years, technical measurement systems have become 
more practical and accurate, enabling longer 
operating times, and can store or process more data 
than before. These methods are objective, have an 
elevated level of detail, and enable accurate 
quantification of exposures. Likewise, technical 
methods are used to create objective exposure 
registers [10] and to analyze complex workplaces 
with rapidly changing or parallel types of loads 
[15]. Technical measurement-based methods are 
also recommended for risk assessments to evaluate 
interventions [23]. Technical measurement-based 
methods for recording physical workload are not 
liable to subjective bias, are generally applicable 
even in concealed or confined workplaces, and 
exhibit high validity and reliability [16]. 
Limitations to date have been higher time and cost 
expenditures compared to observational-based 
methods (often due to complex instrumentation and 
evaluation), usage primarily by experts, and 
potential interference with the workflow [14]. 
However, advances in technology are making 
objective and accurate systems increasingly 
practical and affordable [13, 18], and they are 
already recommended internationally for risk 
assessment [16]. This offers good conditions for 
other user groups and future advance and new 
developments of measurement-based methods or 
assessment approaches also in the context of the risk 
assessment of physical loads to be conducted in this 
country, e.g., in the area of the upper extremity. So 
far, it has been exceedingly difficult in the working 
environment to select the appropriate measurement-
based method for the respective purposes. 

The aim of this work is therefore to create a clear 
categorization using currently available methods for 
technical measurement-based risk assessment of 
physical workload in the area of the upper 
extremity. Examples should clarify the areas of 
application and support occupational safety 
specialists in prospective selection of suitable 
measurement-based methods. 

Measurement methods for quantifying the load 

Numerous methods are available for the objective 
quantification of work-related musculoskeletal 
loads of the upper extremity.  
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Camera-based methods as a basis for automated 
motion analysis with passive or active reflective 
markers are predominantly related to special 
stationary laboratory environments. Accordingly, 
such methods are only suitable for mobile use to a 
limited extent and thus, depending on the 
framework conditions, are not very practicable for 
a practical risk assessment on site, e.g., at non-
stationary workplaces. Nowadays, video-based 
pattern detection (not marker-based) in combination 
with biomechanical modeling are also used for 
quantifications [1]. If the work processes and work 
content permit, video-based methods can often be 
used in practice at industrial workplaces without 
any problems, since all that is required as hardware 
is a video camera, smartphone, or tablet. However, 
special video analysis software is additionally 
required here to assess the loads at the workplace. 
In addition, the assessment approaches available to 
date are often only related to specific movement 
patterns. Although data acquisition is possible in 
principle, subsequent evaluation therefore requires 
increased effort, e.g., through additional 
programming. The use of cameras is also 
problematic at workplaces where video recording is 
not permitted because of data protection, ethical or 
operational reasons. Personal worn motion sensors 
are therefore not only suitable for such workplaces, 
but also for use at non-stationary workplaces. The 
spectrum ranges from the use of individual 
acceleration sensors to the use of inertial sensors as 
multi-sensor systems synchronized with other 
sensors, e.g., for recording forces or physiological 
processes. 

Category system 

In the literature, measurement-based methods for 
recording and assessing occupational physical 
activity and specific physical workloads are 
classified into a category system that provides a 
differentiation using 3 measurement system 
categories [8, 16, 17, 29]. In the following, this 
category system is used as basis for a corresponding 
classification of measurement-based systems for 
recording and assessing work-related load on the 
upper extremities. 

Category 1 

These include measurement methods with 1–2 
sensor units that represent the load of a specific 
localization (e.g., wrist, elbow). Such methods are 
usually based on the use of motion, posture, or 
position sensors such as accelerometers or 
goniometers.  

 

In the past, these sensors were often wired and 
costly, and their handling required specialized 
knowledge of sensor attachment and data analysis. 
Today, technical optimizations have resulted in 
suitable systems for recording work movements 
that are less expensive and more user-friendly. For 
example, they are often wireless and intelligent 
algorithms avoid errors during attachment or data 
analysis [29]. 

Category 2 

Measurement methods with ≥ 2 sensor units can 
be used to monitor loads in a localization area 
(chain of localizations, e.g., shoulder-elbow-hand 
area). The sensor units can be incorporated into 
smart textiles or attached individually to the body. 
In addition to sensor technology for motion capture 
(e.g., inertial sensors), electromyography (EMG), 
near-infrared spectroscopy (NIRS), or hand-arm 
vibration (HAV) capture sensor technology can be 
used, for example. There exist numerous wearables 
including inertial sensors, dynamometers, and 
surface EMG that can be used as a basis for 
biomechanical data collection at work and 
subsequent risk assessment [22]. 

Category 3 

In these complex measurement methods, 
numerous sensors are combined to observe the load 
of several chains of localizations or on the entire 
body. These include multi-sensor systems, which 
are usually based on inertial sensors, but can also be 
combined with other measurement techniques 
(e.g., Computer-assisted recording and long-term 
analysis of musculoskeletal loads (CUELA), Xsens, 
[28]). 

Method overview and application examples 

A basic overview of the 3 categories of 
measurement systems is shown in Fig. 1. Examples 
of the respective measurement system category for 
recording and assessing work-related loads on the 
upper extremities are summarized in Fig. 2, with 
categories 1 and 2 appearing particularly significant 
for use in the workplace due to their high 
practicability. Examples of such sensor systems and 
possible assessment approaches that can be derived 
from the literature are shown in Fig. 3.
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Fig. 1 ▲ Categorization of measurement systems for recording and assessing work-related loads on the upper extremities based on the classifications of physical activity 
measurements. (According to [8, 1, 17, 29])  

- Recording and analysis of exposure parameters of an extended localization area
- e.g., posture and movement of the shoulder-elbow-hand area + muscle activity of the forearms

Category 2

- Recording and analysis of exposure 
parameters of several 
localization areas

- e.g., movement of the whole body + 
action force of the hands

Category 3

- Recording and analysis of exposure parameters of one localization
- e.g., posture and movement of the upper arm

Category 1
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Fig. 2 ▲Examples of mobile, body-worn measurement methods (categories 1–3) for exposure determination of the upper extremity. The estimation of required expertise for 
application of the sensors, possible number of subjects, time/cost per subject and the recommendation regarding the user groups are based on the PEROSH classification 
(Partnership for European Research in Occupational Safety and Health). (According to [4, 7, 9, 16, 17, 26, 28, 29, 30])  

Measurement system 
category 

Category 1 Category 2 Category 3 
1-2 Sensor units,  

1 localization of the body 
≥ 2 Sensor units,  

2-3 localizations of the body 
Complex measurement-based methods,  

several localizations of the body 

Examples for sensors a  

 

  

 left: wearable;  
right: individual sensors 

smart textile left: several sensors/ wearables/ IMU;  
right: surface electromyography (EMG) 

Multi-sensor system + further measurement 
technology; left: CUELA, right: CUELA & EMG 

Assess- 
ment of 
risk 
factors:  

Muscle activity  
Repetition  
Posture 
Combination of force 
requirements & 
movement behavior 

- 
+ 
+ 
- 

- 
o/+ 

+ 
- 

-/+ 
+ 
+ 
o 

-/+ 
+ 
+ 

o/+ 

Expertise for sensor attachment low low-medium medium/high high 

Possible number of subjects many various various few 

Time/cost per subject low low moderate high 

Potential user groups b OM: o, OA: +, S: + OM: +, OA: +, S: + OM: -/o, OA: o/+, S: + OM: -, OA: o, S: + 

Examples for specific applications ErgoArmMeter [30]; 
ErgoArmMeter as iOS application in 
combination with accelerometers and 
gyroscopes integrated in iPhone or iPod 
Touch for analysis and percentile 
formation of angles & angular velocities + 
values in relation to recommended limits 
of an 8 h day 

Angle measurements [7]; 
Sensors integrated into 
sweater to detect and 
display flexion angle in 
elbow joint, assessment by 
static model for angle 
detection based on machine 
learning & neural network 

Quantification of exposure-response  
relationships [4];  
Accelerometer, electro goniometer to record upper 
arm & wrist movements & wrist postures + 
percentile determination, assessment of exposure-
response relationship via exponential function and 
estimation of different prevalence’s 
 
Quantification of force applications [9];  
4-channel surface EMG module for recording and 
assessing muscular loads on the forearms by 
quantifying strain + classifying them into risk classes 

Complex exposure recording and assessment of 
combined risk factors [9, 26]; 
CUELA multi-sensor measurement system + 4-
channel surface EMG module for recording and 
assessment of force, repetition & combination, and 
non-recommended postures/movements of 
different localizations + classification into risk 
categories 

+ recommended, o partially recommended/ conditionally suitable, - not recommended; inertial measurement unit-applications = IMU; a Further examples of operational wearables according to Walmsley et al. [28] 
among other Xsens, ADPM Opal, Shimmer, InvenSense MPU9150 chip, BioKin WMS, YEI Technology, CAPTIV Motion, L-P Research Motion Sensor B2, Noraxon Myomotion, ArduMuV3 chip or MSULS.  
b User groups: occupational health and safety professionals with minor technical measurement experience = OM; occupational health and safety professionals with advanced technical measurement experience = OA;  
Scientist (with measurement expertise) = S 
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Fig. 3 ▲Examples of measurement technology, output parameters and underlying assessment approaches for devices of measurement system categories 1 and 2.  
(According to [2, 4, 5, 7, 9, 19–21, 26, 27, 30]) 
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Localization Wrist (forearm if applicable) Elbow joint Upper arm 

Repetition 
 

S: Electro goniometer;  
O: Wrist angular velocity (ω) in °/s;  
A: mathematical function for  
prevalence estimation of carpal  
tunnel syndrome; [4] 

S: Accelerometer, gyroscope, goniometer/inertial 
sensor; 
O: Repetitions score as a sum of kinematic  
single parameter assessments (frequency, angular 
velocity, and micro-pauses) based on forearm 
supination/pronation; 
A: Classification into 4 risk categories; [9, 26] 

S: Electro goniometer;  
O: Upper arm angular velocity (ω) in °/s;  
A: mathematical function for  
prevalence estimation of rotator cuff  
syndrome; [4] 

Posture 
 

S: Electro goniometer;  
O: Wrist flexion/extension in °;  
A: Exposure-response relationship of  
hand/elbow complaints; [20] 

S: Accelerometer, gyroscope, goniometer;  
O: Forearm supination/pronation in °;  
A: Time proportion of task spent in sustained posture 
according to German industrial and European standard; 
[5] 

S: iPhone 5s, 6/iPod Touch; 
O: Upper arm angle in °,  
Time proportion >30°/ 
>60°/>90° in % (>60° ≙ overhead work); 
A: ErgoArmMeter App; values compared with 
recommended thresholds of an 8h workday [30] 

Ca
te

go
ry

 2
 

Localization Hand/forearm Forearm/elbow Elbow/upper arm 

Repetition 
 

S: Accelerometer, gyroscope, goniometer/inertial sensors; 
O: Repetitions score of the wrist and elbow joint as a sum of kinematic single parameter 
assessments (frequency, angular velocity, and micro-pauses) based on wrist flexion/extension  
and forearm supination/pronation; 
A: Classification into 4 risk categories; [9, 26] 

S: Xsens MTx inertial sensors; 
O: Flexion/extension elbow, supination/pronation forearm, 
abduction/adduction + inner/outer rotation shoulder, 
angle in ° + angular velocity in °/s;  
A: Time proportion movement frequencies/velocities, 
angle-angular velocity graphs + identification of irregular 
movement patterns; [2] 

Muscular  
activity 

S: Miotec 4-channel Miotool 400 system; 
O: Square mean (root mean square, RMS)  
+ median frequency trendlines over time in s; 
A: Muscle activity & fatigue of muscles  
for wrist movements; [19]  

S: CUELA surface EMG module;  
O: Strain on the finger flexor and extensor  
muscles in % + electromyographic micro  
pauses in %;  
A: Classification into 4 risk categories; [9] 

S: Miotec 4-channel Miotool 400 system; 
O: Square mean (root mean square, RMS) +  
median frequency trendlines over time in s;  
A: Muscle activity & fatigue of muscles  
for forearm twisting & elbow bending; [19] 

Posture 
 

S: Xsens MVN Biomech™;  
O: Wrist radial/ulnar deviation, 
flexion/extension, angle in °;  
A: Deviations angle from neutral  
gripping positions; [19] 

S: Smart textile;  
O: Elbow flexion/extension in °;  
A: Angle assessment by static angle detection model 
based on machine learning & deep neural network; [7] 

S: CAPTIV Motion IMUs + electro goniometer;  
O: Joint angles of the upper extremity in °; 
A: RULA assessments + time proportions;  
[27] 

Combinations 
 

S: CUELA-accelerometer, gyroscope, goniometer/inertial sensors;  
O: mTLV for HAL for wrist and elbow joint (repetitions scores in each case as a sum of kinematic 
single parameter assessments (frequency, angular velocity, and micro-pauses) +  
normalized peak force (NPF));  
A: mTLV for HAL, classification into 3 exposure categories; [26] 

