
 

 

 

Testing and improving the hip protector 

 

 

 

 

 

University of Groningen 

Faculty of Mathematics and Natural Sciences 

Industrial Engineering and Management 

Product Technology and Logistics 

Integration Project 

Jeroen Zantingh 

s2589435  

 

Supervisors:  dr. ir. A.A. Geertsema 

  dr. A.J. Bosch  

 

  



 

2 

 

Table of content 

Testing and improving the hip protector................................................................................................ 1 

Summary ................................................................................................................................................ 5 

1. Introduction ....................................................................................................................................... 6 

1.1. About the research ...................................................................................................................... 6 

1.2. Research structure ...................................................................................................................... 6 

1.2.1. Regulative cycle .................................................................................................................... 6 

1.2.2. Methods ............................................................................................................................... 6 

1.2.3. Required resources ............................................................................................................... 6 

1.3. The company ............................................................................................................................... 7 

1.4. The product ................................................................................................................................. 7 

2. Problem Analysis ................................................................................................................................ 8 

2.1. Problem Description .................................................................................................................... 8 

2.2. System description ...................................................................................................................... 9 

2.3. Problem owner analysis .............................................................................................................. 9 

2.4. Stake-holder analysis ................................................................................................................... 9 

2.5. Problem statement .................................................................................................................... 10 

2.6. Goal ........................................................................................................................................... 10 

2.7. Research questions.................................................................................................................... 10 

2.7.1. Main research questions .................................................................................................... 10 

2.7.2. Sub questions ..................................................................................................................... 10 

3. Literature study ................................................................................................................................ 11 

3.1. Target Audience ........................................................................................................................ 11 

3.2. Compliance factors .................................................................................................................... 11 

3.3. Hip anatomy .............................................................................................................................. 12 

3.4. Material used ............................................................................................................................ 12 

3.5. Fracture force ............................................................................................................................ 13 

3.6. Conceptual Model ..................................................................................................................... 14 

3.6.1. Risk analysis and contingency plan ......................................................................................... 15 

4. Testing and simulation methods ...................................................................................................... 16 

4.1. The material combinations ........................................................................................................ 16 

4.2. Physical test set-up .................................................................................................................... 19 

4.3. Comsol simulation model .......................................................................................................... 21 

4.4. Model Builder description ......................................................................................................... 23 



 

3 

 

4.4.1. Geometry ........................................................................................................................... 23 

4.4.2. Mesh ................................................................................................................................... 23 

4.4.3. Material properties ............................................................................................................ 23 

4.4.4. Contact and Initial conditions ............................................................................................. 24 

5. Test results ....................................................................................................................................... 25 

5.1. Physical test set-up results ........................................................................................................ 25 

5.1.1. 6 mm material combinations .............................................................................................. 25 

5.1.2. 9 mm material combinations .............................................................................................. 25 

5.2. Best performing material combination of Comfortable versus the competition....................... 28 

5.2.1. Comparing the best material combinations of 9 mm thickness to the competition ........... 28 

5.2.2. Comparing the best material combinations of 15 mm thickness to the competition ......... 29 

5.2.3. Best 9 mm material combination versus Comfortable’s current hip protector .................. 30 

5.3. Comsol results ........................................................................................................................... 31 

6. Comparing results to real life ........................................................................................................... 32 

6.1. Viscoelastic material .................................................................................................................. 32 

6.2. Theoretical peak force ............................................................................................................... 32 

6.3. Hip protector’s required peak force absorption ........................................................................ 34 

7. Redesign ........................................................................................................................................... 36 

7.1. Implementation on small scale .................................................................................................. 36 

7.2. Design of the new hip protector ................................................................................................ 36 

7.3 Possible improvements. ............................................................................................................. 37 

7.4. Feasibility................................................................................................................................... 37 

8. Conclusion ........................................................................................................................................ 38 

8.1. Sub research questions ............................................................................................................. 38 

8.2. Main research questions ........................................................................................................... 38 

8.3. Goal ........................................................................................................................................... 39 

9. Discussion ......................................................................................................................................... 40 

9.1. What went wrong? .................................................................................................................... 40 

9.2 Alternatives ................................................................................................................................ 40 

9.3. Further research ........................................................................................................................ 40 

10. Acknowledgement.......................................................................................................................... 41 

11. References ...................................................................................................................................... 42 

12. Appendices ..................................................................................................................................... 45 

12.1. Appendix A .............................................................................................................................. 45 



 

4 

 

12.1.1. First set of tests with 6 mm material. ............................................................................... 45 

12.2. Appendix B .............................................................................................................................. 46 

12.2.1 PX Absorb tests .................................................................................................................. 46 

12.3. Appendix C .............................................................................................................................. 48 

12.3.1 Test results measured with the RION sensor ..................................................................... 48 

12.3.2. Test results measured with the TE sensor ........................................................................ 52 

12.4. Appendix D .............................................................................................................................. 56 

12.4.1. Detailed explanation of the Comsol model builder. ......................................................... 56 

12.5 Appendix E ................................................................................................................................ 58 

12.5.1. Photo of the physical test set-up ...................................................................................... 58 

12.6. Appendix F ............................................................................................................................... 59 

12.6.1 Matlab file ......................................................................................................................... 59 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

5 

 

Summary 
This research regards the redesign of the hip protector of the company Comfortable. The hip protector 

is manufactured from a viscoelastic energy absorbing material. The main consumer group are elderly 

people, the target group of this research. The hip protector should be worn in a specially designed 

undergarment. The main problem of this research is that the peak force, which is the highest impact 

force generated when a person falls, of the current hip protector of Comfortable is too high in 

comparison to the competition.  Comfortable would like to decrease this peak force, but remain at the 

same level of customer compliance. Customer compliance can be seen as the willingness of a person 

to wear the hip protector, which consists of multiple factors, such as wearing comfort and visibility, 

amongst others. 

Literature research will be done to get familiar with the topic and to answer sub questions.   

The behaviour of several materials will be analysed. These materials are tested with a physical test set-

up, with sensors to measure the acceleration of the impact weight as soon as it hits the material. This 

physical test set-up describes a circular arc fall trajectory. Matlab is used to create readable 

acceleration graphs.   

The physical test results will then be modelled using a simulation software program, Comsol 

Multiphysics. The results are also compared to the real life situation of a falling person, using 

mathematical equations. 

Finally a redesign will be presented, based on all previous findings. This redesign is created using 

SolidWorks software.  
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1. Introduction         

1.1. About the research 

This research is performed at the University of Groningen in co-operation with Comfortable Nederland 

B.V.. Comfortable is a Dutch company that produces health care products. One of their products is the 

comfort hip protector.  This research regards the analysis and improvement of this hip protector. There 

are problems concerning the peak-force, which is the highest impact force generated when a person 

falls, absorbed by the hip protector. A new design is required to create a competitive advantage for 

Comfortable. In this research we will try to develop this new design to meet Comfortable’s 
expectations. 

 1.2. Research structure 

1.2.1. Regulative cycle  

It is very important to determine the research structure 

to work efficiently and to keep focusing on the goal of 

the research. The regulative cycle in Figure 1 gives an 

overview of the research structure. All these steps will 

be discussed in the research. The problems will be 

determined in the Problem Analysis. Then the most 

important problem for this research will be selected, 

based on the system description. After that, literature 

analysis will be used to produce an appropriate 

conceptual model. This conceptual model will include 

all the factors that can influence the goal of the 

research. Then testing and simulating will take place, 

which will eventually lead to the redesign. 

Implementation of the redesign will probably not be 

possible, due to the limited time span of this research.  

1.2.2. Methods 

We will use a physical test set-up to gather data and use we will use Matlab to model the data. When 

the tests and simulations are completed, the results will lead to a redesign. As stated before, due to 

the limited timespan of this research, we might not be able to implement the redesign on full scale. 

We might be able to investigate implementation on small scale.  It is important to evaluate all the steps 

separately before continuing the cycle.  

1.2.3. Required resources 

The resources that we require in this research differ per cycle step. The first two steps, problem 

determination and problem choice, mainly require literature search and most important, interaction 

with Comfortable. It is important to know what Comfortable consider as problems.   

Then, to analyse, thorough literature search is required. This analysis will help understand the depth 

of the problem and it will give insight in the multiple factors influencing the problem.  

For the testing and simulating step, a physical test set-up, materials for the hip protector and adequate 

computer software, such as Matlab, are required to test the behaviour of the hip protector. Besides 

that, the software of Comsol Multiphysics is required to simulate the tests performed with the test 

set-up. 

Figure 1- Regulative cycle 
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The redesign stage requires computer software to draw redesign the hip protector. This will be done 

using SolidWorks software. The redesign stage also requires the material, machines and manpower 

necessary to produce the new design. However, these resources for redesign go beyond the scope of 

this research. Therefore, the redesign stage will only focus on designing a prototype.   

Finally the implementation stage consists of many functioning hip protectors. As mentioned before, 

the implementation will probably not be possible, due to the limited time span of the research. 

1.3. The company 

This research is done in co-operation with the company Comfortable Nederland B.V. and the University 

of Groningen. Comfortable Nederland B.V. was founded in 2006 by Stanley and Wendy Bos and De 

Back Holding B.V..  Since then, Comfortable has taken over the activities of the company Lyds 

International.  In January of 2015 De Back Holding B.V. took over all the shares of Comfortable B.V., 

because of a reorganization. Therefore, Comfortable Nederland B.V. was added to the De Back 

group.[18] 

 

Comfortable is situated in Velsen-Noord, which lies in the west of the Netherlands. The company has 

multiple vending points throughout the Netherlands and the world.    

At this point, Comfortable sells six different type of products. 

- Comfort Energy Soles 

- Sporza Active Care 

- EquilibrasTM e-flipTM 

- Spring Prevention Socks 

- Comfort Hip protector 

- Comfort Support wear. 

For this research we are focusing on the Comfort Hip protector. 

1.4. The product 

In this research we will look at the Comfort Hip protector of Comfortable. The main users of the hip 

protector of comfortable are people who are over 55 years old. However, the product can also be worn 

while sporting, for example.  

The hip protector consists of two protective pads and an 

undergarment to hold the pads in place. Pockets in the 

undergarment help to keep the pads in the correct place. 

The pads can be removed from the undergarment to clean 

them and wash the undergarment. There are two types of 

undergarments, one with a closed bottom and one with a 

Y-front opening, shown in Figure 2. 

The hip protector can be worn during day and night. It will be invisible underneath regular clothing, 

day and night.   

Both hip protectors are available in six different sizes, ranging from XS to XXL, and in three different 

colours; white, beige and black. [17] 

Figure 2- Closed bottom and Y-front opening 
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2. Problem Analysis 

2.1. Problem Description 

The overall problem we are facing is the fact that many elderly fracture their hip when they fall. This 

has many negative consequences. These negative consequences can be seen as the expense of surgery 

and recovery, but also the discomfort for the patients themselves. Studies have shown that the number 

of hip fractures occurrences in the world is estimated at 1.7 million in 1990. This is expected to grow 

to 6.3 million hip fractures in 2050 as a consequence of the increasing elderly population. [1] Only in 

the Netherlands, there are 15.000 fall related hip fractures of people who are over 55 years old. On 

average 25% are less abled or disabled for the rest of their lives, and 25% pass away within a year after 

hip fracture. The high recovery costs also form a problem. The costs of a surgery for this age group is 

€14.000,-. [2] The high impact forces on the hip cause these hip fractures. Therefore, it is very 

important to minimize these impact forces. The highest impact force generated when a person falls is 

referred to as peak forces.  

Another important factor to consider is customer compliance. This can be seen as the willingness of a 

person to wear the hip protector. The lack of compliance is recognized as a major issue in assessing 

the effectiveness of hip protectors in preventing hip fractures. [5] The product can only function when 

it is actually worn. It is very important that the consumer wants to wear the hip protector, since it is 

not possible to force people to wear it. This is also one of the subjects Comfortable really focuses on. 

In Figure 3, factors of the patient compliance are shown.  

Therefore, it is useful to know what these factors actually mean.  

- Wearing comfort, the hip protector should be comfortable to wear. One of the most frequent 

reasons not to wear a hip protector is that is not comfortable to wear. [4][7] 

- Appearance, the hip protector should be attractive. Studies have shown that consumers do not 

want to wear it when it is unattractive. [4] 

- Usability, the ease in which the hip protector can be used, such as changing and washing the 

shorts and putting pads in the undergarment. Low usability could lead to problems with 

correctly putting on and positioning the undergarment. [5] 

- Nocturnal use, the consumers should be able to wear the hip protector at night. 

- Invisible, it is important that the hip protector is not visible underneath clothing when worn.  

- Easy to use for caregivers, the hip protector should be easy to put on. This is especially 

important when people are not able to get dressed themselves.   

 

It is important to realize that not all the patient compliance factors can be tested in the small 

timespan of this research. Therefore, assumptions will be made based on other studies. 

Figure 3- Patient compliance factors [3] 
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2.2. System description 

The input of the system is the need of the consumer to 

wear a hip protector. The factors within the system can 

be seen as the customer compliance factors, the 

material properties and the overall design of the 

product. These factors all influence the final design of 

the hip protector. The output of the system is a hip 

protector that is as good as its competitors in terms of 

the peak force reduction and that performs better in 

terms of customer compliance. A simplified version of 

the system description can be seen in Figure 4. 

 

2.3. Problem owner analysis 

The problem owner is Comfortable. Comfortable gave the order to redesign the hip protector to 

reduce the peak forces on the hip even further, to create a competitive advantage. Even though the 

consumer is experiencing the inconvenience of the hip fracture and who is actually in need of a hip 

protector, the consumer is not the problem holder. The problem focuses on reducing the high peak 

forces in the current design, which is not something the consumer can change.  

2.4. Stake-holder analysis 

There are multiple stakeholders that can benefit from the hip protector. The stakeholder analysis will 

help in defining the problem. 

Comfortable: Their stake is to satisfy the consumer of their product. Therefore, it is important to meet 

the requirements of the customers, in particular the customer compliance factors. The product of 

Comfortable meets these compliance factors. Since Comfortable is a business, it is also important to 

make revenue.  Comfortable has directly influence in the design of the end product.  

Users of hip protectors: The stakes of the users of the hip protector are obviously quality and price. 

They want the highest quality for the lowest price. All the customer compliance factors are actually 

influenced by the stakes of the users of the hip protectors.  They have indirect influence on the end 

product. They can only disclose their requirements and wishes, but they cannot enforce them on the 

company. 

