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Abstract 
 
Fall accidents are the type of accident in Sweden that cause most deaths, the largest 
number of hospitalizations, and most visits to the emergency room. The elderly are 
overrepresented in the statistics and with the aging population the costs are 
increasing. One way of reducing both the personal suffering and the cost to society is 
to introduce safety flooring. Svein Kleiven and Hans von Holst, professors at the 
department of Neuronics at KTH, have developed a new type of flooring system 
aimed to reduce fall related injuries. A first test area has been installed at a care 
facility and the Technical Research Institute of Sweden, SP, has conducted drop 
tests on nine different prototypes and found a reduction in impact force between 60-
75 % compared to a wooden flooring.  
 
The goals of this Master’s thesis were to conduct material testing to enable a better 
validation of the finite element (FE) model of the flooring system, validate a FE 
human body model for a hip impact and conduct fall simulations. The last goal was to 
evaluate the test area of the flooring system regarding effect on balance and work 
environment.  
 
Tensile tests were conducted to increase the knowledge regarding the different 
rubber mixtures and surface floors used in prototypes of the flooring system. The 
human body model had to be modified in regards to material models and anatomy of 
the hip joint before validated. Two fall simulations were conducted, however with low 
confidence in the results due to the lack of expected response in the model of the 
flooring system. A walking test was conducted to investigate if the flooring system 
affected the balance for the elderly and a questionnaire was created to get subjective 
ratings from the members of staff at the care facility. The results indicate no clear 
effect on balance and the subjective ratings shows the importance of also consider 
the work environment before installing the flooring system.  
 
More work remains in developing the flooring system; however this Master’s thesis 
has increased the understanding of the flooring system, both in regards to material 
properties and influence on the daily life at the care facility. This thesis also 
developed a more realistic human model, to be used in further hip impact 
simulations.  
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Sammanfattning 
 
Fallolyckor är den olyckstyp i Sverige som orsakar mest dödsfall, det störst antalet 
inläggningar på sjukhus samt flest besök på akuten. De äldre är överrepresenterade i 
statistiken och med en åldrande population ökar kostnaderna. Ett sätt att både 
reducera det personliga lidandet och samhällets kostnader är att införa 
säkerhetsgolv. Svein Kleiven och Hans von Holst, professorer vid institutionen för 
Neuronik vid KTH, har utvecklat en ny typ av golvsystem vars syfte är att reducera 
fallskador. En första testyta har installerats på en vårdinrättning och Sveriges 
Tekniska Forskningsinstitut, SP, har genomfört fallprov på nio olika prototyper och 
funnit en reduktion i islagskraft mellan 60-75 % jämfört med ett trägolv.  
 
Målen för detta examensbete var att utföra materialprov för att möjliggöra en bättre 
validering av den finita element (FE) modellen av golvsystemet, validera en FE 
modell av människan för höftislag samt genomföra fall-simulationer. Det sista målet 
var att utvärdera testytan av golvsystemet gällande påverkan på balans samt 
arbetsmiljö.  
 
Dragprov genomfördes för att öka kunskapen om de olika gummiblandningarna samt 
de ytgolv som används i prototyper av golvsystemet. Modifieringar gjordes i 
människo-modellen, både i materialmodeller samt anatomi i höftleden, innan den 
ansågs validerad. Två fall-simulationer utfördes, dock med låg tilltro till resultaten då 
modellen av golvsystemet inte hade den förväntade responsen. Ett gångtest 
genomfördes för att utvärdera om golvsystemet påverkade balansen för de äldre och 
en enkät skapades för att samla in subjektiva bedömningar från personalen på 
vårdinrättningen. Resultaten påvisar ingen klar balanspåverkan och de subjektiva 
bedömningarna påvisar vikten av att även ta hänsyn till arbetsmiljön innan 
installation av golvsystemet.  
 
Mer arbete återstår för att utveckla golvsystemet, men detta examensarbete ger en 
högre förståelse om dess materialegenskaper och påverkan på det dagliga livet på 
en vårdinrättning. Detta examensarbete har också utvecklat en mer realistisk 
människo-modell, för vidare användning i höftislag-simulationer.   
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List of vocabulary and abbreviations 
 
Subcutaneous hematoma a collection of blood outside the blood vessel, located 

beneath the skin  

Anterior   to the front of the body, or nearer to.  

Posterior   to the back of the body, or nearer to.  

Coronal plane                        the plane dividing the body into an anterior and 
                          a posterior section 

Hardness  how resilient a material is to shape changes when 
compressive force is applied 

Shore hardness  a scale of measuring hardness of different material 

SP    the Technical Research Institute of Sweden 

MSB    Swedish Civil Contingencies Agency  

TUG    Timed Up and Go 

THUMS   Total Human Model of Safety 

FEM    the Finite Element Method 

EPDM    Ethylene Propylene Diene Monomer rubber 

SBR    Styrene-Butadiene Rubber 
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1 Introduction 
 
In this chapter the background to this Master’s thesis will be presented. First 
statistics to give a background to the thesis, followed by a section regarding falls 
among elderly. A description of safety floors and the new developed flooring system 
will later be presented. Last, the demarcations and the goals of this Master’s thesis. 
 

1.1 Background 
Fall accidents are, according to a report from the Swedish Civil Contingencies 
Agency (MSB) [1] the type of accident in Sweden, which causes most deaths, the 
largest number of hospitalizations, and most visits to the emergency room. They 
report that the cost of fall accidents to society amounted in 2012 to 24.6 billion 
Swedish crowns and during 2013 a total of 1662 people died, 70 000 was admitted to 
hospital and 270 000 visit an emergency room due to a fall. It is, together with 
poisoning, the fastest growing type of accident [1].  
 
In another report from MSB [2] they point out the fact that even though the elderly 
population, 65 and older, only make up 19 % of the total inhabitants in Sweden they 
account for two-thirds of all fatal accidents and half the people seeking care due to 
an accident. In the age group 65-74 fall accidents is the cause behind 70 % of all 
injuries and for the eldest, age 85 and above, it is 93 % [2]. The elderly mostly fall at 
home, at a care facility or at hospital, and commonly injure the lower extremities such 
as hip and hip joints [1]. When looking at care facilities, around 10 000 patients are 
injured by a fall each year and falling causes 95 % of all injuries [2]. In present time 
the cost of fall accidents in the elderly population is nearly 10 billion per year, and 
this is expected to rise due to the aging population [1].  
 

1.2 Falls among elderly 
As we get older physiological functions such as balance, vision, motor function, 
reaction time and muscle strength deteriorate [2, 3]. Cognitive ability is also a factor 
and people with dementia has twice the risk of falling compared to someone without 
cognitive impairment [2]. The elderly also have other diseases, like osteoporosis, 
which increase the risk of fractures due to a decrease in bone strength. The elderly 
takes more medications, which can cause dizziness or in other way increase the risk 
of falling. [2, 3].  
 
Different strategies are utilized to reduce both falls and fall-related injuries. Ways to 
reduce the risk of falling can be by physical training to increase strength and balance 
and by evaluate the drugs prescribed [3]. Modifying the environment can also reduce 
the risk of falling but also the risk of getting an injury from the fall, whereas hip 
protector is a preventive measure against fall-related injuries [3]. Another way of 
reducing the risk of fall-related injuries is to introduce safety floors, which is more of a 
passive protection. Safety floors works as a regular floor, but in high impact – such 
as during a fall, it can absorb the forces and thereby reducing the severity of the 
impact, more described in Section 1.3.  
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1.3 Safety flooring 
Safety floor has been developed as a passive protection against fall related 
accidents. Two examples currently available in the health care market are Kradal™ 
and SmartCells.  
 
The Kradal™ Floor Tiles comes from a New Zeeland company and is made out of a 
polyurethane technology. It has a stiff top surface over a closed celled foam base 
layer containing thousands of micro-spheres (see Figure 1.1a). After installation the 
tiles are painted [4, 5]. Kradal™ is installed in a care facility in Sweden and 
Gustavsson et al. [6] has collected data in a period of 2 ½ years to evaluate the 
effect on fall related injuries. They found that the injury-per-fall rate was reduced from 
30.3 % on regular floor to 16.9 % on the safety floor. After adjusting their statistical 
model for covariates they found that the tested safety floor could reduce the risk of 
injury by 59 %.  
 
SmartCells is a company located in the US and their flooring system consists of 
synthetic rubber with a continuous top surface attached to cylindrical cells. The cells 
are 14 mm in diameter and 19 mm apart and compresses during application of force. 
When installed it is covered by a surface layer, such as carpet or vinyl [7] as can be 
seen in Figure 1.1b. Knoefel et al. [8] collected data in a period of 2 ½ years from a 
care facility with SmartCells flooring installed. They found that falls on the safety floor 
compared to the ordinary floor gave less bruising and abrasions but more redness 
and cuts. Their results showed that the tested safety floor reduced the fracture rate 
from 2.4 % to 0 %. 
 

