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Chapter 1: Introduction and Research Questions 

Occupational injuries related to handheld tools, particularly those producing vibration, have 

been a longstanding concern.  In recent decades, there has been a significant increase in the 

attention paid to these injuries and the regulations aimed at preventing them [1]. This heightened 

focus on worker safety is driven by several factors, including the increasing recognition of the 

long-term health consequences of exposure to vibration, the growing public awareness of 

workplace hazards, and the increasing regulatory scrutiny of employers' safety practices. As a 

result, there has been a significant increase in the number and scope of regulations governing 

the use of handheld tools, particularly those that produce vibration.  

These regulations have been implemented at both the national and international levels, and they 

cover a wide range of issues, including the design and manufacture of handheld tools, the 

training and education of workers, and the monitoring of exposure to vibration. The goal of 

these regulations is to protect workers from the harmful effects of vibration and to promote a 

safer and healthier workplace environment. A prime example is the European Union's Directive 

2002/44/EC, implemented in 2005, which aims to protect workers from exposure to continuous 

and random vibration [2]. This directive, also known as the Physical Agents (Vibration) 

Directive, underscores the growing recognition of the importance of mitigating the risks 

associated with handheld tool use. 

In line with this focus on worker safety, Germany implemented the LärmVibrationsArbSchV 

(Noise and Vibration Occupational Safety and Health Ordinance) in 2007. This ordinance 

provides a comprehensive framework for protecting workers from noise and vibration hazards, 

mandating employers to assess and control these risks. It includes conducting thorough risk 

assessments to evaluate the potential impact of hand-arm vibration exposure on their employees. 
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Workplace safety regulations effectively address the risks of continuous vibration exposure, 

often referred to as "random" vibration. However, they fail to account for a crucial reality: many 

workers regularly use tools that produce sharp, sudden jolts, known as "single-shock" vibrations.  

This oversight leaves a significant portion of the workforce vulnerable to the potentially harmful 

effects of these single-shock vibrations, which can include physical injuries and persistent 

discomfort like pain and fatigue. The regulations urgently need to distinguish between these two 

distinct types of vibration to ensure comprehensive worker protection. 

This gap in regulation is compounded by a significant research deficit. Historically, most 

research on vibration exposure has concentrated on the effects of continuous vibration [3-6]. 

While a limited number of studies have acknowledged the potential dangers of single-shock 

vibrations [7, 8], a clear understanding of their specific impact remains elusive. This knowledge 

gap is also concerning given that the only very few studies directly comparing single-shock and 

continuous vibration effects, though the first one dates back to 1985 [7, 9, 10]. This lack of up-

to-date research highlights an oversight in this vital area of occupational health and safety.  

1.1 Background of vibration and single-shock exposure in the hand arm system 

Hand-arm vibration research, spanning the better part of a century, initially concentrated on 

identifying and characterizing the phenomenon, often within specific occupational settings. 

Early investigations, such as those conducted in the 1930s and 1940s, documented "vibration 

white finger" in miners and workers utilizing pneumatic tools [11]. This issue remains prevalent 

in many modern workplaces, particularly in industries like manufacturing, forestry, and 

agriculture, where workers regularly use machinery that generates hand-arm vibrations [12-15].   

The specific characteristics of the machinery used, including the frequency, range, and 

amplitude of the vibrations produced, can contribute to a range of adverse health effects.  For 

instance, some studies suggest a link between high-frequency vibration exposure and circulatory 

disorders, while others indicate an association between low-frequency vibrations and joint 

damage [16, 17]. However, it's important to note that the precise relationship between vibration 
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characteristics and specific health outcomes remains an area of ongoing research, and further 

investigation is needed to fully elucidate these complex interactions. 

Further health implications include neurological effects, such as tingling, numbness, and loss of 

sensation in the fingers [18], as well as musculoskeletal effects, such as fatigue and weakness 

in the muscles of hands, wrists, and arms  [19-21]. While these effects are well-documented in 

the literature, it is crucial to emphasize that individual susceptibility and the precise 

manifestation of symptoms can vary significantly depending on a multitude of factors, including 

the intensity, duration, and frequency of vibration exposure, as well as individual predispositions 

and other contributing factors. 

In addition to random vibration, occupational exposure can also involve repeated single-shocks 

to the hand-arm system. These shocks are characterized as sudden, transient forces transmitted 

to the hands and arms [22], often originating from the use of impact tools such as jackhammers, 

chipping hammers, and riveting guns, or from repetitive impacts like those experienced when 

using a hammer or mallet. The effects of these shocks are theorized to vary depending on factors 

such as the magnitude, direction, and duration of the impact, as well as individual susceptibility. 

Focused research on the effects of repeated single-shocks or impacts on the hand-arm system 

gained prominence in the 1970s and 1980s [9, 23, 24]. This increased attention stemmed from 

a growing recognition of the potential hazards associated with impact-tools and processes in 

various industries. Increased attention was driven by a growing awareness of the potential 

hazards associated with impact tools and processes across various industries, given their 

implications for health effects such as neurological symptoms (e.g., altered sensitivity), 

musculoskeletal disorders, and symptoms of vibration white finger [25-27]. 

1.1.1 Measurement of vibration and shocks on the hand-arm system 

Assessing hand-arm vibration exposure is crucial for preventing occupational health risks. This 

assessment involves calculating the vibration dose to which workers are exposed. To determine 
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this dose, the frequency-weighted acceleration signal of the hand-arm vibration is considered 

alongside the duration of exposure. The daily exposure value, A(8), normalized to an 8-hour 

reference period, serves as the dose value. It is calculated as the product of the weighted total 

acceleration, ahv, and the square root of the exposure time, T = 8 hours. 

To protect workers from the adverse health effects of hand-arm vibration, the EU Directive 

2002/44/EC has established a daily exposure action value of 2.5 m/s² and a daily exposure limit 

value of 5.0 m/s² for A(8) [Art. 3 para. 1]. These limits have been adopted into German law 

through the Ordinance on the Protection of Workers against the Risks arising from Noise and 

Vibration (LärmVibrationsArbSchV) since 2007. 

To ensure consistency and accuracy in these assessments, the International Organization for 

Standardization (ISO) has developed ISO 5349-1:2014, "Mechanical vibration -- Measurement 

and evaluation of human exposure to hand-transmitted vibration -- Part 1: General 

requirements" [28]. This standard provides a standardized methodology for measuring and 

evaluating vibration transmitted to the hand-arm system.   

ISO 5349-1 mandates the use of accelerometers to measure vibration. These accelerometers are 

affixed to the hand-arm system at specific locations, such as the hand or the wrist, to capture the 

vibration transmitted to the operator. The accelerometer signal is then processed, undergoing 

filtering and analysis to determine key vibration parameters, including magnitude, frequency, 

and duration. 

Critically, the standard also specifies the application of a frequency weighting function. This 

function accounts for the varying sensitivity of the human hand-arm system to different 

vibration frequencies. By applying this weighting, the measured vibration data is adjusted to 

better reflect the potential for harm, providing a more accurate assessment of the risk to the 

worker. 
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While standardized methods exist for measuring continuous hand-arm vibration, the 

measurement of shock-type vibration transmitted to the hand-arm system remains an evolving 

field. Providing some guidance in this area is the ISO/TS 15694 technical specification, which 

outlines procedures for measuring discrete vibration shocks affecting the hand-arm system at 

repetition frequencies below 5 Hz [29]. This technical specification complements ISO 5349, 

which focuses on periodic and random/non-periodic vibration, thereby extending the scope of 

measurement to include shock-type events [22]. 

It is important to note that while ISO/TS 15694 provides valuable guidance on measurement 

techniques, it stops short of defining methods for assessing the health risks associated with shock 

exposure [22].  

Vibration analysis software plays a crucial role in the assessment of hand-arm vibration 

exposure. This software processes the raw data acquired from accelerometers and hand-arm 

vibration meters, providing valuable insights into the characteristics of the vibration. By 

analyzing the accelerometer signals, the software can accurately determine the magnitude, 

frequency, and duration of the vibration, enabling a comprehensive evaluation of the exposure. 

In the case of shock-type vibration, the software can identify and analyze individual shock 

events, characterizing their peak amplitude and duration [30].  

1.1.2 Hand-arm vibration and shock, influence on the hand-arm system 

Hand-arm vibration (HAV) refers to the mechanical vibration transmitted from a vibrating tool 

or machine into a worker's hands and arms [31]. This can occur through the operation of hand-

held power tools, hand-guided equipment, or by handling materials being processed by 

machines. 

Single shock/impact vibration refers to a sudden, transient, and non-periodic force transmitted 

to the hand-arm system. It is characterized by a rapid rise to a peak acceleration followed by a 
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rapid decay, typically lasting for only a few milliseconds [22]. This type of vibration is often 

associated with the use of impact tools, sudden jolts, or handling of heavy objects. 

The influence of hand-arm vibration (HAV) and shocks on the hand-arm system is well-

established. International Standard ISO 5349-1:2001 provides a framework for evaluating the 

effects of hand-transmitted vibration, including both HAV and shocks, and acknowledges their 

potential to cause damage to tissues, nerves, and blood vessels.  This understanding is further 

supported by Griffin's comprehensive Handbook of human vibration (1990), which details how 

these forces are transmitted through the hand and arm, leading to specific effects on nerves, 

muscles, and blood vessels [32].   

These health effects on the hand arm system are known as Hand-arm vibration syndrome 

(HAVS) and are a prevalent occupational disease affecting workers in multiple industries in 

which hand-held tools are used. The UK's Health and Safety Executive provides extensive 

guidance on HAVS, clearly outlining the damage to nerves, blood vessels, and musculoskeletal 

structures caused by HAV.  Together, these sources paint a clear picture of the mechanical 

influence of HAV and shocks on the hand-arm system, leading to a range of adverse effects.  

The severity of the mechanical influence on the hand-arm system depends on several factors, 

including the magnitude, frequency, and duration of the vibration or shock, the type of tool or 

machine being used, the individual's hand-arm posture and grip force, and the individual's 

overall health and fitness [33-35].  

Exposure to HAV can lead to various health issues, primarily affecting the vascular, 

neurological, and musculoskeletal systems [34]. HAV can cause vasospasm, a narrowing of the 

blood vessels in the fingers, leading to vibration white finger (VWF) [36-38]. VWF is 

characterized by tingling, numbness, and blanching of the fingers, and can potentially progress 

to tissue necrosis. 
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In addition to vascular effects, HAV can also damage the peripheral nerves in the hand and arm, 

causing sensory and motor impairment [18, 39, 40].  Finally, both HAV and shock can damage 

the muscles, tendons, and ligaments in the hand and arm. This can result in pain, stiffness, and 

weakness [41-43]. 

1.1.3 Impacts / Single shocks as form of exposure and its health effects on the hand-arm 

system 

Research using animal models, while few, provides evidence for the detrimental effects of 

shock-type vibration on the hand-arm system.  For example, a study on rats exposed to high-

magnitude shocks for a short duration of a single 12-min exposure showed immediate damage 

to nerve endings in the skin [44], highlighting the potential for acute injury.  Another animal 

base study has found that impact/shock type vibration may affect the nerves but not the blood 

vessels [45]. 

The studies found in the literature that focus on the medical outcomes of impacts/single shocks 

as a form of exposure show a complex picture. The effects of these shocks depend on a number 

of factors, including the magnitude, frequency, and duration of the shock; the type of tissue 

exposed; and the individual's overall health and fitness [10, 35]. 

While the existing literature on the medical outcomes of impacts/single shocks paints a complex 

picture, most studies on the health effects of shocks to the hand-arm system focus on acute 

effects [10, 46-48], although long-term studies have been made [49]. Studies investigating 

peripheral vascular responses to single or repetitive mechanical shocks showed acute reductions 

in finger blood flow [50, 51]. Proximal extensor muscle edema was observed in studies that 

looked at muscular response [47]. Our pilot study showed a temporary increase in vibration 

perception thresholds, especially at high test frequencies, a slight decrease in skin temperature, 

and increased effort in two forearm muscles during shock transmission. [48]. 
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While these studies shed light on the immediate consequences of single shocks, further research 

is needed to understand the cumulative effects of repeated exposure. This is a critical area of 

inquiry because, as mentioned, many occupational settings involve repeated shocks to the hand-

arm system. This understanding will be vital in developing effective prevention strategies. 

To better understand the potential long-term impact of repeated shocks, it's important to consider 

the occupational diseases already recognized by the German government. These include damage 

to the joints (No. 2103), circulatory disorders in the fingers (No. 2104), carpal tunnel syndrome 

(No. 2113) and hypothenar hammer syndrome (No. 2114), all of which can be caused by 

vibration exposure. These recognized conditions highlight the potential for serious health 

consequences and emphasize the need for further research into the effects of repeated shocks 

and effective prevention strategies [52]. 

This need is further underscored by the fact that approximately 1.8 million employees in 

Germany work in sectors involving hand-arm vibrations [53]. Each year, roughly 1,600 

occupational diseases are reported in connection with such exposure, of these, around 350 are 

officially recognized [54].  This stark reality emphasizes the urgent need for effective prevention 

strategies in this area. 

However, despite the recognized risks, a truly effective prevention concept remains elusive. For 

20 years, there has been a lacked of comprehensive approach to prevention with proven efficacy. 

This is a crucial area of focus for occupational disease development in Germany, as it highlights 

the need for continued research and development of preventative strategies to protect workers 

exposed to not only to hand-arm vibration but to single-shock / impact vibration as well.  

The existing preventive measurements presented by the BAuA outlines the legal obligations of 

employers in Germany to prevent and minimize health risks associated with hand-arm vibrations 

in the workplace, according to the LärmVibrationsArbSchV (Noise and Vibration Occupational 

Safety and Health Ordinance) [55]. This proactive approach prioritizes worker safety through 
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several key actions. First, employers must assess vibration exposure levels and inform 

employees about the associated risks. If necessary, a vibration reduction program should be 

implemented, focusing on the use of low-vibration tools, proper tool maintenance, and work 

organization strategies to minimize exposure. Additionally, providing protective equipment and 

health surveillance is crucial to monitor and address potential health issues [56]. 

To further support these efforts, the BMAS (Bundesministerium für Arbeit und Soziales) has 

created a handbook specifically to address the complexities of assessing and managing hand-

arm vibration risks. This non-legally-binding guide offers practical support in evaluating 

vibration risks, identifying controls to eliminate or reduce exposure, and implementing systems 

to prevent the onset and progression of related disorders.  The handbook focuses on three key 

areas: risk assessment, avoidance or reduction of exposure, health monitoring and occupational 

health care [57]. 

It is important to acknowledge, however, that these existing frameworks predominantly focus 

on continuous or intermittent random vibrations, with limited guidance on mitigating the effects 

of shock and impact vibration. While some general principles may overlap, the distinct 

characteristics of shock and impact events, such as their sudden onset and high peak acceleration 

and forces, necessitate targeted research and the development of tailored preventive strategies.  

This dissertation aims to contribute to this critical area by investigating the biomechanical and 

subjective responses to repeated shocks, with the ultimate goal of informing the future 

development of effective preventive measures to protect workers in shock-prone occupations.   

1.1.4 Questions and Hypothesis 

Existing research indicates that repeated single-shock exposure to the hand-arm system may 

adversely affect the hand-arm system. However, crucial knowledge gaps persist regarding the 

influence of repetition rate on the severity of these effects and the potential for distinct injury 

mechanisms compared to random vibration exposure.  
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This dissertation seeks to address these gaps, with the aim of providing an in-depth exploration 

for increasing the understanding of the risks associated with single-shock exposure. Such 

knowledge is essential for the development of informed safety measures within occupational 

settings where this type of exposure occurs. 

This dissertation seeks to address three overarching questions related to single-shock exposure 

and the hand-arm system: 

Does single-shock exposure cause acute responses in the hand-arm system, and if so, what types 

of responses (neurological, vascular, muscular) occur? 