S: CUELA-accelerometer, gyroscope, goniometer/ 
inertial sensors;  
O: Time proportion of non-recommended  
elbow/upper arm postures/movements;  
A: Classification into 4 risk categories; [9] 

S: Inertial sensors + EMG;  
O: Upper arm/elbow/wrist flexion/extension, forearm supination/pronation; wrist abduction in °;  
6 Multiplicators (Intensity, duration, effort, posture, speed, duration of day); 
A: Rapid Upper Limb Assessment (RULA) point values and Strain Index (SI) point values; [21] 

S: = Sensors (commercial/non-commercial); O: = Output parameter; A: = Assessment approach; mTLV for HAL = measurement-based Threshold Limit Value for Hand Activity Level 
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Application scenarios from the working 
environment 

Scenario a) After restructuring on the assembly 
line, complaints in the shoulder area occur 
frequently in assemblers of tailgate cable harnesses. 
Since the cable harnesses are predominantly 
assembled above shoulder height, forced body 
postures and problematic joint loads arise. The 
company's ergonomics expert is commissioned to 
identify particularly high shoulder loads during 
assembly to be able to develop possible 
improvement measures in the work process. Since 
awkward upper arm postures (e.g., arm elevations 
of more than 60°) are suspected as the cause of 
incorrect loads in the shoulder region after activity 
observation and orienting assessment, a simple 
category 1 system, such as the use of a smartphone 
in combination with an appropriate application, is 
suitable for quantifying the load in this case (Fig. 3, 
Category 1, Posture, Upper arm). The low-cost 
application provides objective parameters that are 
independent of workplaces and partial tasks, such as 
percentiles of angular distributions, percentage shift 
proportion of awkward arm postures, or median 
angular velocity, which cannot be precisely 
quantified by observations. Based on data on 
cumulative duration of arm elevations exceeding 
60°, as well as the duration of uninterrupted arm 
elevations exceeding 60° during a typical work 
shift, peak loads can be identified more accurately 
than by observing circumscribed durations. The 
objective parameters and comparison of angle data 
with recommended shift limit values enable the 
design of measures to reduce the average angular 
velocity, which cannot be objectively assessed by 
observations. Based on the shift load profiles, 
measures to reduce the shoulder load can then be 
derived, if necessary, e.g., through job or workplace 
rotations.  

Scenario b) In a large retail grocery store, 
employees report on complaints in the area of wrists 
and elbows, especially during cashier tasks, but less 
so when restocking shelves with new products. 
Based on task observation, it is suspected that high 
frequency bending of the wrists and elbows as well 
as twisting of forearms in combination with the 
weights of goods during tasks at the checkout line 
can lead to typical complaints and disorders in the 
extended localization area (wrist/elbow). To 
quantify the difference in load between the two 
workplaces, the loads in the hand-arm area should 
be compared in each case by an occupational safety 
and health specialist. For easy handling, in addition 
to a commercially available scale for recording 
product weights, a category 2 smart textile equipped 
with inertial sensors, for example, is suitable.  

Against the background of data from the literature, 
objective load profiles can be generated from the 
results obtained, such as angle-time trajectories, 
number and weights of goods moved, and assessment 
of the extent of repetition. These results can be the 
basis for solid adjustments of the checkout counter 
desk to enable ergonomic tasks. 

Scenario c) The management of a company 
specializing in the construction of concrete pavers is 
considering the purchase of a new, cost-intensive 
machine to largely replace the manual stone setting 
process. The management hopes the machine will 
provide an economic benefit by saving time and 
reducing work absenteeism due to illness. 
Employees had complained more frequently of 
complaints in several localizations (arms, shoulders, 
neck, back, knees). Therefore, a scientific project is 
planned in cooperation with a university to compare 
paving with and without machine assistance. 
Considering the time factor, the effects on the 
musculoskeletal system are to be precisely 
quantified for both working conditions. Since the 
expected effects on the movement patterns are 
complex and involve the whole body, the accuracy 
and level of detail of the output parameters must be 
very high. Therefore, a Category 3 multi-sensor 
system with surface EMG and HAV acquisition 
sensors and multiple deposited assessment 
approaches is appropriate for this project for load 
assessment in multiple localizations. The extensive 
measurement technology can be used to quantify 
complex movements, postures, force applications 
and possible loads caused by machine-induced 
vibrations. Based on the exposure data determined 
during paving with and without machine assistance, 
shift load profiles can be created in each case, into 
which, for example, loads on the intervertebral discs, 
awkward body postures and peak loads due to 
repetitions and high forces can be integrated. The 
determined exposure difference is to be evaluated in 
combination with the temporal observation and can 
provide the basis for the purchase decision.  

Discussion and perspective 

The method overview and application examples in 
this article are intended to provide the occupational 
safety specialist with an up-to-date view of 
measurement-based recording methods and possible 
parameters from the literature that are used to assess 
loads. A measurement system categorization 
recommended in the literature for recording and 
assessing physical activity [8, 16, 17, 29] was 
extended and applied to the upper extremity.  
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This procedure and the elaborated overview 
provide an orientation for the possible applications 
of a measurement-based risk assessment of work-
related physical loads of the upper extremity. In 
addition, the elaborated recommendations 
regarding different user groups can serve as an 
assistance as to which type of measurement 
technology might be most appropriate for the 
respective assessment situation. 

As the complexity of the measurement systems 
increases, so do the demands for expertise required 
to attach the sensors and assess the data, and thus 
the time and costs involved. Data protection must 
also be adhered when recording exposures with 
wearable technology. In addition to further 
development of assessment approaches, the 
definition and provision of practicable commercial 
sensor technology or rather corresponding 
measurement systems is also desirable. In this 
context, the focused technical measurement-based 
analysis of individual parameters and selected 
localizations is also conceivable. A more specific 
set-up and an easy-to-use measurement technology 
would enable a significant reduction of effort and 
complexity in prospective operational 
measurements. Thus, software-supported, faster, 
and objective evaluations are also possible, and 
depending on the objective, the analyses can easily 
be repeated or extended. In addition to scientists, 
occupational safety specialists could also collect 
measurement data. To avoid possible 
misinterpretation of data and associated incorrect 
risk assessments, it is generally recommended to 
obtain precise information about the possibilities 
and limits of the respective method. However, this 
applies not only to technical measurement methods, 
but also to all other risk assessment approaches. 

For exposure recording and assessment, 
commercially available sensors with output 
parameters and assessment approaches are already 
available for the localizations hand/upper arm 
(repetition, posture), hand/forearm (force, posture) 
and elbow/upper arm (repetition, force, posture) as 
a basis for use in measurement-based risk 
assessment of physical load (Fig. 3). In perspective, 
however, it is recommended to further develop 
assessment approaches that are currently based on 
data collected with non-commercially available 
sensor technology and to transfer them to the use of 
measurement data from the application of 
commercially available sensor technology. For 
example, Walmsley et al. [28] present 
13 commercial wearable sensors that are 
appropriate for such a transfer.  

Thus, the assessments developed for MEGAPHYS 
(e.g., repetition score (RepScore) [9, 26]) and 
approaches based on them (e.g., measurement-
based Threshold Limit Value for Hand Activity 
Level (mTLV for HAL) [26]) will be available to 
occupational safety specialists and can support the 
measurement-based risk assessment of physical 
loads. The assessment approaches for 
measurement-based analyses of work-related 
musculoskeletal loads developed and validated in 
the MEGAPHYS project can be used as a basis for 
the assessment of localization-related loads with 
measurement systems of categories 1–3. Interfaces 
to corresponding commercial measurement 
technology are currently being defined and 
implemented at the IFA to facilitate access to the 
methodology for occupational safety specialists. 
Against this background, it is recommended to 
adapt that the level model of risk assessment from 
2010 [11]. In this context, category 1 systems could 
complement specific screening by simple handling. 
The use of category 2 systems could extend the 
expert screening level by detailed exposure 
recording. In the future, simple measurement-based 
approaches can also support the investigators at the 
screening level by providing objective analyses and 
thus enable a new standard in the risk assessment of 
physical loads. 

 

− A classification of commercial and non-
commercial measurement technology and 
objective assessment methods is now 
available for the measurement-based risk 
assessment of physical loads on the upper 
extremity. 

− The assignment of the technical 
measurement-based approaches of categories 
1 to 3 was based, among other things, on 
different user groups. 

− The use of measurement-based risk 
assessments is recommended as a supplement 
to the previous procedure. 

− The further development of sensor 
technology including software for the 
assessment of exposure data is to be 
supported to enable occupational safety 
specialists to perform a measurement-based 
risk assessment in the future or to give them 
access to measurement data. 
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2.6 More detailed information related to publication 3 

Potential measurement systems and measurement-based assessment methods were 

identified and extracted from a variety of sources to create a methods overview. Some 

measurement-based assessment approaches e.g., those of Barrero et al. 2012 or 

Nordander et al. 2013 were identified during title and abstract screening in the systematic 

review by Seidel et al. 2019b. Other measurement-based assessment approaches were 

developed in Seidel's work group. These methods were already published and presented 

nationally (Heinrich et al. 2019) and internationally (Heinrich et al. 2018; Weber et al. 

2019b; Weber et al. 2019c; Weber et al. 2018b). Other methods such as those reported by 

Balogh et al. 2019 were identified through the procedure of mTLV for HAL assessment 

approach development (Seidel et al. 2019c; Seidel et al. 2021b; Seidel et al. 2019d). By 

performing several manual narrative searches in Google Scholar1, D.H.S. identified 

further additional relevant and recent measurement-based assessment methods for the 

upper extremity, such as the work of Álvarez et al. 2016, Bobin et al. 2017, Merino et 

al. 2019, Peppoloni et al. 2016, Vignais et al. 2017 and Yang et al. 2017. With the 

compilation of several measurement-based methods and assessment approaches for the 

upper extremity (Seidel et al. 2021a), the mTLV for HAL method including RepScore 

and NPF assessment, was classified and presented together with other possible methods 

for objective upper extremity risk assessment to occupational safety specialists or 

occupational safety and health officers. 

 
1 1st search: date: 28th Mai 2020; search string: biomechanical occupational work "risk assessment" "upper" 

direct" measurement -gait -spine -trunk; results: n = 637 | 2nd search: date: 28th Mai 2020, search string: 
"inertial" "risk assessment" hand elbow "upper" limb work results: n = 178 results | 3rd search:  
date 28th Mai 2020; search string: inertial wearable "risk assessment" hand elbow upper limb work; time 
restriction: since 2018; results: n = 121. 
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3 Discussion 

3.1 Systematic review 

3.1.1 Summary 

Seidel et al. 2019b identified 10 relevant peer-reviewed articles from a total of 

524 references, published between 2007 and 2017. The methodological quality of these 

10 articles ranged from medium to high, with all studies achieving the highest possible 

outcome assessment score. The exposure assessment score ranged from the lowest 

possible values to the maximum score. Across these 10 studies (5 cross-sectional; 

3 cohort; 1 triple and 1 case-referent study), a total of 133 risk factor specifications were 

found. Forty-four were significant (Table 4. in the manuscript by Seidel et al. 2019b, 

pp. 9-10) and 89 were not significant (Table S6. in the manuscript by Seidel et al. 2019b, 

pp. SF 60-65). Risk factor specifications were also assigned to 5 main exposure categories 

(Force, Repetition, Posture/Movement, Vibration, Combined Exposure). Additionally, 

16 exposure sub-categories were defined similar to Melhorn et al. 2014. Results from 

subsequent evidence assessment of these sub-categories ranged from very low to 

high evidence as mentioned by Seidel’s workgroup in 2019. The review identified three 

studies (Fan et al. 2014b; Fan et al. 2009; Nordander et al. 2013) that can be treated as 

important examples for determination and assessment of quantitative occupational risk 

factors. Worthy of note is their use of sensor technology such as electro goniometers, 

force gauges, or EMG (Seidel et al. 2019b). In summary, this review provides a solid 

foundation for assessment method developments. It indicates that exposure recording 

devices have evolved over the last decade. Thus, the review is an important finding on 

the topic of prevention of work-related diseases of the elbow region. 