 
There are also other types of safety flooring marketed for sports or playgrounds but 
now tried out in a healthcare setting. Tarkett Omnisports Excel is one example, and 
Drahota et al. [9] conducted a non-blinded cluster randomized trial in eight hospitals 
where they installed Tarkett Omnisports Excel in a study area. Data were collected a 
couple months before the intervention and continued for an average one year after 
installation. They found that 42.4 % of all falls lead to injuries for the control group 
compared to 22.9 % in the intervention group. The intervention group had more 
fallers, but the control group had more recurrent fallers, 35 versus 33 falls in total. 
 
Studies including both safety floors and other types of low stiffness floors have been 
conducted. In a study by Laing and Robinovitch [10] they conclude that these types 
of flooring can reduce forces applied to the hip when falling by up to 47 %. They also 

a              b  

Figure 1.1 - Kradal™ Floor Tiles in a, installed on a base floor and unpainted. 
 SmartCells can be seen in b, installed with a base and surface floor.  
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found that safety floors only had a minimal effect on the balance and thereby not 
made the risk of falling higher. Wright and Laing [11] showed that these type of 
floorings also reduce the peak acceleration, peak force and the Head Injury Criteria 
(HIC) and thereby concluded that safety floors can be an efficient strategy to reduce 
fall-related injuries, including to the head.  
 

1.3.1 The new flooring system  
As mentioned, one way of reducing both the personal suffering for the patient and 
the cost to society is to introduce safety flooring. At the department of Neuronics at 
the Royal Institute of Technology two professors, Svein Kleiven and Hans von Holst, 
have developed a new type of flooring system aimed to reduce fall-related injuries. 
With help from the foundation Flemingsberg Science and support from the innovation 
agency Vinnova the goal is to make it a commercially available product. The project 
runs from 2013 to 2016 and this is the second Master’s thesis taking part in the 
project.   
 
The idea behind the flooring system is to have a middle layer between the base and 
the surface layer. It is made out of rubber, which is a flexible polymer, and has a 
smooth layer with pins attached. It works like an inner and outer layer separated by 
pins, and can be placed upon each other to get a more protective system. The 
construction enables the pins to stay straight when unloaded and compress during 
impact, which makes it force absorbing. The pins also permit relative movement and 
displacement between the inner and other layer which reduces the rotational 
accelerations in oblique impact [12]. Figure 1.2 shows a prototype of the flooring 
system with base and surface layer.  
 

 
 

Figure 1.2 – Flooring system, in black, including base and surface floor. 

SP – the Technical Research Institute of Sweden has conducted drop tests on nine 
prototypes, one of them seen in Figure 1.2, where the surface layer and the rubber 
mixture were different. When comparing with wooden flooring the reduction of 
acceleration was between 39-66% and the reduction of force between 60-75 % 
during impact.  
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A test area of the flooring system has been created and implemented in the gym at 
Stureby care facility, see Figure 1.3. It has the dimensions 1.2 x 4.8 meters and the 
purpose is to evaluate the flooring system, both in regard to effect on balance and on 
the daily life at the care facility.  

 
To further develop the flooring system biomechanical simulations have been used. 
By simulating fall accidents on the flooring system different version, such as altered 
geometry and rubber mixtures, can be evaluated.  
 

1.4 Demarcation 
In 2014 another Master’s thesis in this project was conducted by Sofia Dahlgren [13]. 
Part of her work was to compile requirements regarding the flooring system and also 
to do biomechanical simulations to examine the effect on the proximal femur. In her 
literature study she gathered data concerning failure load of the proximal femur, 
which gives a guideline about how much force the flooring system should absorb. 
She modified and verified the Total Human Model for Safety (THUMS) version 1.4 
used in the simulations and with that model different geometries for the flooring 
system where evaluated. This Master’s thesis will continue her work in evaluating the 
flooring system. It will focus on improving the simulations by validations of the newest 
models, but will not include optimizations of the geometry on the flooring system.  
 

Figure 1.3 – The test area of the new flooring system 
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1.5 Goals  
The goals of this thesis are to:  

• Conduct material testing to ensure a better validation of the developed model 
of the flooring system.  

• Validate the Total Human Model of Safety (THUMS) version 4 for a hip 
impact and conduct fall simulations on the flooring system.  

• Evaluate how the flooring system would affect the daily life at a care facility, in 
regards to effect on balance and work environment. 
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2 Theory 
 
In this chapter the theory behind this Master’s thesis will be presented. Firstly a 
section regarding biomechanics and anatomy, followed by more information about 
falls among elderly, answering the questions why and how. Basic theory regarding 
solid mechanics and the finite element method will be presented, and lastly a 
presentation about the Total Human Model for Safety – THUMS.  
 

2.1 Biomechanics 
When applying classical mechanics to analyze biological and physiological system, 
the term biomechanics is used. Nordin et al. [14] divides biomechanics into three 
parts: Experimental studies, model analyses and applied research. 
   

2.2 Bone 
Bone is one of the most metabolic active structures in the body; it can self-repair and 
can also alter its mechanical properties as a response to changes in load [14]. It 
consists of two different tissues; cancellous and cortical bone – also called trabecular 
and compact bone. The cancellous bone is composed of thin plates in a loose mesh 
surrounded by red marrow and the cortical bone, with its dense structure, creates a 
shell around the cancellous bone [14].  
 
Bone as a material can be considered a two-phase composite material and it is 
among the hardest structures in the body, because of the high content of inorganic 
materials in the form of mineral salt. However, it is still flexible and resilient due to the 
organic components. The most important properties of bone are strength and 
stiffness and it is an anisotropic material. This means that it has different mechanical 
properties depending on the load direction, and because compression is the most 
common loading it is also in compression mature bone is both strongest and stiffest 
[14].   
 
Articular cartilage covers the ends were one bone forms a joint with another bone. It 
consist of hyaline cartilage and reduces both friction and are shock absorbing [15]. 
The thickness varies in in different parts of the joint and this alters the strength and 
stiffness in the region [16]. 
 

2.3 The hip and hip joint 
The hip is an anatomical region with two bones – the pelvis and the femur.  The 
pelvis girdle consists of two hip bones, which both have a cuplike depression called 
acetabulum [15]. The femur is divided into the proximal, the medial and the distal 
part, and the proximal third – also known as the proximal femur, consist of the 
femoral head and neck, greater and lesser trochanter, intertrochanteric line, and 
crest [16] (see Figure 2.1). The head of the femur is shaped like a sphere with a 
diameter of around 45-56 mm, and the femoral neck is in average 5 cm long [16].  
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The hip joint has a ball-and-socket configuration, with acetabulum as the socket and 
the femoral head as the ball, connected by ligaments and surrounded by a loose joint 
capsule and strong muscles [16] (see Figure 2.2). To enable a tight fit the 
acetabulum has a smaller diameter than the femoral head when unloaded, and 
elastically deforms about the femoral head when load is applied [14]. It is one of the 
largest and most stable joints in the body [14]. This configuration enables triaxial 
movements – flexion-extension, adduction-abduction and rotation [14-16].  
 

 
Figure 2.2 – The hip joint with parts. Modified version from http://vitalityclinic.ca/the-hip/ 

The acetabulum is covered with cartilage in a horse shoe shape, with its thickest 
layer in the major weight bearing site and at the outer periphery, and the thinnest 
parts are in the center and lower part of the acetabulum [16]. The femoral head is 

Figure 2.1 – Anatomy of the hip. Modified version from[15]. 
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also covered with cartilage, with its thickest part in the medial central surface and 
thinnest in the periphery [16]. Kurrat and Oberländer [17] investigated this thickness 
by dissecting the hip joint from 5 cadavers, four male and one female. They found 
that the cartilage in the acetabulum varied between 2.5 and 3.26 mm, and for the 
femoral head it varied between 1.3-4.4 mm. When investigating cadavers from 
elderly Adam et al. [18] found the maximal cartilage thickness in the hip joint to be 
2.6 (SD=0.36) mm and a mean thickness of 1.3 (SD=0.17) mm. 
 

2.4 Hip fracture 
A hip fracture is defined as a fracture in the proximal third of the femur [16].  This 
includes fractures to the femoral head, neck, trochanteric region and the bones 
forming the acetabulum. A hip fracture often require surgery and sometimes pins, 
screws and plates are enough to stabilize the fracture but in more severe cases the 
acetabulum or the femoral head might be replaced by a prostheses, also known as 
hemiarthroplasty [15]. The femoral neck is the most common site for fracture in 
elderly [14] because of the degenerative changes in the femoral neck; the compact 
bone is thinned and the cancellous bone gets less dense, which increases the risk of 
getting a fracture [14]. 
 
Parkkari et al. [19] interviewed and examined patients that had an accidental fall and 
compared the mechanics between patients who sustained a hip fracture with those 
who didn’t. Of the hip fracture patients 76 % reported falling on their direct lateral 
side, and 81 % had a main impact on the greater trochanter. The control group 
impacted the same way in 3 % of the cases and 6 % had a visible subcutaneous 
hematoma on the greater trochanter compared to the hip fracture patients 56 %. This 
indicates that a typical hip fracture occur when directly impacting the greater 
trochanter [19].  
 
