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ABSTRACT 

In recent years there has been a push for greater job safety in all industries.  

Personnel protective equipment or PPE has been developed to help mitigate the risk of 

injury to humans that might be exposed to hazardous situations. The human head is the 

most critical location for impact to occur on a work site. A hard enough impact to the 

head can cause serious injury or death. That is why industries have adopted the use of 

an industrial hard hat or helmet. The objective of this safety device is to reduce the 

risk of injury to the head. There has only been a few articles published that are focused 

on the risk of head injury when wearing an industrial helmet. A lack of understanding 

is left on the effectiveness of construction helmets when reducing injury. The scope of 

this study is to determine the threshold at which a human will sustain injury when 

wearing a helmet.  Complex finite element, or FE, models were developed to study the 

impact on construction helmets. The FE model consists of two parts the helmet and the 

human model. The human model consists of a brain, enclosed by a skull and an outer 

layer of skin. The level and probability of injury to the head is determined using both 

the Head Injury Criterion (HIC) and tolerance limits set by Deck and Willinger. The 

HIC has been greatly used to assess the likelihood of head injury while in a vehicles. 

The tolerance levels proposed by Deck and Willinger are more suited for finite 

element models, but lack wide scale validation. Different cases of impact were studied 

using LSTC’s LS-DYNA.  In this thesis a study was conducted that assesses the risk 

of injury for wearers of construction helmets or hard hats.  
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Next a literature survey on clothing simulation was also completed. Cloth 

modeling and simulation has gained significant momentum in recent years due to 

advances in computational hardware and software. Cloth plays an important role not 

only in daily life, but also in special scenarios such as firefighter clothing, ballistic or 

bullet proof vest and space suits. There are special requirements such as the protective 

capability of the fabric and effects on mobility for the wearer of the particular fabric or 

garment. Traditional assessment of cloth is to develop prototypes first and conduct 

experiments to assess the garment. This is time consuming and expensive. Virtual 

cloth modeling and simulation provides a means to demonstrate and assess its 

performance before cloth is made. This study attempts to give a literature review to 

summarize the state-of-the-art of cloth modeling and simulation. After the literature 

survey several clothing simulations were completed using LS-Dyna. These 

simulations were able to test and predict some basic information. The testing showed 

that realistic draping and stress mapping for digital cloth can be achieved using 

LSTC’s LS-Dyna. 

 



Texas Tech University, James Long, May 2012 
 

vii 
 

LIST OF TABLES 

Table 2.1 Tolerance limits proposed by Deck and Willinger for injury 
mechanism of the human head (Deck and Willinger, 
2008). ................................................................................................... 16 

Table 3.1  The material models utilized in LS-Dyna to simulate the 
human head. ......................................................................................... 19 

Table 3.2. Material Properties of the helmet material used in LS-
DYNA. ................................................................................................. 23 

Table 4.1 Results from the 2kg cylinder object impacting the top of the 
helmet. .................................................................................................. 34 

Table 4.2 Results from the 5kg board impacting the top of the helmet. ...................... 35 

Table 5.1 Material properties of fabric used in LS-Dyna. ........................................... 60 

 



Texas Tech University, James Long, May 2012 
 

viii 
 

LIST OF FIGURES 

 
Figure 2.1  A cross sectional view of the different layers that cover the 

human brain. The scalp is shown with its five sub layers. 
The skull has three sublayers. Finally the meninges is 
composed of the three layers closest to the brain. The 
layers being the dura, arachnoid and pia. (Goldsmith, 
2001) ...................................................................................................... 6 

Figure 2.2  Further illustrates the layers of the human head. Take of 
anatomical geometry and compare to the proposed FE 
model. (Goldsmith, 2001) ...................................................................... 8 

Figure 2.3 A look at some common modern hard hats. ................................................. 9 

Figure 2.4 The space between the human head and helmet shell that a 
suspension systems provides. ............................................................... 10 

Figure 2.5 Probability of Specific Head Injury Level for a given HIC 
Score, downloaded from the Canadian Playground 
Advisory Inc at (http://www.playgroundadvisory.com) ...................... 13 

Figure 2. 6 Histograms of injury limits for moderate and severe 
neurological injury proposed by Deck and Willinger: (a) 
displays type of injury and max von mises for each case; 
(b) percent risk of moderate DAI; (c) percent risk of 
severe DAI (Deck and Willinger, 2008). ............................................. 15 

Figure 2. 7 Histograms of injury limits for skull fracture proposed by 
Deck and Willinger; (a) compares skull fracture or no 
skull fracture with recorded strain energy in the skull; 
(b) percent risk of skull fracture (Deck and Willinger, 
2008). ................................................................................................... 15 

Figure 3.1 Different views of the human FEA model; (a) the outer skin 
layer; (b) the middle layer, the skull; (c) the brain; (d) 
cross sectional side view; (e) front view; (f) top view ......................... 17 

Figure 3.2 (a) displays the cross sectional view of the FE model on the 
left compared ;(b) to the cross sectional view of the 
human head. The FE model is simplified but still 
remains anatomically accurate. ............................................................ 18 

Figure 3.3 Different views of the helmet model; (a) top view of the 
helmet;(b) side view of the helmet; (c) top view of the 
straps of the suspension system; (d) bottom view of the 
helmet, straps are colored black; (e) side view of the 



Texas Tech University, James Long, May 2012 
 

ix 
 

helmet, set to transparent to display the straps; (f) side 
view of the straps. ................................................................................ 21 

Figure 3.4. Stress strain test at three different pull speeds for Ultem 
ATX 100, obtained from Sabic’s website, in terms of 
Engineering stress and engineering strain. ........................................... 23 

Figure 3.5. Stress strain curves that have been converted to true stress 
and true strain, the curves have also been smoothed out 
to upload into a table in LS-Dyna. ....................................................... 24 

Figure 3.6 Different steps of the helmet being placed on the head; (a) 
the starting point of the helmet, before the simulation 
begins; (b) around the half way point; (c) the helmet has 
reached the final placement. ................................................................. 25 

Figure 3.7 The straps of the suspension system are constrained to the 4 
appropriate locations on the helmet: (a) a top view of the 
four constrained locations of the helmet are circled in 
red; (b) an inside view of one of the constrained node 
locations. .............................................................................................. 25 

Figure 3.8 Different parts of the FE model are displayed. The following 
images are as follows: (a) is the outer layer of the human 
head, the skin and scalp; (b) is the middle layer of the 
head, the skull; (c) is the solid elements of the brain; (d) 
is the human head and helmet model, after placement of 
the helmet; (e) the helmet shell is set to transparent to 
show the suspension system or straps; (f) the skin and 
skull parts are set to transparent to show the anatomical 
positions of the human head parts. ....................................................... 26 

Figure 3.9 Both head models undergo similar impact conditions. The 
head model is rotated 45° and impacted in the front at 
6.3m 1: (a) is the proposed model before at the start 
of the validation simulation; (b) is the model proposed 
by Willinger et al. ................................................................................. 27 

Figure 3.10 Contour plots of the Von-Mises stress in both simulations 
around 4 ms: (a) the proposed model has a slightly 
higher fringe level than; (b) the ULP model. ....................................... 28 

Figure 3.11 Contour plots of the Pressure in both simulations around 3 
ms: (a) the proposed model has a significantly higher 
countercoup pressure than; (b) the ULP model.................................... 28 

Figure 3.12 The recorded pressure in a front element for both the ULP 
model and the proposed model. ........................................................... 29 



Texas Tech University, James Long, May 2012 
 

x 
 

Figure 4.1 The front impact case, the impacter was a rigid wall. ................................ 31 

Figure 4.2 The two case of top impact studied; (a) the impacter used 
was a 2 kg cylinder; (b) the  impacter used was a 5kg 
board. .................................................................................................... 33 

Figure 4.3 Max Von Mises Stress in a Brain Element, predicts DAI .......................... 35 

Figure 4.4. Max Element Strain Energy, predicts skull fracture injury ....................... 36 

Figure 4.5. HIC scores from the various cases of top impact ...................................... 36 

Figure 4.6 Different frames from an impact sequence, the 2 kg impacter 
with an initial velocity of 12 /m s . The time steps are: 
(a) 0 ms; (b) 1.5 ms; (c) 3 ms; (d) 4.5 ms; (e) 5ms. ............................. 37 

Figure 4.7 Plot of Max Von Mises Stress in the brain elements, from 
the 2 kg impacter with an initial velocity of 11 /m s . .......................... 38 

Figure 4.8 Brain Von Mises Stress, image was generated from the 2 kg 
impacter with an initial velocity of 11 /m s  at 3.5 ms. ........................ 39 

Figure 4.9 Brain Von Mises Stress in the brain at different time steps, 
for the 5kg board with initial velocity of 8 /m s : (a) top 
front view at 1ms; (b) top front view at 1.3ms; (c) top 
front view at 2ms; (d) back view at3ms; (e) top back 
view at 4ms .......................................................................................... 39 

Figure 4.10 Plot of the strain energy in the skull, taken from a top 
impact simulation with the 5kg wood board with initial 
velocity of 13 /m s . .............................................................................. 40 

Figure 4.11 Front view of skull pressure at different time steps, for the 
5kg impactor with initial velocity of 13 /m s : (a) at 
.1ms; (b) at 2ms; (c) at 3.6 ms; (d) at 5ms ........................................... 40 