 

3.1.2 Research questions 

The 5 main and 16 exposure sub-categories were described in detail in Table 4. in the 

manuscript by Seidel et al. 2019b, pp. 9-10, Table S6. in the manuscript by Seidel et 

al. 2019b, pp. SF 60-65, and Figure 2. in the manuscript by Seidel et al. 2019b, p. 8. All 

identified 133 quantitative risk factor specifications (involving e.g., wrist angular velocity 

[°/s], forearm supination/pronation/rotation over 45° for more than 40 %/45 % of time 

combined with additionally power grip) were detailly summarized in Table 4. in the 

manuscript by Seidel et al. 2019b, pp. 9-10, Table S5. in the manuscript by Seidel et 
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al. 2019b, pp. SF 50-59 and Table S6. in the manuscript by Seidel et al. 2019b, 

pp. SF 60-65. The comprehensive presentation of these results as body text, figures, 

tables, and supplementary files successfully answered research question Q. 11. To answer 

Q. 22, associations between exposures and disorders were first tabulated and classified by 

exposure main and sub-categories. The tables on associations (Table 4. in the manuscript 

by Seidel et al. 2019b, pp. 9-10, Table S5. in the manuscript by Seidel et al. 2019b, 

pp. SF 50-59, Table S6. in the manuscript by Seidel et al. 2019b, pp. SF 60-65) each 

included a specific number (marked with ‘#’) and an exact risk factor description 

involving quantitative information, a reference, a specific outcome (LE, ME, UN, Radial 

tunnel syndrome, Pronator teres syndrome), gender (male, female) when possible, a 

measure (OR, HR, IRR, PR) with 95%-CI, and the type of adjustment for reported 

analyses. Additional study information, such as design, population/sample, type of 

exposure and outcome assessment, and additional declarations, were reviewed and 

provided (Table S5. in the manuscript by Seidel et al. 2019b, pp. SF 50-59) to completely 

represent the extent of associations.  

 

3.1.3 Limitations 

Limitations have been discussed in detail in Seidel’s review in 2019. Among others, the 

following limitations were pointed out: neglect of psychosocial influences, different types 

of risk factor descriptions, non-feasibility of meta-analysis due to heterogeneity of study 

designs, rigorous exclusion of studies, time-restricted searching (2007 – 2017), difficulty 

in comparison and handling of different measures (IRR, PR, OR, HR), possible bias due 

to recall/publication or information bias, may be no generalizability of the results 

probably due to less included studies or EMG which could be distorted by e.g., crosstalk 

or subcutaneous adipose tissue that affects electrode-skin impedances (Seidel et 

al. 2019b). Although some factors limited the results of the review, some of them have 

been processed in the following research steps. Especially, e.g., recall bias were tried to 

consider in mTLV for HAL association analyses adjustments. 

 

 
1 Q. 1: What specific quantitative work-related risk factors and exposures can be identified in current 

literature for the elbow region? 
2 Q. 2: How and to what extent can the associations between such risk factors and specific elbow disorders 

be quantitatively described? 
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3.1.4 Current state of science 

The extent of association (chapter 3.1.2) is very similar to that recently reported by  

Curti et al. 2021. Curti’s workgroup examined associations between elbow-specific 

disorders (LE, ME, olecranon bursitis) and quantitative occupational exposures. At a 

minimum, diagnoses were based on physical examinations (plus imaging techniques,  

if available). For exposure assessment, only studies with observations involving video 

analysis and/or direct measurements were included. Since Seidel et al. 2019b and  

Curti et al. 2021 examined very similar content, a comparison of both is certainly possible.  

Curti and colleagues identified 5 studies, while Seidel’s group included 10. In both 

reviews, the study by Fan et al. 2014b was identified. This study was rated with high 

(Seidel et al. 2019b) and medium (Curti et al. 2021) quality (13 vs. 11 points). This could 

be justified e.g., due to quality assessments by different researchers. The overall quality 

assessment of Seidel’s review included 18 items, whereas Curti’s group used 17 items. 

Cutoffs for high, medium, and low study quality were very similar in Seidel’s and  

Curti’s research (≥ 12 vs. 13-17; 6 < 12 vs. 8-12; ≤ 6 vs. 3-7). Thus, the highest threshold 

is also similar to ≥ 13 of 20 points as reported by Descatha et al. 2016 in a meta-analysis 

of LE and work-related physical exposures. Curti's and Seidel's reviews had both a 

maximum outcome assessment score of 3. Similar to Descatha et al. 2016, Seidel's group 

included self-reported exposures. Such exposures were methodologically excluded in 

Curti’s research. Additionally, Curti’ group included three further studies  

(Barrero et al. 2012; Fan et al. 2014a; Garg et al. 2014). These studies were identified by 

Seidel’s group as well but were excluded (Table S4. in the manuscript by Seidel et 

al. 2019b, pp. SF 9-49). The reason for this was the lack of a quantitative measure 

between risk factors and at least one SDE. Nevertheless, because these three studies 

provided relevant information related to assessment methods, Barrero’s and Garg’s 

research were used and considered in the assessment approach development and 

discussion by Seidel et al. 2021b. Chiang et al. 1993 was included in Curti’s review. 

Descatha’s group included the study by Leclerc et al. 2001. However, because these two 

studies from 1993 and 2001 were included and discussed in the key paper of van Rijn et 

al. 2009a, they were not included again in Seidel’s continuing review in 2019. Descatha’s 

group identified three further studies (Descatha et al. 2013; Fan et al. 2014b; Herquelot 

et al. 2013b). They were also included and discussed by Seidel and colleagues as 3 of 10 



DISCUSSION – CHAPTER 3.1 

79 

studies. Seidel’s group identified more relevant studies which were not listed by Curti et 

al. 2021 and Descatha et al. 2016. Curti et al. 2021 found limited overall evidence between 

exposures and LE, with insufficient evidence for ME. In contrast, some evidence related 

to LE, ME, and UN in individual exposure sub-categories was very high in Seidel’s 

review. Descatha’s review supported the association between biomechanical exposures 

at wrists and/or elbows and the incidence of LE. Contrary, Bretschneider et al. 2021 

demonstrated a nonsignificant association between repetition and LE in a meta-analysis, 

although only two studies were pooled here in a forest plot. Overall, Seidel et al. 2019b 

is a good supplement to previous systematic reviews that provide qualitative 

(Bernard 1997; da Costa and Vieira 2010; van Rijn et al. 2009a) or semiquantitative 

(Melhorn et al. 2014; van Rijn et al. 2009a) work-related information on risk factors in 

the elbow joint.  

It should be noted that Seidel’s review was processed and cited at least 22 times  

(17th October 2021) in e.g., a meta-analysis (Bretschneider et al. 2021), systematic 

reviews (Curti et al. 2021; Girgis and Duarte 2020), other reviews (Stegink-Jansen  

et al. 2021), in two cohort studies reporting on hairdresser workload associated with  

self-reported haircuts/week (Aavang Petersen et al. 2021), a case report about nerve 

injuries at elbows associated with laptop use at flexible workplaces (Kuijer et al. 2020), 

ultrasonographic analyses of muscles such as extensor carpi radialis brevis (Kajita et 

al. 2020), assessments of risk factors in oil refinery jobs (Esmailzadeh et al. 2020), in the 

mTLV for HAL assessment approach (Seidel et al. 2021b), in an accuracy comparison 

between e.g., inertial sensors and systems for optical recording for angular velocity of the 

wrist (Yang et al. 2021), in an article providing an algorithm development and Adjusted 

Rapid Upper Limb Assessment (AdRULA) using wearables (Santos et al. 2020), in LE 

conditions and current management strategies (Duncan et al. 2019), in a guideline 

summary (Leschinger et al. 2021), in the measurement-based risk assessment overview 

of the upper extremity (Seidel et al. 2021a), in an occupational disease book  

(Grosser 2020) and several conference contributions. It shows that Seidel’s review from 

2019 has filled international research gaps and is very important for current research. 
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3.2 Assessment approach 

3.2.1 Summary 

From the review to the assessment approach – parameter definition 

As described in chapter 2.2, force combined with repetition was identified as the most 

significant exposure sub-category (S13) in Seidel et al. 2019b. Similarly, wrist 

flexion/extension and forearm supination/pronation were the most important and 

examined DoF among all 10 studies. Furthermore, it was possible to define MPF, ω, and 

MP as relevant kinematic parameters. One important kinetic parameter (EMG) was 

identified as well. By analyzing systematic reviews on observational-based assessments 

(Grooten and Johanssons 2018; Nasrull Abdol Rahman and Syafiqa Abd Razak 2016; 

Takala et al. 2010), the TLV for HAL (ACGIH 2001, 2018) was identified as the most 

appropriate method for an assessment approach development. TLV for HAL, combined 

with the traffic light assessment of Schedlbauer et al. 2014, should be transferred to an 

assessment method for occupational physical exposures in the elbow region. 

 

Assessment approach mTLV for HAL development and testing 

The results in chapter 2.1 and considerations described in chapter 2.2 were used to 

develop a measurement-based approach (chapter 2.3), which assesses the combination of 

force and repetition of the distal upper limb (Seidel et al. 2019c; Seidel et al. 2019d). As 

mentioned by Seidel et al. 2021b, a repetition score was developed. It represented a sum 

of individual scores of MPF, ω and MP, and included the verbally anchored Latko-scale, 

which was transferred to objective measurement-based data. Further analyses using the 

MEGAPHYS data set were performed. It could be verified that the repetition score was 

equivalent with original HAL assessment (chapter 2.3, 8.2.2 for more details). Moreover, 

according to Seidel’s research in 2021, the RepScore was further combined with NPF 

using EMG as proposed by e.g., ACGIH 2018 or Harris et al. 2011. Following, the new  

mTLV for HAL was formed, considering ACGIH 2018. This new approach was applied 

to wrist flexion/extension and forearm supination/pronation. By further use of 

GEE models, mTLV for HAL was contrasted as 3-level exposure category assessment to 

arthrosis of the distal joints, LE, CTS, and nonspecific wrist/elbow joint complaints. 

Significant and non-significant ORs obtained by association analyses for 500 participants 

showed that the mTLV for HAL could be positively associated with some diseases or 
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complaints. Therefore, the new method expands existing TLV for HAL application 

opportunities. It can be excellently used in practice to objectively assess work-related 

musculoskeletal load in the elbow (and hand) region and to take preventive measures. 

 

3.2.2 Research questions and generated hypotheses 

From the review to the assessment approach – parameter definition 

Besides the most relevant risk factor (force combined with repetition), three kinematic 

measurement parameters MPF, ω, MP and one kinetic parameter named muscle activity 

(recorded by EMG) were derived from literature. These are appropriate measurement 

parameters, which contributed to answering research question Q. 33 in the affirmative.  

In the literature, the Strain Index (SI, Moore and Garg 1995), the TLV for HAL  

(ACGIH 2001, 2018) and individual assessment approaches of single kinematic or kinetic 

parameters (e.g., Arvidsson et al. 2003, Balogh et al. 2019, Barrero et al. 2012,  

Hansson et al. 2009, Nordander et al. 2013, Ohlsson et al. 1994, Schedlbauer et al. 2014 

or Stål et al. 1999) were identified as suitable methods for an assessment approach 

development in the elbow region. The revised Strain Index by Garg et al. 2017 appears to 

provide a potential assessment basis. Furthermore, Peppoloni et al. 2016 have 

transformed the SI and RULA (McAtamney and Nigel Corlett 1993) into  

measurement-based methods. Additionally, the SI assesses the combination of force, 

repetition, and posture. However, this triple combination was not the most relevant one 

in this presented research (chapter 2.2). Furthermore, TLV for HAL has been associated 

with elbow diseases (Franzblau et al. 2005; Garg et al. 2014; Werner et al. 2005). In 

addition, there was evidence that force can be assessed using EMG (ACGIH 2018;  

Harris et al. 2011). Therefore, the focus in this thesis was more on the TLV for HAL 

approach to assess combined exposures. In addition, there exist further duty  

cycle-dependent video-based approaches for objective quantification of specific 

exposures using TLV for HAL (e.g., Akkas et al. 2019, Akkas et al. 2016, Chen et 

al. 2013, Greene et al. 2017, or Radwin et al. 2015). All these assessments led to 

establishment of hypothesis H. 1 for further research. 

 
3 Q. 3: Can appropriate measurement parameters (e.g., kinematics, muscular load) be derived for the 

identified risk factors? 
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H. 1 Suitable assessment approaches can be derived from literature as a basis for 

developing a measurement-based assessment method for work-related 

physical exposures at the elbow region. 

 

Assessment approach mTLV for HAL development and testing  

The identified kinematic/kinetic parameters have already been used in several studies 

(chapter 3.2.2) in different ways to validly estimate work-related loads. Therefore, the 

parameters seemed very suitable for a development. As described in chapter 2.3, 

including subchapters, the range of these kinematic parameters was enlarged. Compared 

with Schedlbauer et al. 2014, 5 instead of 3 gradings were now classified for MPF,  

5 instead of 3 for ω, and 3 instead of 2 for MP (Table 1 in the manuscript by Seidel et 

al. 2021b, p. 3). The extended grading was justified and defined based on evidence. 

Thresholds for RepScore were based on limits of relevant articles identified by systematic 

(Seidel et al. 2019b) and narrative searches as described in this thesis. By transforming 

the continuous EMG data into a NPF score from 0 to 10 (Subchapter 2.2.2. in the 

manuscript by Seidel et al. 2021b, pp. 3-4), the muscle activity data could be fully utilized. 

The NPF and RepScore were merged into mTLV for HAL, fully covering the risk factors 

of force combined repetition related to the elbow region which answered Q. 44. 