The failure load in a hip fracture is the load that can be applied to the greater 
trochanter until a fracture in the proximal femur occurs. Dahlgren [13] conducted a 
literature study to investigate the failure load of the proximal femur, collecting 14 
studies regarding experiments on cadavers from older adults exposed to forces in 
the greater trochanter area. She found mean values ranging from 2499 – 4354 N, 
with the lowest value at 1102 and highest at 5240 N, which demonstrates the large 
individual differences in failure load. In six of the 14 studies they distinguished 
between men and women and the failure load for the men were on average between 
1160 – 1875 N higher than for the women [13]. Courtney et al. [20] investigated the 
difference in failure load between young and older people, mean age 33 and 74 
respectively. They found a failure load for the younger people at 7200 N (SD=1090) 
and for the older people 3440 N (SD=1330).  
 

2.5 Fall – underlying cause and kinematics 
The definition of a fall is; “an unexpected event in which the participant comes to rest 
on the ground, floor or lower levels” [21].  
 

2.5.1 Reasons behind a fall in the elderly community 
Looking at direct reasons behind fall events, Robinovitch et al. [22] installed video 
surveillance in the common areas in two long-term care facilities. 227 falls were 
recorded and the reasons behind the falls analyzed. They found that the most 
common precipitants of fall were walking, sitting down and standing. The reasons 
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behind the fall was in 41 % due to incorrect weight shifting, followed by trip or 
stumble at 21 % and hit or bump, loss of support and collapse accounted for 11 % 
each. They claim that one strength in their method, compared to self-reporting the 
circumstances behind the fall, is that the faller might tend to avoid the perception of 
vulnerability and rationalize that the fall had an external, unavoidable cause [22].  

2.5.2 Kinematics of a fall  
The kinematics, how we fall, has been studied by van den Kroonenberg et al. [23]. 
They investigated velocities and body configurations during a voluntary sideways fall 
from standing height with six young athletes and found an average impact velocity of 
3.17 m/s (SD=0.47) and a mean trunk angle value, the angle between the trunk and 
the flooring, of 68.3° (SD=13.3°). Feldman et al. [24] conducted a similar study to van 
der Kroonenberg et al., however, with unexpected instead of voluntary sideways 
falls. Of the 44 participants 90 % impacted the pelvis, and of them 98 % impacted the 
hip region. From the lateral aspect of the pelvis the impact location was on average 
8° (SD=15) to the posterior side, the average impact velocity was 3.01 m/s 
(SD=0.83) and the trunk angle 48° (SD=15) [24].  
 
These results are both from laboratory settings with young adults, and may not be 
applicable on real-time falls on elderly. Choi et al. [25] used the recorded falls from 
Robinovitch et al. to analyze how older adults, average age 80.3 years, fall in a real-
time setting. Unfortunately they could not analyze sideways fall due to their method, 
so impact velocities where calculated from forwards and backward falls. They found 
a vertical average impact velocity of 2.14 m/s (SD=0.63) to the pelvis, which is lower 
than previously reported finding. It is discussed that it might have to do with the fact 
that in their analyzed fall no external forces are applied, or that the fallers reduced 
their impact velocity by protective measures and reflexes, like stepping or impacting 
the hand first [25].  
 

2.6 Solid mechanics  
When applying force to an object it may deform, and how the object reacts depend 
on its material properties and the amount of force. The deformation can be elastic, 
plastic or cause a fracture. Elastic deformation means that the object returns to its 
original shape when the force is removed, but if the force surpasses the materials 
yield strength it will cause plastic deformation, which is a permanent shape change 
that remains after unloading the object [26]. Applying even more force may cause a 
fracture, and that means that the object splits into two, or more, pieces.   
 
Stress is a common expression in solid mechanics and it is the force per unit area. 
Normal stress σ	acts perpendicular to the plane, and has the unit Pascal (Pa) =N/m2. 
It is calculated through Equation (1):  
 

! = !
! 

 
(1) 

When the stress instead acts parallel to the plane it is called shear stress τ. It is 
calculated with the same equation as normal stress, but the difference is that it uses 
the shear force instead of the normal force.  
 
The stress gives rise to an elongation δ of the object and when comparing the 
elongation with the original length L0 of the object the strain ε, can be calculated. 
Both the elongation and original length has the same units so the strain is 
dimensionless; see Equation (2):  
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(2) 

Both Equation (1) and (2) are applicable to all materials however, no information 
regarding the material properties can be obtained. By doing a tensile test the 
relationship between the force and the elongation of the material can be evaluated. 
By knowing the cross section area of the specimen and also its original length both 
the stress and the strain can be calculated. Then the results can be presented in a 
stress – strain curve and the initial portion of it are for most materials linear. The 
slope of this linear region is called the Young’s modulus E, or sometimes the elastic 
modulus, and describes the stiffness of the material. The relationship between 
stress, strain and Young’s modulus for linear-elastic materials can be described 
through Hooke’s law, see Equation (3): 
 
 ! = !" (3) 
 
Other important material property is how the material responds to load in different 
directions. A material that is direction dependent and experiences a change in 
material properties due to a change in load direction is called an anisotropic material. 
One example of this, as mentioned in Section 2.2, is bone. The opposite, when a 
material responds in the same manner independent on the direction of applied force, 
is called isotropic. 
 

2.7 Finite element method 
The finite element method (FEM) is a numerical method that enables an approximate 
solution to a complex engineering problem [27]. The method was developed during 
1950s by aeronautical engineers and due to the development of the computer, both 
by the increase of computer power and the reduction of the cost, the finite element 
method has been able to spread through different fields of engineering [28].   
 
In FEM a representation of a real object is 
created, called a model. The model is 
divided into a finite number of pieces called 
elements; see Figure 2.3. As illustrated in 
Figure 2.4 these elements can be one, two 
or three dimensional creating beams, shells 
or solids. They can also have different 
shapes [28]; see Figure 2.5. The elements 
are connected with each other by nodes 
which in a 3D problem have 6 degrees of 
freedom – movement and rotation in x, y, 
and z direction. This can be constrained by 
adding boundary conditions, allowing 
movement in only some or no directions 
[26]. By dividing a big and complex model 
into small element with simple geometry 
calculations can easier be preform. The 
solution for all elements creates the solution 
for the entire problem. This breakdown of 
the problem, called meshing, also enables 
single nodes and elements to be analyzed 
separately [28].  

Figure 2.3 – A model of the femur, divided into 
elements, in black, which are connected by 
nodes, in red.  
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Parts can be created by a number of elements, and be assigned different material 
properties. Then even if the parts look alike they can respond differently due to the 
same load. In a complex model all parts may not be interesting to analyze, and to 
save computational time these can be made rigid. The part can still move, but will not 
deform due to load and hence less calculations on the part is needed. Other ways to 
save computational time is to make the mesh less dense, but this will affect the 
details in the analyze. For the parts that are most interesting for the results the mesh 
might even be denser than in the rest of the model [27].  
 
One advantage with the finite element method is that costly and sometimes 
dangerous experiments can be conducted in simulations instead of in real life. Cars 
do not need to be crashed, and no bones are broken on test subjects. But the 
outcome is only an approximate solution, a model can never be 100 % alike the real 
object, and therefore validation is an important part of modeling and simulations.  
 

2.8 Validation 
The definition of validation is; “The process of determining the degree to which a 
model is an accurate representation of the real world from the perspective of the 
intended use of the model” [29]. By comparing the model with validation experiments 
the capability of the model can be assessed, and alterations can be made until the 

Figure 2.4 – Beam, shell and solid elements 

Figure 2.5 – Two examples of elements – tetrahedron and hexahedron 
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difference is acceptable [29]. Even though a model does not need to be absolute true 
it is important to recognize the errors so that conclusions drawn from it is not false 
[30]. To cite George Box – “Essentially, all models are wrong, but some are useful” 
[31]. 
 
There are two types of validation, direct and indirect. Direct validation includes 
experiments on the quantities of interest and analysis of materials and systems. This 
enables better control due to better knowledge of material properties and boundary 
conditions, and the goal is to reproduce the experiment in a simulation.  Indirect 
validation is when experimental results from literature are used to validate the model, 
and is less ideal due to lower insight about the limitation and sources of error in the 
experiments [30].  
 

2.9 Total human model for safety 
Total Human Model for Safety (THUMS) is a computational model used in finite 
element simulations. THUMS is developed by Toyota Motor Corporation and Toyota 
Central R&D Labs. Inc., mainly to be used in injury responses in car crashes. Both 
anatomical geometry data and biomechanical properties are included in the model, 
which enables analysis of stress and strain distribution in the model during impact 
[32]. 
 
