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Figure 2-2 Distribution on Internal Impedance of the Human Body [97] 

Figure 2.2 details the percentage impedance for a hand to foot path. Using the 

impedance of hand to hand or hand to foot as a reference, the internal 

impedance from one hand to both feet is approximately 75% the reference 

value, while the impedance from both hands to both feet is 50% and from 

both hands to trunk is approximately 25% [97]. 

Taylors investigations (1985) [163] are in large agreement with Freiberger’s 

impedance distribution model as is Biegelmeiers research [19]. In terms of 

actual resistance values for the internal body impedance, Freiberger reported 

an average of 1000 Ω for 60 cadavers of various age’s, sex and body size for 

hand to hand and hand to foot paths. This value is somewhat larger than 

values subsequently obtained by researchers in the field (500-750 Ω) and 

possibly can be attributed to increased impedance values of humans after 

death. 

Biegelmeier one of the main contributing authors to the IEC standard on the 

effects of electric current also carried out significant studies in this field. 

Biegelmeier’s studies [19] demonstrated that at 25 V impedance is almost 

inversely proportional to contact area, however as the voltage was increased 

impedance values drop dramatically and area dependence is reduced 

significantly.  

Biegelmeier also reported for electrode contact area of approximately 82 cm2, 

internal body resistance only drops slightly as the touch voltage is raised from 





 

39 

 

successfully at a specialist panel meeting (1985) against a body weight 

formulation, pointing out that when the VF thresholds of many species are 

plotted against body weight, there is an apparent body weight relationship. 

However when the threshold’s of a single species is plotted against body 

weight, the statistical correlation largely disappears [144]. 

 

 

Figure 2-9 Ventricular Fibrillation versus 60 Hz stimulus duration [144] 

As a consequence of the above the IEC does not include a body weight law in 

its safety standard. Instead, the IEC bases its safety criteria mainly on 

experimental data from dogs. This procedure is considered to be conservative 

in view of demonstrated lower thresholds in dogs as compared to humans. 

Especially noteworthy are the experimental thresholds obtained for both dogs 

and humans using similar electrode arrangements placed in the heart [144]. 

2.4.5.1 Current knowledge on ventricular fibrillation  

Dalziel’s constant energy fit to the Ferris group’s data was not an 

unreasonable assumption to make at that time. Indeed the 1/�¾�6 relationship, 

does provide a reasonable fit when examined over the duration 0.08 to 5s. 

However upon examination of the Ferris group data using a log normal 

distribution in contrast to a normal distribution used by Dalziel, it is clear that 

Dalziel’s equation neglects the rapid decline of the threshold near a shock 

duration of one heart cycle. In Dalziel’s defence, the role extrasystolic 

excitations play in lowering ventricular fibrillation was not widely known at 

this time. 
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Figure 2-10 Fibrillation threshold as a function of duration of current flow for dogs [6] 

Kouwenhoven’s [112] essential contribution (as already mentioned) to our 

understanding of ventricular fibrillation using dogs was made in 1959. In this 

paper it was made explicitly clear, that no clear dependence existed between 

body weight and fibrillation thresholds [6]. Also worth noting is the fact that 

the Ferris group also found no dependence of body weight within one species 

on fibrillation thresholds. Figure 2-10 shows Kouwenhoven’s results plotted 

in a log normal distribution. It is evident from this that a sharp decline of the 

threshold of fibrillation occurs for shock durations of approximately one heart 

cycle which is caused by premature heart beats. In general fibrillation 

experiments longer than one heart cycle are more trustworthy than those 

shorter than one heart cycle due to fibrillation only occurring during the 

vulnerable period of the heart cycle in the latter. Dalziel and Lee [54] did 

attempt to re-evaluate Dalziel’s energy criterion using Kouwenhoven’s new 

data again using body weight calculations, however this procedure is still not 

considered convincing [6].  In essence, Dalziel’s work was a first attempt of 

huge merit to apply statistical considerations to animal data to establish 

fibrillation thresholds. The inaccuracies in his findings can essentially be 

attributed to two misjudgements (1) fibrillation thresholds do not depend on 

body weight and (2) fibrillation thresholds follow log normal distributions 

and not normal distributions [6]. 