At the time the association analyses were performed in Seidel et al. 2021b, D.H.S. 

assumed that there was excellent expertise in Seidel’s workgroup to process quantitative 

measurement-based data. This was already demonstrated by splendid previous research 

(e.g., Ditchen et al. 2013, Ellegast et al. 2009, Glitsch et al. 2007, Kiermayer et al. 2011, 

Kraemer et al. 2018, Luger et al. 2019 and Steinhilber et al. 2017). In addition, the shift 

editor for reconstructed working shifts by Ditchen et al. 2015, supervised by  

Prof. Dr. M. A. Rieger, provided a good baseline for determining shift exposures as used 

in this thesis. This editor has been optimized and improved as described elsewhere in 

more detail (Weber et al. 2020a). The update made it possible to quantitatively represent 

shift exposures for e.g., the elbow region, based on different tasks. Finally, this editor was 

successfully used for the mTLV for HAL at 140 measured shift exposure profiles 

including different types of work tasks (Seidel et al. 2021b). Thus, another hypothesis  

(H. 2) could be generated for future research. 

 
4 Q. 4: To what extent can quantitative criteria for the assessment of work-related elbow load be defined? 
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H. 2  It is possible to use measurement-based data from a field study to make 

quantitative statements about combined elbow loads during the entire work 

shift for different tasks. 

 

In Seidel et al. 2021b, ORs were calculated using GEE models. Furthermore, some 

significant results were found for elbow joint complaints in the preceding month (Table 7 

in the manuscript by Seidel et al. 2021b, p. 8). However, not all the highest exposure 

categories were significantly different from lower ones – especially when considering 

both sides of the body. Thus, research question Q. 55 can currently only be answered with 

‘no’. This could be due to subjective data on complaints. On the one hand, the information 

on self-reported complaints in a cross-sectional study could have been distorted by e.g., 

recall bias as indicated by Aavang Petersen et al. 2021, although a month prevalence 

instead of an annual prevalence was already chosen to reduce recall bias. Schmier and 

Halpern 2004 reported on patient recall and recall bias and mentioned that patients tend 

to remember the location of pain more accurately than the intensity or frequency of pain. 

On the second hand, it is also possible that answers were modified out of e.g., fear of 

losing the job or because complaints may be interpreted as personal weaknesses and the 

participants do not want to admit this. Further research is required here. 

To answer Q. 66, the following explanation should be applied. By using the assessment 

approach as developed in this thesis (chapter 2.2, 2.3), several load profiles can be 

distinguished. For example, two load profiles refers to repetitions either of wrists  

(DoF: wrist flexion/extension) or elbows (DoF: forearm pronation/supination). Here, the 

RepScore was developed, which evaluates as a sum score the individual kinematic 

parameters for these DoF. In this context, it would also be possible to form sub load 

profiles. For example, each individual kinematic parameter could be assessed 

independently of the others (MPF-score, ω-score, MP-score, Table 1 in the manuscript 

by Seidel et al. 2021b, p. 3) if only certain parts of the repetition are to be considered. The 

measurement-based NPF was used to estimate muscular activity of forearm muscles and 

thus represents another possible load profile with respect to force. With mTLV for HAL, 

 
5 Q. 5: Can significant differences in the prevalence of complaints be described in workplaces with high 

exposure versus workplaces with low exposure? 
6 Q. 6: To what extent can different load profiles be differentiated with respect to total load and assessed 

with consideration of different load levels for structures in the elbow region (surface electromyography, 
complaints, examination findings)? 
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it is possible to represent a total loading profile, including force combined with repetition, 

of the distal upper extremity (wrist, forearm, and elbow). The assessment approach of 

Seidel’s group was validated in 2021 in a field study, using results from association 

analyses with arthrosis of the distal joints, LE, CTS, and wrist/elbow joint complaints. By 

using three differentiated exposure categories of mTLV for HAL (Table 5 to Table 7 in 

the manuscript by Seidel et al. 2021b, pp. 7-8 and Table 5. to Table 10., pp. 191-196), it 

is also possible to represent three different levels of exposure related to total distal upper 

extremity workload. Unfortunately, it is not possible to draw conclusions from total upper 

extremity load profile to total load of the entire body. Further investigations and in-depth 

models are required here, which would go beyond the scope of this work. Therefore, 

research question Q. 6 can only be answered partially and not completely now. 

 

3.2.3 Limitations 

Limitations related to mTLV for HAL have already been discussed in detail in Seidel et 

al. 2021b. Among others, the following limitations were pointed out: cross-sectional data 

were may be limited for validations; healthy worker effect could have influenced 

association analyses and was may be related with underestimation of exposure; outcome 

data (e.g., diagnoses) were not recorded for both sides and not with focus on 

hand/elbow region; measurements over 8 hours were not possible and extrapolations were 

required; no contactless measurements were possible due to body worn sensors and there 

was no representative sample of German workplaces (extrapolation to further populations 

of employee is not possible) as mentioned by Seidel’s group in 2021. As discussed in 

chapter 3.2.2, recall bias may have affected data on elbow (and wrist) joint complaints. 

 

3.2.4 Current state of science 

Recently, Arvidsson et al. 2021 published a paper on workload measurements using 

wearable technology and associated action levels related to movement velocities, 

postures, and muscular loads. Here, thresholds were suggested to protect workers from 

e.g., nerve entrapments or upper extremity tendon disorders. For example, 

Arvidsson’s group reported a daily median angular velocity threshold of 20°/s for the 

wrist. In Seidel et al. 2021b several thresholds were defined for this kinematic parameter 

to classify exposures more precisely. The threshold value of Arvidsson’s work is assigned 
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to ω-score classification 3 in Seidel’s research from 2021. This confirms on the one hand 

that angular velocity (ω) is a very important parameter when work-related repetitive load 

should be assessed. This was also similarly confirmed by Yang et al. 2021. Furthermore, 

this confirms the findings and derivations from the systematic review by Seidel et 

al. 2019b. Additionally, the thresholds of both – Seidel’s and Arvidsson’s research from 

2021 – are in similar range, which supports the classification used e.g., in the RepScore 

development. In Arvidsson et al. 2021, the action level thresholds were determined for 

only one load (parameter) at a time. Whereas in Seidel et al. 2021b, three kinematic 

parameters could be assessed simultaneously. This could lead to minimal differences 

between the thresholds. Arvidsson’s group further indicated in 2021 that it is more 

relevant to define action levels for combined exposures. These authors explicitly further 

refer to the TLV for HAL approach. This confirms that it was very important to develop 

the mTLV for HAL to fill an international research gap in the measurement-based and 

wearable/sensor-supported assessment of work-related load in the elbow (and hand) 

region. Since Arvidsson and colleagues, themselves reported that the proposed action 

levels are open for discussion and revision, the mTLV for HAL provides a good evidence-

based groundwork to justify prospective action level adjustments. It would also be 

conceivable to add and discuss the parameters MPF and MP to threshold values of the 

action level. Moreover, the mTLV for HAL as an important supplement to previous TLV 

for HAL improvements and the duty cycle independence as both previously mentioned 

by Seidel et al. 2021b, makes the mTLV for HAL even more objective and universally 

applicable. Due to the developed RepScore combined with measurement-based NPF, the 

combination of sensor-based kinematic data of hand/elbow joints and EMG data could be 

shown for the first time within the TLV for HAL method. Furthermore, the observational-

based approach was fully technically mapped and extended to the elbow region, which 

has not been studied before. This created new assessment possibilities.  

As suspected by Seidel et al. 2019b, several new assessment methods, e.g., for the upper 

extremity, have indeed been developed in recent years. For example, to assess force, 

posture, and repetition, especially in the wrist region, the SI has been further developed. 

It was already applied as Composite or Cumulative Strain Index as recommended by 

Kapellusch 2019. In addition, the Variable Revised Strain Index algorithm was developed 

to quantify the intensity of strain/postural change during execution (Mitterlehner and 
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Kapellusch 2019). In addition to SI, the RULA approach was also presented as a 

measurement-based assessment method by Peppoloni et al. 2016. Humadi et al. 2021 and 

Vignais et al. 2017 also demonstrated an inertial sensor-based RULA assessment 

approach. Using wearable technology, Santos et al. 2020 modified the observation-based 

method and developed the AdRULA. Other motion tracking methods based on inertial 

sensors have been discussed by Filippeschi et al. 2017, whereas Hindle et al. 2021 

presented besides inertial-based movement recoding further information on e.g., 

2-/3-dimensional optical motion capturing, or sensor fusions. Incidentally, similar sensor 

fusions were also performed when assembling the equipment for data acquisition used in 

Seidel et al. 2021b. Furthermore, Weber and colleagues reported on new and further 

developed assessment approaches for the hand, elbow, and shoulder regions (Weber et al. 

2019b; Weber et al. 2018b). In this context, the work of PEROSH (Weber et al. 2018a) 

on shoulder loading assessments should also be mentioned. Similarly, time proportions 

of non-recommended postures/movements of the upper arms, elbows, or wrists – also 

known as Kinematic Assessment Index (Heinrich et al. 2019; Weber et al. 2019b) – have 

been reported by MEGAPHYS scientists (Weber et al. 2020a). In addition, dose of 

shoulder moments and time proportion of micro-pauses in EMG were provided as 

assessment approaches by these scientists. Recently, EMG was also used e.g., by Luger 

et al. 2020 to quantify motor variability and neuromuscular responses during a repeated 

screwing task. Furthermore, Bauters et al. 2018 developed an automatic work cycle 

classification based on video data. The list of new and further developed assessment 

methods, e.g., in the upper extremity area, can probably be continued arbitrarily. All listed 

methods show that the assessment approaches differ in parts or completely due to 

developed methods and applied technology. Thus, each method, as well as the 

mTLV for HAL approach, acquires its reason for existence and allows objective 

assessment of different work-related exposures. To introduce the developed 

mTLV for HAL approach to occupational safety specialists or occupational safety and 

health officers for objective risk assessment of physical exposures, the new method was 

classified and briefly compared with some other assessments for upper extremity regions 

as mentioned by Seidel et al. 2021a. 
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3.3 Categorization of measurement-based methods for the upper extremity 

3.3.1 Summary 

As mentioned by Seidel et al. 2021a, in addition to more advanced camera-based methods 

or systems using active or passive markers, sensor technology has been further developed. 

Furthermore, according to these authors, body-worn motion sensors such as single 

accelerometers, inertial sensors, or multi-sensor systems are particularly suitable for 

exposure assessments. Owing the scope of various available sensors and associated 

measurement-based assessment approaches that have been evolved, particularly 

following the early research of D.H.S. (chapter 1.1.5), it was necessary to categorize 

potential sensor technology and available measurement-based methods. For this purpose, 

a 3-level categorization of measurement systems (Boudet et al. 2019; Holtermann et 

al. 2017a; Holtermann et al. 2017b; Weber et al. 2018a) was selected as proposed by 

Seidel’s workgroup in 2021. It was transferred and applied to the upper extremity area. 

This new categorization classifying to the number of sensor units and 

localizations/localization areas or the whole body is very important for usage in the 

working environment in Germany. The occupational safety specialists or occupational 

safety and health officers are thus supported to adequately select the appropriate sensor 

unit and assessment method for the respective assessment situation. The mTLV for HAL 

was classified in this context and is thus presented as additional possible assessment 

approach. The work of Seidel et al. 2021a is a kind of recommendation, provides an 

orientation for different measurement-based methods and is intended to reduce subjective 

influences in prospective risk assessments of physical exposures, especially at the upper 

extremity. It should encourage occupational safety specialists or occupational safety and 

health officers to perform prospective measurement-based and objective risk assessments.  

 

3.3.2 Research questions 

Fig. 2 and Fig. 3 in the manuscript by Seidel et al. 2021a, pp. 195-196 provide examples 

of currently available mobile body-worn sensors in combination with possible assessment 

approaches in addition to the approach by Seidel et al. 2021b. All these are related to 

repetition, posture, muscular activity, or combinations thereof. Furthermore, these can be 

used in the regions of wrist (if applicable forearm), elbow joint, or upper arm. 

Furthermore, the following methods were briefly categorized by Seidel and colleagues 
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in 2021: Mathematical functions for prevalence estimation of CTS/rotator cuff syndrome 

(Balogh et al. 2019); exposure-response relationships of hand/elbow complaints 

(Nordander et al. 2013); risk category classifications of individual kinematic parameters, 

non-recommended postures/movements (Weber et al. 2020a); time spent in sustained 

posture according to e.g., European standard (Barrero et al. 2012); ErgoArmMeter 

(Yang et al. 2017); identification of irregular movement patterns, time proportions of 

kinematic parameters with e.g., angle-time or velocity-time graphs (Álvarez et al. 2016); 

activity and fatigue estimation for different upper extremity muscles (Merino et al. 2019); 

angular deviations from neutral grip positions (Merino et al. 2019); angle assessments 

based on machine learning and a deep neural network (Bobin et al. 2017); RULA or SI 

as measurement-based assessment methods (Peppoloni et al. 2016; Vignais et al. 2017). 