The first version of THUMS was completed in 2000 and has been further developed. 
Since 2010 it is available as version 4, illustrated in Figure 2.6. In the version 4 high-
resolution CT scans were used to 
model the human body and the 
latest experimental data about the 
organs material properties were 
included. Also different properties 
for the different parts were chosen, 
as elastic-plastic properties (non-
linear deformable material) for 
skeletal parts and hyperelastic 
material model for soft tissues, 
ligaments and tendons for 
examples. There are three variants 
of THUMS v.4 – an average size 
adult man, a small size female and 
a large size man. The version 4 
has been developed to better 
simulate internal organs injuries at 
a tissue level with a completely 
new FE mesh. When generating 
the mesh the density was chosen 
so that the approximate element 
length became 3-5 mm and both 
hexahedron and tetrahedron 
elements were used. The total 
number of elements for the 
THUMS Version 4 is around 2 
000 000 [32].  
 

Figure 2.6 – THUMS version 4 with coordinate system, 
illustrated both with and without soft tissue.  
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The important parts for this Master’s thesis have been illustrated in Figure 2.7. The 
soft tissue is colored light green, the pelvis and sacrum pink, the femur blue and the 
ligament surrounding the hip joint black.  
 
 

 
Anthropometric measurements in THUMS, version 4 average size adult man, are 
presented in Table 1. 
 
Table 1 – Anthropometric measurements in THUMS version 4.  

Trochanteric soft tissue thickness 20 mm 
Femoral head diameter 48 mm 
Distance between femoral heads 190 mm 
 
 
 
 
  

Figure 2.7 – A simplified model of the hip to illustrate the important parts for this Master’s thesis.  
For a better illustration some parts have been removed. 
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3 Method 
 
In this chapter the methods of this Master’s thesis will be presented. It is structured in 
the same way Nordin et al [14] describes biomechanics, experimental studies, model 
analysis and applied research. Firstly material testing, followed by simulations with 
the Total Human Model for Safety and the developed model of the flooring system. 
Lastly, an evaluation of the test area of the flooring system.   
 

3.1 Material testing 
Material testing was conducted to enable a better validation of the developed model 
of the flooring system. The experiments done by SP, mentioned in Section 1.3.1, 
included three commercially available surface floors and four different rubber 
mixtures. One surface floor and one rubber mixture was added to the material test for 
evaluation, which give in total four surface floors and five rubber mixtures that were 
tested.  
 
The test instrument used was an Instron Electropuls 
E3000, which is designed for dynamic and static testing 
and has a linear stroke of 60 mm. To do a proper tensile 
test for rubber and elastomers either the standards 
ASTM D412 or ISO 37 should be followed. Unfortunately 
the needed extensometer was not available therefore the 
extension measure on the Instron was used instead. This 
makes the external validity of the results low, but the 
results still works as a comparison between the different 
surface floors and the different rubber mixtures. The 
surface floor specimens were created according to 
Figure 3.1 and for the rubber mixture specimens the 
gauge length was reduced from 6 to 3 cm.  
 
Test setups with two different velocities, 10 mm/min and 
50 mm/min, were created in the software BlueHill. For 
the surface floors the extension was set to 20 mm, 
whereas for the rubber the extension was set to 60 
mm to enable 200 % elongation. 2-4 specimens 
were created for every test setup (depending on the 
amount of material available) and the gauge length, 
the gauge width and the thickness of the specimen 
was measured for each test and inserted into the 
software. The specimen was mounted according to 
Figure 3.2, and data collected every 0.1 seconds.  
 
The results were exported in a raw file and then 
plotted in a stress-strain curve using MATLAB. First 
all materials were analyzed separately to 
investigate any viscoelastic properties, and then a 
mean value calculated and presented in a 
comparison with the other materials. This was done 
both for the surface floors and for the rubber 
mixtures. Due to confidentiality only the comparison 
will be presented and the plots have been masked, 
therefore no units or numbers are included. 

Figure 3.1 – Specimen with 
dimensions.  

Figure 3.2 – A test specimen 
mounted in the test instrument. 
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Important information can still be collected, like the relative stiffness and the 
suitability of the material.  
 

3.2 Biomechanical modeling and simulation 
To evaluate how the flooring system affect the forces applied to the hip during a fall, 
modeling and simulations were conducted using the modeling program LS-PrePost 
and the simulation program LS-Dyna. The simulations included the Total Human 
Model for Safety – THUMS, and a model of the flooring system developed by Svein 
Kleiven. The THUMS used in this Master’s thesis was the Version 4 average size 
man, with a weight of 77 kg and height of 175 cm representing the 50 percentile of 
adult men. It is positioned standing, as can be seen in Figure 3.3, and has been 
developed for use in car crash simulations. To get reliable results from a fall accident 
the model needed to be validated and modified.  
 

3.2.1 Validation and modifications 
To get realistic results the THUMS v.4 need to be 
validated for a hip impact. A study by Viano et al. [33] 
was used to validate the model, and in the study they 
subjected cadavers to blunt lateral impacts by a 
pendulum with a diameter of 15 cm, a weight of 23.4 
kg and with different initial velocities. The cadavers 
were of different age, sex, weight and length and were 
subjected to lateral impact at the chest, abdomen and 
pelvis, every impact referred to as a run. Some 
cadavers were exposed to several runs, and their 
injuries were examined after every run [33].  
 
The same test setup was created in LS-PrePost where 
the THUMS was impacted by a cylinder with the same 
diameter and weight as the pendulum (see Figure 3.3). 
To mimic the experiments conducted by Viano, the 
cylinder was constrained for rotational movements and 
centered on the greater trochanter, without contacting 
the hand. The initial velocity was set in y-direction and 
the simulation time 40 ms.  
 
Three runs on two different cadavers from the study by Viano et al. [33], were 
selected and used to compare the simulations to: numbered 21, 25 and 26. The two 
cadavers used were at a similar size as the THUMS version 4 and they were 
impacted on the greater trochanter at two velocities – 5.1 and 5.3 m/s, which was 
also used in the simulations. None of the runs resulted in any fractures. The contact 
force between the cylinder and the buttock was measured and compared to the 
results from run 21, 25 and 26 in the study, with focus on peak force and 
characteristics of the force-time curve.   
 
Modification of THUMS 
The results from the first run in Section 4.2.1 demonstrated that the model needed to 
be modified. Based on anatomical studies and literature reviews modifications were 
made to the hip area.  
 

Figure 3.3 – THUMS version 4 
with cylinder and coordinate 
system. 
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The material of the buttock was identified as problematic. Initially the material of the 
buttock was a simplified rubber/foam material model. This was altered into an Ogden 
rubber material model with parameters used in a previous model. 
 
Looking deeper into the model some problems in the hip joint were discovered; 

• There was no articular cartilage included in the joint.  
• The hip joint was not tightly fitted, a gap was present, and thereby the femoral 

head could move in y direction before contacting the pelvis. See Figure 3.4 
and Appendix A.  

• The acetabulum – the cup-like depression in the pelvis was not cup-like. It 
had a good form in the posterior side but in the anterior the wall was missing 
which enabled the femoral head to slide sideways during impact. See Figure 
3.4 and Appendix A for illustration. 

 
To address these problems some modifications were made;  

• Articular cartilage was added to both the acetabulum and the femoral head to 
make the hip joint more realistic (see Figure 3.4 and Appendix A). The 
cartilage was made out of hexahedron elements and the thickness was set to 
1 mm. A elastic material model was chosen with E-modulus of 15 MPa and 
Poisson’s ratio at 0.4 according to Clarke et al. [34]. Also a sliding contact 
was introduced between the two cartilage layers.  

• The stiffness of the ligament surrounding the hip joint was from the beginning 
set to 20 MPa, whereas Hewitt et al. 2001 showed that it ranges from 76.1 – 
285.8 MPa dependent on the part of the ligament [35]. 200 MPa was chosen 
in the model.  

• The acetabulum was altered to be more cup-like by adding more tetrahedron 
elements, which surrounded the femoral head better. To enable a better fit 
the elements in the existing acetabulum were also modified (see Figure 3.4 
and Appendix A). These elements were given the same material properties 
as the cancellous bone of the pelvis.  

 

 
Figure 3.4 – The frontal and lateral view of the left hip bone and left proximal femur (impact side). The 
unmodified and the modified hip joint are displayed during at both 0 and 14 ms into the simulation. The 

unrealistic movement in the hip joint can be seen after 14 ms in the unmodified model. 
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These alterations to the hip joint were first made on the left side, which impacts the 
cylinder (see Figure 3.5). However, the gap still present in the other hip joint also 
affected the results. To get a more continuous transmission of force the same 
alterations made in the left joint were adapted to the right hip joint.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The modified version of the THUMS was evaluated regarding forces in the contact 
between the cylinder and the buttock (Fbuttock) for each modification. The force in the 
contact between the femur and the pelvis (Ffemur) was also investigated in the final 
model to evaluate the forces applied to the proximal femur.  
 
To further investigate the results from the modifications the displacements in the 
model were evaluated. By selecting a node each in the femoral heads and hip bones 
the displacement of that node could be followed. The reference points for the 
displacements were the nodes position in the unloaded THUMS.  
 