Healthcare providers (such as hospitals): The goal of healthcare providers is helping people recover, in 

this particular case from a hip fracture. If they see that a hip protector is an appropriate tool to 

minimize the amount of hip fractures, they probably will recommend it. Therefore, the healthcare 

providers have an indirect influence on the product.  

Insurance companies: The insurance companies benefit from the fewer hip fractures that the hip 

protector will help to accomplish. This will decrease the number of insurance claims on hip surgeries 

and recovery therapy. They can also decide to compensate the cost of a hip protector, which will 

probably increase the sale and the use of the hip protector.  Their influence on the product is indirect. 

Figure 4 - System description 
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Government: They want to ensure public health. If they realize that the hip protector is ensuring this, 

for a part, they can decide to subsidize the production of the hip protector. Subsidizing will probably 

increase the sale and the use of the hip protector.  Their influence on the product is indirect. 

Competitors of Comfortable: If Comfortable gains market share, the competitors’ revenue will 

decrease. Therefore, the competitors will benefit if Comfortable is not able to produce a high quality 

product. On the other hand, if the awareness of the hip protector increases, because of the new hip 

protector of comfortable, which will increase the total market for hip protectors, competitors could 

benefit. Their influence on the product is indirect. They can only influence their own products, which 

will probably create a reaction in the product line of Comfortable. 

2.5. Problem statement 

The main problem of this research is that the current hip protector design of Comfortable experiences 

too high peak forces on the hip, when a person falls, in comparison to the competition. This is the main 

problem, since the high peak forces will ultimately cause the hip to fracture. Low customer compliance 

could also form a problem. However, a high customer compliance should only be met if the hip 

protector actually prevents the occurrence of a hip fracture. Therefore, reducing the peak forces is our 

main concern. Still, customer compliance should be considered. The problem has to be a functional 

problem in order to start the research. This is the case, since the output of the system is affected. The 

problem that the peak forces are too high with the current design of the hip protector in comparison 

to the competitors,  is related to the output of the system,  a hip protector that is as good as its 

competitors’ in terms of the peak force reduction and that performs better in terms of customer 

compliance. Therefore, it is a functional problem. 

2.6. Goal   

The goal of this research is to redesign the hip protector to reduce peak forces minimally to the same 

level as the competitors’ hip protector, without decreasing the customer compliance. This is in line 

with the problem statement, since the main problem is that the peak forces on the hip on impact are 

too high in comparison to the competitors, while preserving the current customer compliance level. 

2.7. Research questions 

2.7.1. Main research questions 

From the goal of this research, the following questions can be asked to realize this goal:  

 

- What is the best test method to measure the peak forces produced by impact?  

- How can the behaviour of the hip protector be modelled?  

2.7.2. Sub questions 

- Which material properties are required for energy absorbing abilities?  

- Which materials possess these properties?  

- What is the appropriate target group for this research?  

- What is in the target group the highest force a hip can withstand, before it fractures?  

- What is the difference in soft and shell hip protectors?  

- Which methods can be used to analyse the hip protector?   

- Which software can be used to model the hip protector’s behaviour? 
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3. Literature study 

3.1. Target Audience 

Hip protectors can be used in many different circumstances, such as different branches of sports and 

with elderly people. This research has a limited time span, which makes it important to establish a 

target audience for this research. The focus of this research lies on the target audience of the elderly, 

since the group of elderly users is greater than the group of users in sports.  

3.2. Compliance factors 

As mentioned before, the customer compliance factors are very important to take into account when 

designing a hip protector. Eventually the consumer will determine whether he or she is going to wear 

the hip protector. Many studies have been done on these kind of factors. They show that the 

compliance level of elderly varies from 20% to 92% with a median of 56%. [4][6] These compliance 

percentages are combined from multiple studies. These same studies also show that the user rates 

drop dramatically in the first year, where most of the participants drop out in the first weeks.   

We focus on the customer compliance factors used by Comfortable, shown in Figure 3. These 

compliance factors are related to each other.   

Lack of wearing comfort can be seen as one of the main reasons patients do not wear hip protectors. 

This also affects the nocturnal use of the hip protectors. Most of the falling fracture incidents occur 

overnight, when people go to the toilet. Therefore, something has to be done to make the hip 

protectors more comfortable. The wearing comfort complaints are often referred to hard-shell hip 

protectors. They consist of a hard outer layer and a softer inner layer. These type of hip protectors 

shunt away the energy of the impact to other areas around the trochanter (head of the hip). These 

type of hip protectors have multiple shortcomings in terms of consumer compliance. Since the hard 

shell needs to shunt away the impact energy, it is not flexible at all, which makes it uncomfortable to 

wear, especially at night. The impact energy, which is shunted away to other places around the 

trochanter, can cause damage to these areas.   

The second type of hip protectors are soft shell hip protectors. These hip protectors absorb the energy 

of the impact and do not shunt it away to other areas. They tend to be more comfortable, since the 

material used for this type of hip protector is soft and flexible. However, the thickness of the material 

also plays a big role. This also affects the appearance and therefore the visibility of the product. For 

visibility and wearing comfort, the undergarment in which the hip protector pads are placed in, also 

place a role.  Men, for example, desire the Y-front opening. [4]  

The material and shape of the product influences the usability of the hip protector. The hip protector 

pads and the undergarments in which the pads are placed, should be easy to use. Low usability could 

lead to problems with correctly putting on and positioning the undergarment. [5] This could be done 

by caregivers when the users are living in residential homes. Two studies have shown that the product 

itself does not only affect the compliance of the consumer, but also the amount of caregivers-patient 

contact in nursing homes. One study showed that a nurse contacted patients when they were not 

adhering. In the latter, approximately one third of the participants was visited because of insufficient 

adherence. After four months, only 8% of the participants were completely non-adherent. [4] Since 

this is not something we can control, we will not go any further in depth on this issue.  
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3.3. Hip anatomy 

In Figure 5, a final element analysis is shown of a sideways fall on 

the hip. It is very clear that the trochanter, which is the bone on 

the left bottom in Figure 5, with a red circle around it, has to deal 

with a high amount of strain. The only part that has a higher strain 

level is the pubic symphysis. This pubic symphysis is a ligament 

tissue, which is the fibrous connective tissue that connects bones 

together. In this test, the pubic symphysis is assigned the same 

mechanical properties as soft tissues. [8] Therefore, the most likely 

place for a fracture to occur is at the trochanter.  

 

 

3.4. Material used 

It is very important that the materials used in the hip protector are energy absorbing materials. This 

prevents the hip from absorbing energy. To cope with the energy, the material has to be both elastic 

and viscous. Viscous materials resist shear flow and strain linearly with time when stress is applied. 

Elastic materials strain, which means that they will stretch, when stress is applied and return to their 

original form when this stress is removed. A combination of these factors make sure that impact energy 

is absorbed by the material. Therefore viscoelastic material is required. The absorption of energy is 

shown in Figure 6. The graph in Figure 6 (right) shows the absorbed energy of the viscoelastic material 

in comparisons to the pure elastic material in the graph in Figure 6 (left), when stress is applied. 

Furthermore, it is important that the material is light weighted, flexible and relatively cheap. 

Polyurethane, which is currently used by Comfortable, is very suitable for energy management 

applications. Its advantages include a wide range of load resistance, light weight, stable thermal 

properties, excellent design flexibility, and high energy-absorbing efficiency. [16]  

Figure 5- FEA of a sideways fall on the hip [8] 

Figure 6 - Pure elastic (left) and visco-elastic (right) material behavior [19] 
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3.5. Fracture force 

It is important to know at which force the human hip will fracture. This depends on many factors such 

as the factors of the human body itself and the surroundings in which the fall occurs. For the human 

body self, factors such as age, weight, height, gender, bone mineral density (BMD), the amount of soft 

tissue covering the trochanter and bio mass index (BMI) are all related to the fracture force limit. The 

surroundings in which a person falls also plays a role. The flooring on which he or she falls can be hard 

or soft and the amount of clothing the person wears can have a positive effect. Since these factors can 

be combined in all sorts of ways, it is difficult to obtain a specific number for the fracture force limit.  

Comfortable has done research on the fracture threshold of the hip. In this research they use a factor 

for the fracture force threshold of 3.1 kN. However, it is not described how they obtained the fracture 

force threshold of 3.1 kN. [12] Therefore, we have to do literature search ourselves. 

An article found describes a test where elderly cadaveric proximal femora, which is the part of the 

thigh bone closest to the hip, were used to define the average fracture threshold. [11] This is indeed 

the same 3.1 kN that was used in the testing of 

Comfortable. Another study where cadaveric 

proximal femora were used to define the average 

fracture threshold, found that the average failure 

load was 3353 N. [13] The cadaveric specimens that 

are used in this study include 29 women and 20 men, 

with a mean age of 80,5 ± 10.5  and a range of 53-99 

years.  The tests that are performed in this study are 

described in detail, which makes them valid and 

reliable. A third study that we found also used 

cadaveric proximal femora to define a fracture 

threshold. In this study 17 cadaveric proximal femora 

were tested until fracture, as shown in the graph in 

Figure 7. The age of the cadaveric specimen is not 

mentioned in this study. The average fracture 

threshold found is 2.2 kN. [14] 

A different study that used resurfaced cadaveric femoral obtained an average failure load of 5743 N.  

[15] Naturally, this is measured under different circumstances, since the hips where surgically 

enhanced. Nevertheless, this occurs in real life, which means that there are people with a resurfaced 

hip who buy a hip protector. 

The cadaveric proximal femora where used in all the studies mentioned above. Therefore the results 

of these studies can be compared to each other. If we combine the data of these studies, the average 

failure load is 3.6 kN.  However, if we do not incorporate the resurfaced cadaveric femoral, the average 

failure load is 2.9 kN. 

 

 

 

Figure 7- Threshold fracture force forces [14] 
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Figure 8- Conceptual model 

3.6. Conceptual Model 

 

 

 

 

  

  

 

 

 

 

The conceptual model shown in Figure 8 shows the connections between the goal and the factors that 

influence this goal. A difference is established between passive and active factors. Active factors are 

factors that we can change to accomplish the goal. Passive factors are factors that cannot be changed, 

but they do influence the outcome of the goal. Then these active and passive factors are divided into 

direct and indirect influencing factors. Directly influencing factors change the goal immediately if the 

factor is changed. Indirectly influencing factors do not immediately change the goal, but these factors 

need to be taken into account when trying to reach the goal.  All the factors that are presented in the 

conceptual model are discussed below.  

Test method: The test method itself can not help accomplishing the goal, in the way that it will decrease 

the peak force. However, it is important to test all the materials with the same methods, including the 

products of the competitors.  

 

Competitors’ product performance: The performance of the competitors will determine how much the 

peak force has to be decreased to yield the same peak force. Therefore it directly influences the 

redesign and the goal. However, the performance of the competitors can not be changed by us, which 

makes it a passive factor.   

 

Fracture force threshold: The fracture force threshold can not be changed. However, this will help 

determining whether the redesing absorbs enough force to ensure the hip will not fracture when a 

person falls. Therefore it will directly influence the goal, since the redesign should absorb enough 

impact force to make sure the remaining impact force is lower than the fracture force threshold. 

  

Customer compliance factors: As stated before, the customer compliance factors cannot all be tested 

in the limited time span this research is provided. However, they should be taken into account when 

redesigning the hip protector. They have an indirect influence, because the main focus lies on 

minimzing the peak forces.  



 

15 

 

 

Material costs: Material costs do not influence the goal directly. However, they do infleunce the 

decision of Comfortable whether they will introduce the redesign or not.   

 

Material properties: Material properties will determine the material that is used. This directly 

influences the goal, since every material behaves in a different way.  

 

Material combination: A hip protector of multiple types of materials is possible. These materials all 

perform differently and therefore they influence the goal directly.  

 

Material thickness: The thickness of the material determines the amount of material that can be used 

to absorb the impact force. We can change the thickness of the pad to a maximum of 9 mm, which is 

a design restriction made by Comfortable. Therefore this directly influences the goal.  

 

 

3.6.1. Risk analysis and contingency plan 

To test the hip protector, the test set-up that is used in previous research by Ton Koning will be 

improved. However, this improvement will be costly. Comfortable has to decide whether they see this 

improvement of the test-setup as a feasible investment. Furthermore, it is important to find a way to 

model the behaviour of the required material. Otherwise, we will risk that we get stuck in the test 

phase and only obtain data from trial and error. This is a very timeconsuming way of investigating, 

since every material has to be manually tested. If we do succeed in modeling the behaviour of the 

required material, there is always a chance that this type material does not exist, or that it is not within 

our reach or budget. This forms a risk for completing the research and reaching the final goal. 

 

 



4. Testing and simulation methods  
In this chapter the testing and simulation of the material combination will be discussed. 

We tested the material using a physical test set-up, to obtain the performance of different material 

combinations. Furthermore, we simulated the material using computer software of Comsol 

Multiphysics, referred to as Comsol from now on. First the different types of material combinations 

that we tested will be discussed.  

4.1. The material combinations  

Comfortable Nederland B.V. has provided us three different types of material. These materials all 

have a specific colour, as is shown in Figure 9.  

Yellow pad  PX Absorb 

Beige pad  P2 Beige 

Red pad  X2 Maroon 

The photo in Figure 9 shows the combinations of the 

different types of material and in Figure 10, the hip 

protector pads of the competitors are shown.   

These combinations will be discussed later on. 

At this moment, Comfortable offers a hip protector pad 

of 6 mm X2 Maroon to its customers. 

 

 

 

 

 

 

     Medsorg Active           Medsorg Comfort                  Hippies Hard                   Hippies Soft 

Figure 9- Material combinations of Comfortable 

Figure 10 - Competitors’ products 
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From these previously mentioned materials, all combinations possible had to be tested. In addition to 

the materials provided by Comfortable Nederland B.V., a third material, Aramid, was introduced to 

create an additional rugged layer between the materials of Comfortable Nederland B.V. This is done 

to combine the properties of shell and soft hip protectors. The materials of Comfortable Nederland 

B.V. all have a thickness of 3 mm. The thickness of one sheet of Aramid is negligible. First the 4 

materials where used to create protective pads of a thickness of 6mm.  

G= Yellow pad  PX Absorb 

B= Beige pad  P2 Beige 

R= Red pad X2 Maroon 

A= Aramid 

The tested combinations are therefore: 

Table 1-Material combinations first test (6mm) 

 

 

 

 

 

 

From this point on, the materials PX Absorb, X2 Maroon, P2 Beige and Aramid, will be referred to G, R, 

B and A, respectively.  