Is there a positive correlation between the frequency of single-shock exposure and the severity 

of acute responses in the hand-arm system? This hypothesis suggests that the intensity of effects 

on the hand-arm system will increase with the frequency of single shocks, even when the total 

number of exposures remains constant. 

Do the acute effects of single-shock exposure on the hand-arm system differ in nature and/or 

severity from the acute effects of random vibration exposure, regardless of the repetition rate? 

This hypothesis proposes that the mechanisms by which single-shock exposure impacts the 

hand-arm system may be distinct from those involved in random vibration exposure. 

These hypotheses build upon existing research, which suggests potential links between single-

shock exposure and adverse effects on the hand-arm system [48]. A more comprehensive 

investigation addressing the questions and hypotheses outlined above will advance our 

understanding of the specific risks associated with single-shock exposure and contribute to the 

development of evidence-based safety practices in occupational settings. 
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Chapter 2: Material and Methods 

2.1 Study design 

This study employed a single-center, prospective, parallel-group, vibration-controlled, simple 

randomized design to investigate the acute health effects of three different repeated single-shock 

exposure frequencies on the hand-arm system of healthy male participants. A control group 

exposed to random vibration was used for comparison with these effects. The study was 

conducted between April 2020 and April 2021 at the Institute for Occupational Safety and 

Health (IFA) of the German Social Accident Insurance in Sankt Augustin, Germany. 

This study focused on the acute physiological responses of healthy males following exposure to 

shock vibrations, using a Shaker V726 electrodynamic shaker controlled by Premier Shock 

software [Chapter 2.4.4]. Participants were randomly assigned to one of three single-shock 

exposure frequencies (1 s-1, 4 s-1, or 20 s-1) for a duration of 4 x 5 minutes. All participants 

concluded the session with a 5-minute exposure to random vibration, resulting in a total of 25 

minutes of vibration exposure. A fourth group of participants exposed to random vibration 

signal served as a control. Physiological measurements were recorded before and after each 

exposure, with approximately 12-minute intervals between exposures. The experimental 

schedule is outlined in [Figure 2.4.1]. 

2.2 Ethics 

This study adhered to strict ethical guidelines, receiving approval from the University of Lübeck 

ethics committee (approval number: 20-099) and following the principles of the Declaration of 

Helsinki.  All participants provided written informed consent, which included provisions for the 

use of anonymized data in publications. Participants were also informed of their right to 

withdraw without consequence.  The study prioritized ethical data collection and protection, 

ensuring confidentiality and compliance with the European Data Protection Regulation [Art. 32, 

Art. 89 DSGVO]. All collected data was pseudonymized.  
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2.3 Participants 

Given the higher prevalence of vibration-related injuries in male-dominated industries and the 

study's focus on this at-risk population, only male participants were included. While including 

both sexes would have been ideal, resource constraints necessitated a focused approach to 

maximizing the statistical power within the available resources. 

2.3.1 Eligibility criteria  

This study included healthy male participants aged 18-65 who were capable of moderate-

intensity exercise (defined as any activity elevating the heart rate and breathing without causing 

excessive fatigue or discomfort).  Individuals were excluded if they were active smokers, 

regularly used hand-arm vibration tools (at least weekly for over two hours), had hypertension, 

a cardiac pacemaker, any musculoskeletal disorders affecting the hand-arm system, hand-arm 

complaints of the dominant limb, upper back or hip disorders, any illness limiting participation, 

or a history of neuropathy or musculoskeletal disorders of the upper limb.  Individuals who 

refused to provide informed consent were also excluded. 

 The study also excluded potential participants who had a history of chronic or acute peripheral 

or central neuropathy, any musculoskeletal disorders of the upper limb, or any current or past-

experience of pain, even if that pain was limited to post-exercise discomfort. 

2.3.2 Recruitment and enrollment 

To recruit participants of working age living near the IFA in Sankt Augustin, Germany, 

recruitment was conducted primarily through Facebook. This strategy allowed for cost-effective 

access to a convenience sample during the COVID-19 pandemic. The recruitment process 

involved two phases: initial screening and follow-up. Potential participants responded to 

invitations on Facebook and completed an initial screening via email to determine eligibility 

based on health status, chronic diseases, smoking habits, hand-arm complaints, and exposure to 

vibrating tools. 



20 

 

Eligible individuals received the informed consent form, a description of the study, and a 

detailed health questionnaire (Appx. Chapters 8.4 and 8.5).   They were given at least 48 hours 

to review the materials and ask questions, and participation was confirmed by phone 24 hours 

before their scheduled visit. Initially, 48 participants were recruited, followed by a second 

recruitment phase to mitigate potential dropouts, resulting in a total of 56 participants after 

exclusions. 

2.3.3 Sample size 

To determine the necessary sample size for this study, a power analysis was conducted. This 

analysis was based on the findings of Schäfer and Dupuis (1986) [23] and FP-0376 [58], which 

provided parameters for estimating the effect size.  Due to the limited availability of comparable 

data, these sources were deemed the most appropriate for this study. 

To supplement this initial estimation, various online calculators were also consulted (e.g., Kohn 

et al. 2017) [59]. This multi-faceted approach led to an estimated sample size of 12 subjects per 

frequency exposure. With four different exposure frequencies being tested, this resulted in a 

total sample size of 48 subjects. This sample size ensures sufficient statistical power (80%) to 

detect significant differences between subjects and exposure conditions, with a significance 

level of α=0.05 (two-sided test). 

The sample size was subject to a standardized exposure protocol [Chapter 2.4.1]. This involved 

using a developed method set under controlled conditions (on a shaker) simulating four distinct 

exposure frequencies. The frequencies were selected to represent the vibration profiles of four 

common types of tools/machines encountered in real-world occupational settings.  All tests were 

conducted under expert supervision in the IFA's exposure laboratory, allowing for direct 

comparison between subjects and across the varying exposure levels. 
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2.3.4 Randomization and blinding 

This open-label study used a two-stage randomization process to ensure balanced group sizes. 

Initially, a computer-generated allocation sequence was used for the first 48 participants, 

assigning them to one of four groups in a 1:1:1:1 ratio.  Following a second recruitment phase, 

which increased the participant pool to 56, manual randomization was used to allocate additional 

participants. After exclusions, the final sample size for each group was 13. This resulted in four 

distinct exposure conditions: three groups exposed to repeated single-shock vibrations at 

different frequencies (G1: 1 s⁻¹, G4: 4 s⁻¹, and G20: 20 s⁻¹) and a control group exposed to 

random vibration (GR). This allowed for comparison between the effects of repeated single-

shock vibrations at specific frequencies and random vibration.   

2.4 Procedures 

Participants first acclimatized to the room temperature for 30–35 minutes. During this time, they 

underwent a structured interview and reviewed the health questionnaire with the researcher to 

confirm eligibility and current health status. They were also informed of the study's purpose, 

procedure, and potential risks. To prepare for the examinations, participants were asked to 

refrain from alcohol for 12 hours, avoid vibration or impact exposure to the hands and fingers 

for 5 hours, and avoid caffeine and strenuous physical activity for 3 hours. This included 

avoiding vibrating tools, repetitive work, heavy lifting, sports, and bike commuting. Participants 

were offered €70 compensation for their time, with the total study duration lasting 

approximately 4 hours. Due to the SARS-CoV-2 pandemic, acute infections were excluded 

using rapid tests. 

2.4.1 Experimental setup 

To systematically evaluate the impact of various vibration exposures, a block-wise study 

procedure was adopted for each participant. This approach, adapted from the pilot study, 

involved a series of experimental blocks. Each block employed a pre-test–post-test design to 

assess three key physiological responses: skin temperature, finger sensitivity, and muscle 

fatigue. Muscle activity was measured using surface electromyography (sEMG) to assess 
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muscle fatigue and potential changes in activation patterns.  Simultaneously, infrared (IR) 

thermography monitored skin temperature changes in the hand and fingers to provide insights 

into the vascular response to vibration. Lastly, the VibroSense Meter evaluated tactile sensitivity 

in the fingertips to detect potential sensory nerve dysfunction.  

This structured design, with its multi-faceted assessment within each block, allowed for a 

controlled comparison of responses across different exposure conditions while minimizing the 

influence of individual differences.  

2.4.2 Impact exposure simulation 

Simulation of shock exposure and evaluation of health effects, under standardized conditions in 

the laboratory, offered advantages in terms of comparability of exposure conditions and did not 

require practice or safety instruction of the subjects. 

A pre-test (hereafter referred to as baseline), post-test design was established. The post-test 

consisted of measurements taken after each of the exposures (altogether five post-tests with 

varying frequency intensity). The experimental protocol involved five (5) x 5-minute exposures, 

 

Figure 2.4.1 Systematic representation of the experimental protocol for each exposure group (G1: 1s⁻¹; G4: 4s⁻¹; G20: 20s⁻¹; GR:[~ s-1] random 

vibration). Each exposure was followed by a 12-minute period for physiological measurements. This allowed for the assessment of the immediate effects 

of vibration on physiological parameters. 
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totaling 25 minutes.  Each exposure was followed by a 12 to 15-minute recovery period. 

Physiological measurements (post-test) were recorded during these recovery periods.  

2.4.3 Experimental procedure and instrumentation 

Exposures and physiological measurements were performed in two adjacent laboratory rooms 

controlled for temperature and humidity. The rooms maintained a mean temperature of 21.8 °C 

(SD 0.9 ⁰C), and a mean humidity of 43.7% (SD 6.9%). 

Instruments for physiological measurements were placed near the shaker to optimize the time 

taken for post-test measurements. 

2.4.4 Shaker setup 

Impact simulations were performed using a V726 electrodynamic shaker (Ling Dynamic 

Systems, Royston, United Kingdom), subsequently referred to as the "shaker." This shaker can 

deliver a rated force of 6,672N, operates within a frequency range up to 4,500Hz, and can 

achieve a maximum acceleration of 920m/s². The shaker was coupled to an aluminum handle, 

155 mm high and 40 mm in diameter, which could be fully gripped by an adult hand. The handle 

was equipped with a strain gauge bar, allowing the gripping force to be monitored on a 

continuous basis. The platform of the shaker was connected to 'ground' by a strain gauge load 

ring, allowing the measurement and monitoring of the pushing force. A monitor at eye level 

provided constant visual feedback of the grip and push force being maintained on the handle.  

The Premier Shock control software (Spectral Dynamics, San José, USA) generated uniform 

and approximately triangular shocks of repetition rates 1 s-1, 4 s-1, and 20 s-1 which acted 

unidirectionally in the z-direction only, so that the collection of acceleration components in the 

x- and y-directions could be omitted (ahv = ahw). All three single-shock exposures (1 s-1 

repetition rate, 4 s-1 repetition rate, (20 s-1 repetition) had a shock duration of 3 ms and a rise 

time of 1.5 ms. In the following, the single-shock exposures are simplified based on the 

repetition rate of the shocks as "1 s-1 ", "4 s-1 ", and "20 s-1 ".  
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For the control group and as the last comparative exposure form, of shock exposed groups, 

random signal, the vibration spectrum SM of ISO standard 10819 for the testing of vibration 

protective gloves [DIN EN ISO 10819:2013] (undirected vibration, spectrum vibration) in a 

vibration frequency range of 20–200 Hz was used, also with a duration of 5 minutes. This is 

referred to as the random signal or random vibration in the further course. Although gloves were 

not used in this study, the vibration exposures were designed in accordance with DIN EN ISO 

10819:2013. This standard provides a well-defined framework for characterizing vibration 

transmissibility, ensuring that the vibration stimuli delivered to participants was consistent and 

controlled across the experimental conditions. 

Following our previous pilot study setup [48], the signal was controlled in such a way that the 

ahw value was kept constant at 10 m/s² for each 5-min exposure. Thus, an approximately 

uniform dose delivery was achieved for the subjects in the experiment regardless of the 

repetition rates.  

2.4.5 Measurement procedures 

The standardized posture of the test subjects largely corresponded to ISO standard 10819 [2013] 

for the testing of vibration protective gloves [33]. Subjects were standing in an upright posture, 

with the forearm aligned along the z-axis, flexed by about 100° and slightly abducted. To 

maintain the standardized posture between subjects, the handle and platform were marked as a 

visual reminder for subjects for correct hand and feet placement [Figure 2.4.2].  

Figure 2.4.2 Experimental setup on Shaker. (A) Subject positioning with visual reminders for optimal posture 

and hand placement on handle. (B) Platform markings ensuring consistent foot placement across trials (top 

view). 
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To measure acceleration, unidirectional sensors were attached to the skin at three anatomical 

locations: the foveola radialis in contact with the distal radius of the wrist, the lateral humeral 

condyle of the elbow, and the acromion of the shoulder blade [Figure 2.4.3], These locations 

were selected to capture acceleration data and calculate the transfer factor. The measurement 

direction (z-axis) corresponded to the expected deflection of the hand-arm system for each shock 

or vibration transmitted through the handle.  

Weighted acceleration values ahw obtained from the sensors were then related to the 

acceleration generated by the shaker and measured at the handle to determine the localized 

transmission factor.  This factor represents the proportion of vibration transmitted from the 

handle to each measurement location.  The parameters chosen for exposure assessment, namely 

horizontal acceleration ahw and peak acceleration values for each signal type or frequency, were 

based on the recommendations provided in the IFA report[46].  

For the evaluation of the transmission of mechanical loads into the hand-arm system, the 

coupling forces were also recorded according to ISO standard 15230 [ISO 15230:2007 

Mechanical vibration and shock - Coupling forces at the man-machine interface for hand-

transmitted vibration]. This was, on the one hand, the pressure force of the test person acting 

almost exclusively in the z-direction against the handle and, on the other hand, the gripping 

force that was provided when the handle was grasped [60]. Pressure and grip force were 

recorded continuously within the measurement intervals, and the pressure force was also kept 

Figure 2.4.3 Unidirectional accelerometer placement. (A) Sensors 

placed on the lateral humeral condyle (elbow) and acromion 

(shoulder). (B) Sensor placed on the distal radius (wrist). 
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largely constant at 50 N by the test subjects via visual feedback. From practical experience, it 

was not expected that the test subjects would be able to simultaneously control gripping and 

pressure force over five minutes, so the gripping force, while being measured continuously, 

fluctuated individually.  

2.4.6 Baseline measurements 

Baseline physiological measurements were conducted at the end of the acclimatization period 

and included: anthropometric data of hand and arm system (lengths, circumferences, and 

widths); hand (grip) strength, finger (pinch) strength and static maximum voluntary isometric 

contraction (MVIC) of the triceps, biceps, and forearm muscles. Followed by finger sensitivity 

and hand temperature just before the start of the first exposure.  

   

2.5 Vibration perception threshold 

2.5.1 Setup 

The VibroSense Meter II model (VibroSense Dynamics, Malmö, Sweden) was used to measure 

the vibration perception threshold (VPT) of the 2nd and 5th fingers of the exposed hand. To 

maintain a constant time schedule between exposure and measurement, the VibroSense was 

placed in a room adjacent to the exposure room. Finger sensitivity on the exposed hand was 

measured before and approximately 1 minute after exposure, following the measurement of 

hand temperature. Approximately 9-10 min was required for the complete set of finger 

sensitivity measurements. 

Participants were positioned in a standardized posture as recommended by the manufacturer. 

They were instructed to sit upright in a relaxed position with their exposed right arm loosely 

extended and their elbow slightly flexed.  Subjects either placed the fingertip of their 2nd or 5th 

finger on the 4 mm thick metal probe [Figure 2.5.1]. Participants held a response button in their 

other hand and pressed it according to the researcher's instructions. For noise reduction during 
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high-frequency measurements, participants were provided with ear protection. To enhance 

concentration, they were encouraged to close their eyes. 