3.2.2 Fall simulations 
Based on the results from the material testing from Section 4.1 together with the 
results from SP mentioned in Section 1.3.1, the model of the flooring system has 
been further developed, illustrated in Figure 3.6. To compare this model of the 
flooring system with an ordinary mat on concrete, fall simulations were conducted. 
The material data for the rubber layer were from one of the stiffer, EPDM 4 from 
Section 4.1.  
 

 
Figure 3.6 – The model of the flooring system with base and surface floor 

In Section 2.5.2 three different impact velocities were presented, and the median 
value 3.0 m/s were selected and applied in negative y direction to the modified 
version of THUMS. The flooring were placed on the left side of the THUMS, see 
Figure 3.7. In one simulation the flooring was a 2 mm mat on concrete, and in the 

Figure 3.5 – A coronal cut to display the difference between a modified and 
unmodified joint. 
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other the flooring around the hip was replaced with the developed model of the 
flooring system. In order to save computational time the whole flooring was not 
replace. Contacts were created between the flooring and the legs, hip and thoracic 
region. No contact was applied to the left arm, which thereby did not impact the floor. 
 
 

 

3.3 Floor evaluation  
Together with physiotherapist Monica Bergstedt at Stureby care facility the test area 
of the flooring system was evaluated, both in regards to effect on balance and the 
staff members experience of it. This is the first evaluation conducted and done only 
to get an indication of the influence of the flooring to the daily life at a care facility.  As 
seen in Figure 1.3 the test area is installed above the existing ordinary floor, which 
makes these evaluations non-blind.  
 

3.3.1 Balance testing  
Elderly are more prone to fall, and balance is an important factor. To evaluate if the 
flooring system affects the balance the test Timed Up and Go was conducted.  
 
Timed Up and Go - TUG 
When examining the balance and functional mobility of elderly TUG is usually used, 
and requires that the test subject rises from a chair, walk 3 meters, turn around, go 
back and sit down again [36]. The time is measured and that correlates to the risk of 
a fall. There are some differences in the literature regarding the different time 
intervals [37, 38], but in a review Alexandre at al. [37] found the cut off time of 12.47 
seconds to be the most accurate to separate fallers from nonfallers, whereas 
Schoene at al. [38] found that the cut-off time varied too much between different 
studies and couldn’t recommend any. But they concluded that the TUG is more 
suitable for evaluating less-healthy, fragile older people [38]. In Sweden TUG is a 
widely used method at care facilities and is included in the medical records as an 
evaluation tool.  
 
The TUG method has been further developed to also include a manual task. This can 
be to carry something, like a glass of water. When comparing the time between the 
ordinary TUG and the manual TUG a time difference of 4.5 s indicates a higher risk 
of falling in the following 6 months [36].  
 
 
 

Figure 3.7 – Fall simulations with the modified version of THUMS and the model of the flooring system.  
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Test set up 
By doing TUG both on the floor currently in the care facility and on the test area of 
the flooring system the effect on balance for the elderly from the more compliant floor 
can be evaluated. The ten participants, seven women and three men, were residents 
at Stureby Care facility and all with some kind of dementia. Their age ranged 
between 79 to 93 years (mean = 88, SD=4.8). 
 
TUG was demonstrated to the participant who tried once to confirm that the 
instructions were understood. Then TUG was preformed twice on the ordinary floor, 
with the mean value of the two times calculated and noted, followed by one TUG 
manual test, where the manual task was to carry a glass of water. This was repeated 
on the test area of the flooring system, TUG twice and TUG manual once, and the 
participants had the opportunity to rest between the different tests. For the two 
participants dependent on a walker the manual task was not preformed. The whole 
test setup was conducted twice on separate occasions and factors like footwear and 
glasses were the same on both times, except for test-id 505 who had different 
footwear. The time difference between TUG without walker and TUG manual was 
calculated and the result – diffTUG was noted.  
 
When analyzing the results, the statistical program SPSS was used and firstly the 
normality of the data were investigated by the Shapiro-Wilk test. If the data was 
found normally distributed a paired T-test were conducted, and if not the Wilcoxon 
matched pairs test were used instead. This to investigate the null hypothesis – that it 
is no difference between the ordinary floor and the new flooring system. The 
significance level on all test were set at 0.05. 
 

3.3.2 Subjective ratings: 
The participants from the balance test had the opportunity to comment on the 
flooring, how they experienced it and if it was any difference to walk on it. The 
question; “Did you experience any difference between the two floors” was asked after 
completion of the tests on both test days.  
 
A questionnaire was created to get subjective ratings on the test flooring from 
members of the staff at Stureby care facility, see Appendix B. They were asked to roll 
and move different equipment on the test area of the flooring system and judge the 
difference against the ordinary floor.  
 
The staff members were asked to answer: 

• Date, profession, sex and age.  
• The type of equipment used. To get an idea of the total weight, also specify if 

the equipment was empty or if it was someone installed in it. 
• In a 10 grade scale, where 0 meant no difference and 10 meant a 

pronounced difference grade two questions; 
o “When rolling the equipment, do you feel any difference between the 

ordinary floor and the test floor?” 
o “To what extent do you feel that the test floor would affect your work 

environment?” For example, here the staff could judge if it was a 
common movement or not.  

The staff was also encouraged to leave comments, both to the questions and on their 
experience of the test and the test floor.   
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3.3.3 Ethics 
At both test occasions for the balance test the test subjects were asked if they 
wanted to participate and gave their oral consent. They all had some sort of 
dementia so an oral consent is problematic, but TUG is an assessment tool already 
used at the care facility. The participants had the opportunity to stop their 
participation at any time and their safety was in focus. If unsecure someone walked 
side-by-side during the whole test. The information regarding the participants were 
anonymized and handled confidential, they all got a unique test-id and no names or 
personal information were collected that could reveal their identity.  
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4 Results 
 
In this chapter the results will be presented, first from the material testing followed by 
the validation and modifications of THUMS together with the fall simulations and 
lastly the results from the floor evaluation.  
 

4.1 Material testing 
Five different mixtures of rubber were tested, including four types of Ethylene 
Propylene Diene Monomer (EPDM) rubber and one type of Styrene-Butadiene 
Rubber (SBR). As seen in Figure 4.1 they all have different stiffness. EPDM 2 and 
SBR 1 are close in shore hardness, which is also reflected on their stiffness, shown 
in the curve in Figure 4.1. Due to company confidentiality the graphs have been 
masked, and the strain axis may not go up to 2 and 0.33 as the tests did.  
 

 
 
 
Four types of surface floors were tested, and as displayed in Figure 4.2, two were 
very fragile with bad results from the tensile test whereas the other two gave better 
results. The results from flooring 1 and 2 are not the mean value because of the big 
variation of the data; instead it shows the results from the tensile test giving the 
longest elongation before breaking.  

Figure 4.1 – Stress-strain curve for the different rubber mixtures. EPDM 2 and SBR 1 are close 
in shore hardness, which gives them a similar stiffness. The plot has been masked, and the 

strain axis may not go up to 2 as the test did. 
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4.2 Biomechanical modeling and simulation 

4.2.1 Validation and modification   
In the graph seen in Figure 4.3, the results from the study by Viano et al. [33], three 
cases of impact between cadavers and a cylinder, are illustrated and compared with 
the initial results from the impact between the THUMS version 4 and a cylinder.  
 

 
 

Figure 4.3 – The force-time plot from the study by Viano in a, adapted from [33] 
The force-time plot from the contact between the buttock and the cylinder in 

 the simulation from the unmodified THUMS version 4 can be seen in b. 

 
The two graphs do not share the same characteristics, and a comparison of the 
contact forces illustrated some problems with the THUMS version 4. The peak force 
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Figure 4.2 – Stress- strain curve for the different surface floorings. As seen two floorings are 
too fragile to get good results. The plot has been masked and the strain axis may not go up 

to 0.33 as the tests did. 
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was both lower and reached earlier compared to the study, and instead of a steady 
increase in force it experienced a decrease between 2.6 and 4.8 ms. Three 
parameters were identified as problematic; the anatomy and material models for the 
hip joint and the material model of buttock. These problems were solved in a couple 
of steps, more described in Section 3.2.1.  
 
Modification of THUMS 
Modifications were made to the THUMS version 4 and the respective force-time plots 
are displayed in Figure 4.4. The title above every plot states which parameters than 
are altered, more described to Section 3.2.1. Altering the material for the buttock 
from a simplified rubber/foam material model into an Ogden rubber material model 
stabilized the initial force curve, but became more unstable during peak force. 
Neither the peak force is increased. Adding cartilage increased the peak force and 
further stabilized the force curve. By altering the stiffness of the ligament a steadier 
unloading is achieved. Reshaping the acetabulum further stabilized the force curve 
and also increased the peak force. When applying cartilage, stiffer ligament and a 
reshaped acetabulum on the other sides the peak force reached the highest level. 
Note that for every alteration after applying Ogden rubber the peak force increases 
and the force curve stabilizes.  
 
