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Abstract 

Falls and fall-related injuries are crucial health problems among older adults, and 

hip protectors are designed to reduce fall-related injuries in this population. This thesis 

explores the technology of inflatable hip protectors with the aim to provide insight for 

future designers and manufacturers of these devices. The thesis comprises two studies. In 

the first, a mathematical model of an inflatable hip protector is developed. For system 

identification, a prototype of an inflatable hip protector is fabricated, and tested with an 

electromagnetic shaker. In the second study, a pelvis release experimental configuration is 

investigated to determine the effectiveness of inflatable hip protectors compared with 

commercially available hip protectors. Results suggest that airbags of moderate size – 20 

cm x 10 cm – provide over three times the force attenuation of current passive devices. 

These results support ongoing efforts to develop inflatable hip protectors for older adults 

who are at high risk for falls and hip fracture. 

Keywords: Hip fracture, Inflatable hip protectors; Modelling; Biomechanical 

effectiveness 
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1: Introduction 

Fall-related injuries such as bone fracture, subdural hematoma, soft tissue injury, 

and head injury pose serious health problems for older adults. These injuries reduce 

seniors’ quality of life, often leading to chronic pain, dependence on others for daily 

activities, disability, and fatality [1]. Approximately one-third of those over 65 

experience a fall at least once a year [2], and falls are recurring in half of those cases [3]. 

This statistic translates to nearly 1.4 million seniors in Canada who fell at least once in 

2005, and the number of such seniors is projected to increase 2.35-fold by 2036 [4]. It is 

projected that by 2031, 24% of the Canadian population will be over 65, and it is 

estimated that nearly $4.4 billion dollars will be needed to cover the costs of their fall-

induced injuries [5].  

Among fall-related injuries, hip fracture has some of the most severe 

consequences. Nearly 20% of old people hospitalized for a hip fracture die within a year 

after the incident, and about 50% suffer from chronic consequences of hip fracture. The 

survivors are reported to become highly dependent on others for their basic daily 

activities [6, 7], resulting in significant decline in mobility, physical activity, and social 

interaction [8]. In other cases, even if a fall does not lead to significant injury, the 

affected senior may suffer from psychological trauma and renewed fear of falling, forcing 

him or her to be especially cautious in daily activities and to restrict routine daily 

activities [9]. Considerable growth in the senior population in Canada has resulted in an 
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exponential increase in the occurrence of hip fractures, creating an urgency in the battle 

to prevent hip fracture [10, 11].  

1.1 Approaches to decreasing the risk of hip fracture  

Considering the serious consequences of hip fracture, researchers of diverse 

backgrounds have investigated various approaches for countering the problem. For 

example, the emphasis by nutritionists, physicians and pharmacologists is to reduce the 

risk of hip fracture by focusing on enhancing the bone mineral density (BMD) and 

preventing bone loss. These investigations are important since statistical studies suggest 

that one in two women and one in five men over 50 will experience a fracture brought on 

by osteoporosis [12]. Nutritionists recommend a specific intake of calcium and protein as 

a potential solution [13], while research suggests that collective intake of vitamins such 

as vitamin D helps maintain bone heath [14]. Moreover, pharmacologists have proposed 

some medical intervention techniques such as parathyroid hormones, estrogen 

replacement therapy and oral strontium ranelate to increase bone density and, 

consequently, reduce the risk of hip fracture [15]. 

Biomechanics experts have also tried to prevent hip fracture through 

biomechanical interventions. Compliant floors in high-risk environments such as senior 

centers are an example of such interventions that have led to promising outcomes [16]. In 

addition, hip protectors represent a valuable biomechanical intervention to reduce facture 

risk of the proximal femur. These devices are typically made from plastic shields or foam 

pads placed over the greater trochanter (Figure 1- 2 and Figure 1- 2). Many studies report 

the use of hip protectors as a low-cost and effective way to prevent or reduce the 
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incidence of hip fractures in seniors in residential care services – like chronic care 

facilities, nursing homes, and homes for seniors [18]. Calculations show that use of hip 

protectors by 1,000 nursing home residents can prevent 27 hip fractures per year, 

amounting to a saving of approximately $270,000 [19]. Hip protectors are worn as a belt, 

or as a device under a skirt or pants [17]. The length, width, and thickness of passive hip 

protectors usually measure around 20 cm, 10 cm, and 5 cm. They are designed to cover 

the proximal femur, and are intended to absorb part of the energy of an impact to the hip 

or shunt the energy of the impact away from the greater trochanter to the soft tissues 

around the proximal femur.  

A major drawback of hip protectors is, the elderly are reluctant to accept and use 

them. According to Patel et al., (2003), only a minority of older women in high-risk 

environments wear hip protectors [20]. The reasons people give for refusing to wear hip 

protectors are that the devices feel uncomfortable, they affect personal appearance, and 

more importantly, they may not actually prevent fracture during a fall.  

 

 

 

 

 

 

 

Figure 1- 1: Passive hip protectors are made from plastic shields or foam pads placed over the greater 

trochanter. [http://www.activemobility.co.uk] 
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Figure 1- 2: 26 kinds of commercially available passive hip protector [23] 
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1.1.1 Inflatable hip protectors; challenges and rewards 

Inflatable hip protectors are in principle similar to conventional automotive airbag 

systems. They consist of a folded bag that can be rapidly filled with air or other suitable 

gas [21], and an inflator that causes the bag to deploy. The design complexity of 

inflatable hip protections increases their overall cost compared with commercially 

available hip protectors. To be successfully marketed therefore, the performance of the 

inflatable devices must be substantially better than the commercially available units.  