The VibroSense examination procedure was fully automated, ensuring adherence to ISO 13091-

2 standards. This included the instrument's continuous monitoring and display of ramp speed, 

static finger pressure, and finger temperature for the operator.  This design feature allowed for 

immediate correction of any significant deviations from the testing protocol.  The VibroSense 

frequencies, referred to as Finger Sensitivity Frequencies (FSF), were selected based on the pilot 

study's recommendations and included 32Hz, 125Hz, 250Hz, and 500Hz, representing both low 

and high-frequency ranges [48]. 

2.5.2 Measurement procedure 

Baseline finger sensitivity measurements were initiated following acclimatization [2.4 

Procedures] and after each exposure. Before baseline measurements, all subjects underwent a 

brief 16 Hz trial on the VibroSense, lasting approximately 10 seconds, followed by a rest period 

of approximately 4–5 minutes. This allowed the subjects to gain practical experience and helped 

to minimize the potential learning curve between subjects [Figure 2.5.1].  

Figure 2.5.1 Finger sensitivity measurement with the VibroSense Meter II. The subject is 

positioned with their arm loosely extended, elbow slightly flexed, and fingertip placed on the 4 

mm thick metal probe. 
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Before and following each exposure, finger sensitivity was measured [Figure 2.5.2]. VPT were 

examined on the pulp of the 2nd (index) and 5th (little fingers) fingers of the exposed hand. The 

examination with the VibroSense Meter II is fully automated, with frequencies running from 

low to high. Vibrations were applied through the probe according to a von Bekesy up-and-down 

psychophysical algorithm, and the acceleration of the probe is expressed in decibels (dB; 

relative 10-6 m/s2) [61]. 

Each examination frequency (32 Hz, 125 Hz, 250 Hz, and 500 Hz) was automatically ramped 

up fivefold to above threshold intensity and then ramped down to below threshold intensity 

while varying the ramp rates. The acceleration began at 100 dB and increased with an amplitude 

ramp rate of 3 dB/s until the subject perceived the vibration and pressed down a response button. 

Upon the subject's pressing of the button, the intensity decreased at a corresponding speed of 3 

dB/s until the subject no longer perceived vibration, at which point the subject was instructed to 

release the button.  

Finger pulps were examined in accordance with ISO 13091-1, Method A, with a contact force 

of 0.15 ± 0.09 N between the finger pulp and the probe (***reference ISO 1390). This equates 

to a static skin indent of approximately 1.5 mm. Throughout the test, the researcher was able to 

monitor the finger pressure on the probe to ensure that the force remained within the required 

limits. The fingertip temperature was also monitored by the VibroSense. If the temperature of 

the fingers was ≤ 21 °C, the subjects were asked to warm their hands before the examination.  

Figure 2.5.2 Finger sensitivity measurement protocol.  Vibrotactile thresholds were measured at baseline and 

after each of five exposures (E1-E5) at four test frequencies (32, 125, 250, and 500 Hz) using the VibroSense 

Meter II. 
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For each examination frequency, a "vibrogram" could be generated, from which the mean 

vibration sensitivity threshold of the measured finger could be determined. 

2.6 Temperature reaction 

The skin temperature was examined using an infrared thermal camera (IR). Infrared technology 

has been utilized for non-invasive surface temperature measurement of fingers and hands for 

several decades and has been employed in numerous studies on HAVS, particularly with cold 

provocation tests [62-64]. This approach is based on the premise that skin temperature serves as 

an indicator of vascular changes, both in normal pulsatile arterial blood flow and in provoked 

vascular reactions [65, 66]. 

2.6.1 Setup 

The infrared thermal camera (IR) used for all tests, was a compact FLIR ONE® Pro (FLIR 

Systems, Wilsonville, USA) attached to an iPhone 6 smartphone (Apple, Cupertino, USA) and 

the corresponding manufacturer's app FLIR ONE®. According to the manufacturer, the IR had 

a measurement accuracy of ± 3 °C or ± 5% of the difference to the ambient temperature. The 

resolution of the infrared images was 160 × 120 pixels, a native photo taken in parallel of the 

same image section had a resolution of 1440 × 1080 pixels [67].  

Temperature was measured before and immediately after each exposure [Figure 2.6.1]. The IR 

was mounted on a metallic structure that maintained a fixed distance from the hands of 46 cm. 

The hands were supported by a nylon mesh, which minimized the contact area and allowed for 

air circulation around the hands. Markings with contrasting colors were placed on the mesh to 

facilitate the correct repositioning of the hands. Once the hands' position and temperature range 

Figure 2.6.1 Temperature measurement protocol.  Temperature was measured at baseline and after exposures (E1-

E5). 
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were visually confirmed to be within acceptable limits, the images were immediately saved on 

the phone [Figure 2.6.2].  

2.6.2 Measurement procedure and data analysis 

 Participants arranged their hands on the grid, keeping their upper arms along their trunk, 

forearms flexed, and both hands side-by-side directly beneath the camera lens. Fingers were 

held slightly apart. The dorsal and palmar sides of the hand were photographed immediately 

(with a maximum of 30 seconds elapsing between the taking of each image) before and after 

each exposure [Figure 2.6.2]. 

The images were analyzed using the FLIR Tools app, version 6.4 [Figure 2.6.1]. The software 

provided the maximum, minimum, and mean temperatures of the regions of interest (ROIs). A 

total of 24 ROIs were analyzed for each subject, including the distal phalanx of digit I (thumb) 

and the middle phalanx of digits II through V of the palms, as well as the dorsal side of both 

hands. 

Regions of interest (ROIs) were evaluated using manually created 12x12 pixel (144-pixel total) 

squared boxes for each finger. Each square was manually placed in the middle phalanx of the 

digits II-IV and distal phalanx of digit I. For the palmar and dorsal side of the hands, a circle 

was created to encompass the most amount of area. All values were subsequently averaged, and 

Figure 2.6.2 Infrared thermography (IRT) setup for measuring temperature reaction. The target 

area is displayed on the monitor for visual confirmation. 
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the Mean of each measurement was included for evaluation. Previous research has demonstrated 

that during dynamic exposures, the point of contact between the hand and the handle experiences 

the highest pressure distribution [68]. As a result, this area, captured by the finger ROIs, is 

expected to exhibit the most pronounced effects in terms of both shock transmission and 

vascular response. 

2.7 Gripping strength and pinch strength 

In recent decades, measuring fist closure strength has become a well-established orthopedic 

practice for evaluating injuries and diseases of the upper extremity, as well as monitoring 

therapeutic progress [69]. This measurement provides an overall assessment of handgrip force, 

which encompasses multiple intricate components. It's essential to distinguish this fist closure 

measurement from continuous grip force recordings, such as those obtained when encircling a 

shaker's handgrip.  

Figure 2.6.1 Infrared thermographic assessment of hand temperature reaction. (A) 

Baseline palmar temperatures of the exposed and non-exposed hand (left). (B) 

Palmar temperatures of the exposed and non-exposed hands following the fourth 

exposure (right). ROIs the regions of interest on the palm. 



32 

 

2.7.1 Setup and measurement procedure 

 Hand grip and pinch strength were measured before and after the fourth exposure to assess 

changes in muscle strength [Figure 2.7.2]. A standardized posture was used for both hands to 

ensure consistent measurements [Figure 2.7.1].  Participants sat upright with their arm at their 

side, elbow bent to 90 degrees, and wrist slightly extended (up to 15 degrees) [69].  

Participants squeezed the dynamometer as hard as possible three times, with three-second rests 

between attempts. The average of these attempts was used as the final result for its high 

reliability [70]. A Deyar EH101 electronic hand dynamometer (Camry, Guangdong, China) was 

used with the grip set at the third level (4.6 cm) for all participants. 

The maximum isometric pinch force was measured with a Saehan Professional SH5005 finger-

dynamometer (Saehan, Masan, South Korea). Two different types of maneuvers were used 

while the forearm was held in a neutral position. Maneuver 1 (3-finger grip / three-jaw chuck 

pinch) was performed by pressing the thumb against the index and middle fingers. In maneuver 

2 (key grip / key pinch), the thumb was pressed against the remaining flexed fingers [Figure 

2.7.1].  

Subjects were instructed to press the metal button of a hydraulic dynamometer as hard as 

possible and hold for 3 seconds, in accordance with the current recommendations of the 

American Society of Hand Therapists for measuring pinch strength [71]. 

Figure 2.7.2 Hand-grip and pinch strength protocol.  Hand-grip and pinch strength was measured at baseline 

and after the fourth exposures (E4). 
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2.8 Muscle activation / Muscle fatigue 

Surface electromyography (sEMG) is a non-invasive technique that focuses on the electrical 

activity generated by skeletal muscles during activation [72]. Electrodes are placed on the skin 

overlying the muscle of interest, and these electrodes detect the collective electrical signals 

produced as muscle fibers contract. sEMG analysis provides insights into muscle activation 

patterns, including timing, intensity, and potential signs of fatigue [73]. It has applications in 

fields like sports science, rehabilitation, and ergonomics to study muscle function and optimize 

movement patterns. 

2.8.1 Setup 

Muscle activity was monitored using a Shimmer3 Consensys EMG system (Shimmer Sensing, 

Dublin, Ireland) consisting of EMG electrodes (KendallTM, H124SG) and Consensys software. 

The Shimmer3 EMG enabled non-invasive, two-channel muscle activity recording. Signals 

were displayed in real-time on the researcher's computer and simultaneously logged to an SD 

card. The system's digital differential amplification improved the signal-to-noise ratio (SNR).  

Data was transferred to the main research computer following each participant's session. 

To minimize interfacial potentials between the electrode gel and the epidermis [74], the 

corresponding skin area was disinfected with alcoholic solution. After palpation of the muscle 

bellies, the electrodes were placed in a bipolar configuration approximately 25 mm apart along 

the longitudinal direction of the muscle fibers of the four muscles under study: the triceps brachii 

Figure 2.7.1 Hand strength measurements. (A) Grip strength measurement of the exposed (right) hand using a 

standardized position. (B)  Key pinch strength measurement (Maneuver 2) performed on the non-exposed (left) 

hand. 
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muscle, lateral head; biceps brachii muscle; extensor digitorum muscle; and flexor carpi ulnaris 

muscle [75]. Sensor wires were secured to avoid movement-induced artifact [Figure 2.8.2]. 

Electrodes were placed on the triceps and biceps muscles according to SENIAM 

recommendations [76]. To accurately place electrodes on the forearm muscles, participants 

briefly contracted those muscles: extending their middle finger to identify the extensor 

digitorum muscle and bending their wrist towards their pinky to identify the flexor carpi ulnaris 

muscle [48]. After attaching the electrodes and sensors, participants contracted each target 

muscle individually while keeping their arm relaxed and supported. This allowed researchers to 

visually assess the signal quality using computer software and adjust electrode placement for 

optimal signal clarity [77].  

2.8.2 Measurement procedure 

The upper arm's primary muscles for elbow movement are the biceps (front) for bending and 

the triceps (back) for straightening.  The forearm muscles studied were the extensor carpi ulnaris 

(ECU)  which extends the wrist towards the pinky finger, and the extensor digitorum (ED) which 

extends the fingers. 

Muscle activity was measured using a 24 mm, pre-gelled, self-adhesive, Ag/AgCI disposable 

EMG electrodes (KendallTM, H124SG Electrodes, Dublin, Ireland).  

Figure 2.8.2 EMG electrode placement on the exposed arm. (A) Biceps brachii. (B) Triceps brachii. (C) 

Extensor digitorum (top) and flexor carpi ulnaris (bottom). 
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 Each participant completed nine electromyographies (EMG) sessions: four static and five 

dynamic. Static measurements involved first measuring the maximum voluntary isometric 

contractions (MVIC) where participants maximally contracted each muscle group.  Then, 

participants held a 60% MVIC contraction for 3 seconds, with 5-second rests, using visual 

feedback from a digital gauge to maintain the target force. These submaximal contractions were 

taken after the fourth and fifth exposures [Figure 2.8.3].  

Static measurements involved specific postures on an adjustable platform with a digital force 

gauge to help participants achieve MVIC in different muscle groups.  The examiner guided 

participants to achieve MVIC for their biceps (standing with arm at their side and elbow bent to 

90 degrees with palm facing up), triceps (kneeling with arm straight up and elbow fully bent), 

and ECU and ED (standing with arm at their side, elbow bent to 90 degrees with palm facing 

down).  Dynamic measurements were conducted with participants in a standardized position) 

on the shaker.  Five exposure sessions, totaling 25 minutes, were conducted, with EMG data 

continuously recorded for all four muscles. The system's high temporal resolution (512 Hz) 

ensured high-quality data collection for 285 seconds of each 300-second exposure session.  

2.9 Statistical analysis 

Due to the limited sample size and potential deviations from normality, non-parametric 

statistical tests were employed throughout this study. This deliberate methodological choice 

enhances the robustness and reliability of analyses when dealing with datasets that may not fully 

adhere to the assumptions of parametric methods.  Specifically, the Friedman test was utilized 

Figure 2.8.3 Static muscle activation (EMG) measurement protocol. EMG activity was recorded at baseline 

and after the fourth and fifth exposures (E4-E5) to exposure frequencies on Shaker of 1s-1, 4s-1, 20s-1, and a 

random signal (RS). 
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to assess within-group changes over time, while the Wilcoxon signed-rank test was employed 

for pairwise comparisons of related samples, such as pre- and post-exposure measurements.  For 

comparisons among three or more independent groups, the Kruskal-Wallis test was applied.  

Comparisons between two independent groups were conducted using the Mann-Whitney U test.   

Whenever feasible, exact significance calculations were performed. However, when sample size 

constraints precluded the use of exact methods, Monte Carlo significance testing was employed 

to provide unbiased p-value estimations without the limitations of asymptotic approaches 

[Mehta & Patel, 1996]. To control the family-wise error rate in multiple pairwise comparisons, 

the Holm-Bonferroni correction was implemented. Statistical analyses were conducted using 

SPSS Statistics, version 28 (IBM Corp., Armonk, NY, USA). 

Due to limitations in access to SPSS for the final stage of the analysis focused on muscle fatigue 

evaluation and group comparison, the data were imported into NumPy [78] and processed using 

SciPy [79] within the Python programming language [80]. SciPy provided the necessary 

functionality to perform the Kruskal-Wallis’s test and post-hoc pairwise comparisons using the 

Dunn test. 

Muscle fatigue 

Muscle activation data, derived from EMG recordings, were analyzed separately using RStudio 

2020 software. [81]. This dedicated analysis was conducted to accommodate the unique 

characteristics of the EMG data and to ensure the most appropriate statistical approach was 

employed. Customs scripts were developed for this experimental setup, facilitating separate 

analysis of static and dynamic measurements. However, due to constraints, only the static 

measurement script was completed.  

The script for static measurement retained muscle activation analysis features from the pilot 

study, excluding acceleration assessment. It was used to evaluate four of the nine EMG sessions: 
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Session 1 (MVIC), Session 2 (60% MVIC), Session 7 (60% MVIC after all shock exposures), 

and Session 9 (60% MVIC after random vibration exposure). 

EMG data underwent a multistep analysis process. First, MVIC recordings were visually 

inspected to manually correct any aberrant data spikes. Bandpass filtering (lower-cut frequency 

= 10Hz, upper-cut frequency = 250Hz) was applied to remove motion artifacts in the low-

frequency range and unrelated high-frequency noise. Signals were then rectified and integrated 

to assess the magnitude of amplitude. MVIC was determined by analyzing the maximum 

integral value of the filtered, rectified EMG signal for each of the four target muscles over a 1-

second window. 