To investigate the internal movements the displacement of the femoral heads and hip 
bones were measured. The reference point is the unloaded THUMS. The results can 
be seen in Figure 4.5 and for more details for the onset, see Appendix C. Note the 
difference in distance and onset for the displacements. The left femoral head moves 
109 mm in the unaltered model, whereas when both sides are altered this 
displacement is reduced to 97 mm. The onset of displacement for the left and right 
hip bone is reduced from 4.5 ms for the unaltered model to 0.5 ms when one side is 
altered. When both sides are altered this onset is increased to 2 and 2.5 ms 
respectively, indicating a larger resistance in movement. For the right femoral head 
the onset in the unmodified model starts at 7 ms, reducing to 4.5 ms when one side 
is altered and 3.5 when both sides are altered. These results indicate an improved 
continuous force transmission and a more cohesive model. Figure 4.6 illustrates the 
difference in movement between one and two altered sides, 20 ms into the 
simulation. Note the distance between in the right femoral head and acetabulum 
when unmodified, compared to the modified version.  
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Figure 4.4 – The force-time plots for the different modifications. The title of the graphs states the 
modifications made, and note in the last graph that the Ogden rubber was added to one side, 

whereas the others were applied to both. 
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   a                                                              b  

Figure 4.6 – Initially only the left side were modified however, as seen in a the right femur also 
experienced unrealistic movement in z direction. Both hip joints were altered, as seen in b, and 

the movement for the right femur is restricted. 

Figure 4.5 – The displacement-time plot for the femoral heads and hip bones. The reference point is the 
unloaded THUMS. The three different plots represent the unaltered, alterations adapted on one side and 

when both sides are altered. Note the difference in onset and distance of the displacements.  
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Validation 
After the modifications described in section 3.2.1 the following new force-time plots 
were obtained. In Figure 4.7 both results from Viano et al. [33] and from the modified 
THUMS are presented. The simulation does not reach as high values as Viano, but 
share similar characteristics. For peak values, see Table 2. 

 

 
Figure 4.7 - The force-time plot from both the study by Viano, adapted from [33], and the simulation 
from the modified THUMS version 4, with the velocities 5.1 m/s and 5.3 m/s.  

Table 2 – Peak values for the simulations, compared to the peak values from Vianos study. 

Initial velocity [m/s] Viano, peak force [kN] Simulation, peak force [kN] Difference 

5.1 6.43 6.23 -0.20 
5.3 6.94 6.49 -0.45 
5.3 7.32 6.49 -0.83 

 
 
Evaluation 
When evaluating how the forces propagate through the model two contacts were of 
interests – the contact between the buttock and the cylinder, Fbuttock, and the contact 
between the two cartilage layers on the acetabulum and femoral head, Ffemur. The 
results can be seen in Table 3. 
 

Table 3 – The peak forces applied to the buttock Fbuttock and femur, Ffemur in the validation simulations. 

Initial velocity [m/s] Fbuttock [kN] Ffemur [kN] 
5.1 6.23 2.80 
5.3 6.49 2.78 

 

4.2.2 Fall simulations 
Two simulations were conducted, one on a 2 mm mat on concrete and the other on 
the flooring system with material models from EPDM4.  
 
Looking deeper into the model of the flooring system it seems to be too stiff, only a 
small amount of compression occured. Three different stages of the simulation are 
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displayed with a coronal cut in Figure 4.8 with parts of the femur, buttock and flooring 
system. The start of the simulation is displayed in Figure 4.8a, after 10 ms and during 
peak force in Figure 4.8b and the recovery of the flooring system in the end of the 
simulation in Figure 4.8c.  

 
Due to company confidentiality no numbers from the simulations will be reveiled. 
More work needs to be conducted to the model before conclusions can be drawn.  
 

4.3 Floor evaluation 

4.3.1 Balance test 
Results from TUG were the time from every test. Two participants only conducted the 
test at one occasion, and of the other participants that conducted the tests twice one 
did the test both with and without a walker at both occasions. This gave a total of 70 
test times. See Appendix D for all the results.  
 
The data was divided into two groups, participants in risk of falling and not in risk of 
falling. This according to the two cut of times for the TUG method; TUG time over 
12.47 s and a diffTUG over 4.5 s, which indicates a higher risk of falling as 
mentioned in Section 3.3.1. Table 4 illustrates the separation, with almost no 
difference between the two types of flooring. On day 1 both the TUG times for the 
different flooring were the same with five participants in risk of falling, and one also 
had a diffTUG time over 4.5 s on the test floor. On day 2 six participants were scored 
as in risk of falling on the ordinary floor, compared to five on the test floor. Here one 

Figure 4.8 – A coronal cut of the femur, buttock and flooring 
system in the impact simulations after a: 0, b: 10 and c: 40 ms.  

a 

b 

c 
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of the participants also had a diffTUG time above 4.5, but this time on the ordinary 
floor.  
 
      Table 4 – Dividing the results into participants in risk of falling and no risk of falling, according to the 
      TUG method. A TUG time above 12.47 s and a diffTUG time above 4.5 are both indicators for a 
      higher fall risk. 
 

 
 
To compare the difference between the two floorings the TUG time from the normal 
flooring was paired with the TUG time from the test flooring for each participant and 
test occasion. TUG without walker, with walker and the manual test gave a total of 35 
paired times. The data were also separated into the different types of TUG - without 
walker, with walker, manual and diff, as seen in Table 5.  
 
 
Table 5 - Statistical data for the balance test. * Indicates walker. α-level 0.05. 

		 Paired Shapiro-Wilk, p < 0.05 Normal  Paired test, p < 0.05 
		 samples Ordinary floor Test floor distribution Wilcoxon T-test 

All data 35 0,001 0,000 No 0,486 - 
TUG without * 15 0,690 0,020 No/Yes 0.842 0.704 
TUG with * 5 0,239 0,204 Yes - 0.001 
TUG manual 15 0,006 0,003 No 0.124 - 

DiffTUG 15 0,000 0,016 No 0,753 - 
 

 
To investigate the null hypothesis – that there is no difference between the ordinary 
floor and the safety floor, the normality of the data were investigated and based on 
the result either paired T-test or Wilcoxon matched pairs test were conducted. The 
Shapiro-Wilk test was used to investigate the normality of the data and with a 
significance level of 0.05 there were three sets of data – TUG without walker on 
ordinary floor and TUG with a walker on both ordinary and test floor, which were 
found normally distributed. These were then tested with a paired T-test and the other 
data with Wilcoxon matched pairs test. With a significance level of 0.05 the only 
paired TUG time where the null hypothesis was rejected was for the TUG with 
walker. This indicates that there is a difference between the two floors when 
conducting TUG with a walker, but not for the other cases – TUG, TUG manual and 
diffTUG.   
 

4.3.2 Subjective ratings 
To compare the ordinary floor to the new flooring system subjective ratings from the 
staff were collected. The reference point of the comparison is the ordinary floor. Only 

 Day 1  Day 2  
 Ordinary floor Test floor Ordinary floor Test floor 

TUG time ≥ 12.47 s 5 5 6 5 

TUG time < 12.47 s 4 4 3 4 

diffTUG ≥ 4.5 s 0 1 1 0 

diffTUG < 4.5 s 7 6 7 8 



 

 31 

a small amount – ten questionnaires were filled out, nine from the staff and one from 
a relative often visiting the care facility. Equipment used was cleaning trolley, office 
chair, mobile patient lift, wheelchairs and hospital bed.  
 
The most common opinion from the participants from the balance test was that they 
didn’t feel any difference between the ordinary floor and the test floor while walking. 
None described it as unstable, but some thought it was softer and a few felt that this 
made it more comfortable to walk on. One staff member comment that the test 
flooring felt harder to walk on, and the other didn’t leave any comments regarding 
this.  
 
Rolling resistance 

• Two different wheelchairs were tested with a person installed in it, and was 
rated low to medium-low difference between the ordinary floor and the test 
floor.  

• Two staff members tested a cleaning trolley and one found a low difference 
and the other a medium-high difference. Unfortunately there is no information 
about the weight, which can vary a lot in this kind of equipment.  

• The office chair with a person sitting in it was scored with a medium 
difference and the staff member commented that it was harder to turn it 180° 
than to roll it straight.  

• One staff member tested the mobile patient lift with two different persons 
installed in it, and found a medium-high difference in both occasions.  

• One staff member tested to roll a hospital bed and scored it with a high 
difference. The comments were that it was hard to move compared to the 
ordinary floor, and even harder when adding a person in it.  
 

Effect on work environment 
The rates in rolling resistance correlated with the rates on effect on work 
environment. In most answers the score was the same, but in some cases it altered 
depending on how often the movement was judged to be conducted during a work 
day. If it was judged to be a rare movement the score was lowered, but if it was 
judged as a common movement the score was increased. For the hospital bed the 
score was lowered to a medium-high difference with the comment that they don’t 
move them that often, and for the office chair and wheel chairs the score was 
increased one step with the comments that it is an often-repeated movement.  
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5 Discussion 
This Master’s thesis was divided into three parts, material testing, biomechanical 
modeling and simulations and floor evaluation. They have all been treated separately 
and will also be discussed separately. A section of further work is also included.  
 

