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ABSTRACT 

This thesis presents a systematic approach to solving the problem of large 

deflections in the ZBee vehicle, proposing feasible insert solutions while reducing 

weight and increasing efficiency were possible. 

An experimental study was done on the structural deformations of a sample ZBee 

floor using highly advanced measuring instruments. Based on this background a 

finite element model was developed which simulates the experiment to a good 

level of correlation.  Modifications were then carried out on the model to examine 

different factors which affect the stiffness and hence deflections experienced by the 

driver. Based on a systematic selection of alternative solution an insert analysis 

was done which gives initial design parameters for a new insert implementation. 

To improve the manufacturability and hence cost of the Zbee floor, a new floor 

design with simpler geometry was analyzed and further developed based on the 

stiffness properties studied on the old chassis. 
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SAMMANFATTNING 

ZBee är ett trehjuligt fordon utformat för att transportera tre personer inklusive 

föraren. Det är helt elektriskt och nästan helt byggt med kompositmaterial för att 

möta behovet av lättvikt och energibesparing. 

I det här arbetet analyseras och föreslås lösningar för ökad strukturell styvhet och 

insatslösning i fordonets komposit chassi. En alternativ geometri utformad för att 

minska komplexiteten och därför förenkla produktionen analyseras också och 

modifieringar föreslås. 

Den första steget studerar ett existerande provgolv med hjälp av högspecialiserade 

mätinstrument. Syftet var att studera deformationerna i strukturen vid en given 

belastning. 

Baserat på resultaten från strukturprovningarna utvecklades en finit element modell 

med motsvarande belastningar och gränsvillkor. Flera iterationer utfördes med 

varierande material, tjocklekar och struktur modifiering. Resultatet av detta var ett 

optimalt lösning för ett styvare och lättare fordonschassi. 

Med hjälp av det befintliga golvet som standard bedömdes alternativa geometrin 

för styvhet och rekommendationer för en bättre struktur, vilket fortfarande bevarar 

enkelheten i designen föreslogs. 

En lokaliserad studie utfördes sedan i framhjuls sektion vilket resulterade i 

utformningen av en genomförbar insatslösning för fastsättning av 

kompositstrukturen på framgaffeln och styrsystemet. 

Slutligen gjordes rekommendationer för ytterligare arbete för att tid och resurser 

inte kunde möjliggöra fortsatt arbete inom denna exjobb. 
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1 INTRODUCTION 
This thesis work deals with stiffness redesign of the ZBee vehicle floor and chassis 

structure which will minimize the deflections on the steering section, reduce 

weight were possible and reduce the complexity of the structure which should in 

effect reduce production complexity and time, thereby reducing cost. 

  

1.1 Background 

ZBee is an energy efficient electric vehicle for short distance transportation of up 

to three people and smaller goods [1]. This vehicle is produced by the Swedish 

company, ¨Clean Motion AB¨. It is fully electric and therefore designed to be as 

light-weight as possible using mostly composite materials for the body. 

A major objective for Clean Motion is to make the production of this vehicle as 

cheap as possible in order to be competitive in the market, without compromising 

safety and customer satisfaction and as a result all exercises carried out in this 

thesis will be based on the assumption that the already existing model at least 

meets the minimum regulatory requirements. 

Being electric however it is pertinent that the vehicle should be as light weight as 

possible in order to also be energy efficient, hence the use of composite materials 

in the most part of its structure. 

Various versions of the vehicle have been in circulation for about 5 years since the 

start of this company. Active usage performance data and customer feedback has 

been collected over time for continuous improvement of new models. Figure 1.1 

below presents the vehicle and relevant components of interest in this thesis. 
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Figure 1.1.1 The ZBee and relevant components 

 

1.2 Problem Description 

A reported performance drawback is the stability of the vehicle while driving. 

Vibrations are noticed on the steering handle which are further amplified during 

braking. This causes great discomfort for the driver. In addition to this, excess 

vibration could lead to unwanted repairs in several members (also reported on the 

church
1
 of one of the vehicles). 

This necessitated the study of the global floor deformation and local section 

stiffness re-examination around the church area. 

This section around the church is fixated using bolts and nuts which couple the 

church, the church laminate section and an under-plate (neither of which is a close 

fit with the bolt diameter), thereby relying only on the torque applied to the bolts to 

keep the components together. Overtime however this system will lose its torque 

                                           

1
 The church is the sole structure which couples the fork and the steering unit to the unit to the rest of the floor 

structure. 
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and induce wear and creep in the laminate church interface, leading inevitably to 

amplified vibrations and possibly component degradation. 

 

1.3 Objectives 

The following objectives were outlined for this thesis; 

1. Study the deformation of the floor structure which translates into undesired 

motion of the top of the church in braking circumstances.  

2. Propose possible solutions which reduce the deflection of the top of the 

church section by an acceptable percentage. 

3. Examine solutions which give lighter and easy to manufacture alternatives to 

current design 

4. Examine and propose easy to produce insert solutions for the fixation of the 

church and fork unit, church laminate and under-plate. 

 

1.4 Constraints 

As mentioned earlier, a key factor for Clean Motion is the final cost of the vehicle, 

which is directly reflected from the costs incurred from design phase to production, 

but more especially in the ease of production of the design and cost of constituent 

materials. This therefore strongly limits the possibilities of material change and 

complexity of the geometry as these invariably imply greater cost and time in 

production. 