Established fatigue indices were calculated during static measurements over 300-second 

sessions, using 1-second windows. These indices included EMG integral, slope of EMG, mean 

frequency (MNF) and median frequency (MDF) of the power density spectrum, fractal 

dimension (box count = HBox), and fractal dimension (wavelet method = HWv). Mean values 

across all windows, as well as intercept and slope values from a linear regression over the 300 

seconds, were output to a .csv file.  EMG curve smoothing and Fast Fourier Transform spectral 

analysis were used to derive fatigue indices [82].  Maximum, median, and mean frequencies 

were determined from the spectrum. Linear regression and quotient formation (last value of the 

line divided by the first) were employed to assess the progression of these parameters, providing 

insights into central and peripheral muscle fatigue. 
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Chapter 3: Results 

3.1 Participants 

3.1.1 Characteristics 

A total of 56 participants were assessed for eligibility, 54 participants were enrolled and 

randomized to four different groups with a 1:1:1:1 allocation ratio. Participants were randomly 

assigned to receive different single-shot exposures. During the measurement phase, two 

participants were excluded due to health concerns. After completing all measurements, 52 

participants (96.4%) were included in the final analysis [Figure 3.1.1] 

The study sample consisted of 52 male participants with an age range of 18 to 61 years (mean 

age ± SD = 29.4 ± 9.8 years). Participants were randomly assigned to one of four exposure 

groups: Single-Shock 1s-1 (G1), Single-Shock 4s-1 (G4), Single-Shock 20s-1 (G20), and Random 

Signal (GR).  G1 had an age range of 18 to 41 years, with a mean age of 27.0 years (SD = 7.9).  

G4 participants ranged in age from 20 to 53 years, with a mean age of 31.2 years (SD = 10.1).  

The G20 group included participants with ages between 18 and 61 years and had a mean age of 

Figure 3.1.1 CONSORT flow diagram of participant progression through the study. The diagram illustrates 

participant assessment, randomization to exposure groups, exclusions, and those included in the final analysis. 
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29.9 years (SD = 13.3).  Finally, the GR group had an age range of 19 to 51 years, with a mean 

age of 29.5 years (SD = 8.0). A Kruskal-Wallis’s test was conducted to assess whether there 

were any significant differences in age distribution among the four exposure groups. The results 

of the test indicated no significant differences in age distribution among the groups (p = 0.61).  

3.1.2 Anthropometry  

The mean height of the participants was 180 cm (SD = 7.4), they weighed 81.5 kg (SD = 14.4) 

and had a BMI of 24.6 kg/m2 (SD = 4.2). The mean of wrist circumference was on average 18 

cm (SD +1.0), forearm circumference 26.8 cm (SD = 2.4) and biceps circumference of 33 cm 

(SD = 4.4). To assess potential differences among the four exposure groups, a Kruskal-Wallis’s 

test was performed. This test examined height, weight, BMI, and circumferences of the wrist, 

forearm, and biceps.  The analysis revealed no significant differences in any of these 

measurements across the groups (p > 0.05 for all) [Appx Table 8.3.1] 

3.1.3 Complaints - post exposures 

After each exposure, participants reported any hand-related complaints.  These complaints were 

most frequent in the exposed hand, the primary entry point for vibration into the hand-arm 

system.  Sensory disturbances, especially numbness and tingling (paresthesia), were the most 

Figure 3.1.2 Heatmap illustrating the distribution and intensity of numbness and paresthesia 

symptoms in the exposed hand, based on aggregated data of all exposures (E1-E5) and all 

subjects (52). Red areas indicate more frequent complaints, while blue areas show fewer.  
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common subject complaint after exposure. These symptoms were mainly described in the palm, 

followed by the index and middle fingers.  

3.2 Impact exposure simulation 

Data on average horizontal acceleration (ahw) and peak acceleration values are provided in 

Table 3.2.1. These values were measured at the shaker handle and correspond to signal types 

designed to replicate real-world shock conditions. 

The biomechanical transmission behavior of the hand-arm system was investigated, with a focus 

on the transmission of single shocks and undirected vibrations evaluated using accelerometers. 

Acceleration data, collected at the wrist, elbow, and shoulder, was used to calculate transmission 

factors [Table 3.2.2]. These factors provided reference information for understanding the 

mechanical properties of the hand-arm system, particularly its damping and resonance 

characteristics observed during the experiment. 

The results demonstrate a clear attenuation of vibrations as they travel through the hand-arm 

system. Transfer factors measured at the wrist consistently remained above 0.7 across all tested 

frequencies (1 s-1, 4 s-1, and 20 s-1) and the random signal, indicating a transmission of vibrations. 

In contrast, transfer factors at the elbow (olecranon) were generally lower than those at the wrist 

and further decreased at the shoulder (acromion) [Table 3.2.2]. This progressive reduction in 

transfer factors highlights the vibration damping characteristics of the hand-arm system, 

showing a more pronounced attenuation effect with increasing distance from the vibration 

source.  

Table 3.2.1 Shaker handle acceleration. Average horizontal (ahw) and peak acceleration values (the maximum 

acceleration recorded) are presented for each exposure group (G1: 1s-1; G4: 4s-1; G20: 20s-1; RS: random 

signal). 
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A total calculated dose of A (8) = 2,28 m/s² was achieved in this setup by the cumulative 25-

minute exposure. The cumulative dose of the 4x5-min single shock / impact exposure had dose 

emissions of A(8) = 2,04 m/s². When including the fifth exposure to random vibration A(8) = 

2,28 m/s², the values were below the EU action value of 2.5 m / s² and far below the exposure 

limit value of 5.0 m /s² [Art. 3 Para. 1 Directive 2002/44/EC] specified therein so that it did not 

have to be assumed that the subjects were endangered by participation in this study.   

3.3 Vibration perception threshold 

This study explored how hand-arm vibration exposure, both repeated single-shock and random 

vibration, affects vibration perception thresholds (VPTs) in the index (DII) and little fingers 

(DV).  Finger sensitivity was measured at various frequencies (32, 125, 250, and 500 Hz) before 

exposure, after the initial exposure, and after each subsequent exposure, up to five total. This 

allowed the tracking of changes in VPTs over time and across different vibration frequencies.  

In general, analysis of the overall VPT data, combining all participant groups and measurements 

from both fingers, revealed a progressive worsening in sensitivity to vibration following each 

exposure. This trend, illustrated by a rising median VPT over time, suggests a potential 

cumulative effect of the vibration stimuli on perceptual thresholds [Figure 3.3.1].   

Table 3.2.2 Transfer factors into the hand-arm system at the wrist (distal radius), elbow 

(lateral humeral condyle), and shoulder (acromion) measured with accelerometers. Values 

represent the ratio between the response at each location and the shaker excitation 

(dimensionless). Standard error is shown in parentheses (±). RS denotes random signal. 
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Specifically, measurements taken after the fourth or fifth exposure showed increased VPT at all 

test frequencies, for both fingers. This trend was observed across the entire participant sample. 

3.3.1 Baseline vibration perception threshold 

Baseline vibrotactile sensitivity was assessed in digits 2 and 5 at four frequencies (32, 125, 250, 

and 500 Hz) for each group (G1, G4, G20, and GR) [Figure 3.3.2].  Vibration perception 

thresholds (VPTs) were similar across frequencies and fingers in all groups. However, VPTs 

did vary with frequency, with the highest thresholds (lowest sensitivity) observed at 500 Hz and 

the lowest thresholds (highest sensitivity) predominantly found at 125 Hz. Thresholds at 32 Hz 

and 250 Hz consistently fell between these two extremes. 

A Kruskal-Wallis’s test was used to observe whether the baseline VPT of the test frequencies 

showed any difference between the groups for each finger. There was no significant variance of 

the baseline VPT in any of the test frequencies before exposure to DII and DV between the 

groups [Appx. Table 8.3.2].  

Figure 3.3.1 Global distribution of finger sensitivity (dB).  Data points represent all subjects, exposure 

groups (G1, G4, G20, GR), both fingers (DII and DV), and test frequencies (32, 125, 250, 500 Hz) at 

baseline (BL, blue) and after each exposure (E1-E5, red). The dotted line indicates the median sensitivity. 



43 

 

3.3.2 Increase / worsening vibration perception threshold  

Vibration perception thresholds (VPTs) generally increased during the study, often immediately 

after the first exposure [Figure 3.3.3]. This upward trend continued after each subsequent 

exposure across both fingers, most groups, and test frequencies.  The largest increases were seen 

in groups G1 and G4 after the fifth exposure. This may suggest a dose-dependent and nearly 

continuous increase in VPTs [Appx. Table Chapter 8.3.2]. 

While G1 showed minimal VPT changes at lower frequencies (32 and 125 Hz), higher 

frequencies (250 and 500 Hz) revealed a progressive increase, indicating decreased sensitivity.  

G4 and G20 exhibited continuous VPT increases across all frequencies [Figure 3.3.3]. GR 

differed with an initial sharp increase after the first exposure, followed by slower increases or 

even slight recovery.  However, the highest VPTs across all frequencies were still observed after 

the fourth exposure. Friedman tests revealed significant changes in vibration perception 

thresholds (VPTs) over time (p < 0.001) across both fingers, all groups, and all test frequencies. 

This may indicate that VPTs were affected by exposure to the different vibration frequencies.  

To pinpoint the specific differences, post-hoc pairwise comparisons were performed using 

Wilcoxon signed rank tests with Benjamin-Hochberg correction. 

Figure 3.3.2 Baseline vibrotactile perception thresholds (VPTs) in decibels (dB) for digit 2 (DII) and digit 5 (DV) for each 

group (G1, G4, G20, GR) at test frequencies of 32Hz, 125Hz, 250Hz and 500 Hz 
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Change in Vibration Perception Threshold (ΔVPT) Following Exposure 

Figure 3.3.3 Change in vibration perception threshold (ΔVPT) at four test frequencies (32, 125, 250, and 500 

Hz). ΔVPT is calculated as the difference between the baseline VPT and the VPT measured after each exposure 

condition, for each group (G1, G4, G20, GR). 
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Digit 2 (DII) 

Analysis of the second digit revealed a significant increase in VPTs after exposure in most 

groups and frequencies. However, G1 only showed a significant difference compared to baseline 

at the fifth exposure (E5), while G20 showed significant increases across all post-exposure 

measurements (E1-E5). 

Comparing VPTs between exposures revealed a different pattern.  Significant increases were 

mainly seen in the single-shock groups (G1, G4, G20) when comparing earlier exposures (E1-

E4) to the final exposure (E5). This trend wasn't present in the random vibration group (GR), 

which had less consistent results. [Appx. Table Chapter 8.3.2]. 

Digit 5 (DV) 

Analysis of the fifth digit showed a significant increase in VPTs after exposure in most groups 

and frequencies, but with different patterns than those seen in the second digit. 

G1 showed significant VPT differences across all frequencies at both the fourth (E4) and fifth 

(E5) exposures, except for 125Hz at E4.  In contrast, GR consistently showed significant 

increases across all frequencies and post-exposure measurements (E1-E5).  G4 and G20 

primarily showed significant differences at 250 and 500Hz across all post-exposure 

measurements [Appx. Table Chapter 8.3.2]. 

3.3.3 Intergroup comparisons of vibration perception threshold 

Kruskal-Wallis tests revealed significant differences in VPTs across the four exposure groups 

for both digits and at various frequencies. Digit 2 showed the most significant differences, 

especially at 125 Hz, with significant findings in exposure sessions E2 (H(3) = 14.19, p = .003), 

E3 (H(3) = 12.84, p = .005), and E4 (H(3) = 11.38, p = .010). Post-hoc comparisons showed 

that G1 consistently had lower VPTs (better finger sensitivity) than the other groups across these 
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sessions.  For example, significant differences were found between G1 vs. G4, G1 vs. G20, and 

G1 vs. GR in sessions E2, E3, and E4 (p < .05 for all comparisons). Significant differences were 

also found in digit 2 at 32 Hz, and to a lesser extent, at 250 and 500 Hz. Digit 5 showed 

significant differences mainly at 32 and 125 Hz in sessions E2, E3, and E4. Post-hoc 

comparisons revealed distinct patterns: for digit 2, significant differences were consistently 

found between G1 and GR across all significant sessions and frequencies, as well as between 

G1 and G20, and to a lesser extent, between G1 and G4. For digit 5, significant differences were 

found exclusively between G1 and GR. 

3.4  Temperature reaction 

The temperature of specific areas on both the exposed (right) and non-exposed (left) hands was 

measured. These areas included the middle phalanges (bony segments) of the dorsal (back) and 

palmar (front) surfaces of the fingers, as well as the dorsum and palm.  

The global temperature distribution across 52 subjects, four groups (G1, G4, G20, GR), both 

hands, five fingers (digits 1-5), both hand regions (palmar and dorsal), and all tested frequencies 

1s⁻¹, 4s⁻¹, 20s⁻¹, and RS (random signal) are illustrated in Figure 3.4.1. Overall, the data suggests 

Figure 3.4.1 Global distribution of hand temperature reaction (°C).  Data points represent all subjects, 

groups, hands, regions, fingers, and frequencies at baseline (BL) and before (BE, red) and after (AE, 

blue) each exposure (E1-E5). The dotted line indicates the median temperature. 
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a trend of decreasing temperature after each exposure. Additionally, pre-exposure temperature 

measurements also appear to decrease cumulatively throughout the experiment. 

Group-level analysis of the aggregated data reveals a cyclical pattern in temperature distribution. 

Each exposure elicits a minor temperature decrease, followed by partial recovery before the 

subsequent exposure. Furthermore, a cumulative temperature decline emerges, becoming more 

pronounced after the fourth exposure. This trend is consistent across the single-shock exposure 

groups (G1, G4, and G20). However, a divergence is observed during the fifth exposure (random 

vibration), where G1 exhibits a temperature increase, while G4 and G20 maintain relatively 

stable temperatures. In contrast, the GR group initially follows a pattern similar to the single-

shock groups, but then demonstrates a consistent temperature decline from the third exposure 

onwards, without any indication of recovery [Figure 3.4.2]. 

Figure 3.4.2 Temperature reaction to exposure across groups. Data points represent hand temperature (°C) for all regions 

and areas at baseline (BL) and before (BE, red) and after (AE, blue) each exposure (E1-E5). The dotted line indicates the 

median temperature. 
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Analysis of aggregated data for each hand reveals distinct temperature profiles. The exposed 

hand demonstrates a cyclical decrease with each exposure, followed by partial recovery. A 

cumulative decline becomes evident after the fourth exposure, with no subsequent recovery. 

The non-exposed hand exhibits a less pronounced decrease, becoming noticeable after the fourth 

exposure, with slight recovery observed after the fifth [Figure 3.4.3]. 

Temperature differences (delta) 

To ensure our observations were not influenced by the camera's measurement accuracy (± 3 °C 

or ± 5 %), we focused our statistical analysis on temperature differences (deltas) between pre-

exposure and post-exposure measurements. This approach helped eliminate potential systematic 

bias introduced by the camera's limitations.  

Figure 3.4.3 Temperature reaction to exposure for exposed and non-exposed hands. Data points represent hand temperature 

(°C) for all subjects, groups, regions, areas, and frequencies at baseline (BL) and before (BE, red) and after (AE, blue) each 

exposure (E1-E5). The dotted line indicates the median temperature. 
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Analysis of global, aggregated delta-temperature reaction (°C) revealed a general trend of 

temperature decrease for both hands, hand regions, and exposure frequencies (1s⁻¹, 4s⁻¹, 20s⁻¹, 

and random signal) [Figure 3.4.4]. A decrease in temperature was observed after the first 

exposure (E1) across all groups, with the magnitude of the decrease varying by frequency: G4 

(4 s⁻¹) exhibited the steepest drop, followed by G1 (1 s⁻¹), then G20 (20 s⁻¹) and GR (random 

vibration).  

G1 and G4 demonstrated a slight recovery after E1, but this was followed by a further 

temperature decrease after the third exposure (E3). Conversely, GR showed a gradual warming 

trend from E2 onwards, though remaining below zero.  G20 displayed a unique pattern of 

consistent temperature decrease after each exposure.  Following exposure to random vibration 

signal, a marked increase in temperature was observed in all groups previously exposed to shock 

(G1, G4, G20), with the temperature revering above zero. This rebound effect was particularly 

prominent in G20. This might suggest a complex interaction between the effects of single shocks 

and random vibration on hand temperature. 