 

The combinations, shown in Table 1, are chosen to determine which of the provided materials can 

absorb the impact force the best. Therefore, the combinations have a maximum thickness of 6mm, to 

minimize the amount of material combinations. This will give a good first impression of the force 

absorbing ability of each material. After the first set of tests it is clear which materials require 

additional testing. This means that if a material type or combination performs worst, it could be 

removed from further testing. The first letter of the material combination is the top side, on which the 

weight drops. 

Since the 6 mm tests are only an indication of the impact force absorption ability of the materials, 

another set of material combinations will be tested. These material combinations consist of PX Absorb 

(G), X2 Maroon (R) and P2 Beige (B). The combinations for these tests are 9 mm thick, which is the 

maximum thickness Comfortable will allow for their hip protectors. Comfortable really focusses on the 

customer compliance factors of the hip protector. Therefore, the thickness of the hip protector of 

Comfortable cannot be higher than 9 mm. This small thickness increases the wear comfort and 

(in)visibility of the hip protector. This will give the product of Comfortable an advantage in comparison 

to the products of the competitors. However, this also forms a bottleneck for the maximum absorption 

of peak force.  

The lack of Aramid in this test set is explained in the chapter 5.1.1 6 mm material combinations.  

GG RR BB AGG 

GR RG BR AGR 

GB RB BG AGB 

GAR RAG BAR ARR 

GAB RAB BAG ARG 

GAG RAR BAB ARB 

GGA RRA BBA ABB 

GRA RGA BRA ABR 

GBA RBA BGA ABG 
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The last tests are performed for the best performing material combinations of 15 mm thick. These are 

based on the best performing 9 mm combinations to see whether they can compete with the 

competition of Comfortable if they would have the same thickness.  

The test groups and their factors are given in Table 2.  

 

 

The pads are glued together to create the different combinations. The glue used is Renia Kontaktkleber 

Ortec, with the ingredients shown in Table 3. 

The manufacturer of the glue gives the following instructions to glue the material: 

When you glue the PX Absorb, X2 Maroon and P2 Beige materials, please glue both materials 

and then wait 2-3 minutes before you put both parts together. 

If you use the Aramid reinforcing fibre please paste the PX Absorb, X2 Maroon and P2 Beige 

material and then put immediately the reinforcing fibre on top for a better bonding with the 

reinforcing material. 

 

 

 

  Test group 1 Test group 2 Test group 3 
    

Sensors used RION sensor RION sensor RION sensor 

  TE sensor TE sensor TE sensor     

Amount of drops performed  3 drops per material 

combination 

 3 drops per material 

combination 

 3 drops per material 

combination     

Materials tested PX Absorb (G) PX Absorb (G) PX Absorb (G) 

  X2 Maroon (R) X2 Maroon (R)  X2 Maroon (R) 

  P2 Beige (B) P2 Beige (B) P2 Beige (B) 

  Aramid (A)     

        

Impact weight categories  2,225 kg 2,225 kg 2,225 kg 

    2,634 kg 2,634 kg 

    3,043 kg 3,043 kg 

    3,449 kg 3,449 kg 

      4,267 kg 

        

Total thickness of material 

combinations 

6 mm 9 mm 15 mm 

        

Amount of combinations 

tested 

36 per weight 

category 

27 per weight 

category 

6 per weight category 

Table 2- Test groups and their factors 

Table 3 - Glue ingredients 

Ingredients Code 

Ethylacetate 141-78-6 

Cyclohexane 110-82-7 

Naphtha 64742-49-0 
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4.2. Physical test set-up  

The previously mentioned tests were performed with a physical test set-up as shown in the 

schematic overview in Figure 11.  

  

 

 

 

 

 

The test set-up that is used for the test describes a circular arc fall path. This mimics the fall path of a 

human on its side. Furthermore, this test set-up is very easy to reproduce, since it contains many 

standardized parts. 

As shown in Figure 11, the test set-up is made up of multiple components. The weight that causes the 

impact consists of a part of a sphere and a stainless steel plate. 

This partly sphere has thickness of 2 cm and a radius of 5 cm, with a mass of 427 gram. It simulates the 

round contours of a human hip. This partly sphere is bolted to the stainless steel baseplate with a single 

Allen bolt. This plate is a round slice of stainless steel with straitened sides to secure the Meccano 

strips. Screws are placed on this baseplate, which allows the placement of additional plates of stainless 

steel, with the same shape as the baseplate, to increase the total weight. The mass of the base plate 

with the screws is 1708 gram. There are three plates, five, ten and fifteen mm thick, to increase the 

weight. Their masses are 409, 818 and 1224 gram, respectively. 

Two strips of 28.5 cm Meccano are bolted with five Allen bolts on each side to the stainless steel weight 

to make sure the measured vibration is minimal.  On the other side the strips are secured by a threaded 

steel tube, which goes through a steel frame. This acts as an axis which allows the Meccano strips to 

freely rotate around.  The strip extend to the right, which will prevent the setup from tipping over to 

Figure 11 - Physical test set-up, top view (left) and side view (right) 
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the right. The steel frame is placed on a block of granite and is secured with a big clamp to minimize 

vibrations. 

There are two sensors situated on top of impact weight. These are the TE sensor, which is the small 

one, and the RION sensor, which is the big one. These sensors measure the acceleration of the weight 

hitting the target. Naturally, this is actually a deceleration, since the weight has to stop moving. This 

raw data is converted to readable data with a data acquisition device, DAQ DT9816-A, and Matlab to 

create a time acceleration graph. This can then be used to calculate the peak force. The Matlab file is 

shown in the Appendix F.  

 

When a thicker pad, a combination of multiple materials or a hip protector of the competitors, is used, 

the test set-up had to be heightened to obtain the same impact velocity. Therefore, pieces of plywood, 

with a thickness of 3 mm each, are placed underneath the steel frame. This sheet of plywood is wider 

than the test set-up to makes sure that the angle, α, of the test set-up remains the same.  

The set-up for the first test group, for material combinations of 6 mm, differs slightly from the set-up 

for the last two test groups, for material combinations of 9 mm and 15 mm. The first test group has a 

different fall angle and arm than the last two set of tests. The angle, α, and arm of the test set-up for 

the first set of tests is 40.5 degrees and 24.4 cm, respectively. Therefore, the height of the impact 

weight is 15.8 cm.   

The difference between the first and the last two set of test is the fact that we optimized the set-up 

even further for the last two set of tests. At the point of impact the arm of the set-up was not 

completely horizontal. This is fixed for the second set of tests, by replacing the 3.5 mm wooden block 

underneath the steel frame by five 3 mm plywood strips. These small strips of plywood, with a total 

height of 15 mm and as wide as the steel frame, are placed underneath the steel frame to make sure 

the angle between the impact weight and the granite block is zero degrees when the impact weight 

hits the test material, shown in Figure 11 (right) and Figure 12. The arrow in Figure 13 indicates how 

the front view of Figure 12 is situated. Therefore, the angle and the arm of the test set-up for the last 

two test sets are 52 degrees and 24.4 cm, respectively. This means that the height of the impact weight 

is 19.2 cm. A schematic overview is shown in Figure 14  

 

The difference between the set-ups does not have a negative effect on the results, since the first set 

of tests is only performed to obtain an indication of the impact force absorption ability of the different 

materials.  A photo of the test set-up is shown in the Appendix E.  

 

 

 

 

 

 

 

Figure 12- Front view test set-up 

Figure 13- Top view test set-up 

Figure 14- Schematic overview of the start 

position of the test set-up 
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4.3. Comsol simulation model 

The software program Comsol is used to simulate the same tests that are done with the physical test 

set-up. In Comsol a two dimensional sketch is made of the impact weight and the hip protector pad. 

This is done in 2D to decrease the complexity of the calculations done by the software. Even the 

simulation in 2D takes much time to complete. However, the 2D representation differs from the real 

life situation. Therefore a 2D axis symmetry model is used to obtain more accurate results. 

The material for the impact weight is set to steel in Comsol. The density of the steel is determined to 

be 4349 kg/m3, for our geometry in the Comsol model, to obtain the same mass as the mass of the 

impact weight used in the physical test set-up. The other properties of the steel are left to default 

settings. Since the exact properties of the material of Comfortable are not available, other viscoelastic 

materials had to be compared to come up with the appropriate properties. We tried recover these 

properties by contacting the supplier of Comfortable and the manufacturer of the used viscoelastic 

material. Unfortunately, both companies do not know the required properties.  

The material that we used for our required properties is Sorbothane [21]. This is a shock absorbing 

material like the material that Comfortable uses. The most important properties that are required to 

simulate the impact test with Comsol are the density, shear modulus, bulk modulus and Poisson’s ratio.
  

The shear modulus is derived from the following formula:  𝐺 = 𝐸2(1+𝜈)     (1) 

Where G is the shear modulus, E is the elastic modulus and v the Poisson’s ratio.  

The bulk modulus is derived from the following formula:  𝐾 = 𝐸3(1−2𝜈)    (2) 

Where K is the bulk modulus, E is the elastic modulus and v the Poisson’s ratio.  

The bulk modulus and Poisson’s ratio are given for the material Sorbothane. Therefore, the two 

formulas above can be rewritten to create a formula for the shear modulus:  𝐺 = 3𝐾(1−2𝑣)2(1+𝜈)  (3) 

There are three values for the bulk modulus, elastic modulus, density and the Poisson’s ratio in three 
different durometer shores. A durometer scale, which consists of shores, is a measure of hardness of 

a material, defined by Albert Ferdinand Shore. [22] The durometer shores that are used for 

Sorbothane are shore 0030, shore 0050 and shore 0070. The material properties of Sorbothane are 

shown in Table 4. 

Table 4 - Material properties Sorbothane 

Shore type Bulk modulus (GPa) Shear modulus (Gpa) Poisson’s ratio Density  (kg/m^3) 

shore 0030 4,71 0,94 0,4066 1312 

shore 0050 3,84 0,11 0,4856 1310 

shore 0070 4,14 0,044 0,4947                        1318 

 

A problem that was encountered using Comsol is that Comsol takes a long time to recalculate the 

entire geometry for each time step. There are many factors that influence the recalculation process, 

such as the mesh size, the impact velocity and the time step size, amongst others. However, this will 

often lead to a non-convergence of the solver, which means that the data of that particular simulation 

can not be used. There are two types of contact methods that can be used, the Augmented Lagrangian 
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method and the Penalty method. The Augmented Lagrangian provides better accuracy than the 

Penalty method, but it requires a higher computational costs. The solver requires additional degrees 

of freedom and is less stable from the convergence point of view. Therefore, it will often lead to a non-

convergence of the solver, which means that there are no results for that particular simulation. 

Therefore, for our simulation, the penalty method is used. This method is more simple and robust than 

the Augmented Lagrangian. It is based on inserting a stiff spring, which is only active in compression, 

between the contacting boundaries. The penalty method has the advantage that no special solver is 

required, this makes it easier to set up Multiphysics problems with time-dependent studies. However, 

the penalty method is, due to its simplicity, less accurate as the Augmented Lagrangian method. Where 

the Augmented Lagrangian method does not allow penetration, the penalty method does allow 

penetration. Penetration is something that does not occur in the real life scenario, with this test set-

up.  Therefore we want to make the stiffness of the material dependent on the displacement of the 

‘hip’, the partly sphere, in the hip protector pad to make sure no penetration can occur.  This can be 

accomplished with the following formula: 𝑘(𝑥) = 𝑘 ∗ (1 + 𝛼 ∗ 𝑥𝑑𝑥−𝑥 )          (4) 

Where k(x) is the spring constant dependent on displacement, alpha a variable that will go to infinity 

exponentially to make sure k(x) becomes infinity if the displacement of the hip reaches a certain value 

x, dx is the  thickness of the hip protector pad, x is the displacement of the hip. Alpha is calculated by 

the following formula:  𝛼 = 1/(0.9 ∗ 𝑑𝑥 − 𝑥 )            (5) 

Where dx is multiplied with 0.9 to make sure that alpha goes to infinity at 90% of the thickness of the 

protective pad. 

The formula for the displacement dependent stiffness is therefore multiplied with the contact pressure 

penalty factor, Pn, in the contact node in Comsol.  

The entire Comsol model builder, with detailed explanation, is shown in the Appendix D and the 

geometry of the model in Figure 15. 
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4.4. Model Builder description 

The exact Model Builder is shown in the Appendix D.  

In this paragraph a summary of the most important parts of the model builder is given.   

4.4.1. Geometry 

The model is axis symmetric, which means that the model is shown in 2D. This type of model is chosen 

since it is less heavy to calculate for Comsol than a 3D model, but it is more accurate than a 2D model. 

The axis of symmetry is the left red axis shown in Figure 15. In the Geometry section of the model 

builder, the geometry of the model is determined. In this case, a circle and a rectangle are required. 

The circle has a radius of 50 mm and a sector angle of 90 degrees. This will create a quarter of a circle, 

which will rotate around the axis to create a halve sphere. The rectangle, which represents the 

protective pad, has a width of 60 mm and a height of 9 mm. This rectangle will also rotate around the 

axis to create a pad of 9 mm thick.  It is important that Form Assembly is used to make sure that all 

components are treated as separate objects. The Partition Edges sub node is used to divide the 

boundary of the sphere in two parts. Also the protective pad is divided into two parts, by the use of 

Layers. Both are further explained in the next paragraph Mesh.  

 

4.4.2. Mesh 

The geometry of the model is meshed, as shown in 

Figure 15. Mesh is very important for the outcome 

of the solver. A coarse mesh will give an inaccurate 

solution, but can be solved fast. On the other hand, 

a very fine mesh will give an accurate solution, but 

it will take a lot of time to solve. A combination of 

the two is preferred. Therefore, Partition Edging is 

used, to divide the impact boundary of the sphere 

in two parts that can be meshed separately. Also 

the pad is divided into two parts, by the use of 

Layers. 

 

 

4.4.3. Material properties 

Materials can be added in the Materials section. A predefined list, the Comsol Material Library, can be 

found in Comsol where materials can be chosen from. The Steel material, which represents the steel 

impact weight, is a standard material from Comsol. It is defined as a Linear Elastic and uses the material 

properties Density, Young’s Modulus and Poisson’s ratio from this material for the calculations.   

The Viscoelastic Material, which is used as a material for the protective pad, is a material that we 

defined with values for Density, Bulk Modulus and Shear Modulus of Sorbothane, discussed before. In 

these settings the linear elastic material is specified with the Bulk and Shear Moduli. It has a 

Viscoelasticity sub node, since we are dealing with viscoelastic material.  