 

For numerous years fibrillation data from animals have been directly applied 

to humans, consequently due to the animal’s shorter heart cycle the results for 

shock protection are quite conservative and may result in economical losses in 
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some instances. It was therefore necessary to examine fibrillation thresholds 

for humans in contrast to data that existed for dogs and hogs. Raftery et al 

[142] [141] carried out such studies when they compared the effects of the 

electrical excitation of the heart muscle of living humans to dogs. From these 

studies it can be seen that the human heart requires greater excitation currents 

compared with the hearts of dogs. Using the current required to cause failure 

of a pumping action of the heart an average factor of 3.5 was determined for 

human-dog. This factor was then conventionally applied to the fibrillation 

threshold [6]. The Buntenkotter group made more precise measurements in 

this respect in relation to hogs and this work is considered even more reliable 

due to the modern measuring equipment and systematic approach used. A 

factor of 2.8 was found for human-hog.  

 

As outlined in detail in chapter 5 the current zones used in the IEC standard 

are based on conventional agreements, especially boundaries c1-c3 which are 

taken directly from measurements on dogs. As a result [6] now proposes that 

the latest knowledge in electro pathology derived from the fibrillation 

thresholds of dogs and hogs in conjunction with the comparative factors for 

the fibrillation threshold of persons be used in the development of a new IEC 

standard. Consequently a new draft is already under discussion [6]. The 

proposed new time/current zones are based on tolerable and non tolerable 

risk, the statistical probability of ventricular fibrillation below 1% is 

conventionally chosen as tolerable risk for protection against electric shock. 

For a detailed explanation on the electro pathological knowledge behind this 

development, see [6] pages 8-18. Figure 2-11 shows the proposed time/current 

zones Z1 (AC) and Z2 (AC) between tolerable and non tolerable risks of 

harmful electric shock for fault protection. The time limits  for the transition 

of the ZL boundary from low to high have been chosen with t = 1.5 heart cycle 

= 1s and t = 0.75 heart cycle  = 0.5s using the duration of a heart cycle of a three 

year old child (0.6s) for additional safety.  

 

The less conservative new proposals made by [6]  based on defined risk 

evaluation and clear mathematical boundaries have considerable advantages 

in terms of earthing arrangements and discrimination design. However it will 

take time for these proposals if adopted to be filtered down to the applicable 

standards. As a result, the situation now exists in North America where the 

latest IEEE Std. 80 standard (IEEE Std. 80-2000) uses Dalziel’s curves while in 

Europe Biegelmeier’s curve forms the basis of IEC 479-1 specification. Figure 

5 of the latest IEEE Std. 80 standard does however contrast both these 

fibrillation curves. It appears the reason for doing this was to give the reader a 
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visual comparison between Biegelmeier’s Z curve and Dalziel's equations. In 

doing so it demonstrates that Dalziel’s equation (k= 0.116) is more 

conservative for times between 0.06 and 0.7 seconds which would be 

considered normal fault clearing times in substations. Hence, this justified the 

continued use of Dalziel’s equation in the IEEE Std. 80-2000 on safety basis at 

least.  

 

Figure 2-11 time/current zones Z1 (AC) and Z2 (AC) between tolerable and non tolerable risks of 

harmful electric shock for fault protection [6] 

To summarise the findings on the effects of electric current in producing 

ventricular fibrillation in the 50-60 Hz range, Bikson [22] produced a table that 

reviewed the most relevant reports, reviews and books on the subject. ESF’s 

[6] new approach complements this information and gives the latest 

information on tolerable fibrillation thresholds albeit with safety factors built 

in. Using this information in conjunction with the well defined human 

impedance values in the IEC standard [99]  allows one to develop pretty well 

defined safe touch voltage thresholds for various environmental and 

physiological conditions  

 DHHS 

(1998) 

Leibovici et 

al (1995) 

Bridges 

et al 

(1985) 

Camps 

et al 

(1976) 

DiMaio 

and 

DiMaio 

(2001) 

Wright 

and 

Davis 

(1980) 

Webster 

(1980) 

Reilly 

(1998) 