Figure 3.4.4 Median of all individual pre/post-exposure deltas in °C, broken down by groups. Negative 

numbers indicate a drop in temperature during the exposure for the subject (E1-E5). G1 (1 s⁻¹), G4 (4 s⁻¹), G20 

(20 s⁻¹), and GR (random vibration). 
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For the exposed hand, Figure 3.4.5 illustrates the global delta-temperature distribution across 

all subjects. The majority of data points lie below zero, indicative of a general temperature 

decrease. Occasional data points above zero suggest sporadic warming, likely attributable to 

random noise rather than a specific group or finger. The median delta-temperature shows minor 

fluctuations across the initial four exposures, with a possible increase during the fifth. 

Highlighting all GR measurements (random signal exposure) further confirms the absence of 

correlation with this group. Comparing the delta of exposed and non-exposed hand showed on 

dorsal and palmar region of hand, a steeper drop of temperature was mostly observed on exposed 

hand on all groups and on all areas of the hand.  

Figure 3.4.5 Global distribution of delta temperature (°C) in the exposed hand across all subjects, groups, fingers, 

hand regions, and frequencies. Delta temperature is calculated as the difference between the temperature after and 

before each exposure (E1-E5). Groups were exposed to different vibration frequencies: G1 (1s⁻¹), G4 (4s⁻¹), G20 

(20s⁻¹), and GR (random signal, purple). The blue line represents the median delta temperature across all groups, 

hand areas, and frequencies. 
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3.4.1 Delta-Temperature Reaction of Exposed and Non-Exposed Hand: Dorsal and Palmar 

Region 

A series of Friedman non-parametric repeated measures ANOVAs were conducted to assess 

potential differences in temperature differentials (delta) on both exposed and non-exposed hand, 

across the five exposure periods within each vibration frequency group. Separate analyses were 

performed for each hand area (digits 1 -5, back and front of the hand) and hand region (palm, 

dorsum).  

Exposed Hand 

Exposure to both 20 s⁻¹ (G20) and 4 s⁻¹ (G4) led to temperature decreases in the dorsal and 

palmar regions.  G20 showed the most widespread effect, with significant decreases (p < 0.05) 

across most exposed areas. For example, on the dorsum, significant changes were seen in D1 

(χ2(4) = 15.5, p = 0.002), D2 (χ2(4) = 13.5, p = 0.006), and the overall dorsum (χ2(4) = 9.7, p 

= 0.037).  Similarly, the palmar region showed significant decreases in areas like D1 (χ2(4) = 

10.1, p = 0.033) and the overall palm (χ2(4) =17, p = 0.001).  G4 also exhibited significant 

decreases, though less widespread, with notable examples including D1 (χ2(4) = 10.9, p = 0.023) 

on the dorsum and the overall palm (χ2(4) = 12.1, p = 0.012).  Neither G1 nor GR experienced 

any significant temperature changes [Appx table Chapter 8.3.3]. 

Non-Exposed Hand 

Both G20 and G4 exposures caused temperature decreases, but with different patterns.  In the 

dorsal region, G20 showed significant decreases (p < 0.05) in D4 (χ2(4) = 9.5, p = 0.045), D5 

(χ2(4) = 11.5, p = 0.018), and the overall dorsum (χ2(4) = 9.5, p = 0.047).  G4 had significant 

decreases in D1 (χ2(4) = 10.2, p = 0.032), D2 (χ2(4) = 11.4, p = 0.018), and D5 (χ2(4) = 9.3, p 

= 0.046). 
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Only G20 impacted the palmar region, with significant decreases in multiple areas, including 

D1 (χ2(4) = 12.6, p = 0.008), D2 (χ2(4) = 10, p = 0.037), and the overall palm (χ2(4) =10, p = 

0.044). Notably, G1 and GR did not show any significant temperature changes in either region.  

These findings suggest that the vibration frequency influences temperature decreases in specific 

areas, with G20 and G4 demonstrating consistent changes [Appx. table. Chapter 8.3.3]. 

3.4.2 Comparing Dorsum of Exposed vs. Dorsum of Non-Exposed Hand and Palm of Exposed 

vs. Palm of Non-Exposed Hand, Delta-Temperature reaction. 

Comparing the exposed and non-exposed hands revealed significant temperature decreases (p < 

0.05) in both dorsal and palmar regions, with varying effects across exposure groups (G1; 1s⁻¹, 

G4; 4s⁻¹, G20; 20s⁻¹, and GR; random vibration) [Figure 3.4.6].  G20 and GR showed the most 

pronounced effects on the dorsal side. G20 consistently impacted fingers 1, 2, 3, and 5 across 

the first four exposures. For instance, in the first exposure, significant differences were found in 

digit 1 (Z = -2.832b, p < 0.002), digit 2 (Z = -2.377b, p < 0.014), and others. GR showed a 

Figure 3.4.6 Delta temperature (°C) in the palmar and dorsal regions of the exposed and non-exposed hands. 

Data are aggregated across all fingers, hand areas, and frequencies for all groups (G1, G4, G20, and GR) and 

presented separately for G20 (20s⁻¹). Delta temperature is calculated as the difference between the temperature 

after and before each exposure (E1-E5). 
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similar pattern. G1 had a milder effect, with sporadic significance in the first three exposures, 

while G4 primarily affected digit 1 in the first two exposures (Exposure 1: Z = -2.621b, p < 

0.006). [Appx. Table 8.3.5 (extract)]. Notably, no significant changes were observed on the back 

of the hand (dorsum) for any group. 

Palmar  

Delta-Temperature reaction on the palmar side of the hand, the Wilcoxon signed-rank test 

revealed a statistically significant decrease in temperature of the exposed hand compared to the 

non-exposed hand (p < 0.05, corrected for multiple comparisons). In contrast to the varying 

patterns observed across individual fingers, all exposure groups exhibited significance on the 

palm throughout most exposures. Groups G1 (1 s⁻¹), G20 (20 s⁻¹), and GR (random vibration) 

demonstrated the strongest effects. Within these groups, G20 showed the most consistent 

significance across all exposures, while G4 displayed significance primarily on digit one, with 

occasional effects on digits three and four [Appx. Table 8.3.6]. 

3.4.3 Dorsal vs. Palmar Delta-temperature difference of exposed hand and non-exposed hand 

Analysis of temperature changes in the exposed hand revealed some interesting patterns. While 

finger comparisons showed inconsistent results across groups, the dorsal side of the fingers 

generally experienced a greater temperature decrease than the palmar side.  Interestingly, G1, 

G20, and GR primarily affected digit 1 (DD1-PD1) [Appx. Table 8.3.7]. 

In contrast to the fingers, the palm and dorsum (back of hand) showed a more consistent pattern, 

with the palm often experiencing a greater temperature decrease than the dorsum. This was 

confirmed by significant differences (Wilcoxon signed-rank test) between these regions across 

all groups. G4 had the most consistent effect, followed by GR, G20, and G1.  

Analysis of the non-exposed hand also revealed some significant differences between the dorsal 

and palmar regions, though with variable patterns depending on the group and exposure 
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frequency.  Generally, the dorsum of the non-exposed hand showed a greater temperature 

decrease. For example, in GR, the dorsum showed a greater decrease than the palm in the last 

three exposures (E3-E5).  

3.4.4 Intergroup comparisons of temperature reaction 

To examine the influence of exposure frequencies on changes in finger temperature, a Kruskal-

Wallis’s test was conducted to compare delta-temperature (i.e., the change in temperature from 

baseline to post-exposure) across the four exposure groups.  The analysis revealed no 

statistically significant differences in delta-temperature between the groups.  

3.5 Grip strength and pinch strength. 

3.5.1 Grip (hand) strength. 

At baseline, subjects exhibited a median grip strength of 45.2 kg (interquartile range [IQR]: 10.6 

kg) in the exposed hand and 40.6 kg (IQR: 12.5 kg) in the non-exposed hand. Following the 4th 

exposure, the median grip strength in the exposed hand was 45.7 kg (IQR: 13.1 kg) after the 

fourth exposure. The non-exposed hand showed a median grip strength of 42.7 kg (IQR: 11.9 

kg) at the same time point. Preliminary analysis suggests a slight decrease in handgrip strength 

in the exposed hand, most notably in groups G1 and G4. Conversely, the non-exposed hand may 

demonstrate a potential increase in strength within groups G20 and GR. [Figure 3.5.1].  

Figure 3.5.1 Grip strength (kg) of the exposed (right) and non-exposed (left) hands before (orange) and after (purple) 

the fourth exposure (E4) to vibration.  Groups were exposed to different vibration frequencies: G1 (1s⁻¹), G4 (4s⁻¹), 

G20 (20s⁻¹), and GR (random vibration). 
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A Wilcoxon signed-ranks test only revealed a significant decrease in grip strength for the 

exposed hand in group G1 following exposure (baseline Mdn = 41.9, post-exposure Mdn = 38.5, 

Z = -2.981, p: 0.003). Conversely, the non-exposed hand only demonstrated a significant 

increase in grip strength in GR (baseline Mdn = 41.1; post-exposure Mdn = 45.6; Z = -2.342, p: 

0.017 [Table 8.3.8]. A Kruskal-Wallis’s test revealed no significant differences in baseline or 

post-exposure grip strength across the four exposure groups for either the exposed or non-

exposed hand [Appx. Table 8.3.9].  

3.5.2 Pinch strength 

Changes in pinch strength (kg) following vibration exposure were visualized using delta 

(change) violin plots, with separate plots for exposed and non-exposed hands. Each violin's body 

depicts the distribution of changes in pinch strength, with positive values indicating an increase 

and negative values indicating a decrease (below zero).  

The graph of the exposed hand reveals a slight decrease in pinch strength, most notably in groups 

G4 and G20 during maneuver 1 (lateral pinch). Conversely, maneuver 2 (chuck pinch) 

demonstrates increased pinch strength in the exposed hand for all groups. The non-exposed hand 

shows an increase in strength across most of the groups, particularly during maneuver 2 (chuck 

pinch) [Figure 3.5.2]. A Wilcoxon signed-ranks test revealed a significant decrease in pinch 

strength only for the exposed hand during maneuver 1 in group G20 following exposure 

Figure 3.5.2 Change in pinch strength (∆kg) for the exposed and non-exposed hands after vibration exposure.  Data are 

shown for two pinch maneuvers: key/lateral pinch (yellow) and palmar/chuck pinch (blue) for each exposure group 

(G1: 1s⁻¹; G4: 4s⁻¹; G20: 20s⁻¹; GR: random vibration). 
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(baseline Mdn = 10.5, post-exposure Mdn = 9.5, Z = -2.365, p: 0.018) [Table 8.3.10]. A slight 

trend of strength decrease can be seen in both hands and both maneuvers. Wilcoxon signed-

ranks test for maneuver 2 is provided in [Appx. Table 8.3.11]. A Kruskal-Wallis’s test revealed 

no significant differences in baseline or post-exposure pinch strength across the four exposure 

groups for either the exposed or non-exposed hand or the maneuvers [Appx. Table 8.3.12].  

3.6 Muscle activation / Muscle fatigue 

3.6.1 Static measurements 

The CSV files obtained from the recordings were evaluated using a custom script designed to 

analyze the static measurements. This analysis yielded the following output parameters for each 

muscle evaluated (biceps, carpi ulnaris, extensor digitorum, and triceps): signal-to-noise ratio 

(SNR), mean frequency (MNF), median frequency (MDF), HBox and HWv. 

To assess muscle fatigue, changes in MNF, MDF, HBox, and HWv were analyzed.  Specifically, 

the Wilcoxon signed-rank test was used to compare these parameters at 60% maximum 

voluntary contraction (MVC) at baseline and after the fourth exposure (E4). This analysis was 

performed for each muscle and exposure condition (repeated single-shock and random signal 

exposure). No significant differences were found in any of the frequency parameters between 

the 60% MVC condition at baseline and after E4, indicating no evidence of muscle fatigue in 

the selected muscle groups. This result was consistent across all groups exposed to repeated 

single-shock exposure and random signal exposure conditions. Kruskal-Wallis test was 

performed, the analysis revealed no statistically significant differences in any of the EMG 

parameters (MNF, MDF, HBox, HWv) across the four groups (p > 0.05). This finding indicates 

that the different exposure conditions did not have distinct effects on the EMG frequency 

characteristics of the selected muscles. 
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Chapter 4: Discussion 

This study employed a prospective, parallel-group, vibration-controlled, simple randomized 

design to investigate the acute health effects of shock exposure on the hand-arm system. This 

design built upon insights gained from our institute's pilot study [48], and was informed by 

several key considerations. 

Potential challenges in subject retention were identified based on the pilot study's quasi-

experimental pretest-posttest design. This was attributed to the substantial time commitment 

required of participants (4 hours) and limitations in the recruitment timeline. To mitigate this, 

processes were streamlined in the current study, while maintaining a focus on investigating the 

direct effects of single impacts on the hand-arm system. Neurological, vascular, and 

musculoskeletal outcomes were prioritized, informed by the pilot study and relevant literature. 

Emphasis was placed on the selection of non-invasive methods suitable for operational settings, 

ensuring practicality, cost-effectiveness, and ease of use. 

The prospective design facilitated the collection of baseline data, enabling an assessment of 

changes specifically induced by shock exposure.  The parallel-group design minimized 

carryover effects that could potentially bias results in a crossover study.  Furthermore, the 

inclusion of a vibration-controlled condition allowed us to isolate the unique effects of shock 

exposure, distinct from general vibration. Finally, simple randomization ensured an unbiased 

allocation of participants across groups. 

4.1 Participants 

This study adopted a targeted approach, focusing on healthy males aged 18-65 without a history 

of occupational vibration exposure. This choice reflects the demographics most frequently 

associated with hand-held device use and aims to maximize the real-world relevance of our 

findings within the context of occupational health risks [83, 84]. However, it's important to 
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recognize that this specific sample may limit the generalizability of results to females or 

individuals with pre-existing conditions, whose responses to shock exposure could differ. 

4.1.1 Complaints – post exposure 

The exposed hand showed a higher frequency of sensory complaints. Numbness and tingling 

were the most prevalent, concentrated in the palm and then the index and middle fingers, as 

previously described [85-88]. This pattern may be linked to grip and force distribution during 

tool use, warranting further investigation into the role of hand posture in repeated single shock 

and vibration-induced injuries [88].   

Considering these symptoms arose in a cohort of healthy individuals with no prior experience 

with vibrating tools and after a short exposure period, the long-term consequences of these 

sensory changes warrant further investigation to develop effective preventative measures, 

particularly for those exposed to repeated single-shock vibration. 

4.2 Impact exposure simulation 

This study evaluated the biomechanical transmission behavior of the hand-arm system, focusing 

on how repeated single shocks and random vibrations are transmitted.  Accelerometers were 

used to measure vibration transmission, with acceleration data collected at the wrist, elbow, and 

shoulder.  

Participants were randomly assigned to different frequencies of repeated single-shock 

exposures, with a random signal serving as a control exposure. This randomization scheme 

allowed for the examination of frequency-specific transmission behavior while maintaining a 

constant calculated vibration dose across all groups, with a total calculated dose of A(8) = 2,28 

m/ s² and a constant ahw value of 10 m/s2. The total dose was below currently legally binding 

limits. 
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In our study, wrist accelerometry measurements revealed similar transmission values across 

most groups, except for G4 (4 s-1), which exhibited slightly decreased values compared to the 

others (Table 3.2.2, Chapter 3.2). However, transmission values at the elbow were higher for 

groups G1 (1 s-1) and G20 (20 s-1). These findings suggest a potential increase in shock 

transmission with these specific exposure conditions compared to non-directional vibration.  