5.1 Material testing 
To develop the best possible flooring system the choice of rubber mixture and 
surface flooring is important. Together with the geometry, the rubber mixture 
determines the properties of the flooring system, which can be altered by changing 
these two parameters. By learning more about the materials a better validated model 
of the flooring system can be obtained, and by developing better models the 
optimization process in the product development can easier be conducted with a 
higher confidence in the results. This is important because models and simulations 
are representations of the real world and can never be 100 % accurate.  
 
When conducting tensile test standards should be used, but unfortunately all of the 
needed equipment’s were not available and another solution had to be found. 
Because of this the external validity is lower than desired but conclusion about the 
different materials relative stiffness can be obtained. All the material was tested with 
the same conditions, which should make the internal validity higher. However, there 
might be human errors in measuring the dimensions of the specimen, which is, 
together with the lack of a standardized method, a limitation if the material testing.  
 
Looking at the results there were some unexpected outcomes. For instance, in the 
marking of the different rubber mixtures EPDM 4 was supposed to be stiffer than 
EPDM 3, which we can see in Figure 4.1 is not the case. There were also problems 
with EPDM 3 because it didn’t reach 200 % elongation. One explanation might have 
to do with the quality of the mixing and the molding of the rubber 
 
Two of the tested surface floors had a low tolerance for elongation, hence bad results 
in the tensile test. They were very fragile and may not be suitable as a surface floor 
to the flooring system. To develop a durable flooring system the surface floor must 
be able to stretch without plastic deformation during an impact, hence the importance 
in finding a suitable surface floor. This is especially important in a health care setting 
because of the strict hygiene demands on the environment.  
 
The material testing was an attempt to do a direct validation of the model of the 
flooring system. The material was the same as in the test conducted by SP, 
mentioned in Section 1.3.1. Results from both SP and the material testing increase 
the understanding of the materials in the model, fulfilling one of the goals of this 
Master’s thesis.  
 

5.2 Biomechanical modeling and simulation 
The validation process is often the most time consuming but also the most important 
in order to get reliable results. The THUMS version 4 is not developed for use in fall 
simulations, and thereby not as detailed in the hip area as wanted. Focus laid on 
developing the most validated model possible, hence little time was left to conduct 
the impact simulations. 
 



 

 34 

5.2.1 Validation and modifications  
The anatomy and material models for the THUMS version 4 were altered to better fit 
in a fall simulations. The unmodified model had a too simplified hip joint, where the 
femoral heads could move freely in all directions, illustrated in Appendix A. This 
made the force transmission through the model inaccurate, for example the femoral 
head sliding instead of transmitting the force to the pelvis. To improve the THUMS 
model and enable use in fall simulations modifications were made to the hip joint and 
buttock. 
 
Ogden rubber was chosen for the material of the buttock, and is a nonlinear material 
commonly used in muscle modeling. As mentioned in Section 4.2.3 different 
parameters for the Ogden rubber were tested. However, compared to the initial 
values the force-time plot displayed in Figure 4.6 was not improved. Also the 
trochanteric soft tissue thickness was investigated. In the model this measured 20 
mm, which was at the same level as the reported data from Levine et al. [39] at a 
mean thickness of 25.2 mm, with 27% lower thickness for men than females. They 
also found that forces on the femoral neck during a lateral fall decreases with an 
increasing soft tissue thickness. Nielson et al [40] compared trochanteric soft tissue 
thickness in older men in both hip fracture cases and patients without a hip fracture. 
They found no significant difference, 29.1 mm (SD=11.9) compared to 31.0 mm 
(SD=11.5), and concluded that the thickness had little influence in the risk of 
sustaining a hip fracture.  Whereas Majumder et al. [41] found that the risk would 
reduce non-linearly with an increase in thickness. The importance of trochanteric soft 
tissue is thereby uncertain.  
 
Articular cartilage was included on both acetabulum and the femoral head which Li et 
al. [42] found to be necessity since their interaction alter the contact mechanics. Li et 
al. [42] also included fluid when modeling the hip joint, which is not the case in this 
thesis. As mentioned in Section 2.3 the thickness of the cartilage varies in the 
different regions and the cartilage in the acetabulum are in a horse shoe shape, 
surrounding the ligament connecting acetabulum to the femoral head. Both the 
varying thickness and the shape of the cartilage were not adapted into the model, 
which is a limitation in the modeling. Neither the ligament is included. A constant 
thickness of 1 mm was selected for the two cartilage layers, adapted from Adam et al 
[18]. This due to the fit between the acetabulum and femoral head, there was not 
enough space to include thicker layers. As mentioned in Section 2.3 the diameter of 
the femoral head is around 45-56 mm and the used model has a diameter of 48 mm, 
hence there is a possibility to reduce the diameter to include thicker layers of 
cartilage instead. Anderson et al. [43] investigated the hip cartilage mechanics using 
varying degrees of simplified geometry of bone and with either varying or constant 
thickness of the cartilage. In the case most similar to the one in this thesis – using a 
subject-specific bone model with a constant cartilage thickness, they found it to be 
the most consistent with their subject-specific FE model regarding pressure and 
contact distribution in the cartilage, even though slightly overestimated the cartilage 
peak pressure. For the limited time in this Master’s thesis this simplification where 
judged as acceptable. 
 
The acetabulum was altered to get a better shape, and another method was also 
discussed – to move the femur closer to the pelvis. Anthropometric studies from 
Alazzawi et al. [44]  showed that the distance between the femoral head and the 
pelvic midline should be 90.6 mm (SD=5.58 mm). The same distance in the model 
were found to be 85 mm, and based on that decided to leave unmodified.  
 
 



 

 35 

Parts in a system are connected and altering one will alter the whole system. This 
was evident when trying to improve the THUMS: it was not possible to only alter the 
interesting part to investigate – the left proximal femur, it also depended on the 
opposite side. Altering the internal contacts also altered the impact force and there 
are a lot of parameters that can have an effect on the final result. This Master’s 
thesis started the work to improve the THUMS version 4 and more parameters can 
be altered to improve it even further, however, the results of this thesis ensure a 
more realistic anatomy in the hip joints.  
 
The modified version of THUMS was validated by comparing the impact force 
between the cylinder and the buttock with reported values from experiments on 
human cadavers. This meant an indirect validation was conducted and thereby lower 
confidents in the results are obtained. There were also some differences in the 
reported results – the same cadaver exposed to the same force (run 25 and 26) 
showed a difference of 0.38 kN in the peak force. In the simulations the force-time 
plot share similar characteristics as from the study, but the peak force did not reach 
as high, with the largest difference of 0.83 kN. Because the THUMS version 4 is not 
an exact copy of the cadavers used this was regarded as acceptable, but to further 
develop the model more values should be collected to validate against. In this thesis 
three values were compared, however, it would be interesting to also include values 
of the internal forces during an impact. The study by Viano et al. [33] states that no 
fractures occurred on the two cadavers used, and this corresponds well with the 
forces collected from the proximal femur in the simulations, 2.80 and 2.78 in the two 
velocities.  
 
Attempts to improve the model further 
Different attempts were made to alter the model to get an even better validation. Due 
to time constraint these solutions were not successful and were excluded from the 
used model. 
 
The buttock were divided into two, one fat and one muscle layer according to Then et 
al. [45]. Different mechanical properties for fat and muscle were collected from Then 
et al. [45], Bosboom et al. [46] and Linder-Ganz et al. [47] but these new values did 
not improve the force-time curve to better fit the data from Viano et al. [33].  
 
In THUMS version 4 the internal contacts were of a single surface kind. This made 
the layers to separate when high forces were applied (highlighted with circles in 
Figure 4.10). To solve this problem attempts were made to tie the surfaces together 
using different contact cards, but this increased the peak force for the contact 
between the buttock and cylinder up to 11 kN.   
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Figure 5.1 – A coronal cut of the modified version of THUMS, displaying the separation between the 

pelvis and soft tissue. Some of the separations have been highlighted with a circle. 

 
 

5.2.2 Fall simulations 
In the fall simulations there were some unexpected results. As seen in Figure 4.9 the 
flooring system did not respond in the expected way, the pins stayed almost straight 
without compressing. The protective mechanics of the flooring system is dependent 
on this compression and this gives an indication that the chosen stiffness, from 
EPDM 4, is too high to be used in the flooring system. Another explanation may be 
that the material testing overestimated the stiffness, due to lack of a standardize 
method. The results from the tests from SP mentioned in Section 1.3.1 showed a 
decrease in both the impact force and the acceleration but this is not evident in the 
fall simulations. Due to these preliminary results and company confidentiality no 
exact data were presented. As mentioned, it is important to remember that a model 
only is a representation of the real object and may be useful. When the results from 
the simulations are highly different from the results from SP, the confidence in the 
results decreases. 
 