Although inflatable hip protectors are similar in principle to automotive airbags, 

certain design and deployment differences mark them apart. In automotive airbag 

systems, the accident detection is based on impact and acceleration sensors. The output of 

these sensors is processed with a microcontroller in real-time, and a signal is generated 

for the airbag deployment unit when a crash is detected. The airbag inflation begins by 

reacting sodium azide (NaN3) with potassium nitrate (KNO3), which releases hot 

nitrogen, which fills the airbag in only one-twenty-fifth of a second. Although this 

technology has been adopted successfully in the automotive industry, it cannot be used 

directly in wearable airbag applications. One reason is that the excessive heat generated 

as a result of chemical reaction during airbag deployment is not acceptable. In fact, the 

heat thus generated has caused injury to the body in some automotive applications, where 

all the reactions are confined and kept remote from the passengers. Using compressed gas 

such as CO2 is another option, one that avoids the drawbacks of the automotive airbags. 

The first inflatable device to serve as a hip fracture protector is an airbag that was 

designed and marketed in Japan in 2008 [22]. The airbag is wearable, uses compressed 

air for inflation, and can be fully deployed in 0.1 seconds – meaning the time interval 
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between fall detection and airbag deployment. This airbag weighs 2.5 lb (1.1kg), and 

costs at least £700 (Figure 1- 4).  

 

  

 

 

 

 

 

 

1.2 Risk factor 

As discussed already, hip protectors are designed to absorb and shunt fall-induced 

energy to protect the femur. Two parameters determine the risk of hip fracture, or 

indicate the so-called risk factor: (1) the magnitude of the applied force, and (2) the femur 

strength [24]. The risk factor can be defined as (Figure 1- 4): 

             
             

                                
 

 

 

Figure 1- 3: The only available human airbag to prevent fall-related fractures, [http://www.dailymail.co.uk] 
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In order to design an efficient hip protector, a thorough understanding of  

To determine the risk factor, therefore, we need to know the mechanical 

characteristics, or bone strength, of the femur, and the impact force. 

1.3 Bone strength  

Bone strength means the ability of a bone to tolerate loads. Generally, bone 

fracture occurs when the applied force is higher than the ultimate strength of the bone. 

Structural properties of bone such as mass, size, architecture, and surrounding tissue 

contribute greatly to bone strength, while trauma, aging and disease can also affect it 

[25].  

The biomechanical properties of bones can be determined by mechanical 

experiments; bone samples are secured in an appropriate fixture and sample deflection is 

measured under loading conditions. The type of loading can be either tension, 

compression, bending, or torsion. 

Many studies suggest a linear stress and strain relationship for bone structure in 

the beginning stage of loading; however, as the stress value increases, bone exhibits 

nonlinear characteristics. The transition between the linear and nonlinear behaviour 

occurs at the bone yield stress. In other words, yield stress divides the elastic region 

 

Figure 1- 4: The impact force applies on the femur, and the fracture occurs mostly at proximal femur 
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(linear part) from the plastic region (nonlinear part). The point where the fracture 

ultimately occurs is called the failure point (Figure 1- 5) [26, 27, 28].  

 

 

 

 

 

 

 

In addition to producing mechanical stress-strain curves, other techniques are 

available to determine the risk factor. Toughness, defined as the energy absorbed by bone 

before its failure, can serve as another criterion for risk [29]. Moreover, for studying a 

rate-dependent material such as bone in a high-rate loading scenario similar to an actual 

fall, the impulse response is a more relevant approach for identifying ultimate strength 

[30]. 

1.3.1 The factors that contribute to ultimate bone strength 

Bone strength depends strongly on age and sex of the patient, and on load 

direction and to a lesser extent load rating. Robinovitch et al. (2009) reviewed and 

summarized the results of 16 studies concerning cadaveric proximal femora strength. The 

 

Figure 1- 5: Load-displacement behaviour; the stiffness is determined from the initial linear region; 

yield is the transition from linear to nonlinear behaviour; toughness is the shaded area. 

 
 
 

Fig. 
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results are summarized in Table 1- 1; they reveal the importance of effective parameters 

in bone strength [31].  

Lotz and Hayes (1990) conducted in-vitro experiments, independent of gender, 

with twelve pairs of fresh cadaveric proximal femurs; they reported ultimate strength 

ranging from 778 to 4040 N, mean 2110 N and Standard Deviation (SD) 1060 N [32]. 

Courtney et al. (1995) focused on the factors of age and loading rate. Concerning loading 

rate, their results suggest that for samples from both the elderly (mean age 73.5 and 7.4 

(SD)) and young people (mean age 32.7 and 12.8 (SD) years), a higher loading rate (100 

m/s versus 2 mm/s) increases the fracture strength by 20% . Moreover, age was found to 

be an important factor. For the elderly specimens, the fracture strengths were reported as 

3440 and1330 (SD) (N) for a loading rate of 2 mm/s and, 4140 and1300 (SD) (N) for a 

loading rate of 100 mm/s; for the youth specimens and the same loading rates, the 

fracture strengths were 7200 and 1090 (SD), and 7800 and 1400 (SD), respectively [33]. 

Pinilla et al. (1996) investigated the importance of direction of applied force. Using a 

displacement rate of 100 mm/s, they showed that the load decreased by 24% due to an 

increase in loading angle from 0° to 30° on a femur neck; 4050 (SD 900) in, 3820 (SD 

910) in 15
o
 and 3060 (SD 890) in 30

o
 to simulate forward, sideways and backward 

fallings respectively [34]. Pullkenin et al. (2006), studying the influence of gender on the 

peak force, examined 140 older cadavers of 77 females and 63 males. Their results 

suggest that the ultimate strength of the male specimen is 1.5 times greater than that of 

the female specimen [35]. 
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1.4 Impact force 

The magnitude of impact force is a key factor in a risk factor calculation and 

assessment of the biomechanical effectiveness of hip protectors. The magnitudes of the 

impact force reported in the literature are conjectural, because it is unethical to conduct 

in-vivo experiments. Such uncertainty among the reported magnitudes of impact force 

arises from both soft tissues around the hip and impact location, and direction [36]. For 

example, Nanakaku et al. (2005) reported the average of impact force on a 13-cm foam 

mattress for self-initiated side-way falls as 2252 N (442 SD), postero-lateral falls as 2498 

N (457 SD), and posterior falls as 3247 N (587 SD) [37]. 

