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Abstract 

One of the main causes of occupational injuries worldwide is slips and falls. These are some 

of the main sources of risks at work, in leisure activities, in the industrial sector, and when 

doing routine tasks. A number of lower limb issues, including muscle inflammation, ligament 

rips, and dislocations, are frequent outcomes of slip and fall accidents. Employees in the US 

have taken emergency medical vacations as a result of these problems, which has caused a 

major work delay and an overall financial cost of more than $170 billion. An sudden decrease 

in grip at the shoe-floor contact is said to be the main cause of inadvertent slips being initiated. 

Thus, it becomes crucial to research footwear's traction performance as well as other pertinent 

features in order to maintain sufficient shoe-floor friction.  

Wear reduces a shoe's ability to maintain friction because of its tread properties, which 

significantly affects the available coefficient of friction (ACOF) at the shoe-floor contact. It 

was discovered that wearing worn shoes might raise the chance of slipping by up to ten times 

compared to wearing brand-new (or unworn) shoes. Furthermore, the ACOF at the shoe-floor 

interface is known to be influenced by a number of footwear-related characteristics, including 

tread design, flooring type, outsole materials, shore hardness, and the presence of slippery 

contaminants. Specifically, the ACOF is significantly reduced when viscous pollutants are 

present on a floor, increasing the chance of sliding. Additionally, understanding an outsole's 

performance in both dry and wet sliding conditions depends heavily on its geometrical 

characteristics, or treads. Due to worn footwear, there is no information available to determine 

the replacement thresholds, which would allow the user to make an informed decision about 

whether or not to replace the footwear. Therefore, figuring out the replacement thresholds for 

these shoes and comprehending the growing risk of slipping will be made easier by knowing 

how wear affects the traction performance of shoes. 

There is a lack of current techniques and technologies in order to measure the slipping risks 

due to footwear. Most friction measuring devices are bulky, costly, and installed in labs. This 

is due to their inability to replicate the biomechanics of human slides and the environmental 

fidelity required to replicate walking floors and contamination conditions that are typical of 

slip and fall accidents. They also lack portability. Additionally, there is little to no knowledge 

of slip testing in low- or middle-income nations, and these equipment are costly and hard to 

come by. Existing slip testing devices have their limitations, so it would be ideal to have a 

portable, lightweight, and inexpensive device that can simulate human slip biomechanics and 



measure traction performance on realistic slippery floors. In addition to this, there is a lack of 

computational framework for rapid testing of footwear designs in worn conditions. Thus the 

major focus of this dissertation was to design and develop a biofidelic, portable robotic slip 

testing device and extensively assess the traction performance of worn footwear through 

experiments and numerical modelling. 

This thesis investigates slips and falls by analyzing their mechanisms, biomechanics, and 

quantification. Chapter 1 introduces the topic, highlighting its prevalence through statistical 

data and emphasizing the importance of studying footwear biomechanics and wear to 

understand slipping. The chapter also explores mechanical slip testing devices for injury 

quantification. 

Chapter 2 provides a literature review on slip testing devices and footwear traction, showcasing 

various mechanical devices used to measure slipping risks. It stresses the need for biofidelic 

testing to accurately assess footwear safety. Additionally, computational modeling of footwear-

floor interactions is discussed, revealing a lack of rapid computational models for assessing 

slipping risks considering material wear. Chapter 3 describes the development of a portable, 

biofidelic whole-shoe robotic slip testing device. The device was validated across multiple 

footwear-floor-contaminant conditions and proved useful in clinical and non-clinical settings. 

Chapter 4 uses this device to examine the effect of progressive wear on formal footwear traction 

in workplace environments, correlating worn areas with frictional performance. 

In Chapter 5, the developed device was used to assess the friction in footwear worn by nurses 

in high-movement hospital areas, using enclosure circles as an ergonomic tool to evaluate 

slipping risks and propose replacement thresholds. Chapter 6 investigates how tread patterns 

affect friction, showing that thinner treads and wider gaps increase wet friction, while oblique 

patterns provide the highest friction in both dry and wet conditions. Finally, Chapter 7 

introduces a CFD-based computational model to evaluate tread wear in wet conditions. 

Validated by experimental testing, the model effectively predicts slipping risks over different 

wear durations. 