Figure 15 – Geometry of the Comsol model 
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4.4.4. Contact and Initial conditions 

It is very important to establish a Contact Pair in the model. This means that Comsol recognizes the 

contact between the boundaries of the impact weight and the protective pad. For the contact defining, 

the variables, k(x), alpha, dx and x are used, which are discussed earlier. Initial conditions should also 

be defined. The lower boundary of the pad should be fixed, to simulate the granite block the protective 

pad is resting on. This will prevents the protective pad from moving. The velocity that is used is 2.1 

m/s, downwards, which is the velocity that is measured using the physical test set-up. 

The step by step model builder is given in Appendix D. 
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5. Test results  

5.1. Physical test set-up results  

5.1.1. 6 mm material combinations 

In the first test group, 36 combinations had to be tested to evaluate the behaviour of the different 

types of material. The results of these tests are included in the Appendix A. 

From these tests for material combinations with a thickness of 6 mm, could be concluded that the 

protector of 6 mm PX Absorb (G) material had the lowest peak acceleration. Another conclusion that 

could be drawn is that the material Aramid (A) does not perform as good as we expected. The 

combinations with Aramid performs worse than the material combinations without Aramid. Therefore, 

the Aramid is not used in further tests.  None of the other materials are excluded from further testing. 

Some trial and error tests were performed. Multiple type of materials were tested, such as 0.02 mm 

brass foil and 0.2 mm stainless steel foil in combination with PX Absorb (G). The idea of these 

combinations was to combine the properties of soft and shell hip protectors. If these properties would 

be combined, then the impact forces should be shunted away from the hip by the rigid foil and absorb 

the impact forces by the soft PX Absorb (G) material. The PX Absorb (G) is used, because this was the 

best performing 6 mm combination. Unfortunately this hypothesis is incorrect. The results of these 

two combinations are worse than the results of a protective pad solely made of PX Absorb (G).  

Therefore they will not be discussed further. The results of the trial and error tests are shown in the 

Appendix B.   

 

Together with the trial and error tests we also wanted to test the adhesion of double sided tape. This 

is tested with the PX Absorb (G) combination. The double sided tape did not have a positive effect on 

the performance of the material. This is shown in Appendix B.  

5.1.2. 9 mm material combinations  

From previous research is recommended to use a combination of the three materials, PX Absorb (G), 

X2 Maroon (R) and P2 Beige (B). Therefore, combinations of these three materials are tested in the 

second set of tests.  

Four weight classes are established. One test consist of three impacts, because the impact weight is 

dropped three times for each weight class. The acceleration is measured with two sensors to ensure 

that the results are measured correctly. This increases the validity and reliability of the tests.  In total 

eight different tests can be compared, the four weight classes with two sensors.  

 

The differences in performance for the combinations of Comfortable’s material are very small, as can 

be seen in the Appendix C. From these tests we concluded that the combination of PX absorb (G) and 

X2 Maroon (R) yield the best results. The conclusion can be drawn from the results shown in the 

Appendix C, that the combination of RGG, which is 3 mm X2 Maroon (R) and 6 mm PX Absorb (G), 

performs overall the best. It is the best performing hip protector, of Comfortable, in five of the eight 

tests. This is also shown in Table 5 and Table 6.  Since we used two types of sensors, the data that we 

gathered per sensor is not exactly the same. This has to do with the calibration of the sensors.  

However, they can be compared to see whether the order of best performing hip protectors is the 

same. Therefore, the total peak force of the material combinations is given for the RION sensor, Table 

5, and the TE sensor, Table 6.  
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In the first column of these tables the overall best performing material combination, per weight 

category, is shown together with the best performing P2 Beige (B) material combination per weight 

category. The last column shows the improvement of the material combination without P2 Beige (B) 

in comparison to the material combination with P2 Beige (B).  

Table 5 - Overall best performing material combination versus best performing P2 Beige (B) combination. RION sensor 

Material 

combination 

Impact 

weight 

Peak 

force 

Peak force 

difference % 

RGG 2,225 (kg) 1,27 (kN) 8,6% 

GGB 2,225 (kg) 1,38 (kN) 
 

 
 

  

GGG 2,634 (kg) 1,40 (kN) 12,0% 

GBG 2,634 (kg) 1,56 (kN) 
 

 
 

  

GGR 3,043 (kg) 1,57 (kN) 16,7% 

RBR 3,043 (kg) 1,83 (kN) 
 

 
 

  

RGG 3,449 (kg) 1,77 (kN) 18,9% 

GBG 3,449 (kg) 2,10 (kN)   
 

Table 6- Overall best performing material combination versus best performing P2 Beige (B) combination. TE sensor 

Material 

combination 

Impact 

weight 

Peak 

Force 

Peak force 

difference % 

RGG 2,225 (kg) 1,33 (kN) 9,9% 

GGB 2,225 (kg) 1,46 (kN) 
 

 
 

  

RGG 2,634 (kg) 1,48 (kN) 11,2% 

GBG 2,634 (kg) 1,64 (kN) 
 

 
 

  

GGR 3,043 (kg) 1,63 (kN) 18,3% 

RBR 3,043 (kg) 1,93 (kN) 
 

 
 

  

RGG 3,449 (kg) 1,86 (kN) 18,1% 

GBG 3,449 (kg) 2,19 (kN) 
 

 

The tests indicate that a combination of PX Absorb (G) and X2 Maroon (R) performs the best, but it also 

indicates that P2 Beige (B) combined with any of the three materials performs a lot worse. The best 

performing P2 Beige (B) combination, in combination with the other 2 materials, PX Absorb (G) and X2 

Maroon (R), ended 9th on best performing hip protectors for every weight class, shown in Appendix C. 

Therefore, it is recommended not to use P2 Beige as a material for the hip protector. The other two 

materials simply perform much better, shown in Table 5 and Table 6.  
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The results of the drop test for the best performing material combination of 9 mm, RGG, 3 mm X2 

Maroon (R) and 6 mm PX absorb (G), are shown in Figure 16. This Figure gives an idea of how the 

acceleration graphs look like. The peak acceleration of each plot together with the standard deviation 

are given in Figure 16. The Figure shows four plots, one plot for each weight category.  

 

 

 

 

 

 

 

Figure 16- Test results of 1 layer X2 Maroon(R) and 2 layers PX absorb(G), a total of 9 mm 
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5.2. Best performing material combination of Comfortable versus the competition 

5.2.1. Comparing the best material combinations of 9 mm thickness to the competition 

There are two other companies whose hip protectors are tested with the physical test set-up. These 

companies are Dutch Blue and Medsorg. Both Companies produce two types of hip protectors. These 

hip protectors have a higher thickness than the hip protector of Comfortable.  

The company Dutch blue produces a hard and a soft hip protector, at least which is what was delivered. 

The two different hip protector that were delivered were placed inside one short. This is not something 

Dutch Blue offers on their website [20].   

Medsorg produces two types of hip protectors, Medsorg Comfort and Medsorg Active. These 

protectors are compared to the hip protector of Comfortable for the following factors: thickness, peak 

force and peak force per mm, shown in Table 7.  

The hip protectors of the competition where tested with the same physical test set-up as the hip 

protector of Comfortable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Impact weight 2.225 kg    
Type of hip protector Thickness Peak force  Peak force reduction per mm  

Medsorg Comfort 15 mm 0,99 kN 0,69kN  

Medsorg Active 18 mm 0,86 kN 0,58 kN 

Hippies 'Hard' 15 mm 1,46 kN 0,65 kN 

Hippies 'Soft' 15 mm 1,05 kN 0,68 kN 

Comfortable RGG 9 mm 1,27 kN 1,11 kN 

    
Impact weight 2.634 kg    
Type of hip protector Thickness Peak force Peak force reduction per mm  

Medsorg Comfort 15 mm 1,14 kN 0,73 kN 

Medsorg Active 18 mm 1,08 kN 0,61 kN 

Hippies 'Hard' 15 mm 1,53 kN 0,70 kN 

Hippies 'Soft' 15 mm 1,15 kN 0,73 kN 

Comfortable GGG 9 mm 1,40 kN 1,18 kN 

    
Impact weight 3.043 kg    
Type of hip protector Thickness Peak force Peak force reduction per mm  

Medsorg Comfort 15 mm 1,24 kN 0,77 kN 

Medsorg Active 18 mm 1,34 kN 0,63 kN 

Hippies 'Hard' 15 mm 1,67 kN 0,74 kN 

Hippies 'Soft' 15 mm 1,26 kN 0,77 kN 

Comfortable GGR 9 mm 1,57 kN 1,24 kN 

    
Impact weight 3.449 kg    
Type of hip protector Thickness Peak force Peak force reduction per mm 

Medsorg Comfort 15 mm 1,36 kN 1,02 kN 

Medsorg Active 18 mm 1,72 kN 0,83 kN 

Hippies 'Hard' 15 mm 1,85 kN 0,99 kN 

Hippies 'Soft' 15 mm 1,38 kN 1,02 kN 

Comfortable RGG 9 mm 1,77 kN 1,66 kN 

Table 7- Best performing material combinations of Comfortable (9 mm) versus competitors  

Best 

Worst 
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In Table 7, the test results of the competitors and the best performing material combination of 

Comfortable are shown for the tests with different impact weights. As shown in Table 7, all the 

competitors’ hip protectors, except Hippies Hard, perform better for the total peak force absorption 

than the material combination of Comfortable. However, with a thickness of 9 mm, Comfortable’s hip 
protector is thinner than the competitors’ ones. Therefore, we also compared the peak force 

absorption per mm thickness. This shows that the peak force absorption of the hip protectors of 

Comfortable is much higher than the competitors’ hip protectors. The results also indicate that the 

Medsorg Active hip protector is performing relatively worse when the impact weight is increased. The 

drop test with the additional weight shows a minor difference in peak force absorption between 

Medsorg Active and Comfortable RGG of 2.57%. However, the difference in thickness is 200%.  Since 

Comfortable’s hip protector can not exceed a thickness of 9 mm, the competition will be better in 

absolute impact force reduction, but not relative impact force reduction. 

5.2.2. Comparing the best material combinations of 15 mm thickness to the competition 

To see whether the material of Comfortable performs as good as the competition if they would allow 

a hip protector of 15 mm thick, combinations of 15 mm are created and tested. The results from the 

best performing combinations and the best performing competitor are shown in Table 8. 

Table 8 - Combinations of 15 mm material vs best competitors  

 

 

 

 

 

 

 

 

 

 

As shown in Table 8, the combinations of 15 mm material created for Comfortable are performing as 

good as, and sometimes even better than, the competition. The differences are significantly small, 

except for the first two weight categories. However, it is worth mentioning that the Medsorg Active 

hip protector’s performance decreases drastically when the weight increases and is has a higher 

thickness of 18 mm. It performed the worst form all the competitors for the highest impact weight 

category. 

  

 

Hip protector Impact 

Weight  

Peak force  

Medsorg Active 2,225 (kg) 0,86 (kN) 

GGGGG 2,225 (kg) 0,99 (kN)    

Medsorg Active 2,634 (kg) 1,08 (kN) 

RGGGG 2,634 (kg) 1,14 (kN)    

Medsorg Comfort 3,043 (kg) 1,24 (kN) 

RRRRG 3,043 (kg) 1,22 (kN)    

Medsorg Comfort 3,449 (kg) 1,36 (kN) 

GGGGR 3,449 (kg) 1,34 (kN)    

Medsorg Comfort 4,267 (kg) 1,68 (kN) 

GGGGR 4,267 (kg) 1,48 (kN) 
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5.2.3. Best 9 mm material combination versus Comfortable’s current hip protector 

The material that Comfortable uses for their current hip protectors is 6 mm X2 Maroon (R). This 

material combination performs worse than the RGG combination, which is obvious, since the RGG hip 

protector is 3 mm thicker. The comparison between the current hip protector and the RGG hip 

protector are shown in Table 9. 

Table 9- Comparison between the current hip protector and the redesigned hip protector 

 
Current hip protector 

(6 mm RR) 

Redesigned hip 

protector (9 mm RGG) 

 

Impact Weight  Peak force  Peak force  Improvement 

(%) 

2,225 (kg) 2,34 (kN) 1,27 (kN) -46% 

2,634 (kg) 2,67 (kN) 1,40 (kN) -48% 

3,043 (kg) 4,75 (kN) 1,57 (kN) -67% 

3,449 (kg) 5,04 (kN) 1,77 (kN) -65% 

4,267 (kg) 8,46 (kN) 2,33 (kN) -72% 

 

From the results shown in Table 9, we can conclude that the new designed hip protector is 

performing much better than the current hip protector of Comfortable. 
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5.3. Comsol results 

The results obtained by Comsol are based on the material properties of other materials. This makes it 

difficult to obtain the exact simulation. Therefore, the results of the Comsol model will be slightly 

different than the results obtained by the physical test set-up.  

  

The acceleration graphs that we obtain using the Comsol Multiphysics software should be identical to 

the acceleration graphs that are yielded from the physical test set-up tests. However, this is an optimal 

situation. The graphs will not be identical, since the exact properties of the material of Comfortable 

are unknown.   

The acceleration graphs that we obtained, using a high contact stiffness, are shaped very similar to the 

acceleration graphs from the physical test set-up. If we place the two graphs over each other, it is 

visible that the peak acceleration is still too high, but the overall shape is the same, shown in Figure 17 

(left). To obtain a lower peak acceleration, the stiffness factor k is decreased from 0.006 to 0.0052. The 

rest of the setting remain the same. Unfortunately, when the acceleration peak decreases, the graph 

becomes less smooth, as is shown in Figure 17 (right). The overall shape is the same as the original 

graph. 

 

 

 

 

 

 

 

 

 

 

 

 

Unfortunately, we were not able to obtain the exact same acceleration graph as shown by the yellow 

lines in Figure 17.  As stated before, the lack of material properties makes it difficult to simulate the 

physical tests.  

Figure 17-Comsol acceleration graphs 
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6. Comparing results to real life  

6.1. Viscoelastic material  

The material used for the protective pads in the hip protector of Comfortable is made of viscoelastic 

material.  As mentioned before, viscoelastic materials tends to deform and slowly return to its original 

shape. The combination of viscous and elastic properties is used. Therefore the viscous and the elastic 

parts have to be considered. Viscoelastic material can be described as multiple mass-spring-damper-

systems. How many mass-spring-damper-systems exactly is unclear.   