At this point, chapter 3.2.4 should also be mentioned, in which several other new 

measurement-based assessment approaches for the elbow region and upper limb were 

discussed. All these studies and assessment methods listed in this context within this 

thesis thus answer research question Q. 77. The list of further objective assessments is 

likely to be constantly expanded due to rapid increase in new technical developments and 

new possibilities. Several validated measurement-based methods (e.g., RepScore, mTLV 

for HAL) are already publicly accessible e.g., for occupational safety specialists or 

occupational safety and health officers. Other methods such as RULA or SI (Peppoloni et 

al. 2016; Vignais et al. 2017) or muscle activity and motor variability assessments using 

EMG supported RMS calculations (Luger et al. 2020) have already been tested on real or 

experimental workplaces and were validated and published including the methodology 

used. In addition, specific sensors, individual accelerometers/goniometers, 

commercial/non-commercial sensor technology, and HAV acquisition sensor technology, 

NIRS and some inertial sensors or multi-sensor systems are also available. Filippeschi et 

al. 2017, Walmsley et al. 2018 and Hindle et al. 2021 provided excellent reviews related 

to various hardware/sensors, respectively. These publications can be important if the 

interest in certain sensors is very high. Overall, the procedures and methods mentioned in 

this thesis define a good scope of measurement-based assessments for usage in the 

working environment. Thus, Q. 88 can be answered successfully.  

 
7 Q. 7: What other objective, measurement-based assessment methods exist besides the approach 

developed here? 
8 Q. 8: To what extent are the methods available for usage in the working environment? 
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3.3.3 Limitations 

Due to lack of material, time, and human resources, publication 3 could not be conducted 

as a systematic review or meta-analysis. Therefore, this publication does not claim to be 

a fully comprehensive presentation of all currently available measurement-based methods 

for upper extremity exposure assessment. Due to publisher's guidelines on maximum 

number of references, only a few methods could be presented to raise awareness of this 

topic among occupational safety specialists or occupational safety and health officers. 

The authors are aware that this specific selection of methods leads to biases, such as 

influence of attrition, reporting, or publication bias. Publication 3 is further limited 

because, e.g., Seidel et al. 2019b identified additional exposure main and subcategories 

that could not be explicitly included in this publication. 

 

3.3.4 Current state of science 

By transferring a classification to the area of the upper extremity, the work of Seidel et 

al. 2021a offers a good supplement to current international classifications, e.g., for 

recording sedentary behavior at the workplace (Boudet et al. 2019). The parameters in 

Fig. 2 in the manuscript by Seidel et al. 2021a, p. 195 are similar to those defined as 

relevant by PEROSH (Holtermann et al. 2017a; Holtermann et al. 2017b; Weber et al. 

2018a). In the presented work, there are also parallels (e.g., in user groups, definition of 

sensor units/categories, body localizations, expertise for attachment of sensors) to the 

3-level categorization of upper extremities, spine, and lower extremities as recommended 

by Ellegast et al. 2022. According to Ellegast’s workgroup, the mTLV for HAL could be 

classified to measurement category no. 3, which is in line with the categorization 

presented in Fig. 2 in the manuscript by Seidel et al. 2021a, p. 195. Thus, this work in the 

present thesis is in line with international research on classification methods. 

 

3.4 Conclusion and perspectives 

This thesis presented a holistic approach. Besides a preparation of a systematic review, 

an extraction of quantitative information was addressed. Consequently, 

measurement-based parameters were derived and transferred into an evidence-based 

assessment approach for the elbow region. In addition, the new developed  

mTLV for HAL approach was tested for the first time in a pilot study, was related to other 
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upper extremity exposure assessments and was shown to occupational safety specialists 

or occupational safety and health officers for objective risk assessments. Only by 

addressing these topics, it was possible to successfully answer the main research question9 

with ‘yes’ and fill three research gaps.  

In addition to previous systematic reviews reporting on qualitative and semiquantitative 

information, there is now a systematic review available describing purely quantitative risk 

factor specifications in the elbow region (Seidel et al. 2019b). 

Second, the developed repetition score and measurement-based NPF can used as 

independent assessments (Seidel et al. 2019a; Weber et al. 2020a). With the newly 

developed mTLV for HAL (Seidel et al. 2021b), an evidence-based tool was created to 

preventively (perhaps retrospectively) assess physical workload. More specifically, force 

combined with repetition in the elbows (and hands) can be assessed without subjective 

influences. Thus, a very good duty cycle independent supplement to previous video-based 

and observational-based TLV for HAL assessments has been provided. 

Third, this thesis presented an overview of measurement-based assessment methods for 

risk assessment of physical exposures of the upper extremity. Commercially and  

non-commercially sensor technology was shown to occupational safety specialists or 

occupational safety and health officers and the mTLV for HAL approach was classified. 

Advantages of measurement-based risk assessments were highlighted to occupational 

safety specialists or occupational safety and health officers. This could perhaps even 

objectify and revolutionize the risk assessment of physical workload especially in the 

distal upper extremity. Possibly, this could form the basis for new standards in risk 

assessments of physical workload (Seidel et al. 2021a). 

This thesis should increase general confidence in objective measurement-based data. 

Furthermore, e.g., scientists, physicians, occupational safety specialists or occupational 

safety and health officers should be encouraged by this thesis to measure exposures 

objectively. The usage of objective risk assessments for physical workload is 

recommended. This will increase transparency in usage in the working environment and 

reduce subjective influences or biases. It would also be desirable if future decisions were 

 
9 Is it possible to develop a measurement-based assessment method for the elbow region using a systematic 

literature review and measurement-based occupational-scientific analyses in the field and to present this 
assessment approach together with other methods to occupational safety specialists or occupational safety 
and health officers for objective risk assessment? 
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increasingly supported by evidence-based, quantifiable information on risk factors such 

as those presented in Seidel’s systematic review in 2019. Besides the review, the mTLV 

for HAL (Seidel et al. 2021b) and categorization of assessment methods (Seidel et 

al. 2021a), provide an important basis for primary, secondary, and tertiary prevention 

measures. Thus, this underscores their importance to occupational science or medicine, 

and related fields. The present research could likely contribute to reduced work-related 

absenteeism due to upper limb MSDs. Furthermore, this research could help to reduce 

costs for e.g., treatments or absenteeism. Future research could include among others: 

systematic investigations including dose-response relationships between specific work-

related elbow disorders and occupational exposures; profound testing of test reliability or 

conducting intensive validity testing’s regarding the mTLV for HAL in large-scaled, 

epidemiological studies; further developments of the mTLV for HAL involving RepScore 

and NPF adjustments; supporting the classification of measurement-based methods 

through prospective systematic reviews or meta-analyses. 
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4 Summaries 

4.1 Abstract 

Work-related musculoskeletal disorders and elbow complaints occur annually and 

relatively frequently among employees. Consequently, employees may be absent from 

work and companies may suffer from loss of gross value added or have other high costs. 

To protect employees from overload, evidence-based, transparent, and objective risk 

assessments of physical workload, e.g., in the elbow region, are very important. The aim 

of this work was therefore to develop an objective, evidence- and measurement-based 

assessment approach for the elbow region, based on the findings of a systematic literature 

review and occupational scientific investigations in the field. Furthermore, this new 

approach is presented as an example in addition to other methods to usage in the working 

environment. To establish objective assessments in the future, it was necessary to 

investigate three research topics.  

First, a systematic review of quantitative information was required because previous 

systematic reviews have mostly described qualitative or semiquantitative risk factors in 

the elbow. Following the PRISMA guideline, the MEDLINE, EMBASE, and Cochrane 

Work databases were screened from 2007 to 2017. From a total of 524 articles, 10 relevant 

articles were identified. These were assessed for methodological quality and the way 

exposures and outcomes were recorded. The review of studies identified 5 main exposure 

categories (Force, Repetition, Posture/movement, Vibration, Combined exposures) and 

16 subcategories. Evidence of subcategories were estimated using the GRADE method 

and ranged from very low to high. A total of 133 quantitative risk factor specifications 

were identified that were associated with lateral/medial epicondylitis, radial tunnel 

syndrome, pronator teres syndrome or ulnar neuropathy.  

Second, further research identified the combination of force and repetition as the most 

important subcategory related to elbow exposures. In addition, wrist flexion/extension 

and forearm supination/pronation were identified as the most important degrees of 

freedom. Furthermore, three kinematic parameters (mean power frequency, angular 

velocity, kinematic micro-pauses) and one kinetic parameter (electromyography) were 

extracted as an important basis for the development of an assessment approach. These 

kinematic parameters were computed into the repetition score, considering the verbally 

anchored Latko-scale, and were merged with normalized peak force. In this process, the 
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mTLV for HAL method was developed. It can estimate combined loads (force and 

repetition) in the wrist and elbow region. A pilot study demonstrated that the repetition 

score was indistinguishable from conventional HAL assessment. In addition, association 

analyses based on GEE models revealed that the mTLV for HAL can partially be 

significantly associated with carpal tunnel syndrome, arthrosis of the distal joints, lateral 

epicondylitis, and complaints in the hand and elbow joints/regions. The validation and 

analysis of 500 data sets of individual subjects showed that the mTLV for HAL can be 

used very well in practice. Furthermore, this method is a very good duty cycle 

independent supplement to previous observational- and video-based TLV for HAL 

assessment approaches.  

Third, it is sometimes difficult for occupational safety specialists or occupational safety 

and health officers to select the appropriate sensor technology in combination with the 

appropriate assessment method for the respective risk assessment situation. Therefore, a 

categorization of measurement-based assessment methods for the upper extremity region 

was particularly required. For this purpose, an internationally accepted 3-level 

categorization was applied to this area. This allowed both – sensor technologies and 

measurement-based methods – to be presented to occupational safety specialists or 

occupational safety and health officers. The mTLV for HAL assessment approach was 

also classified and contrasted with other selected methods. 

This work is intended to encourage scientific, medical, and occupational safety and health 

professionals to process evidence-based quantitative information and measure exposures. 

The use of measurement-based assessment methods is also recommended, especially for 

the elbow region. Thus, this work provides a good basis for primary, secondary, and 

tertiary prevention measures.  

 

4.2 Deutsche Zusammenfassung  

Titel: Entwicklung eines Bewertungsverfahrens für arbeitsbedingte muskuloskelettale 

Belastungen in der Region des Ellenbogens auf Basis einer systematischen 

Literaturrecherche und messtechnischer arbeitswissenschaftlicher Analysen 

Arbeitsbedingte Muskel-Skelett-Erkrankungen und Beschwerden am Ellenbogen treten 

jährlich und vergleichsweise häufig bei Arbeitnehmenden auf. In der Folge kann es bei 

Beschäftigten z. B. zu Arbeitsausfällen und bei Firmen zu 
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Bruttowertschöpfungsverlusten oder anderen hohen Kosten kommen. Um 

Arbeitnehmende vor Überlastungen zu schützen, sind evidenzbasierte, transparente und 

objektive Gefährdungsbeurteilungen von physischen Belastungen z. B. im 

Ellenbogenbereich sehr wichtig. Ziel dieser Arbeit war daher die Entwicklung eines 

objektiven, evidenz- und messdatenbasierten Bewertungsverfahrens für den 

Ellenbogenbereich, basierend auf den Erkenntnissen einer systematischen 

Literaturrecherche und arbeitswissenschaftlichen Untersuchungen im Feld. Darüber 

hinaus wird dieses neue Verfahren exemplarisch in Ergänzung zu anderen Methoden der 

betrieblichen Praxis vorgestellt. Um in Zukunft objektive Beurteilungen zu etablieren, 

war es notwendig, drei Forschungsthemen zu untersuchen.  

Erstens, wurde zuerst eine systematische Übersicht über quantitative Informationen 

benötigt, da bisherige systematische Übersichtsarbeiten meist qualitative oder 

semiquantitative Risikofaktoren im Ellenbogen beschrieben haben. In Anlehnung an die 

PRISMA-Richtlinie wurden die Datenbanken MEDLINE, EMBASE und Cochrane Work 

von 2007 bis 2017 durchsucht. Von insgesamt 524 Artikeln wurden 10 relevante Artikel 

identifiziert. Diese wurden hinsichtlich der methodischen Qualität und der Art der 

Erfassung von Expositionen und Outcomes bewertet. Die Untersuchung der Studien 

identifizierte 5 Hauptexpositionskategorien (Kraft, Repetition, Haltung/Bewegung, 

Vibration, kombinierte Expositionen) und 16 Unterkategorien. Die Evidenz der 

Unterkategorien wurde mit Hilfe der GRADE-Methode geschätzt und reichte von sehr 

niedrig bis hoch. Insgesamt wurden 133 quantitative Risikofaktorspezifikationen 

identifiziert, die mit lateraler/medialer Epikondylitis, ulnarer Neuropathie, Radial Tunnel 

Syndrom oder Pronator teres Syndrom assoziiert wurden.  