  



अमूर्त 

दुनिया भर में व्यावसानयक चोटोों के मुख्य कारणोों में से एक निसलि और निरिा है। ये काम पर, अवकाश 

िनिनवनियोों में, औद्योनिक के्षत्र में और नियनमि कायय करिे समय जोखिम के कुछ मुख्य स्रोि हैं। 

माोंसपेनशयोों में सूजि, नलिामेंट ररप्स और निस्लोकेशि सनहि कई निचले अोंि सोंबोंिी समस्याएों , निसलि 

और निरिे की दुर्यटिाओों के अक्सर पररणाम होिे हैं। इि समस्याओों के पररणामस्वरूप अमेररका में 

कमयचाररयोों िे आपािकालीि नचनकत्सा अवकाश नलया है, नजसके कारण काम में बडी देरी हुई है और 

कुल नमलाकर 170 नबनलयि िॉलर से अनिक की नवत्तीय लािि आई है। जूिे-िशय सोंपकय  पर पकड में 

अचािक कमी अिजािे में निसलि शुरू होिे का मुख्य कारण मािा जािा है। इसनलए, जूिे-िशय र्र्यण 

को पयायप्त बिाए रििे के नलए जूिे के कर्यण प्रदशयि के साथ-साथ अन्य प्रासोंनिक नवशेर्िाओों पर शोि 

करिा महत्वपूणय हो जािा है।  

नर्साव के कारण जूिे के चलिे के िुणोों के कारण र्र्यण बिाए रििे की जूिे की क्षमिा कम हो जािी है, 

जो जूिे-िशय सोंपकय  पर उपलब्ध र्र्यण िुणाोंक (ACOF) को महत्वपूणय रूप से प्रभानवि करिा है। यह 

पाया िया नक नर्से हुए जूिे पहििे से एकदम िए (या नबिा पहिे) जूिे पहििे की िुलिा में निसलिे की 

सोंभाविा दस िुिा िक बढ़ सकिी है। इसके अलावा, जूिे-िशय इोंटरिेस पर ACOF को कई िुटनवयर 

से सोंबोंनिि नवशेर्िाओों से प्रभानवि मािा जािा है, नजसमें टर ेि निजाइि, फ़्लोररोंि का प्रकार, आउटसोल 

सामग्री, नकिारे की कठोरिा और निसलि वाले दूनर्ि पदाथों की उपखिनि शानमल है। नवशेर् रूप से, 

जब िशय पर नचपनचपे प्रदूर्क मौजूद होिे हैं, िो ACOF कािी कम हो जािा है, नजससे निसलिे की 

सोंभाविा बढ़ जािी है। इसके अनिररक्त, सूिी और िीली दोिोों िरह की निसलि खिनियोों में आउटसोल 

के प्रदशयि को समझिा इसकी ज्यानमिीय नवशेर्िाओों या टर ेि पर बहुि अनिक निभयर करिा है। नर्से हुए 

जूिोों के कारण, प्रनििापि सीमा नििायररि करिे के नलए कोई जािकारी उपलब्ध िही ों है, जो उपयोिकिाय 

को जूिे बदलिे या ि बदलिे के बारे में सूनचि निणयय लेिे की अिुमनि देिा। इसनलए, इि जूिोों के नलए 

प्रनििापि सीमा का पिा लिािा और निसलिे के बढ़िे जोखिम को समझिा यह जािकर आसाि हो 

जाएिा नक पहििे से जूिोों के कर्यण प्रदशयि पर क्या प्रभाव पडिा है। जूिे के कारण निसलिे के जोखिम 

को मापिे के नलए वियमाि िकिीकोों और प्रौद्योनिनकयोों की कमी है।  

अनिकाोंश र्र्यण मापिे वाले उपकरण भारी, महोंिे होिे हैं और प्रयोिशालाओों में लिाए जािे हैं। ऐसा 

इसनलए है क्योोंनक वे मािव स्लाइि के बायोमैकेनिक्स और चलिे वाले िशय और सोंदूर्ण की खिनियोों को 

दोहरािे के नलए आवश्यक पयायवरणीय निष्ठा की िकल करिे में असमथय हैं जो निसलिे और निरिे की 



दुर्यटिाओों के नलए नवनशष्ट हैं। उिमें पोटेनबनलटी की भी कमी है। इसके अनिररक्त, निम्न या मध्यम आय 