 

The simplest way to describe a mass-spring-damper-system is as follows:  𝑚 ∗ 𝑑2𝑥𝑑𝑡2 + 𝑐 ∗ 𝑑𝑥𝑑𝑡 + 𝑘 ∗ 𝑥 = 𝑚 ∗ 𝑔          (6) 

Where m is the mass, c is the damping coefficient and k is the spring constant of the material and g is 

the gravitational acceleration.   

This could be written in the following state space equation: 

  
[�̇�1][𝑥2̇] = [     0     1[−𝑘/𝑚 −𝑐/𝑚]  [𝑥1]]  [𝑥2] + [   0   ][1/𝑚] 𝑢        (7) 

  𝑦 = [0 1]  [𝑥1][𝑥2]          (8) 

However, the material of Comfortable consist of many mass-spring-damper-systems, which makes 

the state space equation much more complicated.  

 

6.2. Theoretical peak force 

There is a certain point that the peak force can not be decreased anymore. This occurs if the material 

immediately creates resistance to the incoming hip and is fully depressed. This means that the entire 

9 mm of the material has absorbed the energy. 

This peak force can be calculated with the following formula: 

F = Ep/s            (9) 

Where F is the impact force, Ep is the potential energy and s is the slowdown distance. 

In this case, the slowdown distance is the thickness of the pad, since this is the maximum distance 

over which the impact weight can be stopped. 

The energy in a circular arc fall path is different from the energy for a vertical fall path. The energy 

formula for a vertical fall path is given by: 

Ep=m*g*h.            (10) 

However, since we are using a circular arc fall path, shown in Figure 18, instead of a vertical fall path, 

equation (10) changes.  
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The velocity of the hip can then be calculated using the 

centre of mass, according to the following formula [28]: 

𝑣 = √32 𝑔ℎ𝑐𝑜𝑚      (11) 

Where v is the hip velocity, g is the gravitational acceleration 

and hcom is the centre of mass height, in this case the hip. 

This means that the potential energy formula can be rewritten 

as: 

 

Ep = 0,75 *m*g*h.                 (12)

  

The arm and angle of the test set-up, for the second set of tests, is 24,4 cm and 52 degrees, 

respectively. Therefore, the height of the impact weight is 19,22 cm.   

We performed tests with four types of masses, but for this calculation we only use the lowest mass of 

2,225 kg. To fill in the potential energy equation: 

Ep= 0,75*2,225 * 9,81 * 0,192 =3,15J 

And the impact force: 3,15/0,009 = 349,7 N 

So this means that the impact force can be reduced to 349,7 N, for this exact set-up, theoretically 

speaking. Off course this will never be obtained in real life, since this is an optimal value and not a 

realistic value.  

However, we also measured the penetration of the impact weight in the protective pad. Therefore, we 

placed a sheet of carbon paper on top of the protective pad. Then the impact weight is dropped on 

the protective pad, just like a normal test. This carbon paper leaves a mark on the protective pad, of 

which the diameter is measured. This same procedure is done with a sheet of aluminium foil, instead 

of carbon paper. The aluminium foil will form after the indented shape of the impact weight. These 

two procedures gave the same diameters. The actual penetration of the material is calculated using 

the following formula: 𝑥 = 𝑅 − √𝑅2 − 𝑟2     (13) 

where x, R and r are shown in Figure 19. For an impact 

weight of 2.225 kg, the diameter of the mark that we 

measured is 4,2 cm. Therefore the formula can be filled in 

as follows:   𝑥 = 0,05 − √0,052 − 0,0212 = 0, 0046 𝑚 (14) 

 

This means that we now know that the actual slowdown 

distance is 4,6 mm. The theoretical impact force would then be: 3,15 0,0046⁄ = 684,3N 

        

This theoretical value is still less than the actual impact force that we measured using the physical test 

set-up.  

Figure 18 -Model simulating a falling person 

Figure 19 - Penetration of impact weight 
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6.3. Hip protector’s required peak force absorption 

Equations found in literature give us a formula for the impact force of a falling person, which is 

established using dynamic simulations. For this formula, the BMI, height, weight, height of mass 

centre and hip velocity must be known. 

 𝐹𝑖𝑚𝑝𝑎𝑐𝑡 =  −9722.27 + 113.56 ∗ (𝐵𝑀𝐼) + 89.54 ∗ (ℎ𝑒𝑖𝑔ℎ𝑡, 𝑐𝑚) − 24.68 ∗ (𝑤𝑒𝑖𝑔ℎ𝑡, 𝑘𝑔) −    86.57 ∗ (ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑚𝑎𝑠𝑠 𝑐𝑒𝑛𝑡𝑒𝑟, 𝑐𝑚) + 1512.48 ∗ (ℎ𝑖𝑝 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦, 𝑚 𝑠⁄ )   (15) 

Another formula is established, which is only based on the height and weight of a falling person. 

 𝐹𝑖𝑚𝑝𝑎𝑐𝑡 =  −894.78 + 24.28 ∗ ℎ𝑒𝑖𝑔ℎ𝑡(𝑐𝑚) + 25.40 ∗ 𝑤𝑒𝑖𝑔ℎ𝑡(𝑘𝑔)    (16) 

 

The average weight and length for women in the Netherlands between the age of 65 and 80 years, is 

68.4 kg and 1.57 m respectively. The average weight and length for men in the Netherlands between 

the age of 65 and 80 years, is 75.8 kg and 1.67 m respectively.  The height of the centre of mass of the 

human body lies about 10 cm beneath the navel. For men and women is this at 1.03 m and 0.97 m, 

respectively [26][27]. 

The velocity of the hip can then be calculated using equation (11). Where v is the hip velocity, g is the 

gravitational acceleration and hcom is the centre of mass height. 

The BMI, Body Mass Index, can be calculated with the following formula [29]:                                                              

      (17) 

With body weight in kg and body length in m. 

 

The values that are required for the equations (15) and (16) are shown in Table 10. 

Table 10 - Required values 

Gender Age Weight Length Height of mass centre Hip velocity BMI 

Male 65-80 75,8 1,67 1,03 3,89 27,2 

Female 65-80 68,4 1,57 0,97 3,78 27,7 

 

Now the Fimpact for equation (15) and (16) can be determined. 

(1) Men   Fimpact = 3418 N 

Women Fimpact = 3116 N 

Average  Fimpact = 3267 N 

(2) Men   Fimpact = 5085 N 

Women Fimpact = 4654 N 

Average  Fimpact = 4867 N 

The test results that Comfortable presents in their business case about the peak forcers on a falling 

person are shown in Figure 20. For the test of Comfortable, a person with a weight of 70 kg and a 

length of 1.72 m is used. The BMI, 23.6, height of mass centre, 1.09 m, and hip velocity are determined 

by previous formulas. According to equation (10), the impact force for a person with a weight of 70 kg 

𝐵𝑀𝐼 = 𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡𝑏𝑜𝑑𝑦 𝑙𝑒𝑛𝑔𝑡ℎ2        



 

35 

 

and a length of 1.72 m is 3259 N. This is very similar to the peak force of an impact force with body 

damping, shown in the graph in Figure 20. This Figure obtained from the University Medical Centre in 

Groningen, using simulation based on literature. Therefore, we can assume that the values for the 

other impact forces, that are calculated for men and women between 65 and 80, are also a good 

indication of the actual impact forces.  

 

The average fracture force is 3,6 kN. However, the minimal fracture force, which is found in literature 

sources, is 2,2 kN. To be on the save side, the minimal fracture force of 2,2 kN will be the reference 

fracture force.   

  

 

 

 

 

 

 

This means that the hip protector of Comfortable should absorb, at least, the difference between the 

fracture force and the impact force. 𝐹𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 𝐹𝑖𝑚𝑝𝑎𝑐𝑡 − 𝐹𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 = 3267-2200 = 1067N     (18) 

From the tests that are performed with the physical test set-up, the force value for impact on plywood, 

which simulates impact without a hip protector, and the force value for impact on the best performing 

hip protector of Comfortable can be compared.   

This comparison, shown in Table 11, indicates that the hip protector is a sufficient enough force 

absorber. It even increases the reduction of peak force if the weight is increased. This impact force 

that we measured for only plywood is significantly higher than the peak force generated by the fall of 

the human body. This has multiple reasons. The stainless steel has a much higher density, 7930 kg/m3 

compared to bone, 1000-1900 kg/m3 with an average of 1500 kg/m3 [37][38]. This high density 

increases the peak force. The surface area of the human body is also much higher than the surface 

area of our impact weight. The higher the surface area, the lower the peak force.  

Weight (kg) Peak force reduction (N) 

2,225 10018,3 

2,634 10640,1 

3,043 11152,2 

3,449 14937,6 

Table 11 - Peak force reduction per weight class 

Figure 18 – peak impact force        [30]   

Figure 20 - Peak impact forces 
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7. Redesign 

7.1. Implementation on small scale  

The implementation on small scale should only be performed to obtain an indication of the user-

friendliness and therefore the compliance of the consumer of the hip protector. No actual falls with 

the hip protector in place should be performed on purpose. However, due to the limited time span of 

this research, the implementation of the redesign is not possible. 

7.2. Design of the new hip protector 

The final redesign of the hip protector of Comfortable is shown in Figure 21. The best performing 

material combination that we tested is 6 mm PX Absorb (G) with 3 mm X2 Maroon (R) on top. The 

shape is designed, as shown in Figure 21, to increase the wearing comfort and usability of the hip 

protector. The widest part of the hip protector is the top of the hip protector and the narrowest part 

of the hip protector faces downwards. Together with the smoothed edges this will make it easier to 

insert the hip protector in the undergarment. This will increase the customer compliance. The new 

design of the hip protector is 10 cm wide, 15 cm long, on its widest and longest part, and 9 mm thick.  

 

 

Figure 21- Final redesign of the hip protector 
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7.3 Possible improvements. 

There are always improvements that can be made. The material of Comfortable can be improved. No 

performance based improvements where necessary if the measured peak force was as low as the 

theoretical value of the peak force. Since this is not the case, performance based improvements are 

possible. Simply adding more layers of viscoelastic material is not a good option. It will decrease the 

compliance of the customers and it will increase the production costs. Besides that, if the impression 

of the material is not higher than 4.6, adding 12 mm to the original 9 mm will not have a positive effect 

on the peak force absorption. Each material has its own limits in peak force absorption. Therefore 

Comfortable should improve the materials that they use if they want to reduce the peak forces even 

more. 

7.4. Feasibility   

The hip protector is more expensive than the hip protectors of Medsorg, but cheaper than the hip 

protector of Dutch Blue. The lowest costs of the current hip protector of Comfortable is € 67,50, shown 
in Table 12.  This includes one undergarment and 1 set of hip protectors. The material that Comfortable 

uses for their hip protectors is 6 mm X2 Maroon (R). The new design that is proposed includes 3 mm 

X2 Maroon (R) and 6 mm PX Absorb (G). This increase in material will probably increase the material 

costs for Comfortable. Additional material costs could lead to an increase in selling price, which could 

hold a negative effect on the sales of Comfortable. The Medsorg hip protectors are already cheaper 

than the hip protector of Comfortable, this means that the gap between the price of Medsorg and 

Comfortable will increase with the new design. The prices of the current hip protector of Comfortable 

and the competitors’ hip protectors are shown in Table 12.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 12- Prices of the hip protectors 

Type of hip protector Price 

Medsorg Comfort  €      37,48 [32][34] 
Medsorg Active  €      48,67 [33][34] 
Hippies 'Hard'  €      71,39 [35] 
Hippies 'Soft'  €      71,39 [35] 
Comfortable  €      67,50 [36] 
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8. Conclusion 
To give an accurate conclusion, the goal and research questions will be stated again. 

8.1. Sub research questions 

- Which material properties are required for energy absorbing abilities?  

- Which materials possess these properties?  

- What is the appropriate target group for this research?  

- What is in the target group the highest force a hip can withstand, before it fractures?  

- What is the difference in soft and shell hip protectors?  

- Which methods can be used to analyse the hip protector?   

- Which software can be used to model the hip protectors’ behaviour? 

All of these questions are already answered in the report. To give a short summary, the answers will 

be stated below.  

It is very important that the material used for the hip protector is a good energy absorber. It has to 

resist shear flow and strain linearly with time when stress is applied. Besides that, the density should 

be low and the material should have excellent design flexibility  to increase the wearing comfort. The 

material properties that are required to model the material in software programs are the Bulk 

Modulus, Shear Modulus, Poisson’s Ratio, Elastic Modulus and the density. The materials that have 

these properties are viscoelastic materials.  The target group for this research is the elderly. The 

average force that a hip can withstand for our target group, found in literature, is 3,6 kN. However, the 

lowest average fracture force, from one study, is 2,2 kN. To be on the save side, this lowest value is 

used for further calculations. The difference between soft and shell hip protectors is the way they deal 

with the impact energy. Soft hip protectors absorb the energy, whereas shell hip protector shunt the 

force away to the surrounding tissue. Another difference between these types of hip protectors is that 

the shell hip protectors tend to be harder and therefore less comfortable than the soft hip protectors. 

Methods that can be used to analyse the hip protector are physical test installations and computer 

software programs. There are many types of software programs that can be used to model impact 

simulations. However, for this research we had access to three types of software programs; Comsol, 

SolidWorks and ANSYS.  

8.2. Main research questions 

- What is the best test method to measure the peak forces produced by impact?  

- How can the behaviour of the hip protector be modelled? 

The best method to measure the peak forces produced by impact can be divided into two categories. 

The analysis of the physical hip protector and the analysis of the virtual hip protector. The physical hip 

protector can best be analysed using the physical test set-up that we used. The results that we 

obtained using this set-up where very accurate. However, the physical test set-up also required the 

program Matlab. This is used to obtain useful acceleration graphs from the sensor measurements. 

Therefore, Matlab is an essential part for measuring the peak forces produced by impact.  

The best way to analyse the virtual hip protector was by using the software program Comsol. Other 

software programs, SolidWorks and ANSYS, where used to try to analyse the hip protector, but Comsol 

turned out to be the best candidate. This also answers the second research question. The behaviour 

of the hip protector can best be modelled using the software of Comsol. Unfortunately, we did not 

obtain all the required properties that we needed to optimize the Comsol model.  
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8.3. Goal  

The goal of this research is to redesign the hip protector to reduce peak forces minimally to the same 

level as the competitors’ hip protector, without decreasing the customer compliance.  