The present tooling system (molds) for production of the current vehicle version 

also appears as a constraint. Any geometric change requiring a change of the 

tooling system would mean incurring great cost for implementation which is 

unacceptable for the current ZBee version. However in the long run there are plans 

for a new version which would mean new tools, and for that, a complete geometry 

change can be recommended, but the priority will still be making the design easier 

to manufacture and fitting all other solutions to this. 
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1.5 Approach to problem solving 

Given the forgoing background, the following approach was outlined for solving 

the problem. 

a. Force analysis 

This would entail the analysis of forces which act on the vehicle during 

braking. Analysis of forces translated to the bolts, which will affect the 

insert design solutions. 

b. Experimental exercise. 

An experiment will be implemented as a preliminary study of the stiffness 

properties and deformation pattern of the Zbee floor. The floor structure is 

connected to the church-fork unit, the side members and the back wheel 

axle. The connected members add a certain amount of stiffness in the global 

sense, but since the deformations under study come from the top of the 

church unit, it is sufficient (and probably more informative) to do a 

deformation assessment of the floor structure in isolation. 

c. Finite element modeling of the experiment. 

A finite element model which simulates the experiment as much as possible 

will be created to facilitate further examination and iterative study of 

probable solutions.  

d. Structural stiffening. 

Structural stiffening will then be carried out on the experimental FE Model 

as a standard and assessed based on deformation comparisons of locations of 

interest. 

e. Alternative geometry analysis 

In the light of objective 3 above, a feasibility study of the stiffness 

implication of an alternative geometry which offers ease of production 

benefits will be examined. 

f. Localized analysis of the church composite section 

A further localized analysis will be carried out on the church laminate area 

using the present section as a standard against which alternative models will 

be proposed for lighter weight, higher stiffness performance, longevity and 

ease of production. 

g. Conceptual review of alternative insert solutions 
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Based on the localized analysis and proposal of the church laminate section 

a new insert solution possibility will be reviewed and possible production 

method proposed. 
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2 Literature review 

2.1 Forces acting on a vehicle 

A body can only be made to move or change course by the action of forces. Many 

forces act upon a vehicle when it is being driven [2]. 

The ZBee vehicle being an already designed and existing product is assumed to 

meet the road worthiness criteria of the relevant organizations. The forces inducing 

the deformations which is the subject of this study is therefore limited to the cases 

of friction in the tires when braking in a straight line and side loads when 

cornering. The bump load will also be estimated according to standards but will 

not be a factor for this analysis. 

 

2.1.1 Friction force on a vehicle 

The tire is the connecting link between the vehicle and the road. It is at that point 

that the safe handling of a vehicle is ultimately decided. The tires transmit traction, 

braking and lateral forces within a physical environment whose parameters define 

the limits of the dynamic loads to which the vehicle is subjected [2]. 

When braking torque is applied to a wheel, a braking force FB is generated between 

the tire and the road surface that is proportional to the braking torque under 

stationary conditions (no wheel acceleration). The braking force transmitted to the 

road (frictional force FR) is proportional to the vertical tire force FN (due to 

weight): [2] 

FR = µHF·FN      2.1.1 

The factor µHF is the coefficient of friction. It defines the frictional properties of the 

various possible material pairings between tire and road surface and the 

environmental conditions to which they are exposed. The coefficient of friction is 

thus a measure of the braking force that can be transmitted [2].  

The figures quoted in Table 2.1, apply to concrete and tarmacadam road surfaces in 

good condition. 
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Table 2.1.1 Typical values for the coefficient of friction obtained from 

reference 2 

2.1.2 Forces when turning 

For any object in uniform circular motion, its acceleration is radially inward, 

pointing precisely toward the center of the circle of motion [2]. 

The speed is such that the road exerts only a normal force on the car. The 

magnitude of the object’s acceleration is given by;  

a = v
2
/r      2.2 

where v is the object’s speed and r is its distance from the center of the circle of 

motion. 

By Newton’s second law, this means the resultant force on the object must also be 

toward the center of the circle of motion. The force on the car is therefore given by 

Fc = ma                2.3 

where m is the mass of the car. 
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2.1.3 Bump loads 

Bump loads occur when a car goes into a bump. This kind of loading is calculated 

by various standards with a factor multiplying the weight of normal force on the 

wheel. The automotive industry uses factors between 2 and 3 for cars.  

For this study however a factor of 2 will be used as this is the standard chosen by 

Clean Motion. 

 

2.2 Measurement of structural deformation 

Deformation of structures is a major driving factor in engineering design. Being 

able to determine this in some way is therefore of crucial importance. For a new 

design several deformation theories available including FE analysis can be 

employed in predicting structural deformations. These however are subject to 

several factors which lead to a deviation from the reality. 

For a finished product however, deformation analysis can be carried out using 

advanced measuring techniques in an experimental procedure. If properly carried 

out the results should be closer to reality as compared to theoretical predictions for 

complex structures. However discrepancies might still exist due to experimental 

setup and measuring accuracy. 

With advancement in technology instruments with very high measurement 

precision have been developed. For this work two types of measuring equipment 

were employed; GOM Aramis and GOM Tritop. 