Ventricular 

fibrillation 

(exposure time) 

100 30-50 >70 

(0.1s) 

40-

100(∞) 

70(5s) 75-100 

(>5s) 

120 

(0.1s) 

75-400 33 (5s) 

807 

(8.3 

mS) 

Table 2-5 Estimated electric current required to produce ventricular fibrillation (in mA peak limb 

contact) [22]                                           
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Chapter 9 

9 Conclusions and Further Development 
 

9.1 Introduction 
Electricity and the dangers associated with its use in the built environment 

have long since been a priority for the electrical services industry and also the 

general public who live and work in this environment. For electrical safety to 

continuously progress, it is incumbent on those within the industry to 

consistently strive for enhanced regulation, improved systems of work and 

enhanced methods to allay these risks. Such efforts will not just benefit those 

working and training to work in this industry but all of society.  

 

In this research, a prototype application designed to enhance electrical 

services design and safety in the built environment using a desktop VR 

system has been set out. The system allows full navigation of a virtual 

electrical installation environment and interaction with many of the electrical 

elements. This constitutes a first attempt at attaching a new dimension to the 

training of electrical services engineers. Although in its infancy, the successful 

development and early implementation of this prototype desktop VR 

application suggests that ‘VES’ could be a valuable tool for the industry. The 

model presented has the potential to be used as an educational tool for third 

level students, a design tool for industry, or as a virtual electrical safety 

manual for the general public. Unlike traditional design or training methods 

virtual reality has the advantage of being safe for both the user and 

equipment. In addition, it offers the user an opportunity to be exposed to a 
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range of scenarios and conditions that either occur infrequently or are 

hazardous to mimic. 

Virtual Reality also offers the ability to expeditiously attain proficiency and 

knowledge which is essential for the profitability and sustainability of 

companies, governments and training organisations. For electrical services 

engineers this is achieved by providing an environment where users can 

interact with a simulated environment in an intuitive manner, repeat tasks 

until the required proficiency is attained and work safely which constitutes a 

marked shift in conventional learning and design techniques used currently 

within the industry. Additionally, in an era where regulatory practices are 

amended continuously there is a requirement on the part of industry and 

higher education institutes to provide training methods that will allow 

trainees to quickly and cost effectively up-skill and attain knowledge to adapt 

to the new and rapidly emerging practices and associated technologies. In this 

context, Desktop VR as developed through this research provides a viable 

solution.  

9.1.1 VR Development Process 

Electrical safety in the built environment can be defined as the process of 

eliminating the risk of incident or injury from electrical installations. As part 

of the effort to heighten safety, a Desktop VR prototype model is set out in 

this research as a plausible tool to aid in this ongoing process. The 

foundations upon which to develop the model were realised in the early 

sections of this research (chapter 2-5). Chapter 2 focussed on establishing how 

humans respond to a.c. 50/60 Hz and documented how the pertinent 

standards have evolved. For designers it is important to appreciate factors 

which influence the severity of an electric shock, these include the physical 

condition of the subject, the duration and path of the current flow, the 

frequency of the supply, the magnitude of the current and also the magnitude 

of the voltage causing the shock. This analysis proved useful in assessing the 

published current and voltage limits and their affect on current regulations. 

Following this, chapter 3 provided a body of evidence which outlined the 

current concerns regarding electrical safety in the built environment. This 

provided clear justification for the development of a virtual reality model to 

feed into the ongoing effort to improve electrical safety levels. Chapter 4 

investigated fatal and non-fatal electrical incidents from electric current 

causing shock or burn in domestic properties. This study highlighted the at-

risk groups that could benefit from improvements in electrical safety, the 

main risk activities in domestic properties, the products involved and the 

outcome of the injured patients. The data collected from this study provided 

the electrical accident data and scenarios for use in the VR model. Chapter 5 
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summarised the theory of transfer touch voltage and analysed the significant 

factors related to the development of a safe touch voltage design.  The ‘Touch 

Voltage Simulator’ application developed allows designers and installers of 

low voltage electrical installations to test and evaluate the resulting touch 

voltage for various design parameters. Upon confirming the validity of the 

touch voltage simulator through an on-site touch voltage case study, the 

simulator was deemed suitable to be included in the VR model.  