The conclusion can be drawn, from all the tests that are conducted in this research, that it is not 

possible to design a hip protector that performs as good as the competitors, in means of impact force 

absorption, as the competition of Comfortable, with the current materials and material thickness that 

Comfortable wants to use in their hip protector. However, the redesigned hip protector of Comfortable 

performs better than the competitors when the impact force reduction per mm material is used as 

comparison. Material combinations that can be made from the two material types, PX Absorb (G), X2 

Maroon (R) with a thickness of 15 mm perform as good as the competition. Theory claims that a better 

performing hip protector of 9 mm is possible, but not with the current material combinations. 

Therefore, we can say that that in some way, the goal is reached. A new hip protector can be made for 

Comfortable that is as good as the competition. However, the thickness of this hip protector is higher 

than allowed by Comfortable. Therefore, the best performing hip protector of 9 mm, 6 mm PX Absorb 

(G) with 3 mm X2 Maroon (R) on top, is presented to Comfortable as the redesign of the hip protector, 

which performs even better per mm than the competition. We did not implement the redesign due to 

the lack of time of this research. However, the shape of the redesigned hip protector increases the 

usability of the hip protector. The increase in thickness is only 3 mm. This could decrease the wearing 

comfort of the hip protector. Therefore, we can say that the hip protector redesign provides the same 

customer compliance as the current hip protector of Comfortable. However, this is solely based on 

assumptions. To draw a substantiated conclusion, the redesign should be implemented on large scale.  
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9. Discussion 

9.1. What went wrong? 

There are some aspects that went wrong during this research. For the first batch of tests a deadline 

was set by the company Comfortable to test the new materials that they want to use for their hip 

protectors, PX Absorb (G), X2 Maroon (R) and P2 Beige (B). Combinations of these materials, among 

other materials, where tested by a physical test set-up, described earlier in this report. However, parts 

of this set-up had to be manufactured by the university’s workplace. This caused many days delay. The 

data acquisition unit that we used for the first set of tests was borrowed. Therefore we had a limited 

timespan for testing. A new data acquisition unit was ordered at that point, but this also caused some 

delays. To model the hip protector of Comfortable correctly, certain material properties were required. 

However, Comfortable does not have access to these material properties. Therefore the supplier of 

the materials was contacted. They did not know the required properties either, but recommended us 

to contact the manufacturer, Rogers Cooperation in The United States. Unfortunately Rogers 

Cooperation could not identify the required properties. 

9.2 Alternatives 

An alternative to the conventional hip-protector, where the protective pads are inserted in to 

undergarment, is the airbag hip protector. This type of hip protector uses a belt from which the airbags 

are deployed [31].  However, this type of hip protector is not yet available. The company that is 

developing this hip protector, Active Protective, planned to commercialize the product for end of 2016. 

It is unclear whether the customer compliance factors are met using this design.  Therefore this new 

alternative for the conventional hip protector is not seen as a threat for Comfortable at this moment. 

Naturally the development of this airbag hip protector should be monitored closely.  

There are no other alternatives for the hip protector, at this moment. Besides the new alternatives for 

the hip protector, the competitors of Comfortable should also be monitored. 

9.3. Further research  

For further research it is recommended to obtain the exact material properties from the materials of 

Comfortable, PX absorb (G), X2 Maroon (R) and P2 Beige (B). This will increase the reliability of the 

results of Comsol. It is important to determine whether the new redesign improves the customer 

compliance. This could be tested by implementing the redesigned hip protector on large scale.  

 

 

 

 

 

 

 



 

41 

 

10. Acknowledgement  
This research could not be performed without the help of mister H. Hasper. Therefore, I would like to  

thank mister H. Hasper for all his effort. His guidance and mentorship was paramount in the test phase 

of this research. Especially the help with data acquisition and Matlab to gather the appropriate results. 

Thank you mister Hasper for sharing your knowledge, it gave me the chance to complete this research 

to satisfaction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

42 

 

11. References 
[1] Lauritzen,J.B.  (1996) Hip fractures: incidence, risk factors, energy absorption, and prevention 

Bone,  18, 1, S65-S75 

[2] Comfortable, N. B. V. (January 2016). Comfort hip protector, business case - hip fractures and 

prevention. The Netherlands (pp. 3)  

[3] Comfortable, N. B. V. (January 2016). Comfort hip protector, business case - hip fractures and 

prevention. The Netherlands (pp. 4)  

[4] Van Schoor,NM; Deville,WL; Bouter,LM; Lips,P. (2002) Acceptance and compliance with 

external hip protectors: A systematic review of the literature, Osteoporosis International,  13, 

12, 917-924 

[5]  Brandi,Maria L.; Fossi,Caterina; Cianferotti,Luisella. (2015) Hip Protectors: Are They Worth it? 

Calcified tissue international,  97, 1, 1-11, 

[6] C. Cryer; A Knox; E Stevenson. (2008) Factors associated with hip protector adherence among 

older people in residential care  Injury prevention : journal of the International Society for 

Child and Adolescent Injury Prevention, 2008, 14, 1, 24-9 

[7] Villar,M.T.A.; Hill,P.; Inskip,H.; Thompson,P.; Cooper,C. (1998) Will elderly rest home 

residents wear hip protectors? Age Ageing, 27, 2, 195-198 

[8] Santanu Majumder ; Amit Roychowdhury ; Subrata Pal; (2007) Simulation of hip fracture in 

sideways fall using a 3D finite element model of pelvis–femur–soft tissue complex with 

simplified representation of whole body  Medical Engineering & Physics 29 (2007) 1167–1178 

[9] T. N. Gardner * , A. H. R. W. Simpson, C. Booth, P. Sprukkelhorst, M. Evans, J. Kenwright, J. 

Grimley Evans (1997). Measurement of impact force, simulation of fall and hip fracture. 

Mechanical Engineering & Physics 20(1): 57-65 

[10] Maki,B.E.; Fernie,G.R. (1990)  Impact attenuation of floor coverings in simulated falling 

accidents Applied Ergonomics  21, 2, 107-114 

[11] van Schoor,N.M.; van der Veen,A.J.; Schaap,L.A.; Smit,T.H.; Lips,P.(2006) Biomechanical 

comparison of hard and soft hip protectors, and the influence of soft tissue, Bone,  39, 2, 401-

407 

[12] Comfortable, N. B. V. (January 2016). Comfort hip protector, business case - hip fractures and 

prevention. The Netherlands (pp. 5)  

http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init


 

43 

 

[13] Bouxsein,Mary L.; Szulc,Pawel; Munoz,Fracoise; Thrall,Erica; Sornay Rendu, 

Elizabeth;  Delmas , Pierre D. (2007) Contribution of Trochanteric Soft Tissues to Fall Force 

Estimates, the Factor of Risk, and Prediction of Hip Fracture Risk* Journal of Bone and 

Mineral Research,  22, 6, 825-831 

[14] Fionnan Cummins, Peter O' Reilly, Olivia Flannery, Danny Kelly & Paddy Kenny (2011) 

Defining the impaction frequency and threshold force required for femoral impaction 

grafting in revision hip arthroplasty, Acta Orthopaedica, 82:4, 433-437, 

[15] Davis,Edward T.; Olsen,Michael; Zdero,Rad; Smith,Gemma M.; Waddell,James 

P.; Schemitsch,Emil H.(2013) Predictors of Femoral Neck Fracture Following Hip Resurfacing: 

A Cadaveric Study, J.Arthroplasty, 2013, 28, 1, 110-116 

[16] Ng,George; Schmidt,Herbert (2004) High efficiency energy absorbing PU foam for head-

impactprotection, Urethanes Technology, 2004, 21, 5, 24-26, Crain Communications Inc. (MI) 

[17] https://www.comfortable.nl/healthcare/comfort-hip-protector/#producten 

[18]  https://www.comfortable.nl/bedrijf/  

[19] http://wweb.uta.edu/faculty/ricard/Classes/KINE-3301/Notes/Lesson-14.html  

[20] http://www.dutchblue.com/HIPPIES-2-protectoren/  

[21]  http://www.sorbothane.com/Data/Sites/31/pdfs/data-sheets/101-sorbothane-material-

properties.pdf  

[22]  https://en.wikipedia.org/wiki/Shore_durometer  

[23]  Comfortable, N. B. V. (January 2016). Comfort hip protector, business case - hip fractures and 

prevention. The Netherlands (page 5)   

[24]  http://www.engineeringtoolbox.com/impact-force-d_1780.html  

[25]  Yunhua Luo, Masoud Nasiri Sarvi, Peidong Sun, William D. Leslie & Jun Ouyang (2014) 

Prediction of impact force in sideways fall by image-based subject-specific dynamics model, 

International Biomechanics, 1:1, 1-14, DOI: 10.1080/23310472.2014.975745 

[26] http://www.dinbelg.be/ouderenvrouwen.htm  

[27]  http://www.dinbelg.be/ouderenmannen.htm  

http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com.proxy-ub.rug.nl/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com.proxy-ub.rug.nl/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com.proxy-ub.rug.nl/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com.proxy-ub.rug.nl/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com.proxy-ub.rug.nl/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com.proxy-ub.rug.nl/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com.proxy-ub.rug.nl/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com.proxy-ub.rug.nl/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com.proxy-ub.rug.nl/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com.proxy-ub.rug.nl/refworks2/default.aspx?r=references|MainLayout::init
http://www.refworks.com.proxy-ub.rug.nl/refworks2/default.aspx?r=references|MainLayout::init
https://www.comfortable.nl/healthcare/comfort-hip-protector/#producten
https://www.comfortable.nl/bedrijf/
http://wweb.uta.edu/faculty/ricard/Classes/KINE-3301/Notes/Lesson-14.html
http://www.dutchblue.com/HIPPIES-2-protectoren/
http://www.sorbothane.com/Data/Sites/31/pdfs/data-sheets/101-sorbothane-material-properties.pdf
http://www.sorbothane.com/Data/Sites/31/pdfs/data-sheets/101-sorbothane-material-properties.pdf
https://en.wikipedia.org/wiki/Shore_durometer
http://www.engineeringtoolbox.com/impact-force-d_1780.html
http://www.dinbelg.be/ouderenvrouwen.htm
http://www.dinbelg.be/ouderenmannen.htm


 

44 

 

[28] Wilson C Hayes, (1995), Dynamic Models for Sideways Falls From Standing Height, Journal of 

Biomechanical Engineering  

[29] https://bmi-uitrekenen.com/bmi-formule/  

[30] Simulation to determine the peak impact force on the hip of a sideways falling body from 

vertical to horizontal, UMCG, RuG 

[31] http://activeprotective.com/  

[32] https://www.medsorg.de/nl/html/websorg/products/productDetail/499/Medsorg-Comfort-

Protektor.html  

[33] http://www.medsorg.de/html/websorg/products/productDetail/501/Medsorg-Active-

Protektor.html  

[34] http://www.medsorg.de/de/html/websorg/products/productDetail/498/Medsorg-Safepant-

Hueftschutzhosen.html  

[35] http://www.dutchblue.com/HIPPIES-Protect/     

[36] https://www.comfortable.nl/product/hip-protector-single-pack/  

[37] http://hypertextbook.com/facts/2002/AnnaYarusskaya.shtml  

[38]  http://www.radiology-info.org/bone-density-measurement.html 

 

 

 

 

 

 

 

https://bmi-uitrekenen.com/bmi-formule/
http://activeprotective.com/
https://www.medsorg.de/nl/html/websorg/products/productDetail/499/Medsorg-Comfort-Protektor.html
https://www.medsorg.de/nl/html/websorg/products/productDetail/499/Medsorg-Comfort-Protektor.html
http://www.medsorg.de/html/websorg/products/productDetail/501/Medsorg-Active-Protektor.html
http://www.medsorg.de/html/websorg/products/productDetail/501/Medsorg-Active-Protektor.html
http://www.medsorg.de/de/html/websorg/products/productDetail/498/Medsorg-Safepant-Hueftschutzhosen.html
http://www.medsorg.de/de/html/websorg/products/productDetail/498/Medsorg-Safepant-Hueftschutzhosen.html
http://www.dutchblue.com/HIPPIES-Protect/
https://www.comfortable.nl/product/hip-protector-single-pack/
http://hypertextbook.com/facts/2002/AnnaYarusskaya.shtml
http://www.radiology-info.org/bone-density-measurement.html


 

45 

 

12. Appendices 

12.1. Appendix A 

12.1.1. First set of tests with 6 mm material. 

       
A Aramid    
G PX Absorb    
R X2 Maroon    
B P2 Beige    
D glued with double-sided tape    
  others glued with glue    

Combinations Thickness  

Impact 

weight Acceleration 

Impact 

force 

  (mm) (kg) (m/sec^2) (N) 

AGG 6 2,225 641 1425 

AGR 6 2,225 645 1436 

ARG 6 2,225 663 1475 

ARR 6 2,225 703 1564 

BB 6 2,225 2212 4922 

GAB 6 2,225 888 1977 

GAG 6 2,225 642 1428 

GAR 6 2,225 643 1430 

GDG 6 2,225 610 1357 

GG 6 2,225 626 1394 

GGA 6 2,225 649 1444 

GR 6 2,225 661 1471 

GRA 6 2,225 666 1481 

RAG 6 2,225 669 1488 

RAR 6 2,225 673 1497 

RG 6 2,225 655 1458 

RGA 6 2,225 647 1440 

RR 6 2,225 646 1438 

RRA 6 2,225 690 1535 
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12.2. Appendix B 

12.2.1 PX Absorb tests  

There are three weight classes that we used for this set of tests. 

These weights are obtained by adding a stainless steel plate on the impact weight. 

In the table below the weights are indicated with the thickness of the plates. 