Burström et al. [89] demonstrated that shock and impulse exposures, characterized by abrupt 

bursts of vibrational energy, result in greater energy absorption and muscle activation in the 

hand-arm system compared to continuous harmonic vibrations. The differences observed 

between shock and harmonic vibrations likely stem from how the body's tissues respond to the 

rate of energy delivery. Shock vibrations involve rapid transfer of high-energy levels, potentially 

overwhelming the musculoskeletal system's capacity to dampen the impact [90]. Conversely, 

harmonic vibrations over extended durations may allow for greater energy dissipation and less 

abrupt strain on the tissues. For a comprehensive assessment of the physiological effects induced 

by hand-arm vibration, it is crucial to consider the dynamics of energy transmission and 

absorption within the tissues. 

The intricate biomechanical properties of the hand-arm system pose significant challenges for 

human experimentation. To address this complexity and incorporate both the active 

components, muscles, and the viscoelastic properties of tissues which are important for passive 

energy absorption, researchers have developed biomechanical models that simulate the 

transmission and resonance behavior of the human hand-arm system [91, 92]. These models can 

serve as valuable complements to occupational health research on single impacts. 

4.3 Vibration perception threshold  

The aim of this study was to determine if and to what extent acute single-shock, and random 

vibration exposures influence vibration perception thresholds (VPTs).  VPTs were measured on 

the index and little fingers of the exposed hand using a VibroSense® device at four different 

test frequencies: 32, 125, 250, and 500 Hz. Five exposures (BS - E5) were assessed.  



60 

 

Both the mean baseline VPT and its standard deviation for male participants in this study aligned 

with ranges established in previous reference studies [93, 94]. This finding suggests that our 

sample population exhibited typical vibration sensitivity at the outset of the study [Figure 3.3.2, 

Chapter 3.3.1]. 

A significant increase in the VPT was observed for both the index finger (D2) and the little 

finger (D5) generally between the baseline measurement and the values obtained after the fourth 

and fifth exposures. These changes indicate a temporary decrease in vibration sensitivity 

following repeated exposures. Similar results have been observed in other studies, although 

experimental settings differed regarding acceleration amplitudes and exposure durations [10, 

88]. 

The analysis revealed that the VPT exhibited changes following repeated single-shock 

exposures, with the magnitude of change influenced by the frequency of the exposure, similar 

to the findings by Malchaire et al. [88]. These results provide preliminary evidence that single-

shock exposures may acutely alter vibration perception in the hand-arm system.  A dose-

response relationship, potentially mediated by cutaneous mechanoreceptor inhibition, could be 

involved [95]. Further analysis indicated that the relationship between VPT change, and 

exposure frequency is complex and may not be linear.  

This study findings demonstrate a complex interplay between exposure frequency, exposure 

type (repeated single-shock or random), and the hand-arm system's sensitivity as measured by 

the VPT.  The minimal VPT changes observed after the 1 s-1 exposure at 32 Hz and 125 Hz 

frequencies suggest a possible threshold effect, where the hand-arm system may exhibit greater 

tolerance to lower frequency vibrations at this specific exposure rate. This aligns with findings 

from some studies [88], but contrasts with those reported by Thonnard, J. [96] who used a power 

tool for vibration exposure instead of a controlled shaker setup. This methodological difference, 

which allowed us to control for push force and subject positioning, may account for the observed 

discrepancies in results.  
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Conversely, the results in this study demonstrate a marked and consistent increase in VPT at 

higher test frequencies (250 Hz and 500 Hz) for all exposure groups.  This finding underscores 

the importance of considering test frequency when evaluating the risks associated with vibration 

exposure.  Similar increases in VPT at higher test frequencies have been reported in previous 

research [18, 97, 98]. 

While this study findings suggest a potential for cumulative effects from acute repeated single-

shock and random vibration exposures, particularly at higher frequencies, further research is 

needed to confirm this observation and explore its implications for occupational health.  The 

distinct VPT increase patterns observed in the single-shock groups (G4 and G20) and 

randomized signal group highlight the need for more detailed investigations into the effects of 

complex vibration profiles, such as those encountered in real-world workplaces. 

Comparison of the four exposure groups revealed a pattern indicating that higher exposure 

frequency leads to a greater impact on finger sensitivity. This was evident in both digits 2 and 

5, but digit 2 exhibited a higher number of statistically significant differences.  This finding of 

inter-digit differences contrasts with previous research, where no difference in mean VPT values 

was observed between the index and little finger [99, 100]. However, it is important to note that 

their study differed from the present study, as they were a cross-sectional analysis of shipyard 

workers and office without a prior history of vibration tool use, unlike the experimental setup 

used in the present study.  

The most pronounced effects observed at a test frequency of 125 Hz.  This finding suggests that 

125 Hz may be a particularly sensitive frequency for detecting changes in VPT following 

exposure, at least for digit 2, as found by other studies, but contrasts with research indicating 

that a 31.5 Hz test frequency yielded a higher percentage of positive mean reference threshold 

shift compared to 125 Hz [100].  Furthermore, the significant differences detected in multiple 

exposure sessions (E2, E3, E4) indicate a consistent pattern of reduced sensitivity in the higher 

exposure groups (G4, G20, GR) compared to G1. The significant differences observed between 
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G1 and GR, followed by G1 and G20, suggest a dose-dependent effect, with higher exposure 

frequencies leading to greater reductions in sensitivity, as previously suspected [88].   

The pattern observed for digit 5, with significant differences exclusively between G1 and GR, 

suggests that this digit may be less sensitive to the effects of exposure when comparing between 

the groups.  It is also possible the grip employed during testing may result in differing levels of 

contact between the digits and the handle, potentially influencing the observed results.  Further 

research investigating the contact forces and pressure distribution on each digit during vibration 

exposure would be needed to confirm this. 

These results on acute repeated single-shock compared to random vibration exposure highlight 

the need for a more nuanced approach to modeling repeated single-shock and vibration-induced 

injuries, as also showed by Maeda, S. [7].  Future research should investigate the physiological 

mechanisms underlying these frequency-dependent adaptations and explore how different 

exposure frequencies interact to influence long-term hand-arm health [101]. 

4.4 Temperature reaction 

This study maintained the methodology established in the pilot study [48] for the skin 

temperature reaction measurements.  Absolute temperature readings may have varied between 

participants, attributed to the internal calibration of the IR camera as per the manufacturer [67], 

therefor the use of the temperature difference ΔT was used to normalize the data, allowing for 

meaningful comparisons. 

Analysis of global temperature distribution across the four exposure groups with variant 

exposure frequency (G1: 1s⁻¹, G4: 4s⁻¹, G20: 20s⁻¹, and GR: random signal), encompassing both 

hands, and palmar and dorsal hand regions, reveals two notable trends.  

Firstly, a consistent decrease in temperature is observed for both exposed and non-exposed 

hands, at post-exposure, across all groups, suggesting a potential correlation between exposure 
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and thermoregulatory mechanisms. Further supporting this notion, our analysis of global delta-

temperature consistently demonstrated a cooling trend across both hands, regardless of group, 

hand region, or exposure frequency. This effect was particularly pronounced in the exposed 

hand, with most data points falling below zero. 

This aligns with existing literature on the acute effects of hand-arm vibration, where similar 

trends of decreasing skin temperature have been interpreted as indicators of reduced blood flow 

[5, 102, 103]. This finding highlights the robustness of the overall cooling trend, suggesting a 

consistent physiological response to the experimental conditions regardless of specific exposure 

parameters. 

Secondly, a slight progressive decline in pre-exposure temperature measurements is observed 

throughout the experiment [Figure 3.4.2] This suggests a potential cumulative effect of repeated 

exposures, influencing baseline thermoregulation during acute exposure. This observation 

aligns with findings from some studies investigating the effects of hand-arm vibration, where 

cumulative exposure has been associated with alterations in vascular reactivity and 

thermoregulatory responses [104, 105]. Further investigation is warranted to clarify the specific 

physiological mechanisms responsible for these temperature fluctuations. 

When analyzing temperature data across exposure groups, a pattern of cyclical fluctuations 

emerges. After each exposure, there's a slight temperature decrease followed by a partial 

recovery before the next exposure. This pattern is particularly evident in the single-shock 

exposure groups (G1, G4, and G20), with G20 showing the most pronounced response. This 

suggests a stronger physiological reaction to the experimental condition in G20, potentially due 

to higher exposure frequency of repeated single-shocks. Additionally, a cumulative temperature 

decline becomes more pronounced after the fourth exposure, suggesting that repeated exposures 

might have a compounding effect on temperature regulation [Chapter 3.4; Figure 3.4.2]. 
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Interestingly, during the fifth exposure of random vibration, the responses of the shock-exposed 

groups diverged. The G1 group exhibited an increase in hand temperature, while the G4 and 

G20 groups showed a slight increase [Chapter 3.4; Figure 3.4.2]. This divergence highlights the 

potential influence of prior exposure type (single shock vs. random vibration) on subsequent 

thermoregulatory responses. In contrast, the GR group demonstrated a unique pattern, initial 

cyclical temperature fluctuations followed by a steady decline from the third exposure onwards, 

without recovery. This observation underscores the potential for prolonged vibration exposure 

to disrupt normal thermoregulatory mechanisms, as suggested by Bovenzi et al. [106]. 

The non-exposed hand exhibited a less pronounced temperature decrease, with subtle changes 

until a more noticeable drop after the fourth exposure. Differences in the functional temperature 

decrease between the exposed and non-exposed hands were observed across all four groups. 

This aligns with the explanation in the literature that a central mechanism is responsible for 

vasoconstriction in cases of uniform hand-arm vibration [107-110]. These findings underscore 

the differential impact of exposure and warrant further investigation into the direct and indirect 

mechanisms governing temperature regulation. 

Analyzing temperature changes in the dorsal and palmar hand regions revealed distinct 

responses.  Dorsal finger temperature decreased significantly after shock exposure, but this 

effect was localized to the fingers, potentially due to increased vasoconstriction sensitivity.  In 

contrast, the palm showed significant cooling across all groups and exposures, particularly in 

the G20 group. These findings suggest that the exposed hand region and vibration frequency 

interact to influence temperature responses. The consistent cooling in the palm may be related 

to its contact with the metal handle.  

This difference in dorsal and palmar responses could be attributed to variations in blood vessel 

distribution and thermoregulatory mechanisms between these regions. The palmar surface has 

a higher density of blood vessels and sweat glands, which play a crucial role in heat dissipation 

[111]. Therefore, the palmar region might be more responsive to changes in blood flow triggered 
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by shock exposure. Essentially, these findings suggest that shock exposure can induce distinct 

localized cooling patterns in the hand, where the fingers and palm may be exhibiting different 

sensitivities and thermoregulatory responses [103, 112]. 

These findings in our study offer partial support for our initial hypotheses. The observed 

temperature decreases in G20 and G4 align with the hypothesis that increasing the frequency of 

single shocks intensifies the effects on the hand-arm system. Furthermore, the distinct 

temperature responses across the groups suggest that, when controlling acceleration and 

exposure time, single shock exposures indeed affect the hand-arm system differently than 

random vibration, as hypothesized. 

Moreover, while this study doesn't definitively establish a cumulative effect of vibration 

exposure, the data reveals some suggestive patterns. Often, increasing exposure frequency led 

to progressively larger temperature decreases across exposures E1 to E4. This hints at a potential 

dose-response relationship, where greater exposure frequency results in more significant 

temperature changes.  

The analysis of delta-temperature revealed no significant differences between the four exposure 

groups. While all groups exhibited a decrease in finger temperature following vibration 

exposure, the magnitude of this decrease was statistically similar across the different exposure 

conditions. This finding suggests that the degree of vibration exposure, at least within the 

parameters of this study, did not differentially impact the rate or magnitude of temperature 

change in the fingers. This contrasts with Bovenzi et al. [113] who investigated finger blood 

flow (FBF) rather than temperature and reported that higher vibration frequencies were 

associated with a greater decrease in FBF in both fingers during the recovery period.  While the 

present study focused on temperature, the findings of Bovenzi et al. [113] suggest a potential 

link between vibration frequency, blood flow, and temperature regulation in the fingers, 

warranting further investigation. 
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The absence of significant between-group differences in temperature change may be attributable 

to several factors. The exposure durations may have been insufficient to induce significant 

temperature changes across the groups.  Alternatively, individual differences in physiological 

responses, such as vascular reactivity, skin thickness, and baseline hand temperature, may have 

masked any potential effects of exposure when comparing the groups. Finally, the small group 

sizes in this study may have limited the power to detect between-group differences. 

While the results offer a relationship between frequency-exposure and temperature changes, the 

underlying physiological mechanism leading to this effect warrants further investigation. 

Potential mechanisms could include alterations in blood flow patterns (such as 

vasoconstriction), or changes in cellular metabolic activity within the exposed tissue [106, 108, 

114]. Understanding these mechanisms would be crucial for exploring the potential long-term 

implications of such temperature changes and possible applications. 

4.5 Gripping strength and pinching strength 

This study demonstrated a statistically significant difference in grip strength in two of the 

groups. The group G20 (20s-1) on the exposed hand experienced a decrease in hand strength, 

while the group exposed to random vibration on the non-exposed hand showed an unexpected 

increase in grip strength. While these were the only two statistically significant results, it is 

important to note that this acute exposure appears to show a slight trend towards decreased 

strength in exposed hands and a trend towards increased strength in non-exposed hands [Chapter 

3: Table 3.5.1]. 

The decrease in grip strength observed in G20 and the trends observed in the other groups is 

consistent with previous research, highlighting the detrimental effects of hand-arm vibration on 

neuromuscular function [115-117]. It is interesting to note that so far studies have described 

hand strength reduction effects mostly on chronically exposed subjects to vibration [118, 119], 

but not in young, healthy men after only acute exposure. 
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The increase in grip strength in the random vibration group may warrant further discussion. One 

possible explanation for this strength increase could be training or exercise effect, while the 

random vibration exposure was not intended as a strength-training intervention, it may have 

inadvertently stimulated contralateral strength adaptation [120].  

Pinch strength tests, specifically the key grip maneuver, revealed a significant difference in 

maneuver 1 of the exposed hand between pre- and post-exposure measurements exclusively 

within the G20 group [Table 8.3.10, Chapter: 8.3]. This observation suggests a potential impact 

of experimental condition on pinch strength.  

Caution should be exercised in interpreting these findings, as the clinical relevance of 

dynamometric force measurements in diagnosing musculoskeletal impairments related to hand-

arm vibration syndrome (HAVS) remains unclear, due to the lack of evidence in favor of the 

application of grip strength and pinch strength tests for diagnosing musculoskeletal injuries in 

HAVS [121]. Also in the literature, statistical effects regarding a reduction in hand strength can 

only be found in manifest HAVS sufferers or those who have been chronically exposed to 

vibration for many years [15, 118], but not in young, healthy men. Therefore, further research 

is warranted to establish the diagnostic utility of grip and pinch strength assessment in the 

context of HAVS and determine the implications of the observed changes in our study.  

4.6 Muscle activation 

This study showed no significant differences in any of the EMG fatigue parameters between the 

60% MVC condition at baseline and after E4, suggesting that no muscle fatigue occurred in the 

selected muscle groups. This finding appears to contradict the results reported by Schäfer et al. 

(1985) [122], who observed increased muscle activity under vibration exposure. However, 

several key differences between their study and the present investigation should be considered. 

Firstly, unlike Schäfer et al. (1985), the current study did not require participants to maintain a 

constant grip force on the shaker. This decision was made due to the extended exposure duration, 
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which would have made maintaining a constant grip force impractical and potentially 

confounded the fatigue assessment. Secondly, Schäfer et al. (1985) focused solely on changes 

in muscle activity, whereas this study specifically examined the development of muscle fatigue.  

The type of exposure and its short duration in their study likely did not induce fatigue, making 

a direct comparison challenging. 