Zweitens wurde in weiteren Untersuchungen die Kombination aus Kraft und Repetition 

als wichtigste Unterkategorie für Expositionen identifiziert. Außerdem wurden 

Handgelenksflexion/-extension und Unterarm Supination/Pronation als die wichtigsten 

Freiheitsgrade ermittelt. Weiterhin wurden drei kinematische Parameter (Mittenfrequenz, 

Winkelgeschwindigkeit, kinematische Mikropausen) und ein kinetischer Parameter 

(Elektromyographie) als wichtige Grundlage für die Entwicklung eines 

Bewertungsverfahrens herausgearbeitet. Diese kinematischen Parameter wurden unter 

Berücksichtigung der verbal verankerten Latko-Skala in einem Repetitionsscore 

verrechnet und mit normalisierten Kraftspitzen zusammengeführt. Dabei wurde das 
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mTLV for HAL-Verfahren entwickelt. Dieses kann die kombinierten Belastungen aus 

Kraft und Repetition im Bereich des Handgelenks und Ellenbogens abschätzen. In einer 

Pilotstudie konnte gezeigt werden, dass der Repetitionsscore nicht von der 

konventionellen HAL-Bewertung zu unterscheiden ist. Darüber hinaus ergaben 

Zusammenhangsanalysen auf Basis von GEE-Modellen, dass der mTLV for HAL mit 

Karpaltunnelsyndrom, Arthrose der distalen Gelenke, lateraler Epikondylitis und 

Beschwerden in den Hand- und Ellenbogengelenken/ -regionen teilweise signifikant 

assoziiert werden kann. Die Validierung und Analyse von 500 Datensätzen zu einzelnen 

Probanden zeigte, dass der mTLV for HAL sehr gut in der Praxis eingesetzt werden kann. 

Darüber hinaus ist diese Methode eine sehr gute Arbeitszyklus-unabhängige Ergänzung 

zu bisherigen beobachtungs- und videobasierten TLV for HAL-Bewertungsansätzen.  

Drittens ist es für Fachkräfte für Arbeitssicherheit oder Arbeitsschutzbeauftrage 

manchmal schwierig, die geeignete Sensorik in Verbindung mit der geeigneten 

Beurteilungsmethode für die jeweilige Gefährdungsbeurteilungssituation auszuwählen. 

Daher wurde insbesondere eine Kategorisierung von messdatenbasierten 

Bewertungsmethoden für den Bereich der oberen Extremitäten benötigt. Zu diesem 

Zweck wurde eine international anerkannte 3-stufige Kategorisierung auf diesen Bereich 

übertragen. Damit konnten sowohl Sensortechnologien als auch messdatenbasierte 

Methoden den Fachkräften für Arbeitssicherheit oder Arbeitsschutzbeauftragen 

vorgestellt werden. Der mTLV for HAL-Bewertungsansatz wurde ebenfalls klassifiziert 

und anderen ausgewählten Methoden dabei gegenübergestellt. 

Die vorliegende Arbeit soll Fachleute aus der Wissenschaft, Medizin und des 

Arbeitsschutzes dazu anregen, evidenzbasierte quantitative Informationen zu verarbeiten 

und Expositionen zu messen. Auch die Anwendung von messtechnischen 

Beurteilungsmethoden wird empfohlen, insbesondere für den Bereich des Ellenbogens. 

Damit bietet diese Arbeit eine gute Grundlage für Maßnahmen der Primär-,  

Sekundär- und Tertiärprävention. 
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8 Supplementary material 

8.1 Publication 1 – Seidel et al. 2019b – Supplementary Material 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

124 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

125 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

126 



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

127 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

128 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

129 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

130 



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

131 

 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

132 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

133 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

134 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

135 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

136 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

137 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

138 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

139 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

140 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

141 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

142 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

143 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

144 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

145 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

146 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

147 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

148 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

149 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

150 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

151 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

152 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

153 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

154 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

155 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

156 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

157 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

158 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

159 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

160 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

161 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

162 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

163 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

164 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

165 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

166 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

167 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

168 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

169 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

170 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

171 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

172 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

173 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

174 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

175 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

176 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

177 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

178 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

179 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

180 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

181 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

182 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

183 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

184 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

185 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

186 

  



SUPPLEMENTARY MATERIAL – CHAPTER 8.1 

187 

 

 



SUPPLEMENTARY MATERIAL – CHAPTER 8.2 

188 

8.2 Publication 2 – additional information for Seidel et al. 2021b 

8.2.1 More detailed materials, methods, and results 

 
Table 3. “Characteristics of the study population (n = 500)” (Seidel et al. 2021b, p. 6) as categorial distribution.  

Table was extracted from Seidel et al. 2021b, p. 6 extended and modified. 

  

Characteristics 
 

n %  Education 
 

n %  Outcomes n % 
Age [years] 500 100.0  Education Job 498a 100.0  Musculoskeletal disorders 496a 100.0 
  Age [years] ≥ 55 65 13.0    Trainee/Student 5 1.0  of the back, limbs, other   
  ≥ 45 to < 55 140 28.0    No vocational 105 21.1  body parts   
  ≥ 35 to < 45 128 25.6      qualification     Yes, < 12 months 43 8.7 
  ≥ 25 to < 35 134 26.8   Vocational training 288 57.8   Yes, < 4 weeks 194 39.1 
  < 25 33 6.6      completed     No 259 52.2 
Gender 500 100.0    Business/vocational- 44 8.8     
  Female 92 18.4      school education    Musculoskeletal 500 100.0 
  Male 408 81.6    Completed technical, 22 4.4  disorders of the distal    
BMI [kg/m2] 500 100.0      master craftsman's,    upper extremity   
  Obese I/II/III, ≥ 30 102 20.4      vocational or      Arthrosis of the distal joints 500 100.0 
  Overweight, ≥ 25 to < 30 205 41.0      specialist academy        Cases 34 6.8 
  Normal weight, < 25 193 38.6    University of 9 1.8    Lateral Epicondylitis 500 100.0 
Sport practice (regularly) 500 100.0      applied sciences        Cases 60 12.0 
  Regular 154 30.8      completed      Medial Epicondylitis 500 100.0 
  Occasional 130 26.0    University degree 16 3.2      Cases 15 3.0 
  Never 216 43.2      completed       
Smoker 500 100.0    Another professional  9  1.8  Complaints (month prevalence)   
  Yes 239 47.8      qualification      Elbow 500 100.0 
  No 261 52.2          Cases 66 13.2 
Dominant hand 500 100.0         
  Right 434 86.8         
  Left 50 10.0         
  Both sided 16 3.2         
BMI, body mass index; n = number of subjects in the analyses.  
a Cases missing due to incomplete information provided by participants (does not correspond to any exclusion criterion).  
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Table 4. “Characteristics of the study population (n = 500)” (Seidel et al. 2021b, p. 6) based on continuous variables.  

Table was extracted from Seidel et al. 2021b, p. 6 extended and modified. 

 

Characteristics n Mean SD Min P5 P25 P50 P75 P95 Max  

  Age [years] 500 41.1 11.2 18.0 23.1 32.0 41.0 50.0 59.0 65.0  

  BMI [kg/m2] 500 26.8 4.5 17.7 20.5 23.9 26.1 29.4 35.3 47.7  

  Job satisfactiona 500 62.8 11.3 9.5 42.9 57.1 64.3 66.7 76.2 100.0  

  Working duration [h/day] 499b 7.6 0.9 3.0 6.0 7.5 8.0 8.0 8.5 10.0  

  Working duration [h/week] 498b 37.9 4.5 10.0 26.0 37.0 38.5 40.0 43.5 50.0  

  Work in current job [years] 498c 9.8 8.3 0.3 1.5 3.0 7.0 15.0 26.0 48.0  
P5, 5th percentile; BMI, body mass index; COPSOQ, Copenhagen Psychosocial Questionnaire; h, hours; Max, Maximum; Min, Minimum; n, number of subjects in the analyses;  
SD, standard deviation. 
a Job satisfaction: 7 four-level items were measured using the COPSOQ (Kristensen 2002; Nübling et al. 2005); The items were combined and standardized to 100 points  
  (continuously modelled), 0 = no satisfaction, 100.0 = high satisfaction (BAuA 2019b).  

b Cases missing due to incomplete information provided by participants (does not correspond to any exclusion criterion). 
c 2 cases were missing, but since only subjects with a general work experience of more than 3 months at the workplace were included (general inclusion criterion in MEGAPHYS), 
  it was assumed that the subjects simply forgot to provide this information (at least 3 months experience at current workplace), so these cases were not generally excluded a priori 
  from the data set. 
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Figure 1. Original SPSS script code – GEE model for multivariate association analysis (mTLV for 

HAL right elbow and LE). 

GEE, generalized estimating equation; LE, lateral epicondylitis; mTLV for HAL, measurement-

based Threshold Limit Value for Hand Activity Level. Due to the strict data protection guidelines 

in the MEGAPHYS project, the variables cannot be explained here in more detail.  
 

*$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$. 
*TLV Forearm right categories 2 to 4 - multivariate adjusted for confounders - and D04. 
GENLIN D04_dichot_model (REFERENCE=FIRST) BY Raucher_JN_model Sport_JN_model Gender_12_rev_model  
    New_Workplace_Code_v2_model New_Company_Code_v2_model Age_group_model BMI_definit_cat_model  
    D01_dichot_model D02_dichot_model D03_dichot_model D05_dichot_model  
    D06_dichot_model D07_dichot_model D08_dichot_model D09_dichot_model D10_dichot_model D11_dichot_model   
    E3_k1_model   E3_k2_model E3_k3_model E3_k6_model E3_k7_new_model E3_k8_model E3_k9_new_model E3_k10_model  
    E3_k11_new_model E3_k12_model E3_k13_model E3_k18_model E3_k19_model  
    WristR_TLV_2_to_4_model WristL_TLV_2_to_4_model ForeArmR_TLV_2_to_4_model ForeArmL_TLV_2_to_4_model 
          (ORDER=DESCENDING) WITH Alter_Jahre_model Satisfaction_work_model Co_morbidity_N_other_dis_D04_model  
  /MODEL Alter_Jahre_model Gender_12_rev_model BMI_definit_cat_model  
     Raucher_JN_model Sport_JN_model Co_morbidity_N_other_dis_D04_model Satisfaction_work_model 

ForeArmR_TLV_2_to_4_model INTERCEPT=YES 
 DISTRIBUTION=BINOMIAL LINK=LOGIT 
  /CRITERIA METHOD=FISHER(1) SCALE=1 MAXITERATIONS=100 MAXSTEPHALVING=5  

PCONVERGE=1E-006(ABSOLUTE)  
    SINGULAR=1E-012 ANALYSISTYPE=3(WALD) CILEVEL=95 LIKELIHOOD=FULL 
  /REPEATED SUBJECT=New_Workplace_Code_v2_model SORT=YES CORRTYPE=EXCHANGEABLE ADJUSTCORR=YES  
    COVB=ROBUST MAXITERATIONS=100 PCONVERGE=1e-006(ABSOLUTE) UPDATECORR=1 
  /MISSING CLASSMISSING=EXCLUDE 
  /PRINT CPS MODELINFO FIT SOLUTION (EXPONENTIATED).   
*$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$. 
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Table 5. Association analyses mTLV for HAL elbow right and LE 

(n = 500).  

LE, lateral epicondylitis; mTLV for HAL, measurement-based 

Threshold Limit Value for Hand Activity Level; n, number of 

subjects in the analyses. Parts of the table were extracted from 

Seidel et al. 2021b, p. 8 and modified. 
Lateral Epicondylitis UNIVARIATE Analysis  ADJUSTEDa Analysis 

Parameter OR LCI UCI   OR LCI UCI  

Intercept –     0.02 0.00 0.20     0.001 
Age (continuous) 1.05 1.03 1.08 <0.0001  1.06 1.03 1.09 <0.0001 
Gender            
  Females 0.90 0.46 1.78     0.765  0.59 0.27 1.30     0.189 
  Males [Reference] 1.00 –    1.00 –   
BMI, [kg/m2]            
  Obese I/II/III, ≥ 30.0 1.47 0.69 3.14     0.322  1.34 0.58 3.10     0.499 
  Overweight, ≥ 25.0 to < 30.0 1.19 0.62 2.26     0.599  1.08 0.55 2.12     0.814 
  Normal weight, < 25.0 
  [Reference] 

1.00 –    1.00 –   

Smoking            
  Yes 1.52 0.88 2.63     0.130  1.79 0.95 3.39     0.074 
  No [Reference] 1.00 –    1.00 –   
Sport (regularly)            
  Regularly 1.01 0.56 1.79     0.985  1.56 0.74 3.27     0.243 
  Occasionally 0.70 0.34 1.44     0.336  0.90 0.40 2.05     0.810 
  No [Reference] 1.00 –    1.00 –   
Co-morbidity (# of MSDs)  
(continuous) 

1.29 1.10 1.50     0.001  1.23 1.04 1.45     0.015 

Job satisfaction (continuous) 0.99 0.96 1.01     0.200  0.98 0.95 1.01     0.118 
mTLV for HAL, elbow right                  
  Category 3b; ≥ TLV 0.22 0.04 1.14     0.071  0.14 0.01 1.57     0.111 
  Category 2b; ≥ AL to < TLV 1.15 0.49 2.71     0.745  1.08 0.44 2.68     0.862 
  Category 1b; < AL  
  [Reference] 

1.00 –    1.00 –   

AL, Action Limit; BMI, body mass index; LCI, lower 95 %-confidence interval limit; MSDs,  
musculoskeletal disorders; mTLV for HAL, measurement-based Threshold Limit Value for Hand 
Activity Level; OR, Odds Ratio; p, p-value (significant results in bold, p < 0.05); TLV, Threshold 
Limit Value; UCI, upper 95 %-confidence interval limit; #, number. 
a adjusted for: Age (continuous), Gender (nominal), BMI (ordinal), Smoking (nominal), regularly 
   Sport (ordinal), Job satisfaction (continuous), Co-morbidity (# of MSDs (number of additional 
   musculoskeletal disorders), continuous). 
b Exposure category classification according to Kapellusch et al. 2017: Category 1: less exposed, under 
   AL threshold (< AL, reference category); Category 2: exposed, above AL and below 
   TLV (≥ AL to < TLV); Category 3: highly exposed, above TLV (≥ TLV). 