Figure 4.12 Cross section view when the catastrophic failure of the 
helmet is experienced. The helmet fails completely 
when impacted with the 5kg board, that has an initial 

velocity of 18 /m s . .............................................................................. 41 

Figure 5.1 Hierarchical relationships of fiber, yarn, fabric and garment 
to the biomechanical function performance of clothing 
and textile devices. ............................................................................... 46 

Figure 5.2 Spring-mass system provided by Fan et al. ................................................ 52 

Figure 5.3. ( Left) ( a) Deformed mesh of 5x5 Kevlar fabric layer 
impacted by a cylindrical projectile and (b) close-up 
view of impacted area .......................................................................... 54 



Texas Tech University, James Long, May 2012 
 

xi 
 

Figure 5.4. (Right) Mesh of inclined lamina and projectile. The 
projectile and the geometrical model of the 3-D braided 
composite were meshed by eight-node hexahedron solid 
elements ............................................................................................... 54 

Figure 5.5. Results of using material properties in simulation. Images 
show a comparison of real image of cotton versus a 
simulated image (Wu et al., 2002). ...................................................... 55 

Figure 5.6. HEA containing both solid and shell elements, (Nilakantan 
et al., 2008) ........................................................................................... 56 

Figure 5.7 The pressure distribution on the skin (Wang et al., 2006) .......................... 57 

Figure 5.8 Simulated measurement of tight-fit cloth pressure on 
differently sized 3D mannequins (Wong et al., 2004). ........................ 58 

Figure 5.9 Cloth draping effects, model was successfully simulated in 
LS-Dyna. .............................................................................................. 59 

Figure 5.9 Stress distribution in simulated fabric: (a), before the 
simulation starts, (b) after the simulation has started and 
the fabric has settled down. .................................................................. 61 

Figure 5.10 Example of a silk fabric material being tested on the arm. ...................... 61 



Texas Tech University, James Long, May 2012 
 

1 
 

CHAPTER I 

INTRODUCTION 

Motivation for Head and Helmet Simulation 
 

The head is the most critical area of the human body. Severe trauma to the 

head can lead to death or long term disability. In fact, emergency rooms treat and 

release one million Americans a year for traumatic brain injury, TBI. Out of these 

patients 50,000 die; 80,000 to 90,000 experience long term disability; and 230,000 are 

hospitalized and survive. The major causes of TBI include vehicular accidents, 

violence, falls, sports and industrial incidents (Goldsmith, 2001). A reduction in head 

injury could save thousands of lives and prevent injury in thousands of others that 

survive but are living with disabilities. Much research has been devoted to the topic of 

head injury. Understanding the mechanics and biomechanics of head injury is vital for 

engineers and scientists to prevent injury. The study of head injury biomechanics can 

be divided into experimental, analytical, numerical and regulatory information 

(Goldsmith, 2001).  An understanding of experimental and regulatory information is 

key to utilizing numerical results to aid in the design process. Experimental results aid 

researchers in validating analytical and numerical solvers. Experimentation is vital to 

obtain the behavior of the materials simulated in finite element, or FE, solvers. Most 

devices designed to reduce head injury need to meet approval of the regulatory body 

governing the use of a particular device. An important device in mitigating head injury 

has been the helmet. Helmets not only prevent the skull from being perforated, they 

can also dampen the force of the impact object transmitted to the wearer. Hard hats 
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first saw wide spread use in 1931 on the Hoover Dam Project. In the United States 

employers must follow Occupational Safety and Health Administration, or OSHA, 

regulation and ensure that their employees wear head protection if any of the 

following conditions apply: “objects might fall from above and strike them on the 

head; they might bump their heads against objects such as exposed pipes and beams; 

or there is a possibility of accidental head contact with electrical hazards (OSHA 

3151-12R, 2003). Hard hats are also regulated by the American National Standards 

Institute, ANSI. The “American National Standard for Industrial Head Protection” or 

ANSI Z89.1-2009 is referenced in the research conducted. The ANSI standards for 

impact only dictate two types of helmets, Type I and Type II. Type I helmets must 

reduce the force of impact on only the top of the head and Type II must reduce the 

force of impact on the top and sides of the head. ANSI creates a minimum amount of 

protection that an industrial helmet should provide to the wearer. Not all helmets 

provide the same amount of protection and designs are constantly evolving to make 

more protective and comfortable helmets. Designers need tools that can predict the 

mitigation of injury to optimize and improve helmet design. The FE model and injury 

prediction methods explained attempt to accurately predict injury and provide a useful 

tool for helmet designers. 
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Motivation for Clothing Simulation 
The concept of developing a mathematical model to define the behavior of 

cloth and its properties started back in the 1930s, when the engineering community 

developed textile mechanics for supporting the textile industry (House and Breen, 

2001). Since that time technology has evolved exponentially. Advancements in 

computers and software made virtual simulation a reality.  With the development and 

advancement of Finite Element Analysis software and Computational Fluid Dynamic 

software, engineers are able to solve problems at speeds never imagined. There is no 

reason clothing cannot go under a similar process.  The benefits to cloth simulation 

would include a decrease in cost for prototyping. With less prototyping companies 

could also save time. It is estimated that time and cost could be reduced as much as 

80-90%. Also much more complicated problems can be solved through virtual 

simulation. The development of this software led to the concept of virtual cloth 

simulation which started in the late 1980’s and began to see implementation in the 

1990’s (House and Breen, 2001). The idea of cloth simulation involves two main 

focuses that are interrelated. The first focus is the simulation of cloth for engineering 

applications. The main objectives for simulating cloth for engineering applications 

includes comfort, reliability, performance and ensuring safety in cloth designed for 

specific operations. Cloth comfort includes how the cloth contacts the skin and how 

much heat is allowed to transfer between the body and cloth. The modeling of pressure 

maps or contact pressure between the cloth and human skin is needed to determine 

how cloth contacts the human body.  While the study of heat transfer determines the 

analysis of how warm cloth might make a human in specific environments. 
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Research Objectives 
 
The research conducted attempts to achieve several goals: 
  

1. Literature review on the current state of the art of human head FEM 

models. 

2. Develop a human head model for use in LS-Dyna. 

3. Develop an accurate FEM model of a typical industrial hard hat. 

4. Determine the threshold at which a human being would experience 

injury using two different injury criteria. 

5. Literature review on the state of the art of clothing modeling 

6. Basic results of modeling cloth in LS-Dyna 
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CHAPTER II 

 

HEAD MODEL AND HELMET BACKGROUND 

 
 
 
 The goal of this chapter is to introduce several key concepts and background 

material that will aid in the understanding of the proposed model. The human head 

consist of many complex layers. The proposed model simplifies these complex layers 

into three main layers. The geometry and material properties of the model must be as 

accurate as possible to predict the correct response of the human head under impact 

loading conditions. Also a background understanding of what materials are commonly 

used in hard hats, past research conducted on hard hats, the appropriate uses and 

positioning for hard hats guided much of the set up of the industrial hard hat model in 

LS-Dyna. Detailed information is also provided for the two injury criteria utilized to 

determine injury in the proposed head model.  
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Human Head Anatomy 

 
Figure 2.1  A cross sectional view of the different layers that cover the human brain. 
The scalp is shown with its five sub layers. The skull has three sublayers. Finally the 
meninges is composed of the three layers closest to the brain. The layers being the 

dura, arachnoid and pia. (Goldsmith, 2001) 
 

There are three main sections surrounding the human brain. These layers 

include the scalp, skull and the meninges. The scalp is stretched over the outer layer of 

the skull. The scalp has an average thickness of 3 to 6 mm and is composed of five 

anisotropic layers. These layers from decending order are; “(a) the skin with hairy 

coverings, (b) the layer of tela subcutanea, a loose, fiberous connective tissue that 

attaches the skin to the deeper structures; (c) the aponeurotic layer, a fiberous 

membrane constituting flattened tendon connecting the frontal and occipital muscles; 

(d) a loose subaponeurotic layer of connective tissue; and (e) the pericranium, a tough 

vascular membrane, also designated as the subpericranial layer proximate to the 

skull”, see figure 2.1 (Goldsmith, 2001).  The next main layer, the skull is a more 

uniform and rigid structure. The skull has an average thickness of 9.5 to 12.7 mm.  
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The skull has an outer and inner layer of calcified compact bone. Sandwiched in 

between the inner and outer layer of the skull is a vesicular layer that resembles a 

honeycomb. The skull encloses the entire brain except for an opening at the bottom for 

the spinal cord. The final layer, the meninges, consists of three sub layers. It has an 

average thickness of 2.5 mm. The first sub layer, the dura, which is located below the 

skull is tough, dense, inelastic and an anisotropic membrane consisting of connective 

tissue. Between the dura and second layer, the arachnoid, is a space. This space is 

referred to as the subdural space. The arachnoid is a delicate nonvascular membrane if 

interconnected trabecular fibers. The arachnoid trabecular fibers connect to the next 

the final layer, the pia. The pia is a layer of white fibrous tissue that is attached to the 

surface of the brain. There is another space in between the arachnoid and pia layers. 