Our findings demonstrated no significant muscle fatigue, despite the experimental protocol 

involving repeated exposures, which was expected to induce fatigue detectable through EMG. 

This unexpected outcome may be attributed to the necessary 12-minute delay between the final 

exposure and the 60% MVC retest. This delay, prioritized to accommodate the collection of 

other physiological measures, could have allowed for some muscle recovery. 

Although no evidence of muscle fatigue in the trapezius muscle was discovered by Astrom, C.  

[123] following a 3-minute exposure to vibration, it is important to note that this study differs 

from ours in terms of both the targeted muscle group and the exposure duration. Conversely, it 

has been demonstrated by several studies that muscle fatigue in the hand-arm system can be 

exacerbated by vibration exposure [124], These studies, however, employed different levels of 

muscle activation and postures [125, 126] than those used in the present study, potentially 

explaining the discrepancy in findings. 

It has been described, that muscular strain in the hand-arm system, when coupled with the 

biomechanical strain of impacts/single-shocks and random vibration, pose a risk for 

musculoskeletal health [20]. This combination may increase the likelihood of developing 

conditions such as repetitive strain injury syndrome, tendinitis, and compression syndromes 

[127, 128]. This risk may be further heightened in the smaller forearm muscles, which may be 

more susceptible to reaching maximum recruitment due to their role in compensatory and 

stabilizing movements. This phenomenon of increased strain in smaller forearm muscles has 

been observed in workplace settings, particularly during tasks involving drilling activities [129]. 
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While fatigue was likely present immediately after the fourth exposure, the 12-minute interval 

might have provided sufficient time for partial physiological restoration, potentially masking 

any fatigue effects in the subsequent EMG recording. This concern is supported by studies 

suggesting that complete muscle recovery can occur with rest periods of 5 to 15 minutes [130, 

131]. Therefore, the absence of clear evidence of fatigue in the EMG data should be interpreted 

cautiously, acknowledging the potential influence of this delay. Future studies could consider 

modifying the protocol to minimize the interval between exposures and EMG retesting to obtain 

a more precise assessment of muscle fatigue. 

4.7 Limitations of the Study 

This study offers valuable insights into the acute effects of repeated single-shocks on the hand-

arm system, establishing a foundation for future research in this area. 

While the single-center design and focus on male participants, reflecting the prevalence in the 

targeted occupation, may influence the generalizability of findings, this study provides crucial 

data on a specific population. Future research can expand on these findings by including female 

participants and investigating the impact of diverse settings and individual factors, such as 

baseline health conditions and environmental influences, on the effects of repeated single-

shocks. 

The study's emphasis on short-term effects allows for a detailed examination of immediate 

physiological responses. This focus lays the groundwork for future investigations into the 

potential long-term and cumulative effects of repeated single-shock exposure. Additionally, 

while the controlled environment ensures precise measurement of acute effects, future studies 

could explore the impact of real-life distractions and usage patterns on the perception and 

consequences of repeated single-shocks. 

Though time constraints limited the scope of data collection, the study successfully captured 

key physiological responses to repeated single-shock exposure. Future research with an 
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extended study period could delve deeper into these responses, including the recovery time of 

physiological systems. 

Despite these considerations, this study makes a significant contribution to understanding the 

immediate impact of repeated single-shocks on the hand-arm system. By acknowledging these 

aspects, this research paves the way for future studies to build upon these findings and expand 

the knowledge base in this important area. 
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Chapter 5: Conclusion 

This study investigated the acute physiological effects of repeated single shocks on the hand-

arm system in healthy men.  Specifically, it examined how different shock frequencies impacted 

these physiological responses and compared these effects to those induced by random vibration 

exposure. This research provides a foundation for future investigations into the acute effects of 

single shocks on the hand-arm system and their potential long-term health consequences. 

To investigate the acute effects of repeated single-shock on the hand-arm system, this study 

employed a comprehensive approach incorporating neurological, vascular, and muscular 

measurement techniques. These techniques demonstrated a high degree of sensitivity in 

detecting immediate physiological responses while maintaining practical feasibility within the 

study design. This technique’s ability to detect immediate physiological changes is critical 

because it helps to establish the link between repeated single-shocks and the potential onset of 

secondary pathologies, informing preventative measures in occupational health. 

This study hypothesized that repeated single shocks would elicit an acute physiological response 

in the hand-arm system (neurological, vascular, and muscular).  The results partially supported 

this hypothesis.  An increase in vibration perception thresholds was observed in all groups 

exposed to single shocks, particularly at higher test frequencies. A decrease in hand temperature 

was also observed in all groups, affecting both the exposed and non-exposed hands, although 

the decrease was more pronounced in the exposed hand and most pronounced in the G20 group. 

Muscle fatigue was not observed after the fourth exposure, likely due to the recovery period 

before measurement. Changes in grip strength (both hand grip and pinch grip) were less clear, 

with both increases and decreases observed.  

The hypothesis, suggesting that the intensity of effects on the hand-arm system would increase 

with the frequency of single shocks, even when the total number of exposures remained 
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constant, was largely supported. The findings demonstrated a clear trend of increasing 

physiological effects as the frequency of shocks increased. Vibration perception thresholds 

showed a greater increase in the G20 group (20 Hz) compared to the G4 group (4 Hz) and G1 

group. Similarly, the reduction in hand temperature was more pronounced at higher shock 

frequencies. While all groups experienced a decrease in hand temperature in response to the 

shocks, the magnitude of this effect was significantly greater in the G20 group. This group 

displayed a strong and consistent temperature drop after each shock, highlighting a relationship 

between shock frequency and temperature response. This frequency-dependent response 

highlights the importance of considering shock frequency in the assessment and prevention of 

hand-arm vibration syndrome, as even seemingly minor increases in frequency can significantly 

impact physiological responses. 

The final hypothesis proposed that the acute effects of repeated single-shock exposure on the 

hand-arm system would differ in nature and/or severity from the acute effects of random 

vibration exposure, regardless of the repetition rate. While sensitivity was observed to be worse 

in the group exposed to random vibration, this difference should be interpreted cautiously as it 

was almost exclusively observed when comparing this group to G1 (1s⁻¹). This may suggest that 

repeated single-shock exposure from G4 (4s⁻¹) and G20 (20s⁻¹) onward may be as detrimental 

to sensitivity as random vibration. However, no significant differences were found between the 

groups regarding other physiological responses. Specifically, temperature reaction, muscle 

fatigue, and strength were similar across all groups, regardless of the exposure type or repetition 

rate, but this should be interpreted with caution as observed in the temperature reaction results 

of this study [Chapter 3.4.1]. While previous research on the comparative effects of vibration 

and shock exposure on the hand-arm system has been limited, this study adds to existing. This 

new information contributes to a growing understanding of single-shock exposures in the hand 

arm system.  

This study provides a foundation to understand the short-term and long-term health effects of 

repeated shock exposure and to develop effective interventions. This includes exploring 
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biomechanical responses to shock, identifying vulnerable individuals and occupations, and 

evaluating the efficacy of potential preventative measures such as specialized gloves, tool 

dampeners, and modified work practices.  

With these results, despite the distinct mechanical impact profile and high maximum 

acceleration values for single shocks, the immediate medical consequences in the domains 

investigated appear to be fundamentally comparable to those of hand-arm vibration. At the same 

time, the results show in detail that a differentiated assessment of human vibration is necessary 

regarding occupational exposure to repeated single-shocks. This includes the possible 

dependence on the repetition rate and the potentially local damage mechanism in the occurrence 

of functional circulatory disturbances or the observed prolonged regeneration phases in 

vibration perception (cf. Chapter 4.2.2.).  

While research on the effects of repeated single-shock exposure and the comparative effects of 

single-shock and random vibration on the hand-arm system is still emerging, this study 

represents a significant step forward. Further investigation is crucial to better understand the 

distinct effects of these exposures and to develop effective strategies for minimizing the risk of 

injury. By expanding the scope of prevention to encompass shock and impact vibration, the 

health and well-being of workers across a wider range of occupations can be better protected. 

To provide more targeted prevention recommendations, future studies should directly compare 

the effects of impacts and vibration on both healthy individuals and exposed workers. This will 

help to conclusively determine whether separate risk assessments are necessary for single-

impact tools like nailers, riveting hammers, and rammers, which are currently often assessed 

under general vibration guidelines.  This research may lead to the adaptation of existing 

occupational health and safety concepts to better address the unique risks associated with impact 

tools. 
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Chapter 6: Abstract 

Exposure to repeated single-shocks to the hand-arm system remains prevalent in numerous 

occupations (e.g. pneumatic riveting, nailing, hammering, and bolt setting). Given the 

established health risks associated with hand-arm vibration, repeated single-shocks are also 

suspected of detrimental effects on the physiology of the hand-arm system, potentially causing 

permanent damage in a dose-dependent manner. A comprehensive risk assessment framework 

specifically for repeated single-shock vibrations is currently lacking. Current occupational 

health and safety directives in the European Union tend to treat shock emissions similarly to 

continuous vibrations, which may lead to an underestimation of the true health risks posed by 

occupational exposure to single-shocks. 

This dissertation aims to address this knowledge gap by systematically investigating the acute 

effects of single-shock vibrations on various physiological parameters in the hand-arm system. 

An experimental, controlled laboratory study was conducted, employing a block-wise 

experimental design with repeated exposures to repeated single-shock vibrations at different 

frequencies and exposure to random vibration as a control.  

The study revealed significant effects of single-shock vibrations on skin temperature reaction, 

with observed decreases in temperature following exposure, particularly at higher frequencies. 

Finger sensitivity was significantly reduced, indicating potential impairment of sensory nerve 

function. These findings suggest a potential for both vascular and neurological impairment due 

to acute repeated single-shock vibration exposure. This highlights the potential for acute 

physiological changes even after short-term exposure to single-shock vibrations, raising 

concerns about the long-term health consequences for workers exposed to such vibrations in 

occupational settings. 
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Chapter 8: Appendix 
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8.3 Tables and graphics 

8.3.1 Participant Characteristics 

 

Table 8.3.1Kruskal-Wallis’s test results for anthropometric measures, an body composition indices across all four 

exposure groups 
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8.3.2 Vibration perception threshold  

Baseline vibrotactile perception thresholds for digit 2 (DII) and digit 5 (DV) 

 

 

  

Table 8.3.2 Baseline vibrotactile perception thresholds (VPT, dB) for digits II and V at 32, 125, 250, and 500 Hz for 

each shaker handle group (G1: 1s-1; G4: 4s-1; G20: 20s-1; RS: random signal). Kruskal-Wallis tests with Monte 

Carlo correction (10,000 samples, seed = 2,000,000) were used to compare baseline VPT between groups. 
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Vibrotactile perception thresholds for digit 2 (DII) – Friedman test 
  

Vibration perception thresholds (VPT) across all groups and sessions (dB) – digit 2 (DII) 

Group 
Test 

Frequency 
Session Media (IQR) 

Mean 

rank 
Chi-Square df 

Monte Carlo 

Sig. 

G1 

32 Hz 

BS 112.3 (7.2) 2.92 

20.30 5.00 *<0.001 

E1 110.8 (8.2) 3.46 

E2 112.1 (6.7) 3.08 

E3 112.2 (8.6) 2.62 

E4 112.7 (7.5) 3.38 

E5 119.5 (6.6) 5.54 

125 Hz 

BS 98.6 (9.1) 2.00 

33.62 5.00 *<0.001 

E1 97.7 (8.4) 3.08 

E2 98.5 (7.6) 3.00 

E3 99.2 (10.4) 3.00 

E4 100.3 (9.5) 4.00 

E5 109.5 (6.8) 5.92 

250 Hz 

BS 106.3 (13.8) 2.54 

38.63 5.00 *<0.001 

E1 104.2 (14) 2.00 

E2 104.3 (16.9) 2.69 

E3 107.9 (17.4) 3.77 

E4 110.6 (15.7) 4.00 

E5 121.8 (13.3) 6.00 

500 Hz 

BS 122.3 (14) 2.42 

36.95 5.00 *<0.001 

E1 119.8 (13.8) 2.04 

E2 123.6 (22) 2.81 

E3 125.9 (22.4) 3.73 

E4 130.1 (19.8) 4.35 

E5 138.3 (13.8) 5.65 

G4 

32 Hz 

BS 112.6 (7.9) 2.38 

21.04 5.00 *<.001 

E1 115.8 (7.3) 2.46 

E2 115.8 (7.5) 3.54 

E3 114.2 (8.9) 3.54 

E4 117.6 (8.4) 3.77 

E5 121.1 (7.2) 5.31 

125 Hz 

BS 102.1 (10.4) 1.92 

40.12 5.00 *0.000 E1 105.9 (11.4) 2.31 

E2 106.7 (8.8) 2.62 
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E3 109.2 (8) 4.15 

E4 106.1 (8.2) 4.23 

E5 113.5 (12) 5.77 

250 Hz 

BS 109.8 (16.2) 1.46 

41.84 5.00 *0.000 

E1 115.1 (11.1) 2.54 

E2 118.3 (17.2) 3.00 

E3 120.4 (14.8) 4.00 

E4 122.2 (9.9) 4.23 

E5 126.4 (12.2) 5.77 

500 Hz 

BS 124.8 (19.6) 1.31 

38.67 5.00 *0.000 

E1 135 (10.6) 2.85 

E2 135.6 (11.9) 3.15 

E3 137.4 (22.1) 4.00 

E4 138.6 (15.4) 4.08 

E5 143.9 (14.9) 5.62 

G20 

32 Hz 

BS 112 (9.9) 1.46 

34.49 5.00 *0.000 

E1 113.6 (9.3) 2.46 

E2 115.6 (8.5) 3.62 

E3 118.3 (7.3) 3.85 

E4 116.7 (12.1) 4.31 

E5 118.5 (10.8) 5.31 

125 Hz 

BS 99.7 (15.3) 1.69 

26.23 5.00 *0.000 

E1 109 (17.3) 3.15 

E2 108 (16.4) 3.23 

E3 110 (17.9) 3.54 

E4 108.4 (20) 4.08 

E5 112.8 (17) 5.31 

250 Hz 

BS 110.4 (19.6) 1.15 

39.33 5.00 *0.000 

E1 117.5 (24.1) 2.85 

E2 114.5 (23.2) 3.54 

E3 116.5 (23.9) 3.77 

E4 120.4 (24.4) 4.15 

E5 122.4 (30.3) 5.54 

500 Hz 

BS 126.2 (23.8) 1.46 

31.20 5.00 *0.000 

E1 134.7 (22.7) 2.85 

E2 136 (22.4) 3.62 

E3 137.9 (25.8) 3.77 

E4 140.2 (29.1) 3.92 

E5 141.5 (26.9) 5.38 

GR 32 Hz BS 113 (5.3) 1.46 28.03 5.00 *0.000 
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E1 119.3 (11.1) 2.85 

E2 124.3 (12.1) 4.69 

E3 120.4 (6.2) 3.46 

E4 122.7 (11) 4.69 

E5 120.9 (7.5) 3.85 

125 Hz 

BS 100.8 (9.3) 1.31 

25.97 5.00 *0.000 

E1 111.7 (9.5) 3.08 

E2 110.9 (15.8) 3.92 

E3 112.9 (9.9) 4.00 

E4 113.5 (12) 4.62 

E5 110.3 (11.8) 4.08 

250 Hz 

BS 109.9 (11.4) 1.00 

43.11 5.00 *0.000 

E1 118.5 (13.5) 2.77 

E2 122.6 (14.8) 3.42 

E3 122.2 (13) 3.73 

E4 125.9 (11.5) 5.08 

E5 121.1 (10.5) 5.00 

500 Hz 

BS 123.8 (16.1) 1.23 

32.16 5.00 *0.000 

E1 137.6 (14) 3.08 

E2 137.5 (14.1) 3.62 

E3 137.5 (17.4) 3.54 

E4 137.6 (11.9) 4.58 

E5 138.1 (11.2) 4.96 
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Vibrotactile perception thresholds for digit 5 (DII) – Friedman test 

 

 
Table 8.3.3 All vibration perception thresholds (VPT) across all groups and sessions (dB) – digit 2 (DII). At 32, 125, 

250, and 500 Hz for each shaker handle group (G1: 1s-1; G4: 4s-1; G20: 20s-1; RS: random signal). Friedman test 

Vibration perception thresholds (VPT) across all groups and sessions (dB) – digit 5 (DV) 

 Test 

Frequency 
Session Media (IQR) Mean rank Chi-Square df 

Monte 

Carlo Sig. 