A proper mathematical model of a hip can be used as an alternative approach to 

predict the peak force magnitude. Such a model requires an adequate understanding of 

the biomechanics of falling to determine impact velocity, as well as authentic 

experimental data to identify model parameters such as effective mass, stiffness, and 

damping. For example, Robinovitch et al. (1997) identified parameters for different 

lumped parameter models – standard linear solid, Voigt, Maxwell, and spring – based on 

step response of a surrogate human pelvis/impact pendulum system of the force level 

between 50 and 350 N. They compared the prediction of the proposed models with the 

real situation through impact experiments in which the velocity of impact varied from 

1.16 to 2.58 m/s and the corresponding measured impact forces were 1700 N and 5600 N, 

respectively. They realized that the mass-spring, Maxwell, and standard linear solid 

lumped parameters can predict the measured impact force with less than 3% error [38]. 
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1.5 Thesis objectives 

The goal of this study is, first, to drive a reliable mathematical model for 

inflatable hip protectors, and second, to develop and test the force attenuation, or 

biomechanical effectiveness, provided by inflatable hip protectors having different 

surface areas and inflation pressures. 

Chapter 2 is allocated to mathematical modeling of an inflatable hip protector. To 

this end, the mathematical model of the system is derived based on the polytropic process 

equations, and the model is then validated through vibration experiments.  

In Chapter 3 I describe the fabrication of inflatable hip protectors prototypes in 

three different sizes: small, medium, and large. Then I derive mechanical properties – 

stiffness and damping – of the prototypes with different experimental setups (inverted 

pendulum) and assess the proposed mathematical modeling described in Chapter 2.  

In Chapter 4, I investigate the influence of geometry on force attenuation provided 

by inflatable hip protectors compared with that of commercially available padded hip 

protectors. For this purpose I used the Simon Fraser fall simulator setup in Injury 

Prevention and Mobility Laboratory. 

1.6 Research novelty 

Mathematical modeling and fabrication of inflatable hip protectors inspired from 

airspring systems is part of the novelty of this study. In this research I investigate the 

feasibility of using such complex hip protectors instead of passive padded units by 

examining their biomechanical effectiveness. In other words, results of this study are 
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expected to indicate the justification for supporting ongoing efforts to develop and 

implement inflatable hip protectors for older adults who are at high risk for falls and hip 

fracture.  

 

 

 

 

 

 

 

 

 

 

 

 

 

lib m-scan3
Typewritten Text
12



 

13 
 

2: Mechanical Modelling of Inflatable Hip Protectors 

Systems modeling and analysis are tools used in most engineering disciplines 

[39]. It provides insight into system characteristics and helps engineers investigate and 

better understand the parameters for predicting an output without conducting tests. 

An inflatable hip protector is a multivariable and complex system. For systems 

like this, detailed models do not generally provide a clear understanding of the effects of 

various parameters on system behavior. A common approach in modeling these systems 

is to neglect the least important parameters by making valid assumptions and simplifying 

the overall system into a realistic model by describing it in terms of the parameters that 

most affect the system. On the other hand, making unrealistic assumptions and 

disregarding many parameters in the system affect the accuracy of the model and make it 

incapable of capturing the essential behavior of the system. A fair balance between the 

complexity and accuracy of the model must therefore be determined.  

In this Chapter I obtain a mathematical model of inflatable hip protectors based on 

valid assumptions used for modeling similar systems. To accomplish this goal, I take 

advantage of previous studies on airsprings that are highly similar to airbag systems. 

Then the model is validated through experiments.  

In terms of mathematical modeling, there are many similarities between airspring 

systems used in trucks and heavy vehicles and inflatable hip protectors. As indicated in 
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Figure 2- 1, both systems consist of a flexible membrane for capturing pressurized air to 

attenuate applied dynamic forces.  

 

(A) 

 

(B)  

Figure 2- 1: General configuration of inflatable hip protectors and an airspring [41, 42]. 

 

Inflatable hip protectors consist of three main elements: an inflator, a bag, and a 

vent (Figure 2- 1). The impact force in the vertical direction (shown as x) causes the bag 

to deflate. In this airbag, the inflator produces gas when a fall is detected. 
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Simultaneously, the vent allows the air outflow to damp the high internal energy, to 

prevent of hip fracture [40]. The airspring system consists of a bag, a reservoir, and an 

orifice with the same functions as bag, inflator, and vent, respectively.  

2.1 Mathematical modeling of airspring systems 

Both systems also undergo the same thermodynamic process, or polytropic 

process, which is 

              (2- 1) 

where P and V are the pressure and volume of the air inside the bag [42]. In equation (2-

1) the polytropic index (n) can take any real number, depending on the process. For 

certain values of the polytropic index, the equation represents common thermodynamic 

processes. For example, n equaling 0, 1, and infinity results in isobaric (constant 

pressure), isothermal (constant temperature), and isochoric processes, respectively. In the 

case where the system does not exchange heat with the surrounding, n = γ, where γ 

represents the adiabatic index and can be defined as  

 
  

  

  
 

(2- 2) 

 

where    and    are specific heats of the gas inside the inflated airbag at constant 

pressure and volume, respectively [43]. 

 In dynamic processes, the rate of the process determines the type of polytropic 

system. For example, if the process is very slow, the system is able to exchange heat with 

the environment and the temperature remains constant (isothermal). On the other hand, if 
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the process is very fast, the system does not have sufficient time to exchange energy with 

the environment and, therefore, the process is closer to adiabatic. In that case, n is a 

function of the frequency of the gas expansion and compression, which generally varies 

between 1 (isothermal) and   (adiabatic). For simplicity, in our studies a fixed number is 

used for n based on the fact that the system undergoes an adiabatic process. In addition, it 

is assumed that high-frequency dynamic processes for the airbag system occur at more 

than 0.2 Hz. As a result, the processes for those frequencies can be considered adiabatic 

because the system develops so quickly that the heat generated due to air compression 

and expansion has little time to exchange between the system and the environment – an 

adiabatic process in which n=   [44]. In fact, the impact force from falls occurs in less 

than 1 sec, and can be considered a high-frequency process [45].  