According to Dahlgren [13] a force on the proximal femur below 2 kN  is needed to 
protect most elderly people when falling, and this was the case in both impact. When 
falling protective measures like impacting the hand first are utilized and this was not 
the case in the simulations. Instead the THUMS impacted thorax, buttock and leg at 
the same time, and this configuration is not the according to the reported data. As 
mentioned in Section 2.5.2 studies show that we usually fall with a flexed trunk, 
Feldman et al. [24] found an angle of 48°, and van den Kroonenberg et al. [23] found 
an angle of 68.3°. The difference between the flexed trunk configuration and a 
straight configuration during a sideway fall was investigated by Robinovitch et al. 
1997, and they found that the peak force to the hip significantly increased when the 
trunk was flexed [48]. In the simulations the THUMS fall with an angle of 0°, and due 
to the time constraints this was not possible to change and thereby a limitation of the 
simulations. When impacting the whole left side at the same time the force is spread 
out over a larger area, reducing the stress applied to the buttock, and especially the 
greater trochanter which is the impact site for most hip fractures, according to 
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Parkarri et al [19]. This might explain why there were not as high impact forces as 
expected. Due to time constraints further simulations were not conducted. This is 
necessary to develop the model of the flooring system and to find the best possible 
parameters for the flooring system.  
 

5.3 Floor evaluation   
To evaluate the effect of the new flooring system on the daily life at a care facility 
balance test were conducted and subjective opinions collected. One important factor 
to evaluate was if the floor affects the balance for the elderly and thereby may cause 
more falls. The results indicate that the balance was not affected and the Timed Up 
and Go test showed no difference compared to the ordinary floor except for TUG with 
a walker. As seen in the questionnaire regarding rolling resistance the flooring 
system does increase this, which may explain the result. TUG with walker was also 
the subgroup with least paired data – only 5, which is a limitation. Further studies 
need to be conducted to get statistical significant results, but these preliminary 
results give a positive indication and when compared to reported data about other 
safety floors this new prototype may be an alternative solution. Laing and 
Robinovitch [10] conducted balance tests with elderly women on safety floors and 
low stiffness floors, by doing Time Up and Go, measure swag during quiet stance 
and subject the participants to backwards floor translation. They found a correlation 
between the balance maintenance and the floors force-deflecting properties. The 
softer the floor the higher influence on balance but for the two tested safety floors 
they found only a minimal effect on the balance. The same results are reported from 
Glinka et al. [49] where they tested the footfall deflection in a simulated single-leg 
stance and found no significant difference between standing on a safety floor 
compared to a carpet.  
 
The test set up was chosen to try to minimize errors, both instructions and conditions 
affecting walk – like footwear and glasses, was the same at both test days except for 
one participant. In the end the times from the two days was analyzed separately and 
was not compared so this error should not have affected the results. Regarding the 
method there is a risk that the participant learned from previous tests and thereby 
went faster. In order to avoid this, the tests could have been conducted in a random 
order but this was not the case and thereby a limitation of this evaluation. To conduct 
a randomized test set up would require a larger number of participants, which was 
not feasible in this study. 
 
Regarding the rolling resistance it was increased by the flooring system and the 
heavier the equipment the larger the increase. The flooring system is design to 
absorb forces, and especially high forces that can cause hip fractures when falling. 
One way of allowing a softer floor is to adapt the environment around it. By installing 
overhead lifts the use of heavy mobile patient lifts can be reduced, or by increase the 
size of the wheels of the equipment the contact area between the wheel and the floor 
is increased and thereby reducing the stress.  
 
It is valuable to get the opinion from the staff members because installation of this 
flooring system may affect their work environment. But one limitation of the opinions 
collected, both from staff members and from participants of the balance tests, is that 
the test was non-blind and the flooring system is known at the care facility as the 
“softer floor”. This may have colored both their opinion and their perception of the 
flooring. Preferable more questioners would have been collected but due to time 
constraints this was not possible.  
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There is a fear amongst the elderly to fall and injure themselves, and installations of 
a safety floor may reduce this fear and make them more active [3]. To take away the 
stress surrounding a fall event would increase the quality of life, and to be able to 
prevent an injury is beneficial not just in reducing personal suffering but also for the 
cost to society [3]. Laing and Robinovitch [10] conclude that based on the cost of the 
safety floor used in their study, the investment of installing a safety floor would pay 
off in 1.5 years when comparing of the cost of fall related injuries. No prize is yet set 
on the new flooring system but it is an important factor.  
 
One disadvantage of the test area of the flooring system is the free ends. When the 
floor is installed in a room these edges will be at the walls, unable to move sideways. 
This may have altered the results and made the test floor more unstable, but as seen 
in the statistical analyze the flooring system had no big effect the balance. 
 

5.4 Future work 
Here a list of recommended further work will be presented: 

• In order to get a better validated flooring model conduct the material testing 
according to standards. 

• Further develop the modified version of THUMS to also include important 
ligaments and varying thickness of cartilage. 

• Alter the internal contacts to not separate during high impact. 
• Conduct a parametric study regarding the material of the buttock, enabling a 

separation between fat and muscle tissue. 
• Evaluate the falling configuration to get more realistic set up. 
• Conduct the simulations with human models of varying size to ensure that the 

flooring system protects different people. 
• Conduct more simulations on different version of the flooring system in order 

to optimize the stiffness and geometry. 
• Conduct the same TUG tests with a larger number of participants, trying to 

randomize the order of the tests and collect more data to get a statistical 
significant result.  

• Conduct an objective study regarding rolling resistance with the use of 
technical equipment, for example dynameters. Preferable conduct a blind 
study where the participants don’t know which floor is which.  
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6 Conclusion 
 
By a better understanding regarding the materials used in the flooring system a more 
truthful model can be created. As seen, by altering the some of the material models 
in the THUMS a better force-time plot was obtained. A model is only a representation 
of the real object and to have confidence in the results the model needs to respond in 
an accurate way. This was the case for the modified THUMS, however, not the case 
in the fall simulations. The preliminary results from the fall simulations showed only a 
little reduction in impact force despite the results from SP claiming otherwise. The 
protective measure of the flooring system, the compression, was not working in the 
model and there was no time left to further investigate. More work still remains in 
developing the flooring system.  
 
An important aspect of the flooring system is to make it sufficiently hard that it does 
not interferes with the daily life at the care facility, but still make it as soft that it 
reduces the impact force and protects against fall related injuries. As Dahlgren [13] 
showed there is a big variation in failure load on the proximal femur, and the question 
is which one should be used as a limit. This Master’s thesis hopefully has responded 
to some of these issues by enable a better validation for the models used in the 
simulations as well as evaluate the flooring. This thesis also developed a more 
realistic human model, to be used in further hip impact simulations.  
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Appendix 
 
Appendix A – Unmodified and modified version of THUMS during four 
stages of the simulation, 0, 6, 12 and 20 ms.  
 
 

        0 ms         6 ms       12 ms        20 ms 
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Appendix B – The questionnaire for the subjective ratings (in 
Swedish) 
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Appendix C – Detailed displacement data for the model during the 
first 10 ms. 
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Appendix D – Results from the Timed Up and Go test 
 
Day 1  Ordinary Floor [s] Test Floor [s] 

Test ID TUG 
with * 

TUG 
without * 

TUG 
manual 

Diff  
TUG 

TUG  
with * 

TUG 
without * 

TUG 
manual 

Diff    
TUG 

501 25,5 - - - 28,2 - - - 
502 - - - - - - - - 
503 - 23,6 25,7 2,1 - 24,7 30,5 5,8 
504 - 14,6 14,6 0,0 - 13,7 12,6 -1,1 
505 - 8,7 9 0,3 - 8,4 9,4 1 
506 - 10,5 10,2 -0,3 - 10,8 10,5 -0,3 
507 - 8,6 9,6 1,0 - 8,2 8,8 0,6 
508 23,6 22,0 23,6 1,6 22 20,7 23,2 2,5 
509 - 11,8 12,9 1,1 - 12,4 12,5 0,1 
510 42,1 - - - 45,4 - - - 

 
 
 
Day 2  Ordinary Floor [s] Test Floor [s] 

Test ID TUG 
with * 

TUG 
without * 

TUG 
manual 

Diff  
TUG 

TUG  
with * 

TUG 
without * 

TUG 
manual 

Diff     
TUG 

501 27,9 - - - 27,8 - - - 
502 - 22,6 39,2 16,6 - 24,7 28,2 3,5 
503 - 26,4 29,8 3,4 - 28,2 29,6 1,4 
504 - 16,8 14,6 -2,2 - 13 13,8 0,8 
505 - 10 10,8 0,8 - 10,3 10,6 0,3 
506 - 9,6 10,9 1,3 - 10,8 11,2 0,4 
507 - 8,2 9,4 1,2 - 8,1 8,8 0,7 
508 19,8 18,3 18,9 0,6 19,6 17,5 17,8 0,3 
509 - 13,2 12,2 -1 - 11,1 12,5 1,4 
510 - - - - - - - - 
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