वाले देशोों में निसलि परीक्षण के बारे में बहुि कम या कोई जािकारी िही ों है, और ये उपकरण महोंिे हैं 

और नमलिा मुखिल है। मौजूदा निसलि परीक्षण उपकरणोों की अपिी सीमाएँ हैं, इसनलए एक पोटेबल, 

हल्का और सस्ता उपकरण होिा आदशय होिा जो मािव निसलि बायोमैकेनिक्स का अिुकरण कर सके 

और यथाथयवादी निसलि वाले िशय पर कर्यण प्रदशयि को माप सके। इसके अलावा, नर्सी हुई खिनियोों 

में िुटनवयर निजाइिोों के िेज परीक्षण के नलए कम्प्यूटेशिल ढाँचे की कमी है। इस प्रकार इस शोि प्रबोंि 

का मुख्य ध्याि एक बायोनििेनलक, पोटेबल रोबोनटक निसलि परीक्षण उपकरण को निजाइि और 

नवकनसि करिा और प्रयोिोों और सोंख्यात्मक मॉिनलोंि के माध्यम से नर्से हुए जूिोों के कर्यण प्रदशयि का 

व्यापक रूप से आकलि करिा था। यह थीनसस निसलि और निरिे की नियानवनि, बायोमैकेनिक्स और 

पररमाणीकरण का नवशे्लर्ण करके जाोंच करिी है।  

अध्याय 1 नवर्य का पररचय देिा है, साोंखख्यकीय आोंकडोों के माध्यम से इसकी व्यापकिा पर प्रकाश 

िालिा है और निसलि को समझिे के नलए िुटनवयर बायोमैकेनिक्स और नर्साव का अध्ययि करिे के 

महत्व पर बल देिा है। अध्याय चोट के पररमाणीकरण के नलए याोंनत्रक निसलि परीक्षण उपकरणोों की 

भी पडिाल करिा है। अध्याय 2 निसलि परीक्षण उपकरणोों और िुटनवयर कर्यण पर एक सानहत्य 

समीक्षा प्रदाि करिा है, जो निसलि जोखिमोों को मापिे के नलए उपयोि नकए जािे वाले नवनभन्न याोंनत्रक 

उपकरणोों को प्रदनशयि करिा है। यह िुटनवयर सुरक्षा का सटीक आकलि करिे के नलए बायोनििेनलक 

परीक्षण की आवश्यकिा पर बल देिा है। इसके अनिररक्त, िुटनवयर-िशय इोंटरैक्शि के कम्प्यूटेशिल 

मॉिनलोंि पर चचाय की िई है, जो सामग्री के नर्साव पर नवचार करिे हुए निसलि जोखिमोों का आकलि 

करिे के नलए िीव्र कम्प्यूटेशिल मॉिल की कमी को उजािर करिा है। अध्याय 4 इस उपकरण का 

उपयोि काययिल के वािावरण में औपचाररक िुटनवयर कर्यण पर प्रिनिशील पहििे के प्रभाव की जाोंच 

करिे के नलए करिा है, पहिे हुए के्षत्रोों को र्र्यण प्रदशयि के साथ सहसोंबोंनिि करिा है। अध्याय 5 में, 

नवकनसि निवाइस का उपयोि उच्च-आोंदोलि वाले अस्पिाल के्षत्रोों में िसों द्वारा पहिे जािे वाले िुटनवयर 

में र्र्यण का आकलि करिे के नलए नकया िया था, निसलिे के जोखिमोों का मूल्ाोंकि करिे और 

प्रनििापि थे्रसहोल्ड का प्रस्ताव करिे के नलए एक एिोिोनमक उपकरण के रूप में सोंलग्नक हलकोों का 

उपयोि नकया िया था। अध्याय 6 जाोंच करिा है नक टर ेि पैटिय र्र्यण को कैसे प्रभानवि करिे हैं, यह 

नदिािे हुए नक पिले टर ेि और व्यापक अोंिराल िीले र्र्यण को बढ़ािे हैं, जबनक निरछे पैटिय सूिी और 

िीली दोिोों खिनियोों में उच्चिम र्र्यण प्रदाि करिे हैं। अोंि में, अध्याय 7 िीली खिनियोों में टर ेि पहििे का 

मूल्ाोंकि करिे के नलए CFD-आिाररि कम्प्यूटेशिल मॉिल पेश करिा है। 



Contents 

 