This space is referred to as the subarachnoid space. This space is occupied by water 

like fluid known as the cerebrospinal fluid (CSF). The CSF provides damping and 

cushions the brain in impact situations. The CSF is also produced in cavities of the 

brain and circulates through the spinal canal and perivascular space.  
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Figure 2.2  Further illustrates the layers of the human head. Take of anatomical 
geometry and compare to the proposed FE model. (Goldsmith, 2001) 

 

The brain is divided into three main sections. The largest fraction being the 

cranium is divided into two convoluted hemispheres. The section that connects the 

brain the spinal cord is the brain stem. The final section the cerebellum is where 

higher level functions are concentrated, see figure 2.2. All of the sections of the brain 

are separated by dura mater and coated with pia and anachnoid layers. The human 

head is complex structure that needs to be simpilified in order to be simulated by a 

numerical solver. 
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Overview of Hard Hats 
 

 
Figure 2.3 A look at some common modern hard hats. 

 

The industrial hard hat is a type of helmet used in the workplace. The purpose 

of the hard hat is to protect works from head injury from impact with low hanging 

hazards and falling objects. The first time workers were required to wear hard hats was 

on the Hoover Dam project in 1931(Hoppe, 2004). The first hard hat was patented in 

1919 by Bullard. The first hard hat was referred to as the “Hard Boiled Hat” because it 

was manufactured out of steamed canvas, glue, and black paint (Hoppe, 2004). The 

first industrial hats offered basic protection from falling objects. The next transition 

was the use of Aluminum in hard hats, in 1938. The Aluminum hard hats were more 

durable and lighter, but could not be used when electrical insulation was important. 

Soon afterward in the 1940’s fiberglass hard hats began to see use. With the advent of 

molded plastics, hard hat material, transitioned to thermoplastics in the 1950’s. 

Popular thermoplastics in modern hard hats include high-density polyethylene or 

advanced engineering resins. One known engineering resin is Ultem®. There is wide 
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variation in hard hat industrial hard hat suspension systems. The suspension system 

holds the hard hat in place and leaves a buffer between the head and the helmet shell, 

see figure 2.4. Suspension systems are either made from thermoplastic material, vinyl 

or reinforced nylon. The suspension system connects to the helmet at either 4 or 6 

different points. Several different suspension designs include a simple web or a more 

complex ratchet design that adds support to the helmet. 

 

Figure 2.4 The space between the human head and helmet shell that a suspension 
systems provides. 

Methods to Modeling Thermoplastics with Finite Element Method (FEM) 
 

Thermoplastics are quite different than conventional materials studied, such as 

metals. One main difference is that thermoplastics experience much larger strains till 

failure, also  larger strains till the elastic region is exceeded, than metals. Metals 

commonly have an ultimate tensile strain of around 15% while thermoplastics can 

exhibit an ultimate tensile strain of 30% to 70%.  Thermoplastics are much more 

sensitive to the effects of strain rate. Strain rate can greatly influence the yield stress in 

thermoplastics. See the effect strain rate has on the stress-strain curve of Ultem ® 

ATX-100 in figure 3.4.  The elastic modulus of thermoplastics can also vary greatly 

depending on the load direction. Thermoplastics have a different modulus for tension, 
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compression and bending. When modeling a plastic in FEA, it is important to use the 

tensile, compressive or flexural modulus for when the part is in tension, compression 

or bending. Modeling the complex behavior of thermoplastics in FEA is more 

challenging for engineers (Cogger, 2009). However, LS-Dyna offers several material 

models/cards that can capture the complex material reactions of thermoplastics. 

Injury Assessment 

HIC 
Two different injury criteria are utilized in this article. The first the HIC is 

widely accepted measure of the likelihood of head injury. There are several 

disadvantages when relying on the HIC. The HIC was developed for use in crash test 

dummies, not FE models. The biggest disadvantage is that the HIC is based only on 

translational acceleration. Critics argue that rotational acceleration influences head 

injury as well. Also the HIC doesn’t distinguish between specific mechanisms of 

injury in the head. Despite the limitations of the HIC it is the most validated head 

injury criterion to date. A HIC score correlates to a probability for a level of injury.  

 The formulation of the HIC score is based on the resultant translational 

acceleration and time. The equation for HIC is as follows: 

max 
.

   (2.1) 

Where  ,  are the points in time where the acceleration acts, the units are in 

seconds. A is the resultant translational acceleration at the center of gravity, the units 

are in g. 
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 There is another HIC number that is calculated. The other HIC calculated is 

HIC(d). HIC(d) is used to correct the difference between the HIC for a full 50th 

percentile anthropometric test device. The equation for HIC(d) is: 

HIC(d) = .75446(HIC) + 166.4  (2.2) 

The HIC levels of injury are as follows:  

Minor Head Injury is a skull trauma without loss of consciousness; fracture of 

nose or teeth; superficial face injuries.  

Moderate Head Injury – Skull trauma with or without dislocated skull fracture 

and brief loss of consciousness.  

Critical head injury – Cerebral contusion, loss of consciousness for more than 

12 hours with intracranial hemorrhaging and other neurological signs, recovery is 

uncertain (Prasad and Mertz, 1985).  

See figure 2.5 for likelihood of injury at each level. 
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Figure 2.5 Probability of Specific Head Injury Level for a given HIC Score, 

downloaded from the Canadian Playground Advisory Inc at 
(http://www.playgroundadvisory.com) 

 

Tolerance Limits Model 
 

Deck and Willinger have proposed head injury criteria based on tolerance 

limits for the separate parts of the human head. This criterion was designed for ULP 

head model, a FE model developed by Willinger. Deck and Willinger reconstructed 68 

known head impact conditions that occurred in motorcyclist, American football and 

pedestrian accidents. The study concluded with proposed limits for injury 

mechanisms. These mechanics include Moderate and Severe Diffuse Axonal Injury 

(DAI), skull fracture and SubDural Hematoma.  Deck and Willinger’s tolerance limits 

utilize the advantages of using a FE model. Each part of the human head can be 

individually examined to determine the location of injury. The tolerance limits are 

developed from average measured values for known injuries. From this work Deck 
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and Willinger can determine which Von Misses stress, strain, strain energy or pressure 

will place individual parts of the human head at risk of injury (Deck and Willinger, 

2008). 

The proposed limits for 50% chance of injury are as follows: For a mild DAI 

the value for Von Mises Stress recorded in the brain is 26 kPa, for Severe DAI the 

value for Von Mises Stress recorded in the brain 33kPa, for skull fracture the value is 

865 mJ of Skull strain energy and the minimum amount of CSF pressure for a 

subdural heamatoma is -135kPa. It is important to note these values are from the max 

value calculated for any element within the part involved in the injury mechanism, see 

figure 2.7 (Deck and Willinger, 2008).  
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Figure 2. 6 Histograms of injury limits for moderate and severe neurological injury 
proposed by Deck and Willinger: (a) displays type of injury and max von mises for 

each case; (b) percent risk of moderate DAI; (c) percent risk of severe DAI (Deck and 
Willinger, 2008). 

 
 

 
Figure 2. 7 Histograms of injury limits for skull fracture proposed by Deck and 

Willinger; (a) compares skull fracture or no skull fracture with recorded strain energy 
in the skull; (b) percent risk of skull fracture (Deck and Willinger, 2008). 
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Table 2.1 Tolerance limits proposed by Deck and Willinger for injury mechanism of 
the human head (Deck and Willinger, 2008). 
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CHAPTER III 

HUMAN HEAD AND HELMET MODEL 

 

Human Head Model  
 

The model shown in Figure 3.1 and 3.2 is the 3D representation of a human 

head. The model is reconstructed from cross section images of the Visible Human 

Dataset (http://www.nlm.nih.gov/research/visible/visisble_human.html). The 

volumetric meshing was performed in CFD-GEOM (Version 2009). The entire head 

model is modeled with solid elements. The outer layer of human skin which includes 

the scalp, consist of 128,061 elements and 25,798 nodes. The skull is modeled as a 

single layer with 44,938 elements and 11,828 nodes. The brain is also modeled as a 

homogenous structure with 33,786 elements and 6,009 nodes.  

 

Figure 3.1 Different views of the human FEA model; (a) the outer skin layer; (b) the 
middle layer, the skull; (c) the brain; (d) cross sectional side view; (e) front view; (f) 

top view 



Texas Tech University, James Long, May 2012 
 

18 
 

 
 

 
Figure 3.2 (a) displays the cross sectional view of the FE model on the left compared 

;(b) to the cross sectional view of the human head. The FE model is simplified but still 
remains anatomically accurate. 

Material Properties of Human Head Model 
 

Yan and Pangestu assumed the behavior of the scalp was elastic. Yan and 

Pangestu’s material model of the skin is utilized, and is listed in Table 1 (Yan and 

Pangestu, 2011). In order to maximize the effectiveness of the tolerance limits 

proposed by Deck and Willinger, this model will use the material models employed by 

Deck and Willinger for the skull and brain. Deck and Willinger assume the skull is a 

single elastic layer, see Table 3.1 for further details. The brain is modeled as a 

viscoelastic material. The viscoelastic response due to shear behavior is modeled by 

the following equation: 

 

  exp   (3.1) 
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Where  is the dynamic shear modulus and has a value of 528 kPa.  is the 

static shear modulus and has a value of 168 kPa. The final variable , is a decay 

constant and has a value of 0.035m . The constants of the viscoelastic shear 

behavior are applied to a viscoelastic material card in LS-Dyna. The material card in 

LS-Dyna is MAT 006 Viscoelastic. 