The airspring and inflatable hip protector systems shown in Figure 2- 1 can also 

be presented by the simplified configuration shown in Figure 2- 2. In the new 

configuration, the effective area of the airbag during impact is modeled by the area at the 

top of the bag. Moreover, the vent is modeled as a valve so that the mass flow can be 

studied and measured as a separate parameter. The new model makes it easier to 

comprehend the mathematical modeling of the airbag. 

The equation governing the system based on the adiabatic process for an ideal gas 

is ([42]) 

 
      

 

  
            

  
(2- 3) 
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Figure 2- 2: Simplified configuration of an airspring or vented inflatable hip protectors 

where V0, P0 and    represent the initial volume, pressure, and density, respectively, and 

   represents the variation of volume with respect to displacement; that is,  

     
  

  
 

(2- 4) 

 

and mass Q represents the flow of air from the membrane, which is 

             (2- 5) 

where Qin and Qout represent inflowing and outflowing mass flow, respectively. Equation 

(2- 3) can be written in the form 

 
     

      

          
 
 

 
(2- 6) 

For a small displacement, meaning      , (2-5) can be simplified using Taylor series 

expansion: 
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(2- 7) 

At the same time, the dynamic reaction force (Fr) of the airbag, from where the 

impact is induced, can be determined as  

                             (2- 8) 

where          is a static part of the reaction force and is equal to 

                           
 (2- 9) 

Therefore, 

                                 (2- 10) 

where Ax is the variation of effective area with respect to displacement (   
   

  
 ) 

Consequently, after substituting equation (2- 7) into (2- 10) , we have 

     
       

  
    

 

    
                  

(2- 11) 

To simplify the mathematical model, new parameters are defined as  

 
  

 

    
 

(2- 12) 

 
   

       
  

 
(2- 13) 

                (2- 14) 
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Thus, equation (2- 11) can be rewritten as 

                (2- 15) 

In addition, the equation for the mass flow rate through the vent is  

 
   

      
 

 
(2- 16) 

 

where R is the vent resistance. Substituting equation (2- 7) into (2- 16) results in 

 
              

     
  

     
 

    
    

(2- 17) 

 

Using the parameters defined in equations (2- 12) to (2- 14), equation (2-16) becomes 

                (2- 18) 

where 

                (2- 19) 

           (2- 20) 

 

and where   , as shown in equation (2- 12), is related to the effective area and the rate 

flow. This means that the flow rate    depends on the area of the vent and the inside 

pressure.  

According to equations (2- 15) and (2- 18), the lumped-parameter model of the 

system consists of two springs. The first spring reflects the geometric changes, and the 
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second represents the effect of initial pressure inside the airbag. Figure 2-4: shows the 

lumped parameter model of the system. In this model, the damping is the result of the 

loss of the air momentum inside the bag due to the mass outflow. Other energy losses, 

such as heat generation, are neglected in this model [42, 46, 47]. 

2.2 Mathematical modeling of inflated inflatable hip protectors 

In a simplified case the inflatable hip protector does not have a vent, so to obtain 

its mathematical equation we need only eliminate the effect of vent in the vented model. 

Therefore, equation (2- 3) becomes  

         
  (2- 21) 

Subsequently, the reaction force of the system is 

 
    

       
  

                 
(2- 22) 

It can also be concluded that  

 

 

   
       

  
               

(2- 23) 

 

Equations (2- 22) and (2- 23) suggest that the stiffness is highly related to 

geometrical parameters – volume and effective area – and to initial pressure inside the 

bag for both vented and unvented inflatable hip protectors. The only significant 

difference is the loss of energy in the vented system. This model will be validated 

experimentally.  
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2.2.1 Geometric parameters; effective area and volume change rate 

According to the models, the effective area or load-carrying area is an important 

geometric parameter which plays an important role in the performance of the airbag, and 

it should be precisely determined for dynamic analysis. The role of the effective area can 

be simulated by a piston with the same cross sectional area (Figure 2- 2). The effective 

area of an airbag system can be obtained experimentally by dividing the applied force on 

the airbag by its pressure (gauge) [46] 

 
   

  
  

 
(2- 24) 

 

AV can also be calculated from equations (2- 13) and (2- 24) by substituting 

effective area and stiffness [46]. 

 

Figure 2-4: Lumped parameter model of vented 

airbag and airspring systems [47]

  

 

Figure 2- 4: Lumped parameter model of inflated 

airbag system without vent 
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(2- 25) 

 

2.3 Experimental analysis 

Experimental analyses are essential for parameter identification that is effective 

area, and validating the theoretical models and simulations. In our experiments, an 

electromagnetic shaker (LDS- V406) is used to produce accurate and repeatable 

displacement excitations at a given frequency. This actuator is controlled by LASERUSB 

with 24-bit precision, as shown in Figure 2- 5. The controller enables various dynamic 

tests such as sweep sinusoidal excitation for frequencies over 5 Hz. The experimental 

tests are conducted in the frequency range 5 to 25 Hz valid for inflatable hip protectors 

modeling, whereas the natural frequency of the hip which is around 6 Hz and falls into 

this range of frequency [48]. A load cell (Kistlet Model 9712A5000) is used to measure 

the transmitted force. Also, a LVDT (Linear Variable Differential Transformer) is used to 

measure the shaker displacement. The experimental arrangement is also instrumented 

with two pressure sensors. One of the pressure sensors has a low range (0-5 PSI) to 

achieve the high accuracy required to record the initial pressure (Model ASDX005, 

SenSym ICT), while the other sensor has a higher range (0-100 PSI) to measure dynamic 

pressure (Model DPX 101, OMEGA Company). A custom made manifold is fabricated to 

connect the airbag system to compressed air, and a valve is placed to connect and 

disconnect the compressor. 
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Figure 2- 5: LaserUSB system which has a USB 2.0 interface for easy PC connectivity 

 

Figure 2- 6: The setup utilized to study an inflatable hip protector 

Only unvented inflated inflatable hip protectors were tested. Theoretically, the 

system is expected to behave like a spring, with the damping negligible due to high 

frequency of excitation, which exceeds 5 Hz, meaning the heat exchange of the bag (due 
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do contraction and expansion of the air inside the bag) and the surrounding environment 

is negligible.  