List of Figures                                                                             i 

List of Tables           vii 

List of Abbreviations          viii 

List of Symbols          x 

 

Chapter 1: Overview of Slips and Falls 

  

Topic Number Topic Page Number 

1.1  Introduction to Slips and Falls 1 

1.2  Terminology Related to Slip and Fall 

Specific to Footwear Tribology 

2 

1.3  Statistics on Slip and Fall Injuries 4 

1.4  Understanding the Biomechanics of Slips 

through Gait Patterns 

8 

 1.4.1  Biomechanics of normal gait 8 

 1.4.2  Biomechanics of slips 9 

1.5  Measurement of Slip Resistance of Worn 

Footwear 

10 

1.6  Role of Footwear Wear in Slips and Falls 10 

 1.6.1  Quantification of friction at  worn 

shoe-contaminant-floor 

13 

 1.6.2  Impact of slip resistant 

 footwear 

14 

 1.6.3  Common patterns with high  wear-

rate 

14 

1.7  Literature Gap and Research Objectives 15 

1.8  Scope of Current Reseach 16 

                                                        

 

 

 



 

Chapter 2: Literature Review 

 

Topic Number Topic Page Number 

2.1 Popular Slip Testing Devices 18 

2.2 Effect of New and Worn Footwear on Slip 

Resistance 

21 

2.3 Research Using Computational Modelling of 

Shoes 

28 

 

Chapter 3: Development of a Whole-Shoe Biofidelic and Portable Slip Testing Device 

 

Topic Number Topic Page Number 

3.1  Introduction 35 

3.2  Materials and Methods 35 

 3.2.1  System for horizontal  motion 36 

 3.2.2  System for vertical  motion 37 

 3.2.3  Electronics and 

 Instrumentation 

 

38 

 3.2.4  Working 38 

3.3  Validating the Outcomes 40 

3.4  Results 41 

 3.4.1  Assessment of the slip  tester's 

 biofidelity and  repeatability 

41 

 

 3.4.2  The slip tester's capacity  to 

 distinguish between  shoes tested in 

 comparable slick  situations 

43 

 

 3.4.3  The slip tester's capacity to 

distinguish  between shoes tested on 

various  flooring types 

44 

 3.4.4  Slip tester's capacity to distinguish 

 between shoes subjected to various 

 pollutants 

45 



3.5  Discussions 47 

Chapter 4: Effect of Progressively Worn Formal Footwear on the Slip-Resistance 

Outcomes 

 

Topic Number Topic Page Number 

4.1  Introduction 51 

4.2  Materials and Methods 51 

 4.2.1  Selection of formal  footwear and 

 common  slippery scenarios 

51 

 4.2.2  Artificial wearing of  selected 

 footwear 

53 

 4.2.3  Testing equipment and test  settings 56 

 

4.3  Data and Statistical Analysis 56 

4.4  Results 57 

 4.4.1  Friction across the  floorings 57 

 4.4.2  Shore hardness's impact on  wear 

 progression 

62 

 4.4.3  How Worn Areas Affect  Traction 

 Performance 

62 

4.5  Discussions 65 

 

 

 

 

 

 

 

 

 



 

 

Chapter 5: Impact of Nurse-specific Footwear Outsole Material Wear on Available 

Friction in Clinical Settings 

Topic Number Topic Page Number 

5.1  Introduction 68 

5.2  Materials and Methods 68 

 5.2.1  Footwear selection and metric 

 characterization 

68 

 5.2.2  Choosing flooring and testing for 

 slip resistance 

70 

 5.2.3  Data analysis 71 

5.3  Results 71 

 5.3.1  The impact of how long shoes are 

 worn on slipping when different 

 substances are present 

71 

 5.3.2  Impact of shoe outsole hardness on 

 slippage in various contaminated 

 environments 

73 

5.4  Discussions 77 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6: Effect of Parametrical Modifications of New and Worn Outsole Tread 

Patterns on the Slip-Resistance 

 