G1 

32 Hz 

BS 113.4 (8.4) 1.77 

31.066 5 *0.000 

E1 114.2 (8.1) 2.77 

E2 117 (7.7) 3.85 

E3 113.1 (9.1) 2.92 

E4 116.1 (6.9) 4.23 

E5 119.1 (7.5) 5.46 

125 Hz 

BS 100.2 (5.6) 2.85 

28.780 5 *0.000 

E1 100 (5.6) 2.31 

E2 101.8 (4.6) 3.23 

E3 100.8 (9.1) 2.85 

E4 102.4 (6.7) 4.00 

E5 110.1 (9.3) 5.77 

250 Hz 

BS 101.9 (9.4) 1.62 

43.857 5 *0.000 

E1 103.4 (11.8) 2.31 

E2 105.4 (14.1) 3.00 

E3 104.6 (17.8) 3.92 

E4 108.3 (13.3) 4.23 

E5 119.8 (11.1) 5.92 

500 Hz 

BS 118.1 (13.8) 1.96 

41.476 5 *0.000 

E1 120.9 (19.8) 2.19 

E2 120 (22.8) 2.73 

E3 128.3 (24.5) 3.81 

E4 131.7 (25.3) 4.96 

E5 138.6 (44.8) 5.35 

G4 32 Hz 

BS 112.7 (8.8) 2.15 

19.780 5 *0.000 
E1 118 (7.6) 3.46 

E2 119 (11.4) 3.04 

E3 116.8 (6.8) 3.62 
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E4 117.4 (5.3) 3.42 

E5 122.4 (6.7) 5.31 

125 Hz 

BS 100.3 (11.1) 2.15 

28.648 5 *0.000 

E1 101.9 (13.4) 2.46 

E2 106.7 (14.5) 3.54 

E3 103.8 (15.8) 3.62 

E4 104.5 (18.3) 3.54 

E5 111.9 (14.1) 5.69 

250 Hz 

BS 107.8 (15.2) 1.85 

37.747 5 *0.000 

E1 114.4 (14.3) 2.38 

E2 116.2 (20.9) 3.08 

E3 117.2 (21) 3.31 

E4 120.4 (26.3) 4.85 

E5 125.4 (13.5) 5.54 

500 Hz 

BS 127.1 (21.6) 1.69 

34.758 5 *0.000 

E1 133.6 (19.9) 2.85 

E2 137.6 (21.4) 2.62 

E3 139.1 (23.3) 4.00 

E4 140.4 (21.7) 4.38 

E5 148.2 (14.7) 5.46 

G20 

32 Hz 

BS 117.3 (6.7) 2.54 

9.088 5 0.106 

E1 118.6 (9.7) 3.85 

E2 118.1 (9.1) 3.23 

E3 119.7 (11) 3.77 

E4 118.1 (8.8) 3.08 

E5 119.6 (7.4) 4.54 

125 Hz 

BS 100.1 (4.7) 2.08 

24.385 5 *0.000 

E1 106.1 (14) 2.77 

E2 107.5 (17.7) 3.85 

E3 104.9 (14.6) 3.31 

E4 106.9 (14.5) 3.54 

E5 111.7 (13.9) 5.46 

250 Hz 

BS 103.5 (15.6) 1.31 

37.747 5 *0.000 

E1 120 (16.8) 3.23 

E2 116.1 (18.1) 3.46 

E3 116.9 (22) 3.38 

E4 117.9 (21.6) 3.85 

E5 119.6 (20.6) 5.77 

500 Hz BS 120.8 (17.6) 1.35 37.269 5 *0.000 
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E1 133.1 (22.1) 2.92 

E2 130.4 (21.8) 3.38 

E3 129.3 (22.2) 3.77 

E4 136.6 (24.2) 3.88 

E5 134.1 (25.2) 5.69 

GR 

32 Hz 

BS 113.9 (7.1) 1.62 

25.615 5 *0.000 

E1 119.3 (10.8) 3.00 

E2 119.5 (9.2) 3.23 

E3 121.6 (8.6) 4.31 

E4 123.1 (8.9) 5.00 

E5 121.9 (8.5) 3.85 

125 Hz 

BS 102.9 (6.6) 1.08 

27.637 5 *0.000 

E1 111.1 (16.6) 3.54 

E2 114.3 (13) 3.92 

E3 114 (10.8) 4.38 

E4 112.3 (9.8) 3.92 

E5 110.1 (14.8) 4.15 

250 Hz 

BS 107.5 (17.9) 1.00 

35.286 5 *0.000 

E1 121.9 (23) 3.54 

E2 119.2 (23.9) 3.31 

E3 118.2 (24.7) 3.69 

E4 120.9 (24.2) 4.46 

E5 121.9 (20.4) 5.00 

500 Hz 

BS 128.5 (21) 1.00 

37.488 5 *0.000 

E1 137.1 (18.8) 3.00 

E2 135.5 (18.1) 3.29 

E3 133.2 (19.4) 4.04 

E4 137.5 (19.1) 4.46 

E5 138.3 (21.8) 5.21 
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8.3.3 Temperature reaction 

 

Hand 

region
Exposure Media (IQR)

Mean 

rank

Chi-

Square
df

Exact 

Sig.

Media 

(IQR)

Mean 

rank

Chi-

Square
df

Exact 

Sig.

Δ E1 -2.80 (4.50) 3.27 -4.20 (6.80) 2.73

Δ E2 -2.50 (4.70) 2.82 -3.70 (1.80) 2.09

Δ E3 -2.40 (5.30) 2.64 -2.50 (1.60) 3.05

Δ E4 -4.60 (2.20) 2.14 -1.70 (5.10) 3.50

Δ E5 0.90 (4.20) 4.14 -0.60 (7.50) 3.64

Δ E1 -2.70 (4.00) 2.86 -2.60 (6.40) 3.00

Δ E2 -3.00 (3.30) 2.95 -3.20 (4.20) 2.55

Δ E3 -3.90 (5.60) 2.55 -2.10 (2.30) 2.73

Δ E4 -3.70 (3.60) 2.45 -1.70 (5.20) 3.18

Δ E5 0.60 (2.50) 4.18 -0.50 (6.70) 3.55

Δ E1 -3.60 (3.70) 2.95 -3.20 (6.20) 2.82

Δ E2 -3.20 (5.70) 2.86 -4.00 (2.40) 2.36

Δ E3 -3.70 (4.00) 2.45 -2.00 (3.10) 3.27

Δ E4 -3.60 (5.50) 2.55 -2.00 (4.90) 3.18

Δ E5 0.30 (3.10) 4.18 -1.00 (7.40) 3.36

Δ E1 -1.90 (4.30) 3.00 -3.50 (6.70) 2.73

Δ E2 -3.10 (5.60) 2.55 -3.10 (2.80) 2.36

Δ E3 -3.00 (4.60) 2.82 -2.70 (3.80) 3.09

Δ E4 -4.70 (3.60) 2.27 -2.40 (4.60) 3.09

Δ E5 1.20 (2.70) 4.36 -0.30 (8.60) 3.73

Δ E1 -1.60 (3.50) 3.00 -3.20 (5.40) 2.82

Δ E2 -2.40 (6.80) 3.09 -3.50 (3.30) 2.55

Δ E3 -4.60 (4.80) 2.27 -2.30 (5.00) 3.36

Δ E4 -3.60 (2.60) 2.45 -1.70 (3.70) 2.91

Δ E5 1.80 (4.50) 4.18 0.50 (8.10) 3.36

Δ E1 -3.40 (5.50) 3.73 -3.40 (6.60) 3.09

Δ E2 -3.00 (3.50) 2.82 -4.30 (3.00) 2.18

Δ E3 -3.50 (4.10) 2.18 -2.90 (3.60) 3.32

Δ E4 -4.70 (2.20) 2.00 -2.40 (4.50) 3.00

Δ E5 -0.30 (3.10) 4.27 -0.70 (6.60) 3.41

4 0.388

4 0.581

11.564 4 *0.016 4.509 4 0.352

G20 (exposed to 20s
1
) GR (exposed to random signal)

10.110 4 *0.033 6.886 4 0.141

16.945 4 *0.001 4.202

9.818 4 *0.039 2.275 4 0.760

8.532 4 0.069 2.982

8.493 4 0.070 2.691 4 0.633

E
x

p
o

se
d

 h
a

n
d

DI

DII

DIII

DIV

DV

Palm

Table 8.3.4 Palmar skin temperature changes (ΔT) were analyzed on the exposed hand across all exposure 

measurements and groups using the Friedman test. Extract from main table 
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Comparing Dorsum of Exposed vs. Dorsum of Non-Exposed Hand  

 

 

 

 

 

 

Table 8.3.5 Delta temperature (°C) responses in the dorsal region of the exposed and non-exposed hands after repeated exposures 

(E1-E5) to vibration.  Wilcoxon signed-rank tests were used to compare temperature changes between exposed (EHD) and non-exposed 

(NEHD) digits I-III for each exposure group (G1: 1s⁻¹; G4: 4s⁻¹; G20: 20s⁻¹; GR: random vibration). Exact p-values (two-tailed) are 

reported with Benjamini-Hochberg correction for multiple comparisons. * p < 0.05, ** p < 0.05 after correction, .b. Based on negative 

ranks, c. Based on positive ranks. Extract from main table. 
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Comparing Palm of Exposed vs. Palm of Non-Exposed Hand, Delta-Temperature reaction 

 

 

 

 

 

 

 

 

 

 

 

  EHD2-NEHD2 EHD3-NEHD3 EH-NEH 

Group  

on 

Shaker 

Exposure 

Test 

Statistic 

(Z) 

Exact 

Sig.  

(2-tailed) 

Test 

Statistic 

(Z) 

Exact 

Sig.  

(2-tailed) 

Test 

Statistic 

(Z) 

Exact 

Sig.  

(2-tailed) 

G1 

E1 -3.008b *<0.001 -2.691b *0.004 -3.115b *<0.001 

E2 -2.432b *0.012 -3.062b *<0.001 -3.062b *<0.001 

E3 -1.503b 0.146 -2.353b *0.016 -2.482b *0.010 

E4 -1.713b 0.090 -2.098b *0.033 -2.272b *0.021 

E5 -1.569b 0.129 -1.766b 0.080 -2.237b *0.022 

G4 

E1 -1.818b 0.071 -2.170b *0.027 -2.971b *0.001 

E2 -1.083b 0.305 -2.238b *0.023 -3.184b *<0.001 

E3 -.353c 0.747 -.432b 0.692 -3.061b *<0.001 

E4 -.353c 0.749 -.393b 0.733 -3.061b *<0.001 

E5 -.903c 0.388 -1.179c 0.265 -1.452b 0.157 

G20 

E1 -2.237b *0.022 -2.667b *0.005 -2.167b *0.028 

E2 -2.727b *0.004 -2.765b *0.003 -3.186b *<0.001 

E3 -2.535b *0.008 -2.580b *0.007 -2.936b *<0.001 

E4 -2.490b *0.010 -2.727b *0.004 -3.181b *<0.001 

E5 -2.413b *0.012 -2.590b *0.007 -3.078b *<0.001 

GR 

E1 -1.608b 0.114 -1.992b *0.048 -3.183b *<0.001 

E2 -2.551b *0.008 -2.691b *0.005 -3.113b *<0.001 

E3 -2.864b *0.002 -2.237b *0.022 -3.062b *<0.001 

E4 -1.570b 0.125 -2.354b *0.016 -3.061b *<0.001 

E5 -1.679b 0.098 -1.888b 0.061 -2.447b 0.011 

Table 8.3.6 Delta temperature (°C) responses in the palmar region of the exposed and non-exposed hands after repeated 

exposures (E1-E5) to vibration. Wilcoxon signed-rank tests were used to compare temperature changes between exposed 

(EHD) and non-exposed (NEHD) digits II-III and palms (EH and NEH) for each exposure group (G1: 1s⁻¹; G4: 4s⁻¹; 

G20: 20s⁻¹; GR: random vibration). Exact p-values (two-tailed) are reported with Benjamini-Hochberg correction for 

multiple comparisons. * p < 0.05, ** p < 0.05 after correction. Extract from main table. 
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Dorsal vs. Palmar Delta-temperature difference of exposed hand 

 

 

 

 

 

 

  

Table 8.3.7 Delta temperature (°C) differences between the dorsal and palmar regions of the exposed hand after 

repeated exposures (E1-E5). Wilcoxon signed-rank tests were used to compare temperature changes between dorsal 

(DD) and palmar (PD) regions for each digit (I-II) and the entire hand region (DHR vs. PHR) for each exposure 

group (G1: 1s⁻¹; G4: 4s⁻¹; G20: 20s⁻¹; GR: random vibration). Exact p-values (two-tailed) are reported with 

Benjamini-Hochberg correction for multiple comparisons. * p < 0.05, ** p < 0.05 after correction. b. Based on 

negative ranks; c. Based on positive ranks. Extract from main table. 
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8.3.4 Grip strength and pinch strength 

Hand grip strength (kg) at baseline (BS) and after the fourth exposure (Post E4) 

Hand grip strength – group comparison 

Table 8.3.9 Comparison of grip strength (kg) between exposure groups (G1: 1s⁻¹; G4: 4s⁻¹; G20: 20s⁻¹; GR: random 

vibration) at baseline and after the fourth exposure. Kruskal-Wallis tests with Monte Carlo correction were used to 

compare grip strength between groups. p-values were calculated based on 10000 sampled tables with starting seed 

2000000. b. Based on 10000 sampled tables with starting seed 926214481. 

Table 8.3.8 Hand grip strength (kg) at baseline (BS) and after the fourth exposure (Post E4) to vibration. Wilcoxon signed-

rank tests were used to compare grip strength before and after exposure for each group (G1: 1s⁻¹; G4: 4s⁻¹; G20: 20s⁻¹; 

GR: random vibration).  Exact p-values (two-tailed) are reported. 
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Pinch strength - Maneuver 1 

Pinch strength - Maneuver 2 

Table 8.3.11 Maneuver 2 - Palmar/chuck pinch strength (kg) at baseline (BS) and after the fourth exposure (Post 

E4) to vibration. Wilcoxon signed-rank tests were used to compare pinch strength before and after exposure for 

each group (G1: 1s⁻¹; G4: 4s⁻¹; G20: 20s⁻¹; GR: random vibration).  Exact p-values (two-tailed) are reported. 

Table 8.3.10 Maneuver 1 - Key/lateral pinch strength (kg) at baseline (BS) and after the fourth exposure (Post E4) 

to vibration. Wilcoxon signed-rank tests were used to compare pinch strength before and after exposure for each 

group (G1: 1s⁻¹; G4: 4s⁻¹; G20: 20s⁻¹; GR: random vibration).  Exact p-values (two-tailed) are reported. 
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Pinch strength - group comparison 

 

 

 

 

  

Table 8.3.12 Comparison of pinch strength (kg) between groups (G1: 1s⁻¹; G4: 4s⁻¹; G20: 20s⁻¹; GR: random 

vibration) and between hands (exposed vs. non-exposed) before and after exposure to vibration.  Maneuver 1: 

palmar/chuck pinch; Maneuver 2: key/lateral pinch. Kruskal-Wallis test, p < 0.05. 
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8.4 Health and post exposure symptoms questionnaire 
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8.5 Informed consent 
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