2.3.1 Experimental results 

The main objective of the experimental modeling is parameter identification. As 

already noted, the effective airbag area parameter should be determined experimentally. 

In this experiment, we investigated the roles of several parameters such as displacement, 

frequency and initial pressure on the effective area. According to the experimental 

results, the effective area depends merely on displacement amplitude, with the 

contributions of frequency and initial pressure negligible (Figure 2- 7 and Figure 2- 8). 

 We used Bode plots to observe the behaviour of the system, which is an effective 

approach to study frequency response. These plots are in log-log format, and the shape of 

gains and phase plots represents system behaviour [49]. For example, constant gain with 

zero phase represents the behaviour of a pure spring. If a source of energy loss exists, 

then the Bode plot is a straight line at low frequencies, which gradually becomes a line of 

20 dB slope. The phase shift of the system between the low and high frequencies is 90 

degree. Figure 2- 9 to Figure 2- 13 represent the Bode plots of the system under different 

displacement amplitude excitations; as indicated, the corresponding bode plots suggest 

that the system behaves like a spring, and the damping of the system is almost negligible.  

The experimental results confirm that the airbag behaves like a spring. The 

approximately zero phase changes in those graphs also suggest that the damping 

coefficient is negligible. According to Figure 2- 14, the stiffness of the spring can be 

considered linear, and is function of initial pressure inside the bag.  
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Figure 2- 7: Data suggest that the effective area depends on displacement (Ae) measured by ration of gauge 

pressure and reaction force (   
 

  
).  

 

Figure 2- 8: Effective area is independent of pressure and frequency 
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Figure 2- 9: Bode plot while the amplitude of displacement is 2.5 (mm) 

 

Figure 2- 10: Bode plot while the amplitude of displacement is 3.5 (mm) 
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Figure 2- 11: Bode plot while the amplitude of displacement is 4.5 (mm) 

 

Figure 2- 12: Bode plot while the amplitude of displacement is 5.5 (mm)  
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Figure 2- 13: Bode plot while the amplitude of displacement is 6.5 (mm) 

 

Figure 2- 14: Relation of stiffness with displacement and initial pressure 
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To determine AV, we used experimental results and equation (2- 23). The results are 

summarized in Table 2- 1. The data suggest that Av is almost 10 times smaller than Ae, 

indicating the probability of membrane bulging during dynamic loading – as was seen 

during experiments.  

Table 2- 1: The calculated magnitudes of AV, through experimental data and equation (2- 23) in amplitude 

of 4.5 (mm)  

Initial Pressure (kPa) Stiffness (N/m) Ae (cm
2
) AV (cm

2
) 

0.5 800 58 5 

1 1200 58 5.5 

1.5 1500 58 6.5 

2.4 Conclusion 

The experimental results lead to the conclusion that the spring model shown in 

Figure 2- 4: is a realistic model that describes the mechanical behaviour of the inflatable 

hip protector, while the damping of the system is negligible. The magnitude of stiffness 

can be determined by vibration test analysis. 

The stiffness of the unvented inflatable hip protectors is a function of initial 

pressure and of the airbag geometry. In addition, the system under operating conditions 

behaves almost linearly (Figure 2- 14).  
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3: Biomechanical Effectiveness of Inflatable Hip Protectors of 

Different Sizes 

Wearable hip protectors, being padded garments, are a promising approach to hip 

fracture prevention. These devices reduce risk of fracture by attenuating the impact force 

applied to the proximal femur during a fall. They are made from either soft or hard foam 

rubber or plastic materials. Soft-shell hip protectors reduce the force applied to the 

proximal femur by decreasing the local stiffness over the greater trochanter and absorbing 

impact energy. In contrast, hard-shell hip protectors shunt energy away from proximal 

femur and into the surrounding soft tissues, where it can be safely absorbed ([52] , [53]). 

The biomechanical effectiveness of, or force reduction provided by, such products 

depends on their geometry – for example, surface area and thickness – and material 

properties [51], as well as on external factors such as impact velocity, soft tissue 

properties, and pelvic surface geometry ([17], [53], [54]). Using the hip impact simulator 

at Simon Fraser University, Laing et al. in 2011 [51] conducted a comprehensive 

comparison of the biomechanical effectiveness of 26 commercially available hip 

protectors. They simulated three different fall severities by adjusting the impact velocity 

to 2, 3, and 4 m/s, and found that at an impact velocity of 3 m/s, the biomechanical 

effectiveness ranged from 2.5% to 40%. At 2 ms, the best available hip protector 

provided 48.3% force attenuation, with an average force attenuation of 20.2%.  

It is likely that inflatable hip protectors would provide considerably greater force 

attenuation than current passive devices. Due to their more complex design and 
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fabrication challenges, and likely their cost to consumers, they must provide considerably 

more protection than do currently available devices, to justify the feasibility of this 

option. In this chapter, I examine the biomechanical effectiveness of inflatable hip 

protectors using the Simon Fraser University fall impact simulator. I also examine how 

biomechanical effectiveness is influenced by inflatable hip protector geometry, initial 

pressure, and impact velocity. These laboratory studies provide needed evidence of the 

biomechanical advantage of inflatable hip protectors over commercially available passive 

devices. 