Topic Number Topic Page Number 

6.1  Introduction 80 

6.2  Experiments using the Developed Slip Testing 

Device 

81 

6.3  Wearing Protocol for Outsoles 81 

6.4  Horizontally Oriented Outsole Pattern 82 

 6.4.1  Results 85 

6.5  Vertically Oriented Outsole Pattern 91 

 6.5.1  Footwear outsole designs 91 

 6.5.2  Results 94 

6.6  Obliquely Oriented Outsole Pattern 102 

 6.6.1  Design and manufacture of obliquely 

 oriented footwear outsoles 

102 

 6.6.2  Friction coefficient of outsoles in dry 

 and wet condition 

104 

 6.6.3  Conclusion 107 

6.7  Discussions 107 

 

 

 

 

 

 

 

 

 



Chapter 7: Development and Experimental Validation of an Advanced Computational 

Framework for Worn Footwear Tread Patterns 

 

Topic 

Number 

 Topic Page 

Number 

7.1  Introduction 110 

7.2  Modelling Shoe Outsoles Geometrically 110 

7.3  Procedure for Finite Element Modelling 112 

 7.3.1  Outsole tread deformation brought on 

 by normal load 

112 

 7.3.2  Using CFD to simulate fluid drainage 

 via shoe treads 

112 

 

7.4  Experiments 115 

7.5  Protocol for Data Analysis 116 

7.6  Results and Discussions 117 

 7.6.1  Considered patterns 117 

 7.6.2  Worn horizontal patterns 121 

 7.6.3  Worn vertical patterns 126 

 7.6.4  Oblique patterns 130 

7.7  Discussions 132 

 

Chapter 8: Summary and Future Work 

 

Topic Number Topic Page Number 

       _ Future Work 135 

 

Topic Number Topic Page Number 

 References 139 

 Publications 156 

 Biodata of Author  158 

 



i  

List of Figures 
 

 

 

Figure Number Figure Description Page Number 

1.1 The most common causes of trips, falls, and slides: 

a) Stumble, b) Slip, c) Faint, d) Chair related fall, e) 

Fall, and f) Fall after an intentional jump. Figure 

reproduced under a Creative Commons Attribution 

4.0 International License. 

1 

1.2 Slips and Falls Conceptual Framework 4 

1.3 Injuries caused by slips and falls that resulted in 

fatalities in the United States from 2000 to 2018 

5 

1.4 A normal gait pattern of a healthy person 8 

1.5 Common differences in ground reaction forces 

when walking 

9 

1.6 Effect of worn shoes on slips and falls 11 

1.7 Effect of worn shoes on slips and falls 12 

1.8 Criteria for biomechanical testing in slip testing 14 

1.9 Commonly used formal footwear tread patterns of 

high-wear rate 

15 

2.1 Figure showing the PAST Tribometer. 18 

2.2 The British Pendulum Skid Tester Device 19 

2.3 Table based Stevenson device 19 

2.4 SATRA device 20 

2.5 µ-CART Friction Measurement Device 21 

2.6 Replication of the location of the apparent contact 29 

2.7 The laser-based shoe-floor contour instrumentation 

during walking: a) Laser footprint setup, b) 

Spherical object detection, c) Concave object 

detection, and d) Detection of footprint 

33 

3.1 The developed portable whole-shoe slip testing 

device 

36 

3.2 Horizontal motion assembly 37 

3.3 System for vertical motion and angle adjustment 38 



ii  

3.4 The overall working of the device 39 

3.5 Normal Load Variations 42 

3.6 Verification of speed values produced by the IMU 42 

3.7 Slip tester repeatability in (A) dry and (B) wet 

conditions 

43 

3.8 Percentage of the shoes' ACOF that differed from: 

Shoes 1 on dry polished flooring, 6 on wet polished 

flooring, 7 on dry anti-skid flooring, and 7 on wet 

44 

 anti-skid flooring are shown in (A), B), and D, 

respectively 

 