 
  



SUPPLEMENTARY MATERIAL – CHAPTER 8.2 

192 

Table 6. Association analyses mTLV for HAL elbow left and LE 

(n = 500).  

LE, lateral epicondylitis; mTLV for HAL, measurement-based 

Threshold Limit Value for Hand Activity Level; n, number of 

subjects in the analyses. Parts of the table were extracted from 

Seidel et al. 2021b, p. 8 and modified. 
Lateral Epicondylitis UNIVARIATE Analysis  ADJUSTEDa Analysis 

Parameter OR LCI UCI   OR LCI UCI  

Intercept –     0.02 0.00 0.17   <0.001 
Age (continuous) 1.05 1.03 1.08 <0.0001  1.06 1.03 1.09 <0.0001 
Gender            
  Females 0.90 0.46 1.78     0.765  0.65 0.30 1.43     0.285 
  Males [Reference] 1.00 –    1.00 –   
BMI, [kg/m2]           
  Obese I/II/III, ≥ 30.0 1.47 0.69 3.14     0.322  1.35 0.59 3.07     0.473 
  Overweight, ≥ 25.0 to < 30.0 1.19 0.62 2.26     0.599  1.11 0.56 2.17     0.770 
  Normal weight, < 25.0 
  [Reference] 

1.00 –    1.00 –   

Smoking            
  Yes 1.52 0.88 2.63     0.130  1.86 0.99 3.50     0.055 
  No [Reference] 1.00 –    1.00 –   
Sport (regularly)            
  Regularly 1.01 0.56 1.79     0.985  1.54 0.75 3.15     0.239 
  Occasionally 0.70 0.34 1.44     0.336  0.93 0.42 2.07     0.864 
  No [Reference] 1.00 –    1.00 –   
Co-morbidity (# of MSDs)  
(continuous) 

1.29 1.10 1.50     0.001  1.20 1.02 1.42     0.030 

Job satisfaction (continuous) 0.99 0.96 1.01     0.200  0.98 0.95 1.01     0.121 
mTLV for HAL, elbow left                  
  Category 3b; ≥ TLV 0.88 0.53 1.46     0.622  1.14 0.55 2.33     0.728 
  Category 2b; ≥ AL to < TLV 0.91 0.29 2.89     0.872  0.77 0.22 2.68     0.680 
  Category 1b; < AL  
  [Reference] 

1.00 –    1.00 –   

AL, Action Limit; BMI, body mass index; LCI, lower 95 %-confidence interval limit; MSDs, 
musculoskeletal disorders; mTLV for HAL, measurement-based Threshold Limit Value for Hand 
Activity Level; OR, Odds Ratio; p, p-value (significant results in bold, p < 0.05); TLV, Threshold 
Limit Value; UCI, upper 95 %-confidence interval limit; #, number. 
a adjusted for: Age (continuous), Gender (nominal), BMI (ordinal), Smoking (nominal), regularly 
   Sport (ordinal), Job satisfaction (continuous), Co-morbidity (# of MSDs (number of additional 
   musculoskeletal disorders), continuous). 
b Exposure category classification according to Kapellusch et al. 2017: Category 1: less exposed, under 
   AL threshold (< AL, reference category); Category 2: exposed, above AL and below 
   TLV (≥ AL to < TLV); Category 3: highly exposed, above TLV (≥ TLV). 
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Table 7. Association analyses mTLV for HAL elbow right and arthrosis 

(n = 500).  

mTLV for HAL, measurement-based Threshold Limit Value for 

Hand Activity Level; n, number of subjects in the analyses. Parts 

of the table were extracted from Seidel et al. 2021b, p. 8 and 

modified. 
Arthrosis of the distal joints UNIVARIATE Analysis  ADJUSTEDa Analysis 

Parameter OR LCI UCI   OR LCI UCI  

Intercept –     0.00 0.00 0.03 <0.0001 
Age (continuous) 1.07 1.03 1.12     0.001  1.05 1.00 1.09     0.036 
Gender            
  Females 1.38 0.55 3.45     0.487  0.75 0.32 1.74     0.508 
  Males [Reference] 1.00 –    1.00 –   
BMI, [kg/m2]            
  Obese I/II/III, ≥ 30.0 1.95 0.85 4.47     0.116  1.24 0.51 3.04     0.639 
  Overweight, ≥ 25.0 to < 30.0 1.01 0.44 2.30     0.989  0.84 0.34 2.05     0.704 
  Normal weight, < 25.0 
  [Reference] 

1.00 –    1.00 –   

Smoking            
  Yes 0.49 0.22 1.10     0.084  0.47 0.22 1.00     0.051 
  No [Reference] 1.00 –    1.00 –   
Sport (regularly)            
  Regularly 0.61 0.25 1.50     0.284  0.66 0.26 1.65     0.373 
  Occasionally 0.70 0.29 1.69     0.422  0.78 0.33 1.89     0.589 
  No [Reference] 1.00 –    1.00 –   
Co-morbidity (# of MSDs)  
(continuous) 

1.51 1.28 1.79 <0.0001  1.38 1.16 1.64   <0.001 

Job satisfaction (continuous) 1.02 0.99 1.05     0.190  1.02 0.98 1.06     0.398 
mTLV for HAL, elbow right                  
  Category 3b; ≥ TLV 1.70 0.84 3.43     0.143  1.14 0.44 2.96     0.786 
  Category 2b; ≥ AL to < TLV 2.25 1.06 4.76     0.035  1.89 0.89 4.05     0.099 
  Category 1b; < AL  
  [Reference] 

1.00 –    1.00 –   

AL, Action Limit; BMI, body mass index; LCI, lower 95 %-confidence interval limit; MSDs, 
musculoskeletal disorders; mTLV for HAL, measurement-based Threshold Limit Value for Hand 
Activity Level; OR, Odds Ratio; p, p-value (significant results in bold, p < 0.05); TLV, Threshold 
Limit Value; UCI, upper 95 %-confidence interval limit; #, number. 
a adjusted for: Age (continuous), Gender (nominal), BMI (ordinal), Smoking (nominal), regularly 
   Sport (ordinal), Job satisfaction (continuous), Co-morbidity (# of MSDs (number of additional 
   musculoskeletal disorders), continuous). 
b Exposure category classification according to Kapellusch et al. 2017: Category 1: less exposed, under 
   AL threshold (< AL, reference category); Category 2: exposed, above AL and below 
   TLV (≥ AL to < TLV); Category 3: highly exposed, above TLV (≥ TLV). 
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Table 8. Association analyses mTLV for HAL elbow left and arthrosis 

(n = 500).  

mTLV for HAL, measurement-based Threshold Limit Value for 

Hand Activity Level; n, number of subjects in the analyses. Parts 

of the table were extracted from Seidel et al. 2021b, p. 8 and 

modified. 
Arthrosis of the distal joints UNIVARIATE Analysis  ADJUSTEDa Analysis 

Parameter OR LCI UCI   OR LCI UCI  

Intercept –     0.00 0.00 0.03 <0.0001 
Age (continuous) 1.07 1.03 1.12     0.001  1.04 1.00 1.09     0.042 
Gender            
  Females 1.38 0.55 3.45     0.487  0.72 0.30 1.76     0.475 
  Males [Reference] 1.00 –    1.00 –   
BMI, [kg/m2]            
  Obese I/II/III, ≥ 30.0 1.95 0.85 4.47     0.116  1.31 0.51 3.36     0.570 
  Overweight, ≥ 25.0 to < 30.0 1.01 0.44 2.30     0.989  0.84 0.35 2.01     0.694 
  Normal weight, < 25.0 
  [Reference] 

1.00 –    1.00 –   

Smoking            
  Yes 0.49 0.22 1.10     0.084  0.47 0.21 1.05     0.067 
  No [Reference] 1.00 –    1.00 –   
Sport (regularly)            
  Regularly 0.61 0.25 1.50     0.284  0.57 0.20 1.65     0.302 
  Occasionally 0.70 0.29 1.69     0.422  0.79 0.32 1.93     0.605 
  No [Reference] 1.00 –    1.00 –   
Co-morbidity (# of MSDs)  
(continuous) 

1.51 1.28 1.79 <0.0001  1.42 1.19 1.69 <0.0001 

Job satisfaction (continuous) 1.02 0.99 1.05     0.190  1.02 0.98 1.06     0.336 
mTLV for HAL, elbow left              
  Category 3b; ≥ TLV 4.88 2.98 7.97 <0.0001  9.23 3.29 25.87 <0.0001 
  Category 2b; ≥ AL to < TLV 2.23 1.06 4.67     0.034  2.10 0.87 5.10     0.100 
  Category 1b; < AL  
  [Reference] 

1.00 –    1.00 –   

AL, Action Limit; BMI, body mass index; LCI, lower 95 %-confidence interval limit; MSDs, 
musculoskeletal disorders; mTLV for HAL, measurement-based Threshold Limit Value for Hand 
Activity Level; OR, Odds Ratio; p, p-value (significant results in bold, p < 0.05); TLV, Threshold 
Limit Value; UCI, upper 95 %-confidence interval limit; #, number. 
a adjusted for: Age (continuous), Gender (nominal), BMI (ordinal), Smoking (nominal), regularly 
   Sport (ordinal), Job satisfaction (continuous), Co-morbidity (# of MSDs (number of additional 
   musculoskeletal disorders), continuous). 
b Exposure category classification according to Kapellusch et al. 2017: Category 1: less exposed, under 
   AL threshold (< AL, reference category); Category 2: exposed, above AL and below 
   TLV (≥ AL to < TLV); Category 3: highly exposed, above TLV (≥ TLV). 
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Table 9. Association analyses mTLV for HAL elbow right and elbow 

complaints based on month prevalence (n = 500). 

n, number of subjects in the analyses. Parts of the table were 

extracted from Seidel et al. 2021b, p. 8 and modified. 
Elbow complaints UNIVARIATE Analysis  ADJUSTEDa Analysis 

Parameter OR LCI UCI   OR LCI UCI  

Intercept –     0.03 0.00 0.27     0.002 
Age (continuous) 1.04 1.02 1.06   <0.001  1.04 1.01 1.06     0.003 
Gender            
  Females 2.55 1.52 4.29   <0.001  1.84 0.89 3.81     0.099 
  Males [Reference] 1.00 –    1.00 –   
BMI, [kg/m2]            
  Obese I/II/III, ≥ 30.0 0.89 0.46 1.73     0.740  1.14 0.52 2.51     0.744 
  Overweight, ≥ 25.0 to < 30.0 1.11 0.63 1.95     0.720  1.36 0.72 2.60     0.344 
  Normal weight, < 25.0 
  [Reference] 

1.00 –    1.00 –   

Smoking            
  Yes 1.69 0.98 2.93     0.060  2.07 1.09 3.95     0.026 
  No [Reference] 1.00 –    1.00 –   
Sport (regularly)            
  Regularly 0.97 0.52 1.81     0.922  1.43 0.66 3.10     0.369 
  Occasionally 1.49 0.82 2.71     0.186  1.92 1.02 3.59     0.043 
  No [Reference] 1.00 –    1.00 –   
Co-morbidity (# of MSDs)  
(continuous) 

1.40 1.21 1.62 <0.0001  1.31 1.12 1.53     0.001 

Job satisfaction (continuous) 0.98 0.96 1.00     0.084  0.98 0.95 1.00     0.083 
mTLV for HAL, elbow right                  
  Category 3b; ≥ TLV 0.47 0.08 2.70     0.398  0.46 0.06 3.61     0.458 
  Category 2b; ≥ AL to < TLV 1.99 1.08 3.67     0.028  1.52 0.68 3.42     0.306 
  Category 1b; < AL  
  [Reference] 