I first describe the Simon Fraser University fall impact simulator, and then 

describe the prototype manufacture and testing of three inflatable hip protectors of 

different sizes. Next I describe measures to characterize mechanical properties – stiffness 

and damping – and force attenuation provided by each device, and discuss the results. 

3.1 Fall impact simulator configuration 

The Simon Fraser University fall impact simulator consists of a pendulum and 

surrogate pelvis released by an electromagnet from different initial angles of inclination, 

simulating different fall heights, to hit the ground horizontally, as shown in Figure 3- 1. 

The surrogate pelvis comprises foam-rubber soft tissues and an instrumented proximal 

femur (Sawbones, Vashon, WA, USA). Surface geometry and local variation in soft 

tissue stiffness match average measurements from older women to within one standard 

deviation. The surrogate pelvis is connected to the pendulum via leaf springs that 

simulate the compliance of the pelvis. 
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Impact velocity is varied by adjusting the angle of the pendulum before release, 

and is measured by a rotary variable inductance transducer (Shaevitz RVIT 15-1201). 

The force applied to the femoral neck is measured by a load cell (Kistler Model 

9712A5000, Amherst, NY, USA), and the total impact force is measured with a force 

plate (model 2535-08, Bertec Corp., Columbus, OH, USA).  

The surrogate pelvis itself consists of a simulated proximal femur and bonded 

layers of foam rubber, simulating the soft tissues – skin, fat, and muscle – surrounding 

the bones of the femur and pelvis. The material, thickness, and shape of the layers were 

chosen to match the stiffness and geometry of an old person’s hips, as reported by Laing 

et al. ([53].). Moreover, the stiffness of pelvis, trunk and lower extremities is simulated 

through a leaf spring located between the surrogate pelvis and the pendulum, producing a 

total effective stiffness of 42.2 kN/m ([55], [56]). The effective mass of the pendulum is 

28 kg, close to the average reported effective mass of young adults measured during side-

way falls [55].  

The inflatable hip protector is mounted on the force plate as depicted in Figure 3- 

2 and Figure 3- 3. It is connected via tubes to a pressure sensor (range 0-5 PSI, Model 

ASDX005, SenSym ICT) that records the initial inflation pressure, and to an air 

compressor. The inflatable hip protectors being studied were made of a type of non-

elastic vinyl. They were manufactured in small, medium, and large sizes, having 

respective surface dimensions of 105 mm x 110 mm, 145 mm x 140 mm, and 270 mm x 

140 mm, as shown in Figure 3- 4. Fabrication of the prototypes is explained in the next 

chapter.  
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Figure 3- 1: Simon Fraser University hip impact simulator. A surrogate pelvis is mounted on the end of an 

impact pendulum. A load cell located in the femoral neck measures the force applied to the 

proximal femur during a simulated sideways fall. 

 

 

Figure 3- 2: Inflatable hip protector mounted on a force plate and connected to a pressure sensor and air 

compressor. 
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Figure 3- 3: Inflatable hip protector and impact pendulum setup in measurements of the biomechanical 

effectiveness of the hip protector. 

 

Figure 3- 4: The inflatable hip protectors examined in this study have surface dimensions of 105 mm x 110 

mm, 145 mm x 140 mm, and 270 mm x 140 mm. 
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3.2 Biomechanical effectiveness of inflatable hip protectors 

In additional experiments, I used the SFU Hip Impact Simulator to measure the 

force attenuation provided by each inflatable hip protector, and a selection of common 

passive hip protectors, under conditions that simulate a sideways fall. In these tests, a 

surrogate pelvis, matching the surface profile and soft tissue properties of older women, 

was attached to the impact pendulum, following the approach used by Laing et al. (2011) 

[49]. I also examined the effect of initial inflation pressure on force attenuation provided 

by each inflatable hip protector. In each condition, I calculated the biomechanical 

effectiveness of each hip protector as 

                           

 
                                                                               

                                        
  

3.2.1 Method 

An initial series of measurements was conducted in the unpadded condition to 

determine whether the peak impact forces were similar to that reported by Laing et al. 

(2011) [51]. Table 3- 1 indicates that the data recorded with the current setup matched 

well those obtained by Laing et al.  

Table 3- 1: Calibration of the Hip Impact Simulator, showing peak forces in trials involving impact 

velocities of 1, 2, and 3 m/s that are consistent with those reported by Laing et al., 2011. 

Impact Velocity (m/sec) Force Plate (N) 

 

Load Cell (N) 

  

1 1220 1340 800  745 

2 2150  2170 1500  1380 

3 2850  2925 2050 1960 
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Trials were then conducted with each of three inflatable hip protectors secured 

and centred over the greater trochanter of the surrogate pelvis. The hip protectors were 

completely sealed and the initial pressure was recorded before the pendulum hit the force 

plate. The initial release angle of the pendulum was adjusted to provide an impact 

velocity of either 1, 2, or 3 m/s. Measurements were recorded with the large hip protector 

at impact velocities of 1, 2, and 3 m/s. For the small and medium protectors, 

measurements were acquired for impact velocities of 1 and 2 m/s only, based on the 

concern that an impact velocity of 3 m/s might rupture of the hip protector and damage 

the test system.  

3.2.2 Results and discussion 

Force attenuation for the small inflatable hip protector was observed to be equal 

to the force attenuation provided, on average, by commercially available passive hip 

protectors at an impact velocity of 2 ms (Figure 3- 5). The medium and large inflatable 

protectors provided 1.5 times and 3 times the force attenuation provided on average by 

passive devices. At an impact velocity of 3 m/s, the large inflatable hip protector again 

provided about 3 times the force attenuation of commercially available devices (Figure 3- 

6). 

As shown in Figure 3- 7, in addition to geometry, impact velocity influences force 

attenuation, because the results indicate that force attenuation in the inflatable designs 

increases with increasing impact velocity – contrary to what is observed with passive 

devices. For example, the percentage of force attenuations for large, medium, and small 
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inflatable hip protectors at an impact velocity of 1 m/s are 58%, 29% and 18%, 

respectively, whereas at an impact velocity of 2 m/s, the values increase to 61%, 32.5%, 

and 22.5% , indicating a direct relation between impact velocity and force attenuation. 