 

2.2.1 GOM Tritop 

The portable TRITOP system measures coordinates of three-dimensional objects 

quickly and precisely. Measuring tasks that traditionally were performed by tactile 

3D coordinate measuring machines can now easily be carried out with the TRITOP 

system. It does not require any complex, heavy and maintenance-intensive 

hardware. 
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As with tactile coordinate measuring machines TRITOP records the coordinates 

and their orientation in space for any feature of interest: Surface points and 

sections, Primitives, Holes, punch holes and edges, Diameters, lengths, angles. 

After the 3D coordinates have been determined, the measurement mathematically 

is transformed into the coordinate system of the component [4]. 

In the application of this work, over 150 white spot are placed at points of interest, 

and the TRITOP registers the position of points. The structure is then deformed 

and the TRITOP is used to measure the new position of these points. The 

difference in position can then be found during analysis as the deformation of the 

point is due to the applied load. 

 

2.3 Laminate analysis 

Composites are a deliberate combination of different constituent materials 

designed to harness the beneficial properties of the constituents.  

Composites can be analyzed at several levels. Here micro-mechanical and laminate 

models have been used to analyze composite stiffness properties. 

Micro-mechanic models are used to analyze the individual properties of the matrix 

and fiber from estimates of the properties of unidirectional (UD) layers, known as 

plies. 

Laminate theory is then used to homogenize the stiffness of a stack of layers with 

fibres oriented in different directions.   

The analysis models used in this work are the rule of mixtures and the Halpin-Tsai 

semi empirical model. The rule of mixtures is used to calculation of E1 and Halpin-

Tsai is used to calculate E2. 

 

2.3.1 Rule of Mixtures 

This approach assumes that the strains parallel to the fibre direction are equal in 

the fibre and the matrix, implying that sections perpendicular to the fibre directions 
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remain plain. Displacement continuity and force equilibrium considerations are 

used to solve for the overall composite moduli [5]. 

The rule of mixtures is used to calculate; Young’s modulus in fibre direction E1, 

Poisson ratio v12, according to the following relationships. 

E1 = Efvf + Emvm     2.3.1 

       vf     vm    2.3.4 

where: Ef and Em are the fibre and matrix Young’s moduli respectively, vf and vm 

are the fibre and matrix volume fractions respectively. 

 

2.3.2 Halpin-Tsai 

The Halpin-Tsai formulation is an empirical model which takes into account the 

degree of fibre packing. The relations developed by this model for the 

determination of E1, E2, and G12 are as follows [5]: 

      
         

       
      2.3.7 

where     

  

    
   

   

  
    

        2.3.8 

The factor    depends on the fibre shape, packing geometry and loading 

conditions. Typical values are between 1 and 2 with increasing value for increasing  
   

    
 [5]. 

       
         

       
    2.3.9 

where     

  

    
   

  

  
    

    2.3.10 

Where Gf and Gm are the fibre and matrix shear moduli respectively. 
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Typical values for    are between 1 and 2 with increasing value for increasing 
  

    
 

ratios [5]. 

 

2.3.3 Laminate theory 

The laminate is a stack of ply (lamina) placed in arbitrary orientations with respect 

to the global coordinate system of the laminate. The lay-up sequence is usually 

written according to a convention. For example a laminate stack expressed as 

[0/90]2s would imply a stack consisting of plies as shown in the figure below. 

 

 

 

 

 

 

Figure 2.3.1 Example laminate lay-up 

Even though the plies may have the same in-plane properties, the different 

orientations with respect to the global axis directions would imply different load 

carrying capacities for a given load direction. This is therefore a governing factor 

in the performance of a laminate. 

For the lay-up shown in the figure above, if an in-plane load Nx where applied to 

the laminate the strains will be the same, but due to the variation in global stiffness 

between the plies the stresses will differ between them. 

For bending moment loads the strains will vary linearly across the thickness and 

the stresses would differ also between the plies. 

The laminate theory is used to develop the unique stiffness matrix of a laminate 

which is dependent on the lamina stiffness properties, orientation and position in 

the stack. A full derivation can be seen in Zenkert and Battley [5]. The stiffness 

0 

0 
90 

90 

90 

90 

Neutral axis 

0 

0 
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matrix consists of the A, B and D matrices. The A matrix is called the extentional 

stiffness matrix, B the extentional-bending coupling matrix and D the bending 

stiffness matrix. For a symmetric lay-up such as that shown in Fig above, the B 

matrix is zero. 

The global properties Ex, Ey and Gxy for the laminate can be obtained from the A 

matrix as it is the sum of the lamina stiffness multiplied by thickness. Examples 

can be found in Zenkert and Battley [5]. 

 

2.4 Sandwich structures 

The Zbee vehicle is almost entirely a sandwich design except for the church 

section which is a solid laminate. An overview of the working principles of 

sandwich structures is presented below. 

Sandwich theory is an ingenious variant of the beam theory, usually referred to as 

the Timoshenko beam theory. They differ from conventional beams in their 

composition and load bearing mechanism. 

A sandwich structure comprises two faces and a core, typically made of different 

materials, and rigidly glued together (see Fig 2.4.1 below). For most common 

engineering applications the core/face thickness ratio is commonly in the order 10 

to 50 and the face core modulus ratio between 50 and 1000 [6]. Due to their 

deliberately designed mechanical properties and position, the faces carry in plane 

tension and compression loads and the core takes shear loads, ensuring an efficient 

use of material properties which results in a lot better stiffness to weight ratio 

compared to conventional beams. 