 

Table 3.1  The material models utilized in LS-Dyna to simulate the human head.  

 

Industrial Hard Hat Model 
 

The remaining part of the FE model is the industrial hard hat. The model for 

the industrial hard hat model was downloaded from (www.turbosquid.com). The 

model was imported into Geomagic Studio11 to mesh and cleanup for use in LS-

Dyna.  The hard hat includes an outer shell along with two straps that are in place for 

the suspension system. The two straps of the suspension were created in LS-Dyna 

using seatbelt elements. The suspension system is crucial to the effectiveness of the 

helmet. According to ANSI Z89.1 – 2009, the suspension is connected to the harness 

Material Type ρ (kg m-3 ) E (MPa) V K (MPa)

Scalp Elastic 1130 16.7 0.42 N/A

Skull Elastic 2100 6000 0.21 N/A

Brain Viscoelastic 1140 0.675 N/A 5.625

Where;

ρ = Density K = Bulk Modulus

E = Youngs Modulus 

V  = Poisson's ratio

Human Head Material Property Table
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and acts an energy-absorbing mechanism. Also this harness should leave a 1.25 inch 

gap between the suspension and the inner helmet shell. The shell and strap pieces are 

modeled as shell elements. The helmet shell consists of 3,752 elements with 1,878 

nodes. Each strap contains 2,916 elements and 1,708 nodes, see figure 3.3. 

Since the helmet is made up of a shell material, the shell thickness is set in LS-

Dyna. Construction helmets do not always have a consistent shell thickness. Gilchrist 

and Mills tested helmets with a side thickness between 1.6 mm and 2.1 mm, and a 

crown thickness 3.7mm and 5.3 mm. Since the proposed model and analysis is for 

proof of concept purposes, typical thicknesses for the helmet where chosen. For top 

impact the helmet shell thickness was set to 4mm and for side impacts the helmet shell 

thickness was set to 2mm.  

Modeling Thermoplastic Behavior of the Helmet 
 

As mentioned before the modern construction helmets are molded from high 

density polymers blends or other thermoplastics. The material properties of current 

hard hats are proprietary to the manufactures. Ultem ATX 100, a thermoplastic for sell 

from Sabic, was chosen to represent the material for the construction helmet shell. 

According to Sabic’s Product Brochure Ultem ATX 100 is recommend for high 

impact use [GE Plastics Guide]. There is also material test data and published material 

properties for Ultem available from Sabic. With material information provided by 

Sabic it is possible to simulate the behavior of a commonly used thermoplastic in 

molding construction helmets.  
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Figure 3.3 Different views of the helmet model; (a) top view of the helmet;(b) side 
view of the helmet; (c) top view of the straps of the suspension system; (d) bottom 

view of the helmet, straps are colored black; (e) side view of the helmet, set to 
transparent to display the straps; (f) side view of the straps. 

 

Two different material cards, in LS –Dyna, are employed to model the plastic 

response of the helmet shell and straps, see Table 3-2. The material responses of 

plastics are dependent on strain rate. To model this phenomena the Piecewise Linear 

Plasticity card was chosen in LS-Dyna, MAT-024 PIECEWISE LINEAR 

PLASTICITY. With this material option users input several true stress and true strain 

curves, at different strain rates, to more accurately model the effects of plasticity in 

materials. Three stress strain curves at different strain rates are provided at from the 

manufacture of Ultem, Sabic, at (http://www.sabic-ip.com). The material tests 

conducted by Sabic are given in engineering stress and engineering strain, see figure 

3.4. These values must be converted to true stress and true strain see figure 3.5. 
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Ls-Dyna requires that for stress strain curves that true stress and strain are 

used. Engineering stress-strain curves do not give a true indication of the deformation 

characteristics. This is because engineering stress and strain is calculated from original 

dimensions of the test specimens. Because the specimen dimensions are changing 

throughout the test, engineering measures are not representative of the actual stress 

and strain of the material. True stress,  , is defined as the ratio of the instantaneous 

applied force, to the instantaneous cross-sectional area instead of the initial conditions.  

The true stress is expressed in terms of engineering stress,  , and engineering strain 

,  , see equation (x)[Arriaga 2007].  

  1   (3.2) 

ln 1   (3.3) 

The values of true stress and strain are then imputed into a table in LS-Dyna. 

There is even less published information on the materials used for the suspension 

system. Some common additives include nylon and plastics, such as Ultem 1000. 

Assuming that the material properties of the suspension is similar to the additives, a 

plastic kinematic material card was developed from known material properties of 

Ultem 1000, once again provided by Sabic, see Table 3-2. The material card MAT-

003 Plastic Kinematic is best suited to represent the straps for limited material 

information given for the helmet suspension system.  
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Table 3.2. Material Properties of the helmet material used in LS-DYNA. 

 
 
 
 

 

Figure 3.4. Stress strain test at three different pull speeds for Ultem ATX 100, 
obtained from Sabic’s website, in terms of Engineering stress and engineering strain. 

Material Type ρ (kg m-3 ) E (MPa) V σY (MPa) εF (m m-1)

Helmet Shell Piecewise Linear Plastic 1210 3000 0.3 68 0.8

Helmet Straps Plastic Kinematic 1270 3580 0.3 110 0.6

Where;

ρ = Density σY = Yield Stress

E = Youngs Modulus εF = Failure Strain

V  = Poisson's ratio

Helmet Material Table
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 Figure 3.5. Stress strain curves that have been converted to true stress and true strain, 
the curves have also been smoothed out to upload into a table in LS-Dyna. 

Model Placement 
 

The first step of simulating the model is to properly place the helmet on the 

head. An initial simulation is run to achieve the proper gap between the suspension 

and the helmet shell. This step also molds the suspension to the human head and 

represents the wearer placing the helmet on his head. As a side note the straps of the 

suspension system are constrained to the sections of the helmet that house the 

connectors for the suspension system. 

To move the helmet to reach the desired placement on the human head the 

Prescribed Motion Rigid card is used in LS-Dyna. The Prescribed Motion option’s 

purpose is to define an imposed nodal motion in terms of velocity, acceleration, or 

displacement on a node or set of nodes. The helmet and layer of human skin are set as 
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rigid bodies. The straps are constrained to the helmet in the same fashion the straps are 

constrained for the impact simulations, see figure 3.7. The helmet is set to be moved 

85 mm in the Z direction, towards the human head. This is the proper location the 

wearer of a hard hat would have their helmet positioned, see figure 3.6.  There is at 

least 1.25 inch in the gap between the head and helmet.  

 

Figure 3.6 Different steps of the helmet being placed on the head; (a) the starting point 
of the helmet, before the simulation begins; (b) around the half way point; (c) the 

helmet has reached the final placement. 

 

Figure 3.7 The straps of the suspension system are constrained to the 4 appropriate 
locations on the helmet: (a) a top view of the four constrained locations of the helmet 

are circled in red; (b) an inside view of one of the constrained node locations.  
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Figure 3.8 Different parts of the FE model are displayed. The following images are as 
follows: (a) is the outer layer of the human head, the skin and scalp; (b) is the middle 

layer of the head, the skull; (c) is the solid elements of the brain; (d) is the human head 
and helmet model, after placement of the helmet; (e) the helmet shell is set to 

transparent to show the suspension system or straps; (f) the skin and skull parts are set 
to transparent to show the anatomical positions of the human head parts. 

 

Model Validation 
 

The human section of the proposed model was analyzed in LS-DYNA with 

matching loading and boundary conditions from literature. The outputs of several 

different parameters where compared with corresponding measurements in literature. 

There is a good correlation between the initial results.  

The proposed model was compared to the University Louis Pasteur (ULP) 

head model. The proposed model followed the validation process developed by 

Willinger et al. The ULP model is the same model utilized by Deck and Willinger for 

their proposed human head tolerance limits. Willinger et al. compared their proposed 
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head model against experimental data to validate the ULP model. The experiments 

replicated where conducted by Nahum et al. The experiment replicated used a human 

cadaver. Willinger validated the ULP model for the first 8 to 10 m  of impact by 

reenacting the experiment by Nahum. The ULP model was impacted in the front of the 

skull with a 5.6 kg rigid cylinder with an initial velocity of 6.3m . Willinger 

decided to leave the head model unconstrained. The parameters and boundary 

conditions were applied to the author’s proposed head model for validation, see figure 

3.9(Willinger et al. 1999). 

 
Figure 3.9 Both head models undergo similar impact conditions. The head model is 

rotated 45° and impacted in the front at 6.3m : (a) is the proposed model before at 
the start of the validation simulation; (b) is the model proposed by Willinger et al. 
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Figure 3.10 Contour plots of the Von-Mises stress in both simulations around 4 ms: 
(a) the proposed model has a slightly higher fringe level than; (b) the ULP model. 

 
Figure 3.11 Contour plots of the Pressure in both simulations around 3 ms: (a) the 
proposed model has a significantly higher countercoup pressure than; (b) the ULP 

model. 
 