As shown in Figure 3- 8, the initial pressure had minimal effect on force 

attenuation. This finding suggests that, so long as there is enough air inside the bag to 

allow for separation of the inflatable hip protector membrane in all directions, the 

protector should provide effective force attenuation.  

Table 3- 2: Measured peak forces in different Inflatable hip protector types 

Impact Velocity 

(m/s) 

Measured peak forces in different Inflatable hip protector types (N)  

 Small Medium Large 

Femur  Force Plate Femur Force Plate Femur Force Plate 

1 661.66 

(SD 7.39) 

1155.3 

(SD 11.89) 

572.67 

(SD 8.28) 

1089.5 

(SD 14.5) 

335.6 

(SD 8.17) 

1017.8 

(SD 32.43) 

2 1196.8 

(SD 8.01) 

1987.8 

(SD 7.36) 

1043 

(SD 8.16) 

1969.5 

(SD 3.83) 

605.33 

(SD 7.23) 

1958 

(SD 25.86) 

3  880.4 

(SD 7.16) 

2660.4 

(SD 7.20) 
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Figure 3- 5: Comparison of the biomechanical effectiveness (attenuation in peak femoral force) at an 

impact velocity of 2 m/s between commercially available hip protectors and inflatable devices. 

SIHP: Small inflatable hip protector under study, MIHP: Medium inflatable hip protector, LIHP: 

Large inflatable hip protector. 
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Figure 3- 6: Comparison of values for biomechanical effectiveness (attenuation in peak femoral force) at an impact 

velocity of 3 m/s between commercially available hip protectors and inflatable devices. Av: Average of 

biomechanical effectiveness of commercially available hip protectors at impact velocity of 3 ms, HIPS, 

HipEase , KPH
®
, are the most efficient types of commercially available hip protectors, LIHP: Large 

inflatable hip protector. 
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Figure 3- 8: Effect of initial pressure on biomechanical efficiency (force attenuation) 

 
 

  

 

Figure 3- 1: Effect of initial pressure on force attenuation of inflatable hip protectors. 
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Figure 3- 7: Effect of surface area and impact velocity on force attenuation.  
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4: Deriving Mechanical Properties of Inflatable Hip Protectors 

of Different Sizes 

In this chapter, first, fabrication of inflatable hip protectors is explained. Then the 

logarithmic decrement method is introduced as an effective way to extract mechanical 

properties – that is, stiffness and damping – of the systems. The procedure for running the 

tests is discussed next, and finally, the experimental results are compared with those of 

the extracted model outlined in Chapter 2.  

4.1 Fabrication of inflatable hip protectors  

I faced two main challenges in fabricating the inflatable hip protectors prototypes. 

First, the prototypes had to possess acceptable and reliable strength to impact forces in 

pelvis release experiments, as a bag explosion during impact test leads to damage to the 

experimental setup. Sturdy bags lower the risk of experimental damage and, more 

importantly, deliver more reliable data for consequent analysis. The second challenge 

was how to maintain a seal on the inflated hip protectors, given that uncontrolled leakage 

hinders data analysis and leads to inaccuracy in results.  

To fabricate prototypes of inflatable hip protectors, different types of plastic bag 

of various thicknesses, and travel inflatable pillows of different materials, were used. The 

strength of the fabricated bags was examined, but it was concluded that plastic could not 

provide the desired tolerance against impact forces; it was not the proper material for this 

application, and bags made from it exploded at very low impact velocities – less than 1 
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m/sec. The same was observed for low-thickness travel pillows. Finally, I used a type of 

U-pattern travel pillow constructed of flocked vinyl. Experiments in pelvis release 

indicated that these are sturdy enough to tolerate impact forces at our desired impact 

velocities. The material provided much more strength than other initially tested materials 

such as plastic bags and some types of travel pillow that exploded in the early stages of 

experimental tests. I cut this U shape travel pillow into the size of my prototypes . 

Sealing of the bag was the most challenging task when fabricating the prototypes, 

because the seal had to be strong and reliable to confine the air in our high impact 

velocity tests. To test the quality of sealing, the pressure inside the bag after each pelvis 

release experiment was examined. I took different approaches to seal the bags, including 

use of different types of glue, including crazy glue and epoxy, but none of these resulted 

in acceptable sealing. I also used hot glue gun plastic, which injects melted plastics to 

enclose and seal the bags. Although these showed good sealing, they could not maintain 

their pressure during a few trials. Then I fabricated two small plates with numerous small 

holes for bolt and screws, to enclose the bags but the sealing system under dynamic tests 

was not successful. Finally, I tried to seal the bag by heating and melting the bag 

membrane. In this approach, I used two irons and sealed the bags by heating two sides of 

the membrane simultaneously until they attached to each other. This method showed 

highly acceptable sealing as well as durability, so it was adopted for fabricating all 

prototypes. 
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Figure 4- 1: U-shape travel pillow used to fabricate inflatable hip protectors prototypes 

4.2 Logarithmic decrement method 

The force versus time curve resulting from each trial was used to determine the 

stiffness and damping of the inflatable hip protector using the logarithmic decrement 

method. First, I calculated the logarithmic decrement, δ, defined by [50]: 

 
     

    

      
  

(4- 1) 

where x is displacement amplitude at time t, and T is the period of oscillation. The 

damping ratio was then given by 

 
  

 

       
 

(4- 2) 

The stiffness K was then determined from 

            (4- 3) 
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Figure 4- 2: Parameter definition used in logarithmic decrement method to determine mechanical properties 

of the system [50]. 

where      
   is the natural frequency and    is the damped natural frequency. 