 

2.4.1 Formulation of the flexural rigidity of a sandwich beam 

For sandwich with cross section and direction as shown in Fig.2.4.1 below the 

flexural rigidity can be computed as follows; 

   ∫       
    

 

 
 

     
 

 
  

    
 

  
              2.4.4 

Where           is the distance between the centroids of the faces.  
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Figure 2.4.1 Sandwich beam load directions and cross section; Courtesy [6] 

The first term corresponds to the flexural rigidity of the faces alone bending about 

their individual neutral axis, the second represents the stiffness of the faces 

associated with bending about the centroidal axis of the entire sandwich and the 

third term is the flexural rigidity of the core [6]. 

For most sandwich structures the face thickness is far less than the core thickness 

(      ) and the core is much weaker than the face (      ). From the 

formulation above it can be deduced that the flexural rigidity of the sandwich is 

approximated due to only the second term of eq. 2.4.4. 

 

2.4.2 Load distribution in a sandwich 

The principal load carrying capacity and stress distribution can also be 

approximated to the faces bearing most of the bending moments as tensile and 

compressive stresses and the core bears most of the transverse forces as shear 

stresses. See figurative illustration below. This principle is the basis of the design 

of sandwich structures. 
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Figure 2.4.2 Distribution of loads in bending (upper figure) and shear (lower 

figure) and the consequence of approximations. Courtesy [6] 

 

2.4.3 The sandwich effect 

If one considers a classic uniform isotropic beam and the same beam split into two 

equal halves and the two parts separated by a core to form a sandwich structure, 

the following observation can be made on the weight, stiffness and strength as 

shown below. 

 

Figure 2.4.3 Comparison between homogenous and sandwich cross sections. 

Courtesy [6] 
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Hence by using the sandwich concept, the flexural rigidity and flexural strength 

can be substantially increased without adding much weigh [6]. This phenomenon is 

known as the sandwich effect. 

 

2.5 Finite element modeling of sandwich structures 

Sandwich structures in real world applications such the case of this thesis usually 

become too complex for basic analytical solutions. Finite element (FE) modeling is 

therefore a common tool used in the analysis and study of sandwich structures. 

The formulation of FE models for sandwich structures however differs a bit from 

the formulation for classical isotropic structural members, and therefore has its 

own unique features which must be taken into consideration. 

One such consideration is the shear locking of sandwich structures. This results 

due to the inability of an element to capture the shear deformation of a structure in 

pure bending. This would not be a problem for non-shear deformable beams as the 

shear deformation would be zero. In the case of a sandwich however with 

significant shear deformation due to the soft core, elements which do not take into 

consideration the kinematics due to shear deformation greatly under estimate the 

deformation of the structure. 

Another consideration is the combination of element types used in modeling the 

different components of a sandwich. Sometimes there are compatibility issues 

which arise due to shape functions which define the nodal behavior or degrees of 

freedom of different element types (See table 2.5.1 below). 

Boundary condition formulation is also another unique factor in the formulation of 

sandwich FE models as the mode and location of constraints imply quite different 

structural behaviors in the sandwich (See section 2.5.2 below). 
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2.5.1 Modeling Elements 

The following table is an excerpt of the overview of element type combination and 

performance by Zenkert [6]. 

Face 

Element 

Core 

Element 

Pros Cons 

Rod Membrane Can be compatible if they 

have the same type of 

element implementation e.g 

eight node isoparametric 

membrane and three node 

isoparametric rod elements. 

Bending stiffness of the 

faces            ) is 

omitted in the rod 

formulation for faces. 

 

The distance between 

the faces is placed at tc 

rather than  d.  

 
Beam Membrane Includes the bending 

stiffness of the face elements. 

Incompatibility due the 

possibility of different 

shapes in between the 

lines. 

 
Membrane Membrane Increased number of degrees 

of freedom. 

 

Complete compatibility 

Membrane elements 

usually have a quality 

index with side length 

ratio 1:10 in order to 

give good results which 

is almost impossible for 

thin face sandwich. 

 

Membrane Solid/Brick Possible if the solids and Omits the bending 



17 

 

 

membranes have the same 

formulation. 

stiffness of the face. 

Shell Solid/Brick Includes the bending 

stiffness of the face elements. 

Incompatibility due the 

possibility of different 

shapes in between the 

lines. 

 
Solid Solid Complete compatibility Solid elements usually 

have a quality index 

with side length ratio 

1:4 in order to give 

good results which is 

almost impossible for 

thin face sandwich. 

 
3 node 

beams 

8 node 

shell 

elememts 

 Eliminates the problems 

of compatibility and 

degrees of freedom. 

 

Table 2.5.1 FE model elements performance for sandwich structural analysis 
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2.5.2 Boundary Conditions  

The following summarizes the boundary conditions for sandwich plates in the 

general case according to Zenkert [6]. 

 

Figure 2.5.1 Definition of boundary conditions for sandwich plates; 

Courtesy [6] 

 Hard simple support 

             )           )       
         )

  
     2.5.1 

 Soft simple support 

             )           )                     )     2.5.2 

 Hard clamped edge 

         )           )       
         )

  
      2.5.3 

 Soft clamped edge 

             )           )                      )       2.5.4 

 where n is the normal direction to the surface and s is the tangential. 