3.9 The relative difference in ACOF across floorings, 

the correlation of ACOF of shoes in dry conditions, 

and the correlation of ACOF of shoes in wet 

conditions are three ways that a slip tester may 

distinguish between shoes tested on various 

floorings 

45 

3.10 As evidenced by (A) the percentage difference in 

ACOF between contaminants, (B) the correlation 

between the friction tested on polished flooring, 

and (C) the correlation between the friction tested 

on anti-skid flooring, a slip tester can differentiate 

between shoes tested on different contaminants 

46 

3.11 Recent enhancements to the developed Slip Testing 

Device 

49 

4.1 The study's chosen pair of Indian formal shoes 52 

4.2 Test floorings included: a) Laminate, b) Matt, and 

c) Ceramic. Ra= 1.61 µm, Ra= 3.51 µm, Ra= 6.54 

µm respectively 

53 

4.3 Schematic of the test apparatus used to perform 

artificial wearing of the selected shoes 

54 

4.4 Formal shoes worn: a) after the first wear, b) after 

the second wear, and c) after the third wear 

54 

4.5 The research used a portable, whole-shoe biofidelic 

slip testing instrument 

56 

4.6 The traction performance of new formal footwear 

was evaluated in two conditions: a) dry, and b) wet 

58 



iii  

4.7 Formal footwear friction in two conditions after 

first wear: a) dry and b) water-damp flooring 

59 

4.8 After two wears, the traction outcomes of formal 

footwear are shown in two conditions: a) dry and b) 

wet 

60 

4.9 After three wears, the traction outcomes of formal 

footwear are shown in two conditions: a) dry and b) 