1.00 –    1.00 –   

AL, Action Limit; BMI, body mass index; LCI, lower 95 %-confidence interval limit; MSDs, 
musculoskeletal disorders; mTLV for HAL, measurement-based Threshold Limit Value for Hand 
Activity Level; OR, Odds Ratio; p, p-value (significant results in bold, p < 0.05); TLV, Threshold 
Limit Value; UCI, upper 95 %-confidence interval limit; #, number. 
a adjusted for: Age (continuous), Gender (nominal), BMI (ordinal), Smoking (nominal), regularly 
   Sport (ordinal), Job satisfaction (continuous), Co-morbidity (# of MSDs (number of additional 
   musculoskeletal disorders), continuous). 
b Exposure category classification according to Kapellusch et al. 2017: Category 1: less exposed, under 
   AL threshold (< AL, reference category); Category 2: exposed, above AL and below 
   TLV (≥ AL to < TLV); Category 3: highly exposed, above TLV (≥ TLV). 
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Table 10. Association analyses mTLV for HAL elbow left and elbow 

complaints based on month prevalence (n = 500). 

n, number of subjects in the analyses. Parts of the table were 

extracted from Seidel et al. 2021b, p. 8 and modified. 
Elbow complaints UNIVARIATE Analysis  ADJUSTEDa Analysis 

Parameter OR LCI UCI   OR LCI UCI  

Intercept –     0.03 0.00 0.23     0.001 
Age (continuous) 1.04 1.02 1.06   <0.001  1.04 1.01 1.06     0.002 
Gender            
  Females 2.55 1.52 4.29   <0.001  2.23 1.14 4.35     0.019 
  Males [Reference] 1.00 –    1.00 –   
BMI, [kg/m2]            
  Obese I/II/III, ≥ 30.0 0.89 0.46 1.73     0.740  1.13 0.52 2.47     0.759 
  Overweight, ≥ 25.0 to < 30.0 1.11 0.63 1.95     0.720  1.34 0.70 2.56     0.375 
  Normal weight, < 25.0 
  [Reference] 

1.00 –    1.00 –   

Smoking            
  Yes 1.69 0.98 2.93     0.060  2.13 1.12 4.03     0.021 
  No [Reference] 1.00 –    1.00 –   
Sport (regularly)            
  Regularly 0.97 0.52 1.81     0.922  1.52 0.70 3.28     0.289 
  Occasionally 1.49 0.82 2.71     0.186  1.97 1.07 3.64     0.030 
  No [Reference] 1.00 –    1.00 –   
Co-morbidity (# of MSDs)  
(continuous) 

1.40 1.21 1.62 <0.0001  1.30 1.12 1.52     0.001 

Job satisfaction (continuous) 0.98 0.96 1.00     0.084  0.98 0.95 1.00     0.070 
mTLV for HAL, elbow left                  
  Category 3b; ≥ TLV 0.86 0.55 1.35     0.512  0.48 0.27 0.86     0.013 
  Category 2b; ≥ AL to < TLV 1.41 0.60 3.31     0.433  1.29 0.49 3.41     0.602 
  Category 1b; < AL  
  [Reference] 

1.00 –    1.00 –   

AL, Action Limit; BMI, body mass index; LCI, lower 95 %-confidence interval limit; MSDs, 
musculoskeletal disorders; mTLV for HAL, measurement-based Threshold Limit Value for Hand 
Activity Level; OR, Odds Ratio; p, p-value (significant results in bold, p < 0.05); TLV, Threshold 
Limit Value; UCI, upper 95 %-confidence interval limit; #, number. 
a adjusted for: Age (continuous), Gender (nominal), BMI (ordinal), Smoking (nominal), regularly 
   Sport (ordinal), Job satisfaction (continuous), Co-morbidity (# of MSDs (number of additional 
   musculoskeletal disorders), continuous). 
b Exposure category classification according to Kapellusch et al. 2017: Category 1: less exposed, under 
   AL threshold (< AL, reference category); Category 2: exposed, above AL and below 
   TLV (≥ AL to < TLV); Category 3: highly exposed, above TLV (≥ TLV). 
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8.2.2 Comparability verification between RepScore and HAL  

The compatibility between the measurement-based RepScore and observational-based 

HAL was verified before the RepScore was tested in large-scaled association analyses in 

the field (Seidel et al. 2021b). Therefore, based on 140 technically recorded exposure 

profiles (including synchronized videos) as presented in chapter 2.3 repetitive tasks of the 

right upper extremity were additionally analyzed in a pilot investigation at 10 industrial 

workplaces. The workplaces were selected not randomized but according to a workplace 

typical cycle time of less than 30 seconds on average (Seidel et al. 2021b). This time was 

defined by Silverstein et al. 1986 for a repetitive task. For comparison of HAL and 

RepScore, the workload was determined on the one hand by frame-by-frame analysis of 

10 different videos (Seidel et al. 2021b). On the other hand, it was determined by analysis 

of continuous sensor data. For this video-based purpose, 5 repetitive cycles per workplace 

were analyzed in synchronized videos (in total 5 cycles x 10 videos). The number and 

durations of exertions, working time and breaks as well as durations of partial tasks were 

determined video-frame-accurately using updated CUELA-related software WIDAAN. 

Intervals and time stamps were set in the software for each exertion and cycle. The 

updated software was precisely described by Weber et al. 2020a and Seidel et al. 2021b. 

Based on WIDAAN data and using Microsoft Excel 2016, the following parameters were 

determined for each cycle according to ACGIH 2001, 2018 and Radwin et al. 2015: 

Period, Frequency (F) and Duty Cycle (D). HAL was calculated in Excel using 

equation 8, as published elsewhere (ACGIH 2018; Akkas et al. 2015; Radwin et al. 2015; 

Seidel et al. 2021b). 

“𝐻𝐻𝐻𝐻𝐻𝐻 = 6.56 𝑙𝑙𝑙𝑙 𝐷𝐷  � 𝐹𝐹1.31

1+3 .18𝐹𝐹1.31�” (Seidel et al. 2021b, p. 2)   (8) 

 

This formula can be used to calculate a HAL with several decimal places. For each cycle 

interval, the time-weighted RepScore was automatically calculated using CUELA-related 

software as described in Seidel et al. 2021b. In total, 50 cycles were analyzed  

(similar to 50 analyzed industrial tasks in Akkas et al. 2017). The two ordinally scaled 

values (HAL, RepScore) were each assigned to the same cycle and were therefore be 

considered as a paired sample. It was assumed that the difference can be quantified by a 

t-test on paired samples. Therefore, both data series (HAL, RepScore) were first tested 

for normal distribution using the software SPSS v23 (IBM® SPSS®, IBM, Ehningen, 
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Germany) including Kolmogorov-Smirnov test. In case of absence of normal distribution, 

the “non-parametric Wilcoxon signed-rank test” (Seidel et al. 2021b, p. 2) was 

subsequently applied. The following questions build the basis for these investigations: Is 

there a difference between the methods HAL (wrist, right) and repetition score 

(wrist, right)? Alternative hypothesis: There is a difference. Null hypothesis: There is 

no difference. In any case, the following question is of interest as well: How large is the 

difference between the methods? 

Effect size (‘r’) was calculated according to equation 9 as published by Zbogar et al. 2017 

with ‘n’ is the number of cycles and ‘Z’ corresponds to Z-value. 

“𝑟𝑟 =  𝑍𝑍
√𝑛𝑛

” (Zbogar et al. 2017, p. 174)      (9) 

 

The following effect size classifications as described by Zbogar’s group in 2017 were 

applied: large: r = 0.5, medium: r = 0.3, and small: r = 0.1. Correlations were calculated 

using Spearman’s rho (‘ρ’). In a graphical comparison, a Bland-Altman plot was used 

according to Giavarina 2015 for verifying the difference between HAL and RepScore.  

The characteristics of the data set for comparison of HAL and RepScore is shown in 

Table 11.. 

 

Table 11. Sample characteristics of comparability 

verification HAL vs. RepScore. 

Parameter Mean (n = 50) SD (n = 50) 

Period [s/exertion] 1.75 1.46 
Frequency [exertions/s] 1.08 0.80 
Duty Cycle [%] 74.20 12.60 
HAL wrist right 5.86 1.83 
Cycle Time [s] 18.04 15.71 
Duration partial task [s] 6.16 3.19 
MP wrist flex/ext at P50 [%] 7.98 8.91 
ω wrist flex/ext at P50 [°/s] 20.92 14.95 
MPF wrist flex/ext at P50 [Hz] 0.33 0.12 
MP-score wrist right 1.23 0.78 
ω-score wrist right 2.31 1.15 
MPF-score wrist right 2.43 1.18 
RepScore wrist right 5.96 2.86 
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Based on Table 11., the HAL score and repetition score show similar scores on average 

across the 50 cycles. To quantify the existing difference between the two methods, the 

normal distribution of both data series was tested (Seidel et al. 2021b). The result is shown 

in Table 12.. 

 

Table 12. Results Kolmogorov-Smirnov Test, HAL 

vs. RepScore. 

 

 

 

 

 

 

 

Table 12. implicated that, HAL was not normally distributed (p < 0.05) while RepScore 

showed a normal distribution (p ≥ 0.05). As the precondition for a t-test was unsatisfied, 

the test statistics were adjusted, and the non-parametric Wilcoxon  

signed-rank test was used (Table 13.). For 20 cycles, RepScore has a lower value than 

HAL and for 30 cycles RepScore has a higher value than HAL. 

  

HAL, Hand Activity Level; MP, Kinematic micro-pauses; MPF, Mean 
power frequency of the power spectra of angular data; n, number of cycles 
in the analyses; P50, 50th percentile; RepScore, repetition score;  
SD, standard deviation; ω, Angular velocity. 
Main values are highlighted in bold. 

 

Kolmogorov-Smirnova 

Statistic df Significance p-valueb 
HAL wrist right 0.134 50 0.025 

RepScore wrist right 0.120 50 0.069 

df, degrees of freedom, HAL, Hand Activity Level; RepScore, 
repetition score. 
a Significance correction according to Lilliefors. 
b significance (p < 0.05) is marked in bold. 
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Table 13. Results non-parametric Wilcoxon signed-rank test, rank 

estimation, HAL vs. RepScore. 

 

 

 

 

 

 

 

 

Based on the Wilcoxon signed-rank test (Table 14.), there is no statistically significant 

difference between both methods (p = 0.426) as mentioned by Seidel  

et al. 2021b. 

 

Table 14. Results non-parametric Wilcoxon signed-rank test with Z-value, 

and effect size estimation. 

 
 
 
 

 

 

Using Spearman’s rho rank correlation coefficient, HAL and RepScore “show a high 

correlation (Spearman’s rho: ρ = 0.847, p < 0.0001)” (Seidel et al. 2021b, p. 2). Based 

on all these calculations, the alternative hypothesis was rejected, and the null hypothesis 

was applied. That means, there is no statistically significant difference between the 

methods. On average this difference was minimal (mean 0.10 ± 1.73) and can be 

neglected (Figure 2., p. 201). This figure also shows that as soon as the mean between 

RepScore and HAL increases, increasing convergence of both methods can be expected. 

Finally, based on this pilot investigation, HAL and RepScore seem to be equivalent. Thus, 

equation 10 can be considered as valid. 

“RepScWrist = HALWrist         (10) 

{RepSc ∈ ℕ | 0 ≤ RepSc ≤ 10}; {HAL ∈ ℝ | 0 ≤ HAL ≤ 10}” (Seidel et al. 2021b, p. 2).  

 n Mean Rank Sum of Ranks 
RepScore wrist  
right – HAL wrist 
right 

Negative Ranks 20a 27.75 555.00 

Positive Ranks 30b 24.00 720.00 
Ties 0c   
Total 50   

HAL, Hand Activity Level; n, number of subjects in the analysis; RepScore, repetition 
score. 
a RepScore wrist right < HAL wrist right.  
b RepScore wrist right > HAL wrist right.  
c RepScore wrist right = HAL wrist right 

 Z-value p-value r-value Effect size classification 

RepScore wrist right – 
HAL wrist right 

-0.796a 0.426 -0.113b small 

HAL, Hand Activity Level; RepScore, repetition score. 
a based on negative ranks. 

b r = −0.796
√50
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Figure 2. Bland-Altman Plot, RepScore and HAL at right wrist. 

HAL, Hand Activity Level; R2, coefficient of determination; RepScore, 

repetition score; SD, standard deviation; WristR, right wirst; x, variable; 

y, regression equation. HAL and RepScore have no unit. 

Mean -
1.96*SD
= -3.29

Mean + 
1.96*SD
= 3.49

Mean ± SD
0.10 ± 1.73

y = 0.0695x2 - 0.3265x - 0.7368
R² = 0.4116
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8.3 Publication 3 – Seidel et al. 2021a – reprint of original German manuscript  

Seidel DH, Ellegast RP, Rieger MA, Steinhilber B und Weber B (2021) 

Messdatenbasierte Gefährdungsbeurteilung. Kategorisierung messtechnischer Methoden 

zur Beurteilung physischer Belastungen der oberen Extremität [Measurement-based risk 

assessment. Categorization of measurement methods for assessing physical workloads of 

the upper extremity]. Zentralbl Arbeitsmed Arbeitsschutz Ergon 71(4): 192-199.  

doi: 10.1007/s40664-021-00424-y. 
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