2.6 Inserts 

¨An insert is part of a detachable fixation device, which enables the inter

connection of honeycombsandwich structures; connection between such 

structures and other structural parts, e.g. frames, profiles, brackets; mou

nting of equipment, e.g. boxes, feed lines, cable ducts¨ [7].  
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The system consists of a removable and a fixed structural element. The removable 

part is either a screw or other threaded element adapted to a nut‐

like part, the insert. This is connected to the honeycomb/core 

structure by using a potting compound; normally a two‐part epoxy resin system 

[7]. Figure 2.6.1 shows a typical insert. 

 

Figure 2.6.1 Typical standard type insert: Courtesy ECSS [7] 
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2.6.1 Loading modes 

The typical loading modes on inserts are summarized in Fig 2.6.2 below 

 

Figure 2.6.2 Loading modes for a general insert. Courtesy ECCS [7] 

2.6.2 Types of inserts 

Inserts can be classified under 3 types as follows: 

 Type A 

These are mostly used in thin sandwich sections. They are placed in during the 

manufacture of the sandwich panel. There is usually an alignment problem which 

leads to large tolerance applications for this type of insert. 
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 Type B 

Type B inserts are the most common type. It is mostly of the structure shown in 

figure 2.6.1 above. They are placed in afterwards and bonded with the sandwich 

component using potting material which is usually a 2 part epoxy. 

 

 Type C 

These are mechanically fastened inserts. They have significant disadvantages as 

there is not significant connection to the core, and torque is only transferred 

through adhesive bonding. 
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2.6.3 Potting methods 

The following table summarizes the most common potting methods for inserts. 

 

Table 2.6.1 Insert potting methods overview; Courtesy ECSS [7] 

 

 

2.6.4 Strength 

The most important parameters for the strength of an insert are; 

 1. Insert overall diameter D 

 2. Insert overall height h 
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2.6.5 Materials 

Inserts are produced in a variety of materials depending on application and varying 

cost. Typically inserts can be grouped as: 

 Titanium alloys 

 Aluminum alloys 

 Steel (both carbon steel and stainless steel) 

All inserts require coating for protection against corrosion [7], but this is usually 

available with commercial products. 
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3 Force Analysis 
The significant forces which transfer to the church and then the floor have been 

determined to be the forces of friction when braking, impact forces (for example 

on a bumpy drive) and centripetal forces during a turn. 

 

3.1 Assumptions 

1. The mass of Zbee is 515kg including driver, passengers and cargo [8]. 

2. The maximum speed of Zbee       45km/hr (12.5m/s) 

3. Shortest stopping distance when braking is 10m. 

4. For a preliminary study deformations are assumed as linear elastic. 

 

3.2 Friction force 

Total kinetic energy of the car; 

   
 

 
        

 

 
                      

Taking stopping distance; d = 10m 

Work done in stopping the vehicle = F x d = Em 

    
  

 
   

       

  
           

For simplicity, assuming this force F is completely taken up by the friction 

in the 3 tires, then force on the front tire is approximately  
      

 
  

          (This is the approximate figure used in Clean Motion).   

This force will hence forth be referred to as the friction load (  ) and will be 

the major guiding factor in all analysis in this work as requested by Clean 

Motion. 

 

Coefficient of friction 

The coefficient of friction will be used to check for the reality of the above friction 

force calculations. 
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 Using equation 2.1; 

     
  

  
 

       

       
      

where    is the normal force due to weight on the front tire only. A 

coefficient of friction below 1 proves the possibility of the approximations 

made for friction force. 

3.3 Bump force 

The bump load is given by                 

Where n is a factor of 2.0 (2.0 is a Clean Motion standard for dynamic 

loading in a bump) 

Assuming a weight of 171.67kg on the front tire, 

                           

                   

The horizontal force is                    )             

3.4 Centripetal force 

Assuming radius of turn (r) of 30m and a turning speed of 0.5 x      = 

6.25m/s (r and Vmax are Clean Motion standard).  

     
    

 
   

           

  
          

The centripetal force on the front tire alone will approximately be 
     

 
  

        (assuming the forces are distributed between the front and back 

wheels) 

Friction Impact Centripetal 

         N 2215.3 N 335.3 N 

   

Table 3.4.1 Summary of loads considered 

The critical load case would therefore be the bump load, however this load case is 

only estimated with an assumed factor (2.0) and also represents an extreme load 

case.  
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3.5 Force translation to the church section 

The friction forces and weight of the vehicle translate to an axial and transverse 

load in the church-fork axis. At the church plate and fork intersection these forces 

become an out-of-plane force and a bending moment respectively. The plate is 

connected to the floor with bolts at the four corners. The points then convert the 

bending moment into an out-of-plane coupling in addition to the axial forces in the 

church-fork axis. 

The church plate has an angle of 26.3
o
 with the horizontal [8]. Force components 

with reference to the church-fork axis are as follows: 

Transverse component friction force 

               )             3.5.1 

Axial component of friction force 

               )              3.5.2 

Transverse component of weight 

      (
 

 
)          )               3.5.3 

Axial component weight 

         )          )               3.5.4 

The resultant forces in the church-fork plane would therefore be; 

                         3.5.5 

                           3.5.6 

These forces are the transverse and axial forces respectively, applied at the point of 

contact between the tire and the road with reference to the church-fork axis.  