More generally, the approach taken in the development of these early 

chapters highlighted three predominant factors related to preventing 

electrical accidents in the built environment namely design, maintenance and 

persons. These factors formed the basis of the proposed electrical safety 

concept as outlined in chapter 1. From the findings of this research, it would 

appear that VR is well placed to address the overall safety concerns 

highlighted by this concept and has the potential to play a significant role in 

addressing many of the individual factors such as allowing designers 

investigate the impact of their designs, allowing persons become more aware 

of the dangers of electricity by virtue of the collected accident scenarios, while 

also allowing a skilled or non skilled person become more informed or 

virtually instructed before carrying out maintenance. The latter half of the 

thesis focussed on the development and evaluation of the VR model. The 

evidence of which suggests that it can be a valuable tool for both academia 

and industry and is worthy of further research and development.  

9.2 Research Findings Contributions to Aims and Objectives 
As outlined through this work and the work of many others, there is ample 

evidence to highlight the dangers associated with the use of electricity. 

Therefore, the continued commitment of the industry to put electrical safety 

at the forefront of engineering decisions is vitally important. This signifies the 

context in which this research is motivated which is to highlight the growing 

concerns in the field, aid regulatory decisions in the development of 

standards and promote methods and techniques to enhance our 

understanding and reduce the number of fatal and non fatal electrically 

related incidents  

9.2.1 Addressing the main research questions and their wider implications 

The main aim of this research is the design and implementation of a 

prototype virtual reality application designed to enhance electrical services 

design and safety in the built environment using a desktop VR system. By 

successfully developing a novel prototype, a new dimension is added to the 

field, which if utilised to its potential can significantly add value in terms of 
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training engineers, heightening safety and reducing the potential of fatal and 

non fatal accidents. 

 

The application of independent analysis in the evaluation of the VR model 

should benefit any further development of the model in addition to providing 

supporting evidence to VR practitioners. This analysis makes a significant 

contribution to understanding the potential of Desktop VR technology to 

support and enhance understanding in engineering applications. This 

analysis can also guide the future development efforts of Desktop VR-based 

learning environments applied to the field of electrical services engineering. 

In a broader context, it will make a significant contribution by edging the VR 

community closer to understanding the potential of desktop VR technology to 

support and enhance learning. It may also enlighten developers on the 

capability of desktop VR to enhance learning and to support developers in 

identifying the essential characteristics Desktop VR-based learning 

environments should entail. 

 

The study of original unpublished data investigating fatal and non-fatal 

electrical incidents from electric current causing shock or burn in domestic 

properties should prove useful in enhancing knowledge in the field. This data 

was used to trend electrical injury for various categories and groups. This 

determined at-risk groups that could benefit from electrical safety 

interventions and highlighted the high-risk activities, which lead to receiving 

an electric shock in a residential home. The benefits of the narrative reports 

that accompany each individual incident is also exploited to forge an insight 

into incident causes that may indicate where specific types of remedial action 

can be implemented namely engineering controls and safety awareness 

campaigns which may aid in tempering the number and severity of domestic 

electrical incidents. The wider implications of this study may influence 

regulatory bodies in the development of standards in the relevant wiring 

rules. It may also provide supporting evidence for governmental safety 

agencies in promoting safety.  

 

The original touch voltage sensitivity equations developed can be used by 

installation designers and installers to investigate and identify the range of 

resulting touch voltage values that might be the consequence of variation of 

the four main design parameters. It is demonstrated by example that the 

equations can be used by installation designers and installers to investigate 

and identify the range of resulting touch voltage values that might be the 

consequence of variation of the four main design parameters UOC, Ze, R1 and 

R2. In addition the concept of how dangerous touch voltages can develop and 
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also transfer onto healthy circuits in low voltage electrical installations has 

been analysed. From a designer’s perspective, the benefits of designing for 

safety through the implementation of RCD’s and a low touch voltage design 

using the equations and tools developed by the author should be clearly 

evident. 