 The pressure levels in the proposed model are slightly off from the validation 

results of ULP model. The proposed model has similar results for the total brain 

behavior, and even captures the nearly the same maximum pressure in all of the 

recorded element sections. The main difference is the pressure response in the brain of 

the proposed model does not dampen as quickly as the ULP model, see figure 3.12. 
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The figure graphs the pressure response of front elements in both models. The element 

chosen from the proposed model, is element 4730 located in the brain. The proposed 

mode also sees a larger countercoup brain pressure than the ULP model, see figure 

3.11. The ULP model records an HIC score of 744, while the proposed model HIC 

score is 629 (Chinn et al., 1999). One of the main differences between the two models 

is that the ULP model includes a layer of celebrospinal fluid, CSF. This could be the 

cause of the more dampened response in the ULP model. The two head models have 

very differing geometries, which is another probable influence for a variation in 

results. Other sources of error could be prorogated from unknown conditions in the 

validation simulation conducted by Willinger et al. Some of these unknowns include 

the lack of knowledge of the impactor dimensions and material properties. The 

proposed model replicates most of the behavior of the ULP model. More accurate 

behavior of the head model is a consideration of future research. 

 

Figure 3.12 The recorded pressure in a front element for both the ULP model and the 
proposed model. 
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CHAPTER IV 

HELMET IMPACT RESULTS 

Computational Efficiency 
Most of the simulations conducted were run though the High Performance 

Computing Center at Texas Tech, or HPCC. The HPCC provides several clusters of 

the use of any researcher at Texas Tech. The HPCC cluster connected to run LS-Dyna 

is Janus. Janus is a 22 node cluster running Windows HPC server. There are 4 

different nodes with the capability of running simulations in LS-Dyna. Each node is 

running a Intel Xeon E5450 @ 3.00 GHz. Each node is also equipped with 16 GB of 

RAM. Each simulation for top impact usually experiences a run time of 6-8 hours. 

Impact Set Up 
For studying top impact two falling objects where chosen. The first object was 

a cylindrical bar, with similar material properties of steel. The steel bar has a weight of 

2 kg. The second object chosen was a wood board. The board was set to dimensions 

similar to that of W. Goldsmith’s boards he used when impacting a construction 

helmet in, “Construction Helmet Response Under Severe Impact”. The boards used 

weighed around 5kg and had the dimensions of (90mm x 90mm x 160mm) 

(Goldsmith, 1975). For the case front impact a rigid wall was employed, see Figure 

4.1.  
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A case of front impact 
The results for front and side impacts did not show any significant risk of 

injury. The worst possible case considered was if the human was moving 5 /m s  that 

is 11 mph and is much faster than most individuals are capable of running. The HIC 

value was .35, the HIC(d) was 167, the highest von Mises stress calculated in the brain 

is 3.77 kPa and the max strain energy in the skull recorded was 2 mJ. As stated by 

OSHA, a hard hat is designed to protect employees from bumping their heads. If a 

worker is wearing properly wearing a hard hat, it is safe to assume they should be 

protected from the most typical injuries.  Fall injuries were not considered since they 

are out of the scope of design requirements for most hard hats. 

 

Figure 4.1 The front impact case, the impacter was a rigid wall. 
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Top Impact Results 
 

The proposed model was impacted by two different falling objects. Both 

falling objects can be seen in figure 4.2. The top impact simulations were run for 5 ms. 

For top impact the only limitation on speed is what height an object may fall. The 

initial speed of impact for each object was increased until all of the injury criteria 

exceeded the limit for severe injury. For the tolerance limits this meant the simulation 

was run until a significant risk of skull fracture was achieved. For the HIC the 

simulation was executed until an HIC score of a 1000 was reached See Tables 4.1 and 

4.2 for a summary of the results from the simulations completed. However, the 5kg 

impacter caused a catastrophic failure of the helmet before an HIC score of 1000 was 

reached, so the highest recorded HIC for the 5kg impacter was 903, see Table 4.2. The 

simulation ran for 3.98 ms not the full 5 ms. The simulation not running to completion 

left no recordable HIC score. Figures 4.3,4.4 and 4.5 plot the different values for the 

injury criterion being predicted. 
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Figure 4.2 The two case of top impact studied; (a) the impacter used was a 2 kg 
cylinder; (b) the  impacter used was a 5kg board. 
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Table 4.1 Results from the 2kg cylinder object impacting the top of the helmet. 

 
 
 
 
 
 
 
 
 
 
 
 

VI (m/s) σVM (kPa) US (mJ) HIC Score HIC(d) Max HIC

5 14.59 92 21 182 182
7.5 23.42 226 66 216 216
8 24.78 252 79 226 226

8.5 26.13 279 92 236 236
9 27.09 304 116 254 254

9.5 28.15 328 138 270 270
10 29.74 365 164 290 290

10.5 31.9 409 200 318 318
11 33.5 448 240 347 347

11.5 35.87 498 276 374 374
12 38.53 540 313 403 403

12.5 40.8 566 358 437 437
13 43.07 621 392 462 462
14 47.11 729 493 538 538
15 51.86 834 594 614 614
16 55.59 932 725 714 725
17 59.1 1050 826 789 826
18 64.44 1190 927 865 927
19 68.64 1307 1080 981 1080

Where;
VI  = Impact Velocity

σVM = Brain Von Mises Stress

US  = Skull Strain Energy

2 Kg Steel Object
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Table 4.2 Results from the 5kg board impacting the top of the helmet. 

 
*The simulation did not run to completion due to the catastrophic failure of the helmet 

 

 

 
Figure 4.3 Max Von Mises Stress in a Brain Element, predicts DAI 

 

VI (m/s) σVM (kPa) US (mJ) HIC Score HIC(d) Max HIC

5 20.44 147 42 199 199
6 24.89 212 71 220 220

6.5 27.31 255 86 232 232
7 29.28 299 102 244 244

7.5 31.43 345 121 258 258
8 33.21 381 140 272 272

8.5 34.89 415 160 287 287
9 36.25 440 184 305 305

10 37.78 509 233 342 342
11 40.45 606 303 395 395
12 45.27 745 393 463 463
13 50.85 851 475.7 525.3 525.3
14 55.16 952 544 577 577
15 57.18 1025 697 692 697
16 57.81 1284 787 760 787
17 63.43 1646 903 848 903
18 65.49 1969 N/A* N/A* N/A*

5 Kg Wood Board
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Figure 4.4. Max Element Strain Energy, predicts skull fracture injury 

 

 
 

Figure 4.5. HIC scores from the various cases of top impact 
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The HIC scores predict less injury than the tolerance levels proposed by Deck 

and Willinger. An HIC score of 500 means there is about 20% chance of no injury, 

80% chance of a minor injury, and a 40% chance of a moderate injury. The tolerance 

levels proposed by Deck and Willinger, show that for around an HIC score of around 

500, the threshold for a 50% chance of a DAI has already been passed and is either 

close to or past the 50% chance of a skull fracture. 

The 2kg steel cylinder has a 50% chance of causing mild DAI around an 

impact speed of 8.5 /m s , a severe DAI around a impact speed of 11 /m s , skull 

fracture at 15 /m s  and receives and HIC score of 1000 at 18.5 /m s . The 5 kg wood 

board has a 50% chance of causing mild DAI around an impact speed of 6 /m s , a 

severe DAI around an impact speed of 8 /m s , skull fracture at 13 /m s  and never 

quite reached the HIC score of 1000. The helmet fails within the first few milliseconds 

of impact, at an impact speed of 18 /m s . This catastrophic failure cause the 

simulation to abort an HIC score cannot be tabulated,. The 5 kg does cause an HIC 

score of 903 at17 /m s , see figure 4.11 

Figure 4.6 Different frames from an impact sequence, the 2 kg impacter with an initial 
velocity of 12 /m s . The time steps are: (a) 0 ms; (b) 1.5 ms; (c) 3 ms; (d) 4.5 ms; (e) 

5ms. 
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Figure 4.7 Plot of Max Von Mises Stress in the brain elements, from the 2 kg impacter 
with an initial velocity of 11 /m s . 
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Figure 4.8 Brain Von Mises Stress, image was generated from the 2 kg impacter with 

an initial velocity of 11 /m s  at 3.5 ms. 
 
 

 
Figure 4.9 Brain Von Mises Stress in the brain at different time steps, for the 5kg 

board with initial velocity of 8 /m s : (a) top front view at 1ms; (b) top front view at 
1.3ms; (c) top front view at 2ms; (d) back view at3ms; (e) top back view at 4ms 
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Figure 4.10 Plot of the strain energy in the skull, taken from a top impact simulation 
with the 5kg wood board with initial velocity of 13 /m s . 