At the intersection of the church plate and fork the axial force is converted to a 

counter clockwise moment with magnitude; 

                                  3.5.7 
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where L is the distance from the load point to the church plate. See Fig 3.5.1. 

Assuming the church metal plate to be rigid (being a lot stiffer than the laminate 

section), the church will tend to rotate about the left edge of the metal plate (Fig 

3.5.1) so that all bolts will be in tension due to out of plane forces of different 

magnitudes induced by the bending moment M. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5.1 Illustration of forces acting on the church, fork, laminate and 

bolt components 

 

26.3
0 B1 

M 

Laminate 

Fork 

Church Plate 

RN = 1716.16 N 

FR = 1341.14 N 

Fy = 2133.19 N 

B

2 
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The forces acting on the bolts can be calculated approximately as: 

 

       
     

∑    
   

              

        
             3.5.8 [11] 

where      is the force on bolt i,      is the distance of the bolt from the turning 

point (the church plate left edge in fig Fig 3.5.1). 

Bolt      (mm)        ) 

b1 25.55 258.82 

b2 145.79 1476.85 

Table 3.5.1 Bolt distance and corresponding out of plane forces acting on the 

bolts. 

b1 and b2 represent a pair of bolts as illustrated in fig 3.5.1 above. 

Assuming that these forces are shared equally among the pair of bolts, the force 

due to bending on a single bolt would then be  

    

 
   

       

 
            3.5.9 

The total force FT acting on the bolt is then the sum of out of plane force      from 

equation 3.5.9 due to bending moment M, and force due to the out of plane 

component Fy (assuming it is divided equally by each of the 4 bolts) in 3.5.6. 

           
  

 
          

       

 
              3.5.10 

 

3.6 In-plane forces acting on the bolts 

In-plane forces acting on the bolt can only be estimated approximately. In-plane 

forces might arise from the driver and vehicle pushing forward on the steering and 

connection unit when a brake force is applied. 

Now from the calculations given above the shear load is assumed equal to Fx = 

441.7 N distributed among the 4 bolts. 

Which will mean a shear force of 110.4 N due to the friction load. 
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Then there is also the shear component from the turning force which is much less 

and will be neglected. 
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4 Experimental study 

4.1 Objective 

The experiment is expected to show the deformation of multiple individual points 

and surfaces on the floor when a load is applied.  

This will serve as an indication for weak spots in the structure and a guide for 

corrective measures. 

4.2 Setup and procedure 

The experiments were carried out in the SICOMP laboratory in Piteå Sweden.  

Two floors were tested. One floor, hence forth referred to as the production or 

standard floor is made up of the material property shown in fig 4.2.1 below. This 

floor design and material composition is the production standard at the time of this 

exercise. The second floor, hence forth referred to as the prototype floor, is a test 

prototype with the same geometry, core and face dimensions as the production 

floor but with a different material composition, Fig 4.2.2.  

 

 

 

 

Figure 4.2.1 Cross section of the production floor 

 

 

 

 

Figure 4.2.2 Cross section of the prototype floor 

 

 

Gel coat 

Glass fibre mat 

Polyurethane 

(PUR) foam Glass fibre CSM 

Gel coat 

Glass fibre mat 

Polyurethane 

(PUR) foam Glass fibre CSM 
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The measuring system employed is the GOM Tritop described in 2.2 above. 

To use the GOM Tritop it is required that the points of interest are distinct from the 

general surface of the structure. For this 134 white spots were placed on the floor, 

with about 80 percent of them around the front section. See fig 4.2.3 below. 

 

Figure 4.2.3 GOM Tritop setup 

The setup aimed to simulate the friction load situation as closely as possible. The 

floor was therefore bolted to fixed supports on the floor at the points where the rear 

axle is connected to the car and will be regarded as the reference point of zero 

deflection. The fork-church unit was then mounted and a cross bar placed in the 

position of the tire support at the end of the fork. A hydraulic system was set-up 

and used to apply loads of varying amounts to the floor. See fig 4.2.5 below. 
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Figure 4.2.4 Experiment setup for front load 

Measurements were taken of the initial coordinates of the marked points with no 

load attached. These coordinates then serve as local zero deflection for these 

points. A load step is then applied and the coordinates measured again and 

recorded. The difference between the new coordinates and the one taken at zero 

load, then indicate the local deflection of a point. The loading system was applied 

in the horizontal direction, which is the Zbee x-axis with a direction from the front 

backwards, referred to henceforth as front load, and at the side, which is the ZBee 

y-axis with direction from left to right referred to henceforth as side load. The z-

axis has a direction from the floor upwards. 

 

4.3 Results and analysis 

As mentioned earlier, a total of 134 points were placed on the floor. This was done 

to get a wide coverage and quick assessment in the event of excessive 

deformations at a local point. No such excessive deformations were observed 

(except for the point which represents the top of the church). For clarity and ease 

of study, 10 points were then identified as representative points of the average 

displacement in the vicinity of the chosen point. See fig 4.3.1 below. The results 

and comparison for these 10 points are presented below: 
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Figure 4.3.1 Representative points of average displacement in the vicinity of 

the point. 