5mmPlaat  = 2.634 kg 

10mmPlaat = 3.043 kg 

15mmPlaat = 3.449 kg 

Non capital letter: layers of PX Absorb 

glued with double-sided tape 

 Thickness  Impact weight Acceleration Impact force 

Capital letter: layers of PX Absorb 

stacked without glue (mm) (kg) (m/sec^2) (N) 

gg+5mmPlaat1 6 2,634 604 1592 

gg+10mmPlaat1 6 3,043 612,2 1863 

gg+15mmPlaat1 6 3,449 678 2339 

          

GG+5mmPlaat0 6 2,634 615 1620 

GG+10mmPlaat0 6 3,043 660 2007 

GG+15mmPlaat0 6 3,449 672 2316 

          

3g+5mmPlaat0             9 2,634 422 1112 

3g+10mmPlaat0             9 3,043 414 1259 

3g+15mmPlaat0         9 3,449 397 1368 

          

3G+5mmPlaat0 9 2,634 438 1153 

3G+10mmPlaat0 9 3,043 415 1264 

3G+15mmPlaat0 9 3,449 408 1407 

          

HippiesHard+5mmPlaat0    (HH) 15 2,634 472 1243 

HippiesHard+10mmPlaat0   (HH) 15 3,043 456 1388 

HippiesHard+15mmPlaat0   (HH) 15 3,449 419 1445 

          

HippiesSoft+5mmPlaat0    (HS) 15 2,634 339 893 

HippiesSoft+10mmPlaat0   (HS) 15 3,043 320 974 

HippiesSoft+15mmPlaat0   (HS) 15 3,449 298 1028 

          

MedsorgActive+5mmPlaat0  (MA) 18 2,634 276 727 

MedsorgActive+10mmPlaat0 (MA) 18 3,043 286 870 

MedsorgActive+15mmPlaat0 (MA) 18 3,449 296 1021 

          

MedsorgComfort+5mmPlaat0 (MC) 15 2,634 315 830 

MedsorgComfort+10mmPlaat0 (MC) 15 3,043 310 943 

MedsorgComfort+15mmPlaat0 (MC) 15 3,449 295 1017 
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gRVSgg+15mmPlaat0         9 3,449 486 1676 

gRVSgg0                   9 2,225 551 1226 

          

ggRVSg+15mmPlaat0         9 3,449 423 1459 

ggRVSg0 9 2,225 490 1090 
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12.3. Appendix C 

12.3.1 Test results measured with the RION sensor 

There are four weight classes that we used for this set of tests. 

These weights are obtained by adding a stainless steel plate on the impact weight. 

In the table below the weights are indicated with the thickness of the plates. 

0(the base plate) = 2.225 kg 

5mmPlaat   = 2.634 kg 

10mmPlaat  = 3.043 kg 

15mmPlaat  = 3.449 kg 

This can also be found in the table itself. 

hip protector 
Peak acceleration 

(m/s^2) 

standard 

deviation 

Weight 

(kg) 

Peak force 

(N) 

BBB0 1357 22,8 2,225 3020 

BBB+5mmPlaat0 1510 28,5 2,634 3976 

BBB+10mmPlaat0 1704 11,3 3,043 5185 

BBB+15mmPlaat0 1812 38,8 3,449 6250 

          

BBG0 790 18,9 2,225 1758 

BBG+5mmPlaat0 779 15,4 2,634 2051 

BBG+10mmPlaat0 914 9,3 3,043 2780 

BBG+15mmPlaat0 951 25,6 3,449 3279 

          

BBR0 864 9,6 2,225 1922 

BBR+5mmPlaat0 876 14,4 2,634 2307 

BBR+10mmPlaat0 998 44,0 3,043 3038 

BBR+15mmPlaat0 1171 8,8 3,449 4038 

          

BGB0 803 19,5 2,225 1788 

BGB+5mmPlaat0 871 18,4 2,634 2295 

BGB+10mmPlaat0 1042 37,3 3,043 3169 

BGB+15mmPlaat0 1147 96,1 3,449 3956 

          

BGG0 641 7,2 2,225 1427 

BGG+5mmPlaat0 621 4,4 2,634 1635 

BGG+10mmPlaat0 645 8,6 3,043 1962 

BGG+15mmPlaat0 723 18,6 3,449 2495 

          

BGR0 684 15,7 2,225 1523 

BGR+5mmPlaat0 648 10,0 2,634 1706 

BGR+10mmPlaat0 638 8,4 3,043 1941 

BGR+15mmPlaat0 664 7,0 3,449 2289 

          

BRB0 882 15,9 2,225 1962 

BRB+5mmPlaat0 962 17,8 2,634 2535 

BRB+10mmPlaat0 1110 56,5 3,043 3378 

BRB+15mmPlaat0 1232 63,8 3,449 4249 
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BRG0 670 3,6 2,225 1491 

BRG+5mmPlaat0 630 17,5 2,634 1659 

BRG+10mmPlaat0 647 5,4 3,043 1969 

BRG+15mmPlaat0 636 7,8 3,449 2195 

          

BRR0 673 0,9 2,225 1497 

BRR+5mmPlaat0 632 14,3 2,634 1663 

BRR+10mmPlaat0 707 22,4 3,043 2150 

BRR+15mmPlaat0 727 19,6 3,449 2508 

          

GBB0 764 20,6 2,225 1700 

GBB+5mmPlaat0 724 11,9 2,634 1906 

GBB+10mmPlaat0 910 37,0 3,043 2770 

GBB+15mmPlaat0 1002 48,7 3,449 3455 

          

GBG0 646 1,9 2,225 1437 

GBG+5mmPlaat0 594 6,9 2,634 1565 

GBG+10mmPlaat0 608 8,2 3,043 1850 

GBG+15mmPlaat0 610 4,4 3,449 2103 

          

GBR0 665 6,3 2,225 1479 

GBR+5mmPlaat0 636 7,2 2,634 1676 

GBR+10mmPlaat0 625 12,4 3,043 1903 

GBR+15mmPlaat0 661 33,4 3,449 2280 

          

GGB0 619 6,0 2,225 1377 

GGB+5mmPlaat0 603 8,5 2,634 1588 

GGB+10mmPlaat0 643 10,2 3,043 1957 

GGB+15mmPlaat0 675 10,6 3,449 2329 

          

GGG1 602 15,7 2,225 1339 

GGG+5mmPlaat0 530 7,6 2,634 1397 

GGG+10mmPlaat0 518 7,0 3,043 1575 

GGG+15mmPlaat0 517 12,0 3,449 1782 

          

GGR0 576 8,4 2,225 1281 

GGR+5mmPlaat0 537 16,2 2,634 1415 

GGR+10mmPlaat0 516 8,4 3,043 1569 

GGR+15mmPlaat0 527 5,9 3,449 1818 

          

GRB0 647 3,6 2,225 1440 

GRB+5mmPlaat0 620 7,1 2,634 1632 

GRB+10mmPlaat0 612 13,3 3,043 1863 

GRB+15mmPlaat0 675 18,1 3,449 2327 

          

GRG0 601 6,5 2,225 1337 

GRG+5mmPlaat0 535 3,3 2,634 1408 

GRG+10mmPlaat0 533 10,9 3,043 1622 

GRG+15mmPlaat0 524 12,0 3,449 1809 

          



 

50 

 

GRR0 603 2,8 2,225 1343 

GRR+5mmPlaat0 549 3,7 2,634 1446 

GRR+10mmPlaat0 535 7,6 3,043 1627 

GRR+15mmPlaat0 535 5,7 3,449 1845 

          

RBB0 807 5,4 2,225 1796 

RBB+5mmPlaat0 861 34,0 2,634 2268 

RBB+10mmPlaat0 987 19,1 3,043 3004 

RBB+15mmPlaat0 1096 46,4 3,449 3780 

          

RBG0 656 5,1 2,225 1459 

RBG+5mmPlaat0 618 7,4 2,634 1628 

RBG+10mmPlaat0 625 7,8 3,043 1901 

RBG+15mmPlaat0 658 4,0 3,449 2270 

          

RBR0 649 10,5 2,225 1444 

RBR+5mmPlaat0 627 13,6 2,634 1653 

RBR+10mmPlaat0 601 13,2 3,043 1830 

RBR+15mmPlaat0 674 31,2 3,449 2325 

          

RGB0 628 11,0 2,225 1398 

RGB+5mmPlaat0 640 7,1 2,634 1687 

RGB+10mmPlaat0 646 4,8 3,043 1964 

RGB+15mmPlaat0 657 29,0 3,449 2266 

          

RGG0 570 5,4 2,225 1267 

RGG+5mmPlaat0 539 13,1 2,634 1420 

RGG+10mmPlaat0 529 10,8 3,043 1609 

RGG+15mmPlaat0 513 16,3 3,449 1769 

          

RGR0 593 14,8 2,225 1320 

RGR+5mmPlaat0 537 11,1 2,634 1414 

RGR+10mmPlaat0 535 7,3 3,043 1627 

RGR+15mmPlaat0 538 7,1 3,449 1856 

          

RRB0 653 3,8 2,225 1452 

RRB+5mmPlaat0 638 5,4 2,634 1681 

RRB+10mmPlaat0 682 19,0 3,043 2075 

RRB+15mmPlaat0 690 18,7 3,449 2381 

          

RRG0 616 2,5 2,225 1370 

RRG+5mmPlaat0 561 12,5 2,634 1478 

RRG+10mmPlaat0 521 8,0 3,043 1584 

RRG+15mmPlaat0 523 6,1 3,449 1803 

          

RRR0 589 16,0 2,225 1311 

RRR+5mmPlaat0 556 5,6 2,634 1463 

RRR+10mmPlaat0 542 3,4 3,043 1650 

RRR+15mmPlaat0 538 2,7 3,449 1856 
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plywood0 5072 0,0 2,225 11286 

plywood+5mmPlaat0 4579 0,0 2,634 12060 

plywood+10mmPlaat0 4194 0,0 3,043 12761 

plywood+15mmPlaat0 4844 0,0 3,449 16706 

          

HippiesHard0 657 5,5 2,225 1463 

HippiesHard+5mmPlaat0 579 5,5 2,634 1526 

HippiesHard+10mmPlaat0 547 10,5 3,043 1665 

HippiesHard+15mmPlaat0 536 4,5 3,449 1850 

          

HippiesSoft0 472 4,7 2,225 1050 

HippiesSoft+5mmPlaat0 436 2,7 2,634 1149 

HippiesSoft+10mmPlaat0 413 2,2 3,043 1258 

HippiesSoft+15mmPlaat0 399 6,1 3,449 1375 

          

MedsorgActive0 387 8,9 2,225 861 

MedsorgActive+5mmPlaat0 410 10,6 2,634 1081 

MedsorgActive+10mmPlaat0 442 22,6 3,043 1344 

MedsorgActive+15mmPlaat0 500 22,8 3,449 1724 

          

MedsorgComfort0 443 4,6 2,225 986 

MedsorgComfort+5mmPlaat0 433 2,9 2,634 1139 

MedsorgComfort+10mmPlaat0 408 17,6 3,043 1241 

MedsorgComfort+15mmPlaat0 393 10,5 3,449 1355 
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12.3.2. Test results measured with the TE sensor 

There are four weight classes that we used for this set of tests. 

These weights are obtained by adding a stainless steel plate on the impact weight. 

In the table below the weights are indicated with the thickness of the plates. 

0(the base plate) = 2.225 kg 

5mmPlaat   = 2.634 kg 

10mmPlaat  = 3.043 kg 

15mmPlaat  = 3.449 kg 

This can also be found in the table itself. 

hip protector 
Peak acceleration  

(m/s^2) 

standard 

deviation 

Weight 

(kg) 

Peak 

force (N) 

BBB0 1484 25,9 2,225 3301 

BBB+5mmPlaat0 1615 19,8 2,634 4253 

BBB+10mmPlaat0 1846 27,0 3,043 5617 

BBB+15mmPlaat0 1992 27,0 3,449 6871 

          

BBG0 856 20,3 2,225 1904 

BBG+5mmPlaat0 822 16,6 2,634 2164 

BBG+10mmPlaat0 965 7,2 3,043 2936 

BBG+15mmPlaat0 1004 26,3 3,449 3463 

          

BBR0 927 7,4 2,225 2062 

BBR+5mmPlaat0 921 16,7 2,634 2425 

BBR+10mmPlaat0 1056 44,1 3,043 3213 

BBR+15mmPlaat0 1236 8,2 3,449 4263 

          

BGB0 868 21,7 2,225 1931 

BGB+5mmPlaat0 928 17,7 2,634 2445 

BGB+10mmPlaat0 1097 39,0 3,043 3337 

BGB+15mmPlaat0 1217 104,2 3,449 4199 

          

BGG0 680 14,2 2,225 1513 

BGG+5mmPlaat0 653 4,5 2,634 1720 

BGG+10mmPlaat0 671 7,9 3,043 2043 

BGG+15mmPlaat0 754 23,3 3,449 2602 

          

BGR0 727 12,2 2,225 1619 

BGR+5mmPlaat0 687 9,5 2,634 1809 

BGR+10mmPlaat0 669 6,2 3,043 2036 

BGR+15mmPlaat0 691 6,8 3,449 2383 

          

BRB0 956 18,8 2,225 2128 

BRB+5mmPlaat0 1018 18,9 2,634 2682 
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BRB+10mmPlaat0 1176 63,5 3,043 3579 

BRB+15mmPlaat0 1314 70,7 3,449 4533 

          

BRG0 720 5,3 2,225 1602 

BRG+5mmPlaat0 658 18,3 2,634 1733 

BRG+10mmPlaat0 676 5,7 3,043 2058 

BRG+15mmPlaat0 663 9,5 3,449 2286 

          

BRR0 727 2,3 2,225 1618 

BRR+5mmPlaat0 670 14,8 2,634 1765 

BRR+10mmPlaat0 739 20,9 3,043 2248 

BRR+15mmPlaat0 760 17,0 3,449 2622 

          

GBB0 819 22,6 2,225 1821 

GBB+5mmPlaat0 762 12,5 2,634 2008 

GBB+10mmPlaat0 963 41,7 3,043 2932 

GBB+15mmPlaat0 1060 57,5 3,449 3658 

          

GBG0 690 3,3 2,225 1535 

GBG+5mmPlaat0 623 9,0 2,634 1641 

GBG+10mmPlaat0 634 4,1 3,043 1930 

GBG+15mmPlaat0 636 4,6 3,449 2193 

          

GBR0 710 7,9 2,225 1580 

GBR+5mmPlaat0 672 5,9 2,634 1769 

GBR+10mmPlaat0 653 13,0 3,043 1989 

GBR+15mmPlaat0 690 34,2 3,449 2379 

          

GGB0 657 6,1 2,225 1461 

GGB+5mmPlaat0 640 8,4 2,634 1685 

GGB+10mmPlaat0 675 10,7 3,043 2055 

GGB+15mmPlaat0 711 10,5 3,449 2452 

          

GGG1 641 16,6 2,225 1426 

GGG+5mmPlaat0 566 7,7 2,634 1490 

GGG+10mmPlaat0 549 11,6 3,043 1669 

GGG+15mmPlaat0 539 10,3 3,449 1858 

          

GGR0 607 10,0 2,225 1352 

GGR+5mmPlaat0 565 18,6 2,634 1487 

GGR+10mmPlaat0 534 9,4 3,043 1624 

GGR+15mmPlaat0 556 3,9 3,449 1918 

          

GRB0 684 5,2 2,225 1522 

GRB+5mmPlaat0 653 7,6 2,634 1720 



 