wet 

61 

4.10 Influence of shore hardness on wear progression 62 

4.11 How the worn area affects total grip performance 

after the first wear cycle in: a) dry conditions, and 

b) wet conditions 

63 

4.12 The impact of worn areas on grip performance after 

the second use in: a) dry conditions, and b) wet 

conditions 

64 

4.13 After the third wear cycle, the effect of the worn 

region on overall grip performance in both dry and 

wet circumstances is examined 

65 

5.1 Diagram for estimating wear sizes using circular 

enclosures 

69 

5.2 This study used a portable robotic slip testing 

platform that is biofidelic 

71 

5.3 The impact of the length of time spent wearing 

shoes on sliding in three distinct contamination 

conditions—dry, wet, and floor cleaner—is 

examined 

72 

5.4 Impact of shoe outsole hardness on slippage in arid 

environments 

74 

5.5 Impact of shoe outsole hardness on slippage in 

damp environments 

75 

5.6 Worn area sizes' impact on slippage in dry 

conditions 

76 

5.7 Impact of worn area sizes on sliding in conditions 

when water was present 

77 

5.8 Impact of worn area sizes as a contaminating factor 

on sliding beneath floor cleaner 

77 

6.1 The original tread design's dimensions 82 

6.2 The horizontal footwear outsoles that were created 83 



iv  

6.3 The outsoles of footwear after the first, second, and 

third wear cycles 

84 

6.4 ACOF of outsoles in new condition 86 

6.5 ACOF of outsoles after 1st wear cycle 86 

6.6 ACOF of outsoles after 2nd wear cycle 87 

6.7 ACOF of outsoles after 3rd wear cycle 88 

6.8 Thread width's effects on ACOF are examined in 

two scenarios: A) dry and B) wet 

88 

6.9 Tread gap's effects on ACOF in two different 

conditions: A) dry and B) wet 

89 

6.10 Wearing region area affects ACOF in dry and wet 

sliding conditions 

90 

6.11 Dimensions of the original footwear tread structure 92 

6.12 Created outsoles with tread widths and gaps that 

have been dimensionally altered 

92 

6.13 Outsoles post: (a) First wear phase, (b) Second 

wear phase, and (c) Third wear phase 

93 

6.14 The friction coefficients of new shoe outsoles in 

both dry and wet conditions 

95 

6.15 Outsole friction ratings in dry and wet slip tests 

after the initial wear phase of footwear 

96 

6.16 Shoe outsole friction coefficients in dry and wet 

slip tests after the second wear phase 

97 

6.17 Results from dry and wet slip tests on shoe outsoles 

after the last stage of wear 

98 

6.18 Traction performance is affected by tread gap in 

both dry and wet conditions 

98 

6.19 Thread width's effect on traction performance in 

both dry and wet conditions 

99 

6.20 Changes in ACOF with progressive wear in: a) dry 

condition, and b) wet condition 

100 

6.21 ACOF in dry conditions, ACOF in wet conditions 101 

6.22 The developed oblique outsole patterns 103 

6.23 Schematic diagram showing how the geometrical 

variations were carried 

104 



v  

6.24 The outsoles' traction performance in both dry and 

wet slipperiness 

105 

6.25 Comparison of tread area with dry and wet ACOF 105 

6.26 Influence of tread thickness on the outcomes 106 

6.27 Influence of tread angle on the outcomes 107 

7.1 The chosen shoes' 3D CAD models 111 

7.2 Production process for the outsole prototypes 111 

7.3 Steps in computational modelling: (A) Outsoles 

bent by 17˚ up to 50 mm, and (B) Static loading 

boundary conditions 

112 

7.4 Mesh convergence study for each outsole tread 

pattern 

113 

7.5 Boundary conditions: Characterization of the CFD 

flow domain 

115 

7.6 The developed device was used for experiments 115 

7.7 Simulated induced pressure from slippage when 

water is present 

117 

7.8 Mass flow rates brought on by simulations of 

slippage when water is present as a contaminant 

118 

7.9 The grip values of shoe bottoms on wet floors 120 

7.10 ACOF values for the outsole in relation to: A) 

induced pressure, B) mass flow rates, and C) 

contact area 

120 

7.11 Fluid Pressures induced on the outsoles in new 

condition during wet slip simulation 

121 

7.12 Fluid Pressures induced on the outsoles after 1st 

wear cycle during wet slip simulation 

122 

7.13 Fluid Pressures induced on the outsoles after 2nd 

wear cycle during wet slip simulation 

123 

7.14 Fluid Pressures induced on the outsoles after 3rd 

wear cycle during wet slip simulation 

124 

7.15 Impact of the worn region area on fluid pressure, 

ACOF in dry sliding conditions, and wet slipping 

conditions 

125 

7.16 Induced fluid pressure on the unworn outsoles 126 



vi  

7.17 Induced fluid pressure on the outsoles after first 

wear phase 

127 

7.18 Induced fluid pressure on the outsoles after second 

wear phase 

128 

7.19 Induced fluid pressure on the outsoles after third 

wear phase 

129 

7.20 Impact of the worn region area on fluid pressure for 

vertical outsoles 

130 

7.21 Induced fluid pressure heatmaps for the oblique 

patterns 

131 

7.22 Effect of tread area on the fluid pressure across 

oblique patterns 

132 



vii  

List of Tables 

 
Table Number Table Description Page Number 

3.1 Comparison of our device with the other devices 50 

7.1 Interpretation of Pearson’s (r) based on a previous 

study 

116 

 

  



viii  

List of Abbreviations 
 

 

 

Abbreviation Meaning 

ACOF Available Coefficient of Friction 

ANOVA Analysis of Variance 

AIIMS All Indian Institute of Medical Science 

ASTM American Society for Testing and Materials 

BLS Bureau of Labor Statistics 

BMI Body Mass Index 

BPT British Pendulum Tester 

BPST British Portable Skid tester 

COP Centre of Pressure 

COF Coefficient of Friction 

CAD Computer Aided Design 

DCOF Dynamic Coefficient of Friction 

EA Elderly Aged 

FF Formal Footwear 

Fv1 and Fv2 Normal Forces 

Fx, Fy, and Fz Ground Response Forces 

GRF Ground Reaction Force 

HPS Horizontal Pull Slipmeter 

HOV Homogeneous Vinyl 

HTV Heterogeneous Vinyl 

HP Horizontal Patterns 

ICU Intensive Care Unit 

NSC National Safety Council 

NSR Non-Slip Resistant 

OPD Outpatient Department 

PAST Portable Articulated Strut Tribometer 

PFT Portable Friction Tester 

PSS Peak sliding speed 



ix  

p Profiled 

PU Polyurethane 

PLA Polylactic Acid 

RCOF Required Coefficient of Friction 

Ra Average Surface Roughness 

r Rough 

S Smooth 

Sr Slightly Rough 

SR Slip Resistant 

SS Slip Start 

SLS Sodium Laurel Sulphate 

STF Slip, Trip and Falls 

SCOF Static Coefficient of Friction 

SEM Scanning Electron Microscopy 

TNO Toegepast Natuurwetenschappelijk Onderzoek 

TPU Thermoplastic Polyurethane 

UK United Kingdom 

vr Very Rough 

V0 Initial Velocity 

VGRF Vertical Ground Reaction Force 

VP Vertical Patterns 

WLI White Light Interferometry 



x  

List of Symbols 
 

 

 

Symbols Meaning 

R2 Coefficient of Determination 

Pa Pascals 

𝜌𝑢𝑖 Change of momentum per unit mass 

𝜇 Viscosity 

𝑢  Mean velocity 

 