Consequently, damping constant B can be determined from 

         (4- 4) 

4.3 Experimental procedure 

The goal of these experiments was to measure the mechanical behaviour of the 

inflatable hip protector isolated from the underlying soft tissues. This study is important 

to assess the proposed mathematical model derived in Chapter 2. Accordingly, the 

surrogate pelvis (described in Chapter 3) was removed, and the impact pendulum, with 

effective mass 26 kg, was placed directly on top of the inflatable hip protector. Each 

inflatable hip protector was filled with air to an internal pressure of 250 Pa (gauge). A 

small excitation weight, mass 725 g, was then placed on top of the pendulum, and 

following a delay which allowed the system to become stable, the excitation weight was 

quickly removed, exciting the system into oscillation and facilitating identification of the 

effective stiffness and damping of the inflatable hip protector. Because the range of initial 
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pressure of the systems in the shaker setup and inverted pendulum are in different orders, 

it is not expected that the model proposed in Chapter 2 would predict accurately the 

results of the logarithmic decrement method. However, the experimental results are 

beneficial for assessing the proposed model.  

4.4 Results 

In Figure 4- 3, A, B and C display typical traces of force versus time for the large, 

medium, and small inflatable hip protectors, respectively.  

Based on the measured natural frequency and logarithmic decrement, I calculated the 

stiffness and damping of each hip protector (Table 4-1). Stiffness increased with 

inflatable hip protector surface area, and damping was minimal – supporting my 

assumption of no damping in accordance with my mathematical models in Chapter 2.  

Table 4- 3: Mean values of mechanical properties of inflatable hip protectors. 

 Inflatable hip protector type 
Large Medium Small 

Stiffness (k-N/m) 56.23  

(SD 0.8) 

61.83  

(SD 2.8) 

72.77 

(SD 1.9) 

Damping Ratio 0.0223 

(SD0.0041) 

0.0234  

(SD 0.0051) 

0.029  

(SD 0.0024) 

Damping Constant (N-s/m) 53.28  

(SD 9.5) 

58.05  

(SD 11.52) 

78.8  

(SD 5.7) 

Undamped Natural Frequency 

(rad/s) 

46.90  

(SD 0.40) 

49.60  

(SD 0.81) 

53. 88  

(SD 0.71) 

Damped Natural Frequency 

((rad/s)) 

46.89  

(SD 0.40) 

49.58  

(SD 0.80) 

53. 86  

(SD 0.71) 
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(C) 

Figure 4- 3: Traces of force versus time for (A) large inflatable hip protector, (B) medium inflatable hip 

protector, and (C) small inflatable hip protector from experiments in which a small excitation 

mass was removed at t = 0. The traces were analysed to determine the effective stiffness and 

damping of each inflatable hip protector. 

To validate the mathematical model derived in Chapter 2, the experimental and 

simulation effective area (Ae) of each inflatable hip protector are compared. Assuming 

     , from Equation (2- 23), one can write 

 

  
   

     
   
  

 

   
 

(4- 5) 

where P0 is the initial inflation pressure, Me is the effective mass of the pendulum without 

the surrogate pelvis, and   is the thickness of the airbag measured by a clipper during 

experiments. Therefore, one can write 
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(4- 6) 

where   is equal to 25, 20 and 15 mm for the large, medium, and small airbags 

respectively. Based on Equation 3-5, the effective areas are calculated as 74.2, 62.2, and 

52 cm
2
 which are consistent with the size of the bags shown in Figure 3- 4. The results 

suggest that even though the range of pressure in inverted pendulum experiments are 

considerably different than vibration tests in chapter 2, the model is still capable of 

providing approximate model behavior prediction in such higher initial pressure. 
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5: Conclusion and Future Work 

The work described in this thesis can be considered a “first step” towards the 

design and manufacture of inflatable hip protectors, and this, the final chapter, describes 

the progress made towards achieving that goal. It also suggests the direction of future 

research along the path to developing and implementing suitable inflatable hip protectors 

for older people, to prevent or reduce the frequency of fall-related hip injuries. 

In this first chapter, through authentic resources, I tried to indicate that the fall-

related injuries are one of the most common causes of fatality among the elderly, and 

intervention to prevent such injuries is critical. I also introduced hip protectors as a 

promising intervention to reduce the risk of hip fracture. Finally, I introduced the 

understudy inflatable hip protectors, which are expected to provide great force 

attenuation along with considerable adherence among the elderly.  

The second chapter was allocated to the study and observation of the mechanical 

behaviour of these types of hip protectors. Toward this end, a basic mathematical model 

of the system was developed, and for parameter identification and general model 

confirmation a series of dynamic tests as conducted. This study suggests that for small 

displacement variation, the system can be considered linear, with the stiffness depending 

strongly on initial pressure inside the bag.  

In the third chapter, the biomechanical effectiveness of inflatable hip protectors 

was investigated. This study shows that airbags of moderate size provide over three times 

the force attenuation of current passive devices. These results support ongoing efforts to 
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develop inflatable hip protectors for older adults who are at high risk for falls and hip 

fracture. 

In chapter four, fabrication of inflatable hip protector prototypes as one of the 

novelties in this study was described. And through different experimental configurations, 

a mechanical model of the system was investigated. Although, the tests were conducted 

at significantly higher initial pressure, the results indicated consistency with real 

situations. 

In future work, however, some of the obstacles encountered in this study will be 

overcome. For example, fabrication of small and medium prototypes that can be tested by 

a pelvis-release experiments by introducing a low range of bag-burst risk effect of vent 

on biomechanical effectiveness. As the mathematical model suggests, it is expected that 

vented inflatable hip protectors will provide higher force attenuation during a fall. Future 

studies should also investigate a more complex range of surface geometries for product 

optimization, while the inflation method of airbags could be the next step in the research. 

This area of investigation is linked to the topic of ongoing research by several groups, 

which is the development of wearable sensor systems that can detect falls from daily 

activities such as sitting. It is important that, after inflatable hip protectors for the elderly 

have finally been implemented, acceptability of the devices by users be examined to 

assess their overall effectiveness. 
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