 
 

Figure 4.11 Front view of skull pressure at different time steps, for the 5kg impactor 
with initial velocity of 13 /m s : (a) at .1ms; (b) at 2ms; (c) at 3.6 ms; (d) at 5ms 
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Figure 4.12 Cross section view when the catastrophic failure of the helmet is 

experienced. The helmet fails completely when impacted with the 5kg board, that has 

an initial velocity of 18 /m s . 
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CHAPTER V 

CLOTHING SIMULATION 

Literature Review 

Introduction 
 

The concept of developing a mathematical model to define the behavior of 

cloth and its properties started back in the 1930s, when the engineering community 

developed textile mechanics for supporting the textile industry (House and Breen, 

2001). Since that time technology has evolved exponentially. Advancements in 

computers and software made virtual simulation a reality.  With the development and 

advancement of Finite Element Analysis software and Computational Fluid Dynamic 

software, engineers are able to solve problems at speeds never imagined. There is no 

reason clothing cannot go under a similar process.  The benefits to cloth simulation 

would include a decrease in cost for prototyping. With less prototyping companies 

could also save time. It is estimated that time and cost could be reduced as much as 

80-90%. Also much more complicated problems can be solved through virtual 

simulation. The development of this software led to the concept of virtual cloth 

simulation which started in the late 1980’s and began to see implementation in the 

1990’s (House and Breen, 2001). The idea of cloth simulation involves two main 

focuses that are interrelated. The first focus is the simulation of cloth for engineering 

applications. The main objectives for simulating cloth for engineering applications 

includes comfort, reliability, performance and ensuring safety in cloth designed for 

specific operations. Cloth comfort includes how the cloth contacts the skin and how 
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much heat is allowed to transfer between the body and cloth. The modeling of pressure 

maps or contact pressure between the cloth and human skin is needed to determine 

how cloth contacts the human body.  While the study of heat transfer determines the 

analysis of how warm cloth might make a human in specific environments.  

The other main focus for virtual cloth simulation is cloth modeling and 

animation. The research into cloth modeling has been developed by two main groups. 

The first group, the textile industry, is the main community that tries to understand 

cloth by applying the perspective of mechanical engineering. Before the era of 

computer aided design researchers in the textile industry struggled to develop an 

accurate model for predicting cloth. The first model developed was the Pierce model 

and was developed in the 1930’s (House and Breen, 2001). The next models were the 

strain energy models; however, they failed to accurately model cloth due to the highly 

anisotropic material properties of cloth. The latest models, which have been 

implemented to CAD, Computer Aided Design, systems are based off the laws of 

elasticity.  The laws of elasticity are combined with continuum mechanics and finite 

element methods to create much more accurate models than their predecessor at 

predicting cloth. The second group that has advanced cloth modeling is the computer 

graphics industry. Their main objective is to obtain realistic visualization of cloth at 

minimal computational cost. This group has conducted a majority of the research on 

the virtual simulation of cloth. The finished product for this group is in the form of 

computer-generated images and animations. These visualizations are used by cloth 

designers, game designers and the movie industry. However, the majority of the 
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developers for computer graphics do not care if their models are physically correct. 

Their interest is in developing the simplest method to obtain the most realistic 

appearance of cloth. However several physically based simulations exist, the other 

simulations are based on geometric approaches. Physically based models that the 

computer graphics industry uses include mass and spring systems; particle based 

systems, and elasticity based models. There are several goals researchers aim to 

produce for simulating the visual effects of cloth simulation. Several visual effects 

include, but are not limited to, the illumination of the fabric chosen, the deformation or 

way a particular fabric folds, and the visual texture of the fabric. Visualizing cloth is 

also used for animation. Being able to animate cloth with a realistic model is one of 

the largest drives for cloth simulation. Their approach is often limited to their specific 

computational constraints. 

The organization of this literature survey is as follows. To understand clothing 

modeling it is important to understand the terminology of textile mechanics. Since 

much of the concepts used for modeling virtual cloth are based heavily on engineering 

core concepts. For this reason it is key to understand how fiber mechanics affect, yarn 

mechanics which than effects the fabric than finally cloth mechanics. Included in this 

survey will be the fundamentals of cloth mechanics. For this reason the first section 

will be a brief summary of terminology and the various engineering concepts of textile 

engineering. The final section of the chapter will go over how clothing simulation can 

be used in solving engineering problems. There are a few examples to go over, and the 
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theory behind solving these problems. The literature survey will wrap up with a 

conclusion. 

Mechanics of Clothing 
To virtually simulate clothing it is important to understand the properties of 

clothing. The first part to understanding properties of cloth is fiber mechanics, see 

Figure 5.1. Dai and Li divide the study of fiber mechanics into four parts: 

macrostructure, microstructure, submicroscopic structure and fine structure of fibers. 

The macrostructure includes features that are visible to the human eye, these features 

being fiber width, fiber length, and fiber crimp. The most important property of fiber 

is its size. Fiber size is commonly referred as its fineness. The variation of fiber size 

affects the stiffness of the fiber. Fiber stiffness affects the stiffness of the fabric which 

affects the feel of the fabric and how the fabric drapes. The next feature, fiber length, 

affects the fiber strength. A longer fiber has stronger yarn strength. The last 

macrostructure fiber crimp refers to waves, bends, twists or curls along a strand of 

fiber. Fibers can be linear, have crimp in only two dimensions, and there are fibers that 

have three-dimensional crimp. Crimped fibers have higher elongation than linear 

fibers. The microstructure of fiber includes surface contour and cross sectional shape. 

A fibers surface contour may be smooth, serrated, lobed, striated, pitted, scaly, or 

convoluted. The surface contour affects comfort with the skin and affects fiber 

frictional properties. Cross sectional shape changes with the type of fiber used and 

affects the bending stiffness and torsional stiffness of the fiber. An electronic 

microscope is needed for the study of the submicroscopic structure.  The 
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submicroscopic structure gives more information on the surface of the fiber. The last 

sub-division, fine structure, examines the length, width, shape and chemical 

composition of the polymers. Polymers are thousands of elements bonded together by 

covalent bonds. The longer the polymer chain usually means a stronger fiber. The 

mechanical properties of fiber are essential to understanding yarn than fabric 

mechanics. The properties are as follows. When it comes to the elastic recovery of 

fiber it is initially very similar to that of an elastic spring, the stress strain curve is 

linear. The fibers will also partially recover after the yield point has been reached. 

Bending in fiber follows the traditional material/mechanical models. Fiber differs 

when in compression compared to traditional mechanics. Fiber buckles very easily 

under compressive forces. Fiber friction is the force that holds together the fibers in 

yarn. Higher friction can lead to a stronger yarn, but is not always desired. Having a 

lower fiber friction helps minimize wear of fiber and helps provide a better fabric 

drape.  

 

 
Figure 5.1 Hierarchical relationships of fiber, yarn, fabric and garment to the 

biomechanical function performance of clothing and textile devices. 
 

Next it is important to understand yarn mechanics and how they influence 

fabric mechanics. To understand yarn mechanics it is important to understand yarn 

structure and distribution of the fibers. The way fibers settle and are spun into yarn 
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causes the structure of fiber in yarn to be a helix with a variable helix radius. The 

fibers migrate within this helix and their location can only be hypnotized by varying 

theories. The effect of fiber migration can have a very significant impact on 

mechanical properties of yarn. The fiber distribution in the cross section depends on 

fiber type and twist level. The material properties that effect yarn the most are the 

stress-strain relationship of the fibers, fiber friction and compressionial properties of 

fiber. There are two types of yarn staple yarn and continuous filament yarn. Staple 

yarn, the most widely used have discontinuities throughout their fiber lengths. The 

fiber lengths are prevented from slippage by their friction coefficient.  During fiber 

extension the fibers move in different directions and the make solving for the resultant 

friction force quite complex. A few equations exist to predict the yarn mechanical 

properties using the fiber mechanics. These equations are based off of experimental 

data and need the use of unknown constants derived from experiments. 

Now it is possible to understand fabric mechanics. Fabrics are the main 

materials used in constructing cloth garments and textiles. The mechanical properties 

of fabric are discontinuous, inhomogeneous, and anisotropic. The structure of fabrics 

consists of yarn and/or fibers. Fabrics are made of overlapping yarn woven at 90 

degree angles. This leads to the complex mechanical behavior of clothing. As 

mentioned before the yarn is assembled from thousands of fibers. Fabric is than 

assembled from thousands of strands of yarn. There are several parameters used to 

describe fabric. Fabric count is to describe the yarn per inch of a particular fabric. 

Warp is the yarn extended lengthwise in a loom. Weft is the width of the fabric 
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through the length section of yarn. Balance is the ratio of warp yarn to weft yarn. 

Fabric weight is the mass per unit area, and indicates how thick the fabric is.  In 

everyday use fabrics go through a wide range of motion. Dai, Choi and Li explain that 

it is necessary to group all the deformations of fabric into four groups: tensile, 

shearing, bending and twisting.  Tensile deformation is caused when fabric is pulled in 

the warp or weft direction. The fiction created between the fibers hold the fabric 

together. Because of the anisotropy of the fabric tension in the warp and weft 

directions will cause dramatically different effects. Shear deformation in fabric is not 

linear because fabric is not elastic.  The shear deformation also greatly differs from 

continuous materials, because the slippage that occurs between fibers. Fabric can have 

large deformations caused by a relatively small force when bending. Fabric is able to 

buckle like no other sheet material. The fabric has an initial resistance to bending 

caused by a frictional force which is cause by the pressure of the yarn coming into 

contact at all of the cross sections of the weave. The final deformation comes from 

twist. When fabric is bent the fabric also has a twist deformation. All of the 

relationships used to describe the different deformations of fabric are non-linear. The 

complex mechanical properties of cloth have lead researchers to try and develop many 

different models to approximate the behavior of clothing.  

Clothing Models and Solvers 
 

Cloth is virtually modeled by animators, programmers and engineers for 

various industries that seek to obtain very different outcomes from there simulations. 