4.3.1 Results and comparisons 

 

Figure 4.3.2 Deformation comparison between the standard and the 

prototype floor at 500N front load. 
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Figure 4.3.3 Deformation comparison between the standard and the 

prototype floor at 500N side load. 

 

 

Figure 4.3.4 Deformation comparison between the standard and the 

prototype floor at 750N for the side load. 
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4.4 Sources of error  

Inconsistencies in dimensions of the core and face thickness in different locations 

occur between products, which may affect the accuracy of the results presented 

above. For simplicity it is assumed that all other factors are identical between the 

two floors except for the constituent materials shown in Fig 4.2.1 and Fig 4.2.2. 

The hydraulic system is a manually controlled device which makes impossible to 

apply the same load every time it is required. The applied loads were therefore 

normalized to the specified load in the analysis with the assumption that the 

deformation is linear. 

It was noticed that there were movements of different magnitudes at the four bolted 

points. To account for this an average of the displacements was calculated and 

subtracted from all other displacement values. 

 

4.5 Discussion 

The primary objective of the experimental exercise which was to study the 

deformations of the structure during friction loading can be said to have been 

achieved with reasonably accuracy given the results shown above. 

Also the experiments reveal that the prototype floor appears less stiff than the 

standard floor, especially in the side loading cases. 
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5 Finite element simulation of experiments 
Once the experiments were done, it was required to develop a finite element 

model, which will have the same geometric and mechanical properties as the 

production floor. 

The objective of this model will be: 

I. Create a time saving platform. 

II. Have a background against which performance of alternatives are 

measured. 

III. Further examine the response of the floor with respect to several 

changes including: 

 Response to changes in the structure 

 Response to changes in material properties. 

 Response to different kinds of loading situations. 

The following sections show the set-up of the model 

 

5.1 Software 

The FE Model was setup using Hyperworks software, which have great tools for 

developing and editing complex geometries as this one. 

 

5.2 Geometry and elements 

The geometry for the core and hence the geometric shape of the floor was obtained 

from a 3D scan of a sample core material. This is expected to give as close as 

possible representation of the actual product. The core geometry was cut as shown 

in Fig 5.2.1 below to reduce modeling and computing time. 
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Figure 5.2.1 Scanned core geometry 

The core was modeled with solid tetra elements and the face with shell tria 

elements. The face elements were modeled from the faces of the solids to ensure 

proper node connectivity between core and face elements. This choice of elements 

generally makes it easier to handle complex geometries as compared to quads. 

The church plate being a 4mm thick plate was modeled with shell elements to 

allow for its deformation to be taken into account. 

The church tower, brackets, fork, and bolt connections were modeled with rigid 

elements as the deformation of these members can be assumed insignificant 

compared to the rest of the structure.  

 

5.3 Loads 

Loads of 1400N in the Zbee x direction and 750 in the ZBee y direction (as in the 

experiment) were applied to the model at the point shown in fig 5.3.1 below. This 

point corresponds to end of the fork as shown in fig 4.3.1 above. 
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Figure 5.3.1 Load application point for FE model 

5.4 Material property analysis 

Due to the way the ZBee is manufactured, the core and face material thicknesses 

are different in different positions. The same amount of fibre is placed everywhere 

in the floor but due to the variation in face thickness it would imply different 

volume fractions and therefore also different material properties. 

A modeling strategy was to section the floor face into segments with 

approximately the same face thickness and assign unique material properties to 

these sections determined by their thicknesses and volume fraction. A total of 42 

such sections were identified. The face thicknesses varied from 8mm to 0.5mm. 

See fig 5.4.1 below. 

Load point 
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Figure 5.4.1 Sectioning of the face into different material segments 

5.4.1 Ply and laminate property calculation 

The following are the layup and constituent materials in the ZBee production. 

Standard floor lay-up: 79.7%[+45/-45] + 0.55% [ 0/90] + 19.75%CSM. 

(The above layup represents a special fibre mat which consists of fibres in the 

indicated directions and weight fractions).  

Function Material Youngs 

modulus 

(MPa) 

Area 

weight/Density 

Reinforcement Glass fibre 

mat 

73000 402 (g/m
2
) 

 Glass fibre 

CSM   

27375 100 (g/m
2
) 

Matrix Polyester 2500  

Table 5.4.1 Properties of the fibre and matrix used in the standard floor ply 
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Even though the prototype floor will not be used as a standard its material 

properties will be stated below for reference later sections. 

Prototype floor lay-up top surface: [+45/-45] + 0.55% [ 0/90]  

Prototype floor lay-up bottom surface: [+45/-45] + 0.55% [ 0/90] + CSM 

Function Material Youngs 

modulus 

(MPa) 

Area 

weight/Density 

Reinforcement Glass fibre 

mat 

73000 402 (g/m
2
) 

 Glass fibre 

CSM   

27375 100 (g/m
2
) 

Matrix Polyester 2500  

Table 5.4.2 Properties of the fibre and matrix used in the prototype floor ply 

Since glass fibre and the matrix (polyester) are isotropic materials, the shear 

modulus was calculated using the standard relation given below: 

    
 

     )
        4.4.1 

where Poisson’s ratio   is taken as 0.21. 