54 

 

GRB+10mmPlaat0 644 12,9 3,043 1961 

GRB+15mmPlaat0 713 23,4 3,449 2459 

          

GRG0 636 7,6 2,225 1415 

GRG+5mmPlaat0 564 9,1 2,634 1486 

GRG+10mmPlaat0 564 8,9 3,043 1717 

GRG+15mmPlaat0 545 12,5 3,449 1879 

          

GRR0 635 2,2 2,225 1414 

GRR+5mmPlaat0 583 4,6 2,634 1535 

GRR+10mmPlaat0 560 3,4 3,043 1703 

GRR+15mmPlaat0 558 4,2 3,449 1926 

          

RBB0 874 11,8 2,225 1945 

RBB+5mmPlaat0 909 35,1 2,634 2395 

RBB+10mmPlaat0 1038 20,2 3,043 3157 

RBB+15mmPlaat0 1154 51,5 3,449 3980 

          

RBG0 696 5,1 2,225 1547 

RBG+5mmPlaat0 654 7,8 2,634 1721 

RBG+10mmPlaat0 654 9,2 3,043 1989 

RBG+15mmPlaat0 691 3,4 3,449 2384 

          

RBR0 692 16,4 2,225 1540 

RBR+5mmPlaat0 661 12,2 2,634 1741 

RBR+10mmPlaat0 632 15,5 3,043 1922 

RBR+15mmPlaat0 701 34,8 3,449 2419 

          

RGB0 663 12,7 2,225 1476 

RGB+5mmPlaat0 670 7,9 2,634 1764 

RGB+10mmPlaat0 682 5,1 3,043 2075 

RGB+15mmPlaat0 686 29,7 3,449 2366 

          

RGG0 598 5,2 2,225 1330 

RGG+5mmPlaat0 560 12,7 2,634 1476 

RGG+10mmPlaat0 557 10,4 3,043 1693 

RGG+15mmPlaat0 538 17,7 3,449 1856 

          

RGR0 631 17,3 2,225 1404 

RGR+5mmPlaat0 567 10,5 2,634 1494 

RGR+10mmPlaat0 564 7,7 3,043 1715 

RGR+15mmPlaat0 564 8,4 3,449 1944 

          

RRB0 696 4,9 2,225 1548 

RRB+5mmPlaat0 675 4,0 2,634 1778 
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RRB+10mmPlaat0 719 18,4 3,043 2187 

RRB+15mmPlaat0 724 20,9 3,449 2495 

          

RRG0 646 4,0 2,225 1437 

RRG+5mmPlaat0 594 8,9 2,634 1564 

RRG+10mmPlaat0 543 4,9 3,043 1653 

RRG+15mmPlaat0 547 3,9 3,449 1887 

          

RRR0 630 13,6 2,225 1402 

RRR+5mmPlaat0 587 5,2 2,634 1545 

RRR+10mmPlaat0 571 1,7 3,043 1737 

RRR+15mmPlaat0 566 2,2 3,449 1953 

          

plywood0 2217 0,0 2,225 4933 

plywood+5mmPlaat0 2151 0,0 2,634 5667 

plywood+10mmPlaat0 2158 0,0 3,043 6567 

plywood+15mmPlaat0 2155 0,0 3,449 7432 

          

HippiesHard0 711 5,8 2,225 1583 

HippiesHard+5mmPlaat0 610 3,9 2,634 1606 

HippiesHard+10mmPlaat0 582 10,2 3,043 1770 

HippiesHard+15mmPlaat0 565 5,5 3,449 1950 

          

HippiesSoft0 506 3,8 2,225 1126 

HippiesSoft+5mmPlaat0 459 2,4 2,634 1210 

HippiesSoft+10mmPlaat0 431 2,8 3,043 1311 

HippiesSoft+15mmPlaat0 421 7,9 3,449 1451 

          

MedsorgActive0 413 9,7 2,225 919 

MedsorgActive+5mmPlaat0 435 10,9 2,634 1145 

MedsorgActive+10mmPlaat0 468 25,4 3,043 1423 

MedsorgActive+15mmPlaat0 530 24,1 3,449 1826 

          

MedsorgComfort0 482 10,0 2,225 1073 

MedsorgComfort+5mmPlaat0 451 1,1 2,634 1189 

MedsorgComfort+10mmPlaat0 433 18,5 3,043 1319 

MedsorgComfort+15mmPlaat0 420 21,5 3,449 1448 
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12.4. Appendix D 

12.4.1. Detailed explanation of the Comsol 

model builder. 

The exact Model Builder is shown in Figure 22.  We will 

discuss every node from the top down.  The first node 

shows the name of the model, so the filename that is 

chosen for this model, 2daxis1. The model is axis 

symmetric, which means that the model is shown in 2D. 

This type of model is chosen since it is less heavy to 

calculate for Comsol than a 3D model, but it is more 

accurate than a 2D model. Then, in the Global 

Definitions node, parameters can be described and 

materials can be added. For this model we did not use 

parameters, so that node remains blank. The materials 

will be discussed later on.   The Component node consist 

of five sub nodes and this is the most important part of 

the model.  

  

We skip the first sub node, Definitions, and go on to the 

second sub node, Geometry. In this sub node the 

geometry of the model is determined. In this case, a 

circle and a rectrangle are required. The circle has a 

radius of 50 mm and a sector angle of 90 degrees. This 

will create a quarter of a circle, which will rotate around 

the axis to create a halve sphere. The rectangle, which 

represents the protective pad, has a width of 60 mm and 

a height of 9 mm. This rectangle will also rotate around 

the axis to create a pad of 9 mm thick. The sub node 

Form Assembly is used to make sure that all components 

are treated as separate objects. The Partition Edges sub 

node divides the boundary of the sphere in two parts. 

Also the protective pad is divided into two parts, by the 

use of Layers. Both are further explained at the node 

Mesh.   

 To go back to the Definitions node. In this node the 

variables k(x), alpha, dx and x are defined, which are 

discussed before. The Contact Pair node is very 

important. This defines the existance of contact 

between the hip and the protective pad. Only the 

boundaries that will be in contact should be selected. 

Where the boundary of the hip is the source boundary 

and the boundary of the protective pad is the 

destination boundary. The remaining Boundary System 

node and View node are standard nodes that we did not 

use. Then materials are added. The Steel AISI 4340 Figure 22- Comsol model builder 
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material is a standard material from the Comsol Material Library. Comsol uses the Density, Youngs 

Modulus and Poison ratio from this material in its calculations. The Voiscoelastic Material is a material 

that we defined with values for Density, Bulk Modulus and Shear Modulus, discussed before.     

 

The Solid Mechanics node describes the type of physics that we have chosen for this model. The first 

linear Elastic Material node is used for the protective pad. In these settings  the linear elastic material 

is specified with the Bulk and Shear Moduli. It has a Viscoelasticity sub node, since we are dealing with 

viscoelastic material. The Axial Symmetry node is already discussed in the beginning of this chapter. 

This is a standard node, which is not altered by us.  This also holds for the Free node. The Velocity of 

the hip is -2.2 m/s in the z direction. The Velocity of the protective pad is zero, since it can not move. 

The Prescribed Desplacement of bottom pad is zero. This represents the granit block the hip protector 

is resting on. The Contact node in Solid Mechanics refers to the Contact Pair node in Definitions. In this 

Contact node the previous defined contact pair should be selected to ensure the contact actually is 

recognized by Comsol. The final Linear Elastic Material node refers to the hip, where the material is 

defined by the Density, Youngs Modulus and Poisson’s Ratio. Since this is a elastic material, no 
viscoelastic sub node is added.    

 

The Mesh is very important for the outcome of the 

solver. A coarse mesh will give inaccurate solution, but 

can be solved fast. On the other hand, a very fine mesh 

will give accurate solutions, but it will take a lot of time 

to solve. A combination of the two is preferred. 

Therefore, Partition Edging is used, to divide the 

boundary of the sphere in two meshable parts. The Free 

Triangular node refers to the sphere and the right part 

of the protective pad. The protective pad is also divided 

into two parts, as explained earlier. This means that the 

left part, which is indented by the sphere, will be 

meshed very fine and the right part, which indenting is 

insignificant, will be meshed coarse. The Mapped 

meshing option is used for the left part of the protective 

pad.  The meshed model is shown in Figure 23  

The Study that we uses is a Time Dependent study. In Step 1: Time Dependent, the time range should 

be as follows; range(0,0.001,0.02). The Time-Dependent Solver node also needs some adjustments.  In 

Time Stepping, the initial step size should be decreased between 10-6 and 10-8 s. The maximum step 

size should be around 10-1 s. These factors are not really precise. They require tweaking to obtain the 

optimal model. We use the Generalized Alpha solver method, which is recommended for structural 

dynamics problems. Step taken by solver should be intermediate. The other sub nodes in the study 

node are default. Lastly, the Results node. A plot group should be added to plot the desired outcome. 

This can be done in a 1D, 2D or 3D plot group. In this case the desired outcomes are acceleration, 

velocity and displacement in the z direction, in a 1D plot. 

 

Figure 23- Geometry of the Comsol model 
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12.5 Appendix E 

12.5.1. Photo of the physical test set-up 

 

 

Red circle   = stack of tested material combinations 

Yellow circle = Competitors’ hip protectors 

Purple circle = Data acquisition device DAQ DT9816-A, with its required amplifier 

Blue circle   = Physical test set-up 

Green circle  = Additional stainless steel plates to increase the impact weight. 
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12.6. Appendix F 

12.6.1 Matlab file 
 

% DIt is een opzet om met de zwing-val-proef-meetsysteem de eigenschappen 
% van visco-elastisch materiaal te meten 
% op kanaal 1 staat de Rion versnelleropnemer Gain 1m.sec@ *range 
% op kanaal 2 de TE sensor 
hfile = 'horn.wav'; 
[yh, Fswavh] = audioread(hfile); 
bfile='DingDong.wav'; 
[yb,Fswavb]=audioread(bfile); 
% sound(y, Fswav); 
RangeRion=1000; 
SensTEsensor=10.85e-3/9.8   % sensitivity 10.85 mv/g =1.107e-3 V/m/sec^2 
disp([ 'CHECK GAIN RION AMPLIFIER   = ' num2str(RangeRion) '   ????']) 
Grav=9.8;    % [m/sec^2] 
GainAr=[1/RangeRion SensTEsensor]; 
if (~isempty(daqfind)) 
stop(daqfind) 
end 
warning('off') 
options = optimset('Display','off'); 
daqregister('dtol'); 

  
 ai0 = analoginput('dtol', 0); 
 ai0.InputType='SingleEnded'; 
 NChan=2; 
 for k=1:NChan 
    chan0(k)=k-1; 
 end 
 addchannel(ai0,chan0); 
for k=1:NChan 
    ai0.channel(k).Coupling = 'AC'; 
end     
set(ai0, 'SamplesPerTrigger', inf); 
set(ai0, 'BufferingMode', 'Auto'); 
set(ai0, 'TriggerType', 'Immediate'); 
% nog even de DT9837A laten wennen aan de instelling 
Fs=50000; 
set(ai0, 'SampleRate', Fs);  
start(ai0); % a short time data-acq. for loading the input capacitor 
    pause(0.5); 
    ai0; 
stop(ai0) 
Nmaxbuff=2^22; 
Tbuf=Nmaxbuff/Fs; 
% nu is de DT9837A klaar om te meten 
% Nu de settings middels class  SETTINGS....... 
Tvenster=20.e-3 
Ttussen2metingen=20;    % tussen twee metingen 
offset=100; 
Tijdblok=1; 
Triggerlevel=0.1; 
SETTINGS.Tvenster=Tvenster; 
SETTINGS.offset=offset;                      
SETTINGS.Tijdblok=Tijdblok; 
SETTINGS.Triggerlevel=Triggerlevel; 
SETTINGS.Fs=Fs; 
SETTINGS.GainAr=GainAr; 
EndMeas=1; 
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while EndMeas > 0 
    sound(y, Fswav) 
    SampleCode=char; 
    SampleCode=input('Samenstelling materiaal ( tussen apostr) : '); 
    close all 

     
    if strcmp(SampleCode,'999') ||  strcmp(SampleCode,'END'); 
        EndMeas=0;         
    else 
        Nsamples=input('Aantal herhalingen van metingen: '); 
        if Nsamples <1 
            return 
        end 
        Artotaal=[]; 
        Tmomentmeting=zeros(1,Nsamples); 
        for ksamp=1:Nsamples 
            Tmomentmeting(ksamp)=now; 
%             StartMeting=input('Start Meting :'); 
            sound(yb,Fswavb); 
            pause(1); 

  
            %           start(ai0); 
            ArOut=Comfdatabew(ai0,NChan,SETTINGS,ksamp); 
            %           stop(ai0); 
            [lk,lr]=size(ArOut); 
            t=(0:1:(lk-1))/Fs; 
            figure(2); 
            for kpl=1:NChan 
                Gain=GainAr(kpl); 
                for kk=1:lk; 
                    Artotaal(kk,ksamp,kpl)=ArOut(kk,kpl)/Gain; 
                end 
                subplot(NChan,1,kpl); 
                plot(t,ArOut(:,kpl));grid,shg 
                hold on 
            end 
        end; 
        hold off 
       H3=figure(3) 
        for kpl=1:NChan 
            subplot(NChan,1,kpl); 
            plot(t,Artotaal(:,:,kpl));grid,shg 
            title([SampleCode '  ' datestr(Tmomentmeting(1)) ' Chan :' 

num2str(kpl)]); 
            xlabel('Time    [ sec] '); 
            ylabel('Acceleration    m/sec^2'); 
%             v=axis;v(3)=0;axis(v); 
        end   
        filename=SampleCode; 
    Volgnr=0; 
    Matsave=0; 
    while Matsave == 0; 
        if exist([filename num2str(Volgnr) '.mat']) == 2 
            Volgnr=Volgnr+1; 
        else 
            save([filename num2str(Volgnr)]); 
            Matsave=1; 
        end 
        saveas(H3,[filename num2str(Volgnr)],'fig'); 
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    end 
    pause(Ttussen2metingen); 
    end 
%     filename=SampleCode; 
%     Volgnr=0; 
%     Matsave=0; 
%     while Matsave == 0; 
%         if exist([filename num2str(Volgnr) '.mat']) == 1 
%             Volgnr=+Volgnr+1; 
%         else 
%             save([filename num2str(Volgnr)]); 
%             Matsave=1; 
%         end 
%     end 

 

 

 

 

 

 

 

 

 

 

 

 