Regardless of the outcome, researchers still need to simulate the behavior and look of 



Texas Tech University, James Long, May 2012 
 

49 
 

the cloth. In fact, the tools, methods and models used in the different cloth simulations 

are often the same or very similar. Researchers will often use a combination of 

algorithms or approaches to solve their various cloth simulations. Clothing models can 

fit one of two categories. Clothing models are either based off geometric approaches 

or physically based models. Researchers can mix different physics models and will use 

geometry models with physics models to describe the location of the clothing in their 

simulation. 

Geometry based approaches include work with different collision detection 

systems and a whole range of shapes created by techniques to replicate the surface of 

clothing while avoiding physics models that simulate the mechanical behavior of 

cloth.  Geometric based approaches start with Weil in 1986 (House and Breen, 2001).  

Weil developed geometric equations to define curves that represented the folds in a 

rectangular section of cloth (House and Breen, 2001). A few more researchers develop 

similar geometric models that follow a process similar to Weil’s. These researchers 

developed geometric techniques that could estimate folds/curves for several 

predefined examples of clothing. None of these models were very accurate and can 

only be applied to specific examples for cloth modeling.  In a more modern example 

performed by Saeki ET. Al. in 1997, Saeki ET. Al. created a clothing simulation 

environment using a CAD system. This CAD system allows for different materials and 

several different design factors. In the CAD system proposed by Saeki ET AL the 

manipulation of the virtual cloth is based on the motion of the human body. The 

human body is controlled by muscle contractions. The motion for the human body can 
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be constructed using joint lengths and joint angles.  Joint lengths remain constant, 

because they represent the lengths of the bone. Skeletal motion is controlled by 

changes in the joint angles. Using the joint axis as a center, cylindrical surfaces can be 

constructed around the joint lengths.  This cylindrical surface is constructed by two bi-

cubic Bezier patches. The cylindrical surfaces represent the virtual skin for the human 

model.  16 control points describe the shape of the bi-cubic Bezier patch. The control 

point’s distance from the joint axis can be modified to represent fat and thin bodies. 

The control points are moved with skeletal motion. The virtual clothing is modeled by 

a simple geometric model. A relationship between the control points and clothing 

model is established. When the control points are moved with a change in the joint 

rotations, the clothing is deformed.  Phong shading models are used to simulate 

realistic textures.  Specular components are enhanced for more lustrous materials.  

CAD scenes are developed to represent different environments. The different virtual 

environments have special illumination components to simulate the lighting difference 

between outdoor and indoor environments. Motion data from a walking fashion model 

is used for the motion of the virtual human model (Saeki et al, 1997).  

Most collision detection systems that have been applied to cloth simulation all 

use a similar process. One algorithm developed was developed by Baker it uses an 

octtree to define three dimensional shapes (Hayler, 2004).  Objects are surrounded by 

boxes that are divided into eight smaller boxes. Each box is divided into eight boxes 

until a desired level of detail is reached. The smallest boxes contain vertices used to 

define the object. The simulation monitors the location of the boxes. In the event that 
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two boxes overlap collision is detected. Another method for creating bounding 

volumes to detect collision is using oriented bounding boxes (Hayler, 2004). The 

volumes are bounded as close to the object as possible. In Axis-Aligned Bounding 

Boxes the boxes are aligned to the axes and not the objects. The main concept behind 

using hierarchies of bounding volumes for collision detection is to check if the larger 

volumes overlap first. If there is an overlap in the larger volume the simulation will 

scan the smaller volumes within the larger to locate the collision.  Collision detection 

systems are geometrically based but are often ran with physics based models. The 

collision detection models are needed to detect collision and make the necessary 

adjustment to the physics based model in the event of collisions in cloth. 

There is an almost endless list of physics based models used to simulate 

clothing and they have evolved over the years. There are several general descriptions 

that describe and categorize the different models used by researchers. The physics 

models used by researchers fit into one of these categories or a combination of the 

categories described. Choi and Ko lump all physically based simulation into one of 

two categories (Choi and Ko, 2005). There is continuum based methods and non-

contimuum based methods. The non-contimuum methods which include particle 

models and spring and mass models, with solvers using Newtonian or Lagrangian 

formulations, are often inaccurate when cloth buckles are has wrinkles (Choi and Ko, 

2005). These inaccuracies are from the assumptions in the models that would treat 

fabric as a linear elastic material. Choi and Ko state the obvious choice to improve 

accuracy would be to use nonlinear models. This creates problems because non-linear 
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models would require a much longer computational time to run. Choi and Ko suggest 

“to model the cloth as a continuum. The finite element procedure, which is commonly 

used to analyze structural problems” (Choi and Ko, 2005). 

One of the more popular early models used to simulate cloth was the use of the 

spring and mass method. The method first begins by approximating the garment “as a 

network of deformable surfaces composed of mass nodes and massless springs (Fan et 

al., 1998).” Lagrange’s motion equation is applied to determine the displacement of 

each node, while Hooke’s law is used to calculate the tensile force for each node. 

External forces are applied and the system is than solved. Representing fabric as such 

a simple system creates little computational requirement. This model was favored for 

its simplicity; however the downside is the lack of accuracy. 

 
Figure 5.2 Spring-mass system provided by Fan et al. 

 

Engineering Applications of Simulating Clothing 
There are many different methods used to simulate clothing and cloth materials 

in virtual environments. The method is usually determined by the level of accuracy 

needed and the mechanics involved in the particular experiment. When using cloth in 

Finite Element Analysis it might be necessary to model each fiber of cloth, or use a 
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thin shell material with the proper material properties. FEA solvers have been used to 

simulate the effectiveness of various clothing protective systems. Several researchers 

have successfully simulated projectiles coming into contact with clothing protective 

systems. The methods and results vary as follows. Cheeseman et al. built a digital 

model of Kevlar that includes each piece of fiber digitally modeled. Cheeseman et al. 

simulation was only a 5 x5 square piece of Kevlar fabric, see figure 5.3 (Cheeseman et 

al., 2006). To model a whole garment with each strand of fiber in the fabric would not 

only be complicated to build, but also it would require a large amount of 

computational time.  Similarly, Gu and Ding used FEA to simulate a project impacting 

a cloth material called Twaron, which is similar to Kevlar (Gu and Ding, 2004). 

However, Gu and Ding used a solid model with many elements to represent there 

fabric model (Gu and Ding, 2004). Gu and Ding treated their fabric layer like a 

composite composed of several different layers of lamina to obtain material properties 

to represent Twaron, see figure 5.4 (Gu and Ding, 2004). A solid model takes 

significantly less time to model than a model containing every strand of fiber.  
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Figure 5.3. ( Left) ( a) Deformed mesh of 5x5 Kevlar fabric layer impacted by a 

cylindrical projectile and (b) close-up view of impacted area 
Figure 5.4. (Right) Mesh of inclined lamina and projectile. The projectile and the 

geometrical model of the 3-D braided composite were meshed by eight-node 
hexahedron solid elements 

The use of material properties being used to successfully simulate cloth does 

not just apply to projectile impacting fabric simulations. Wu et al. used material 

properties to realistically model cloth in draping simulations. The process Wu et al. 

used for developing material properties is as follows. For cloth simulation, geometric 

deformation is related to the energy function by the material properties of the cloth. 

Solving for the material properties of cloth can be extremely difficult. A commonly 

used piece of equipment, the Kawabata Evaluation system, is used to solve for the 

mechanical properties of cloth. The Kawabata Evaluation system is able to plot test 

data from tensile, shear and bending test of fabric. With the contributions by Breen et 

al. (1994), Eischen and Bigliani (2000) it is possible to solve for the elastic constants 

of fabric, using the plots from the Kawabata Evaluation system. The equations for the 
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material properties are derived from the strain energy density equation. [25] The 

tensors can be simplified, substituted and derived to solve for the material property 

equations that are used to describe clothing. The equations are simplified to allow the 

inputs of the different moduli. The Kawabata systems solves for the tensile, shear and 

bending moduli. Poisson’s ratio and the twisting modulus are derived using the tensile, 

shear and bending modulus. With these material properties of cloth known it is 

possible to virtually simulate cloth by using the mechanical properties of cloth in a 

finite element solver (Wu et al., 2002). Wu et al. are able to perform draping 

simulation on cloth with the measured and calculated material properties of cloth,see 

figure 5.5(Wu et al., 2002). 

 
 

 
Figure 5.5. Results of using material properties in simulation. Images show a 

comparison of real image of cotton versus a simulated image (Wu et al., 2002). 
 

While solid elements have less computational requirements over models built 

with each strand of fiber, the accuracy of the simulation is a sacrifice for a more 

efficient model. Nilakantan et al. have proposed a ‘Hybrid Element Analysis HEA’ 

method that proves to be accurate and while not having a high demand for 

computational resources ,see figure 5.6. Their hybrid method uses sections made up of 

both solid elements and sections that contain each strand of fiber. A small section of 
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the fabric that is to be impacted is modeled with each strand of fiber, while the 

surrounding area of the material is modeled with a shell element that uses material 

properties to represent the textile being tested (Nilakantan et al., 2008).  