9.3 Limitations  

The development of the prototype model and the subsequent evaluation 

highlighted that the users perceive the prototype to be a useful tool and are 

receptive to using VR as a learning and design tool. However, it would be 

remiss in terms of this research not to acknowledge that the prototype, albeit 

fully functional, is limited in its current format and could benefit from further 

research and development. Even within the most comprehensive and large 

scale studies, there are limitations by virtue of the practical realities. In the 

context of this research, the VR model served its purpose, in that it 

demonstrated the concept of utilising VR in the electrical services industry 

and highlighted the potential to heighten safety as a result. However for a 

package of this nature to be commercially realised in an expedient manner, a 

team consisting of 3D artists, software developers and electrical services 

consultants would be required.  

On a micro level the VR prototype could be enhanced by utilising an 

alternative method of navigation, enhancing the graphical display and by 

employing more content for the user to investigate including additional 

scenes, staged in industrial and commercial installations. However, it is worth 

acknowledging that if the prototype in its current format suggests that VR can 

be successfully employed in the industry, enhanced content, display, user 

navigation and so forth will only serve to reinforce this point. 

9.4 Recommendations  
The following are some recommendations, which arise from the research 

work: 

 It would appear prudent that electrical codes such as ET 101 and BS 

7671 have less stringent requirements for voltages less than 25 V 

instead of 50 V. This argument can be made based on accident 

investigations involving incidents where less than 50 V was reported 

but also on the findings of the IEC 60479 standard where touch voltage 

thresholds for ventricular fibrillation below 50 V is possible for various 

scenarios. 
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 In the home, the electrical injury rate for males is 1.5 times than that for 

females. However, the fatality rate due to electricity-related accidents is 

nine times higher for males than the corresponding rate for females. 

This topic warrants further investigation. In addition it is 

recommended that the accident interviews should be made mandatory 

as part of A&E’s normal record. 

 

 The new 4th edition of (ET101:2008) by ETCI or 17th edition IEE Wiring 

Regulations (BS7671:2008) coupled with best practice of de-energising 

equipment before maintenance/repair and corrective maintenance on 

electrical appliances could significantly reduce injury and death rates. 

 

 For domestic dwellings, a certification process based on periodic 

inspections would ensure best practice with the added benefit of giving 

the occupant a heightened sense of security, increased convenience 

using electricity and an increased property value. 

 

 Virtual reality environments should be introduced to the electrical 

services engineering industry to enhance electrical safety and design 

and strengthen current training programs.  

 

 The development of virtual reality based learning environments for 

integration in educational electrical services programmes should be 

pursued. Virtual reality systems can allow users to attain a better 

understanding of complex ideas, systems or environments and helps 

users develop capabilities, skills and competencies essential for further 

study and future employment. Additionally, Desktop VR can enhance 

the learning effect by demonstrating through an immersive medium in 

a contextualized environment the design features, processes and 

electrical components involved in an electrical installation. 

 

 Further development of the ‘VES’ prototype model should include 

increased electrical installation content in a layered format. For 

example clicking on a component could potentially bring the user to an 

inner layer which gives a more magnified view of the component and 

relevant information, while also allowing dynamic electrical 

simulations in order to improve the realistic representation of the 

actual systems. In addition the integration of commercial and 

industrial scenes would increase the usefulness of the program.  
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 Multidisciplinary teams consisting of software engineers, electrical 

services engineers, 3D artists and psychologists would be best suited to 

developing a commercially viable system. 

9.5 Final Note 
Virtual reality is identified as a rapidly developing computer based 

technology that is widely used for a diverse range of applications. Over the 

past decade, computer systems have rapidly evolved and significantly 

improved the quality and accessibility of virtual reality systems and also 

reduced the cost associated with such systems. The net effect has prepared the 

way for virtual reality technology to be considered in a variety of engineering 

areas. 

The intent of electrical safety is to eliminate as far as reasonably possible the 

potential of electrical accidents occurring. One potential method of addressing 

this issue is to use virtual reality. Through a virtual environment designers 

can view and investigate the impact of their designs, persons can become 

more aware of the dangers of electricity, while a skilled person can become 

more informed or virtually instructed before carrying out maintenance. By 

providing a format to develop and address each of these elements will only 

serve to heighten awareness and encourage people to use safe electrical 

practices. It is hoped through the development of this novel prototype, that 

the potential of virtual reality will be exploited by the industry and the overall 

research findings will aid in enhancing electrical safety in the built 

environment which can benefit all of society. 
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Appendix – VR Evaluation Measurement 

Questions 
 

Measurement Item Question Mean S.D 

Immersion 1. The 3D simulation system creates a realistic-looking environment. 

2. I feel immersed in the 3D simulation system. 
3. I feel that the 3D simulated environment makes me concentrate more while learning. 

5.64 

4.75 
5.47 

0.96 

1.23 
1.4 

Representational 

Fidelity 

1. The realism of the 3-D images motivates me to learn 

2. The smooth changes of images make learning more motivating and interesting 
3. The realism of the 3-D images helps to enhance my understanding 

4.97 

5.17 
5.33 

1.27 

1.18 
1.12 

Immediacy of 

control 

1. The ability to manipulate the objects within the virtual environment makes learning more 

motivating and interesting 

2. The ability to manipulate the objects in real time helps to enhance my understanding. 

6.11 

 

5.8 

0.89 

 

0.94 

Perceived 

usefulness 

1. Using this type of computer program as a tool for electrical services/will increase my learning and 

academic performance 

2. Using this type of computer program enhances/will enhance the effectiveness of my learning 

3. This type of computer program allows/will allow me to progress at my own pace 

4. This type of computer program is useful in supporting my learning 

5.76 

 

5.72 

5.91 

5.97 

1.02 

 

1.03 

1.00 

0.92 

Perceived ease of 

use 

1. Learning to operate this type of computer program is easy for me 

2. It is easy for me to find information with the computer program 
3. Overall, I think this type of computer program is easy to use 

5.66 

5.37 
5.37 

1.28 

1.20 
1.26 

Presence 1. There is a sense of presence (being there) while learning with this type of computer program. 5.05 1.37 

Motivation 1. It was enjoyable using the VR system for learning purposes 
2. The system can enhance my learning interest 

3. The system can enhance my learning motivation 

5.52 
5.61 

5.32 

1.23 
1.06 

1.11 

Intention to use the 

system 
 

1. I think this system can strengthen my intentions to learn 

2. I am willing to continue using this system in the future 
3. Overall, I think this system can to be a good learning tool 

5.20 

5.22 
6.13 

1.30 

1.40 
1.05 

Cognitive Benefits 1. This type of computer program makes the comprehension easier 

2. This type of computer program makes the memorization easier 
3. This type of computer program helps me to better apply what was learned 

4. This type of computer program helps me to better analyze the problems 

5. This type of computer program helps me to have a better overview of the content learned 

5.68 

5.39 
5.76 

5.68 

5.56 

0.96 

1.21 
1.01 

0.98 

1.02 

Perceived Learning 
effectiveness 

1. I was more interested to learn the topics 
2. I learned a lot of factual information in the topics 

3. I gained a good understanding of the basic concepts of the materials 

4. I learned to identify the main and important issues of the topics 

5. I was interested and stimulated to learn more 

6. The learning activities were meaningful. 

7. What I learned, I can apply in real context 

5.26 
5.18 

5.52 

5.56 

5.26 

5.56 

5.59 

1.10 
1.16 

0.89 

0.88 

1.08 

1.01 

1.12 

Satisfaction 1. I was satisfied with this type of computer-based learning experience 

2. A wide variety of learning materials was provided in this type of computer-based learning 

environment. 
3. I don’t think this type of computer-based learning environment would benefit my learning 

achievement *(R) 

4. I was satisfied with the immediate information gained in this type of computer-based learning 
environment 

5. I was satisfied with the teaching methods in this type of computer-based learning environment 

6. I was satisfied with this type of computer-based learning environment 
7. I was satisfied with the overall learning effectiveness 

5.01 

 

5.40 
 

5.49 

 
5.30 

5.54 

5.63 
5.50 

1.19 

1.41 

 
0.89 

 

1.04 
 

1.00 

1.10 
1.10 

Measurement questions and mean scores received 

*(R) Ranking Reversed 

 

 