 
Figure 5.6. HEA containing both solid and shell elements, (Nilakantan et al., 2008) 

 
Not only are textile products simulated virtually to determine their drape or 

ability to protect humans, but also they are simulated to predict the comfort of almost 

an unlimited amount of products that users may wear each and every day. The most 

common way to test for a comfort in clothing is to test for the discomfort a user might 

feel. A users discomfort can be visualized by calculating the pressure distribution of 

cloth as it comes into contact with users. Wang et al. used several different tools to 

develop pressure maps that a human might feel while wearing a shirt. A pressure map 

is a color coded graph used to show the higher concentrations of pressure on an object. 

Wang et al. determined clothing deformation and human body deformation using M-

smart. From there Wang et al. were able to plug the human body deformation into 
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ANSYS to map the pressure distribution. This pressure map determines where the 

particular human model might experience discomfort from the garment being tested , 

see figure 5.7 (Wang et al., 2006). Wong et al. completed similar simulations to 

pressure map tight-fit sportswear on the human body (Wong et al., 2004). Wong et al. 

simulated the clothing pressure of three tight-fit garments and validated their 

simulations with experimental results (Wong et al., 2004).  The work of Seo et al. 

differs from other researchers because; Seo et al. developed a pressure map for tight-

fit clothing, see figure 5.8. Seo et al. used a mass-spring system that models the strain-

stress relationship of clothing accurately. The clothing’s strain is measured by 

measuring the deformation of a circular stamp that is placed along the garment (Seo et 

al., 2007) Seo et al. were able to validate their virtual simulations with experimental 

results. There are many other types of simulations developed by researchers to 

virtually simulate cloth. The inputs and outputs are determined by the researcher’s 

goals and expected outcomes. 

 
Figure 5.7 The pressure distribution on the skin (Wang et al., 2006) 
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Figure 5.8 Simulated measurement of tight-fit cloth pressure on differently sized 3D 

mannequins (Wong et al., 2004). 

Conclusion 
The complex structure of fabric creates an anisotropic material with non-linear 

properties. This creates a highly complex problem when virtually simulating cloth. 

There are several methods and tools currently available for researchers to predict the 

various behaviors of clothing. The movie and gaming industries prefer to have quick 

results that only worry about the appearance of the clothing. Engineers and researchers 

however, are often concerned about more than the appearance of clothing in their 

simulations. They can choose tools that are more accurate at the expense of higher 

computational requirements. Advances in technology have made it possible to conduct 

virtual simulations. Virtual simulations have helped improve the process of design. In 

the case of clothing simulation it is now possible to cut down the time and expense of 

large amounts of prototypes and any necessary testing that may accompany this 

process.  
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Clothing Results 
 

 
Figure 5.9 Cloth draping effects, model was successfully simulated in LS-Dyna. 

 
An attempt was made to successfully simulate cloth in using LSTC’s LS-Dyna. 

Information learned from the literature was applied to generate some basic simulations 

of cloth. Figure 5.9 shows some of the work completed. This is an example of realistic 

draping achieved. LS-Dyna contains many material cards that are optimized for the 

use of highly anisotropic materials. The material properties for cloth are the same that 

Wu et al. published in “Mechanical properties of fabric materials for draping 

simulation (Wu et al, 2002).  

Wu et al. obtained derived the material properties and obtained a few directly 

from testing fabric in the Kawabata Evaluation System. The Kawabata Evaluation 

system is one of the only devices in existance that can characterize fabric material. 

The material properties used by Wu et al. are then converted to units that can be 

imputed into LS_Dyna. The material card chosen in LS-Dyna, that had the best results 

for predicting the behavior of cloth was MAT-034 Fabric. Table 5.1 list several of the 

material properties utilized in LS-Dyna. The cloth simulated in LS- Dyna was given a 

thickness of 1 mm. 
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Table 5.1 Material properties of fabric used in LS-Dyna. 

 
 
 

The models developed in LS-Dyna were relatively simple in set up. The body 

parts were set as rigid, with material properties similar to skin. The body parts were 

also constrained in the x,y and z directions. Contact definitions were set between the 

fabric and body parts. The body part was set as the master part. A simple gravity load 

was applied to the cloth to generate realistic folds and wrinkles. Several different body 

parts were tested including the arm and the torso. The different fabric designs that 

were tested included sleeves, tank tops and a T-shirt. The fabric need to have a very 

fine mesh to capture the realistic folds of the cloth, see figures 5.9 and 5.10. 

 

Fabric Material ρ (kg/m2) T1 (MPa) T2 (MPa) G (MPa) v 1 v 2

Cotton 0.208 3.475 2.865 0.191 0.215 0.177

Silk 0.076 1.388 0.827 0.0124 0.285 0.17

*the 1 & 2 designate principle direction
Where;

ρ = Density G = Shear Modulus

T = Tesile Modulus
V  = Poisson's ratio
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Figure 5.9 Stress distribution in simulated fabric: (a), before the simulation starts, (b) 

after the simulation has started and the fabric has settled down. 

 
Figure 5.10 Example of a silk fabric material being tested on the arm. 
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CHAPTER VI 

CONCLUSIONS AND FUTURE WORK 

Conclusion 
In the thesis a model for a head impact was constructed from understanding 

past literature of human head impact. A proposed head model was developed using 

material properties found in literature. The proposed head model was also validated 

using the ULP model developed by Willinger et al. The proposed head model was 

combined with a industrial hard hat. The industrial hard hat was developed using 

complex material cards that could accurately capture the material behavior of 

thermoplastics. Examples of material often found in hard hats were provided by Sabic. 

Sabic’s Ultem® Atx 100 was chosen for the hard hat shell material, while the strap 

material was designed from Ultem 1000®. Once the proposed model was set up a 

series of impact test were conducted to determine the thresholds of injury of users of 

hard hats. Two different injury criteria were utilized in this thesis. One of the most 

validated and popular injury criteria was the HIC. The HIC was developed for use in 

crash test dummies, not designed for use in FEA. This leads to limitations in relying 

on this injury criterion for use in FE models. A recently proposed method for 

determining injury based on element Von Mises Stress and part strain energy was 

applied to the proposed head model. This injury criterion was developed by Deck and 

Willinger and uses tolerance thresholds to determine injury. While this injury criterion 

still needs more validation, it is designed for FE model. One clear advantage in using 

the tolerance limits over the HIC is the tolerance limits locate the injury mechanism. 

For example when using the tolerance limits proposed by Deck and Willinger the type 
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of injury can be determined whether it is DAI in the brain or fracture in the skull. The 

proposed head model was simulated with two different impacters. These two objects 

impacted the top of the head at incrementing initial velocities until all of the injury 

criteria predicted significant injury. 

A literature review on clothing simulation was also completed. This literature 

review studied the different solvers utilized to digitally simulate cloth. The literature 

review also listed several examples of previous work and applications for cloth 

simulation. From a basic understanding of cloth several simulations were completed 

using LS-Dyna. These simulations were able to test and predict some basic 

information. The testing showed that realistic draping and stress mapping for digital 

cloth can be achieved using LSTC’s LS-Dyna. 

Future Work 
 

From the work completed in this thesis several routes are left for future work. 

The proposed head model, the industrial hard hat model, and clothing simulation can 

be improved and open doors for further application. 

Head Impact 
 

The proposed head model lacks a layer of CSF. The current layout of the solid 

elements in the proposed model prevents the addition of a working layer of CSF. 

Without a layer of CSF it is impossible to predict a subdural hematoma. Deck and 

Willinger debate the accuracy of their proposed limit for a subdural hematoma. So 

until further research is completed it is more difficult to predict a subdural hematoma. 



Texas Tech University, James Long, May 2012 
 

64 
 

During validating of the proposed human head model, several concerns were 

discovered. At this time it is unclear if the inaccuracies of the pressure response of the 

human head are the fault of the model or lack of information from the procedure 

applied to the ULP model. Also the geometry of the ULP model is quite different from 

the proposed model. Again another cause of the difference in the two pressure plots 

could be from the lack of damping a CSF layer would provide. 

The actual helmet materials are proprietary to helmet manufactures. 

Experimental material testing should be conducted to determine the material 

properties of actual hard hats. Also limited strain rates were provided for Ultem®. If 

Ultem® or any other material is used in the future material testing would greatly aid 

the material set up in LS-Dyna. 

A trend in most recent helmet design is the use of a ratchet system to hold the 

helmet to the back of the head. The helmet utilized in this thesis did not include such a 

device. It would be of interest to study the effect of this improvement at mitigating 

head injury. Also future work could include more helmet designs to determine optimal 

design feature that aid in mitigating injury to the wearer of a hard hat. 

Simulations for helmeted head impact do not need to end with application to 

construction industrial hard hats. The proposed head model can have many types of 

helmets applied to it. There is interest in many industries for developing better helmets 

to protect wearers from blunt trauma. Helmets for football players, baseball players 

and many other sports were head impact is common or a risk. There are also many 

other industrial positions were head protection is needed to mitigate the chance of 
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severe injury when impact might occur. These include helmets for firefighters, 

policemen, and miners. 

Clothing Simulation 
 

There are many applications for further clothing research. The first challenge 

would be to develop a method to validate results from clothing simulations. Basic 

cloth simulations are not feasible for designing everyday cloths. The two main 

applications would include tight-fit clothing applications and aiding the design of 

personal protective systems. Protective systems include but are not limited to, helmets, 

armor, breathing apparatus and space suits.  
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