Using the methods of the rule of mixtures, Halpin-Tsai and laminate theory 

discussed in 2.3 (literature review) a code was developed which automatically 

calculates material properties for a thickness range from 0.5mm to 10mm. The 

input required to run the code are the young’s modulus, shear modulus and area 

weight of the constituent materials. 

The following is the plot for the ZBee face material described above: 
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Figure 5.4.2 Laminate properties of the ZBee mat for a thickness range from 

0.5mm to 10mm 

From this plot properties were assigned to the different segments of the face based 

on their thicknesses. 

The core is polyurethane foam. It is modeled as an isotropic material with the 

following properties: 

E = 55 MPa; G = 21 MPa 

The church plate material was assigned the following material properties of steel: 

E = 210000MPa; G = 81000MPa 

 

5.5 Boundary conditions 

Assigning boundary conditions to the model required using prescribed 

displacements at the cut edge of the model (see figure 5.5.1). This required taking 

known deflection values from the experimental results which correspond 

approximately to the cut edge. However since the deflection of this edge varied 

across the width several points were needed. A difficulty arose as not many points 
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could be identified which coincide with the cut edge.  An approximation had to be 

made using the points found in different ways. 

 

 

 

Figure 5.5.1 Boundary conditions for FE Model 

The following boundaries were modeled: 

 Fixed boundary: This implies that degrees of freedom (DOF) 1,2 and 

3, which denote translation in the x, y and z axis respectively were set 

to zero. 

 Translation 1: The coordinate deflection of a point which was 

identified as being approximately in the location of the cut edge was 

assigned to the entire width. The following are the coordinate 

displacements applied: x = 0.41mm, y = 0.1mm, z = 2.8mm. 

Edge for fixed, 

translation 1 and 2 

boundary conditions, 

denoted by the entire 

black cross-section 

Vertical beam section 

for varying boundary 

condition 

Base floor section for 

varying boundary 

conditions 
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 Translation 2: The coordinate deflection of a second point which was 

identified as being approximately in the location of the cut edge was 

assigned to the entire width. The following are the coordinate 

displacements applied: x = 0.67mm, y = 0.015mm, z = 2.22mm. 

 Varying Boundary conditions: The coordinates of a point at the edge 

was assigned symmetrically to both vertical beams of the floor and 

approximately 10 cm from the edge on the floor base. A second 

point’s coordinate deflection was assigned to the base of the floor. 

The following are the coordinate displacements applied: 

Beam displacement: x = 0.67mm, y = -0.18mm, z = 2.22mm. 

Basefloor disp: x = 0.41mm, y = 0.025mm, z = 2.81mm 

The boundary values resulted in different deformation patterns which were then 

compared to the experimental deflection of the selected 10 points identified in fig 

4.3.1. The worst-case deflection for the varying boundary condition was found to 

be 30%, with other points agreeing more closely to varying degrees. The plot is 

shown if fig 5.5.1 below. 

 

Figure 5.5.2 Bar chart of point deflection from experimental and boundary 

value models. 
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5.6 Sources of error 

1. The material properties of the floor could only be approximately calculated 

given the limited information available and discrepancies discussed in the 

first paragraph of 4.4. 

2. Boundary conditions at the cut section are only approximate given the 

unavailability of sufficient reference points from the experiment. 

5.7 Discussion 

Given the degree of agreement shown in Fig 5.5.1, the model developed can be 

said to be approximately representative of the experiment model. It would 

therefore be a valid platform for further investigation of the behavior of the floor 

and is henceforth referred to as FE standard. 
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6 Standard floor structural stiffening 
Structural stiffening of the floor required modification of the FE model in different 

ways. The point of interest is the top of the church which from results shown 

earlier deflects the most, but also is the single point which transfers vibrations to 

the steering and driver. This point will therefore be the reference for assessment of 

the effects of changes made. The deflection of this point due to a modification is 

compared to the deflection of the same point in the FE standard. 

The following two strategies were determined for the stiffening of the structure. 

 The use of laminate patches: This involved the placing of laminates in 

certain locations to try to stiffen the section. The laminate was modeled with 

the following properties 

Material properties 

Function Material Youngs 

modulus 

(MPa) 

Shear modulus 

(MPa) 

Area 

weight/Density 

Reinforcement Carbon fibre 

mat 

E1 = 135000 

E2 = 10000 

5000 402 (g/m
2
) 

Matrix Polyester 2500 961  

Table 5.7.1 Material properties of the laminate patch material 

Laminate properties 

Laminate patch lay-up: [+45/-45] + 0.55% [ 0/90] + CSM 

Ply Youngs 

modulus 

(MPa) 

Shear modulus 

(MPa) 

Volume 

fraction 

Stiffener 

laminate 

14590 5114 0.25 

 Table 5.7.2 Ply properties of the stiffening ply 

 Structural change: In some locations it might be possible to make a 

structural change which will stiffen up the structure. One such change is 

addition of beams in strategic locations. Such beams would be modeled with 

rigid one-dimensional elements. 
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The following summarizes the modeling of the stiffener models: 

 

6.1 Boundary conditions 

The FE standard model was remodeled with fixed boundary conditions at the cut 

point. This was done given the fact that the performance of modifications would be 

compared to this model with the exact same boundary conditions, thereby 

maintaining validity of the reference and eliminating any ambiguity due to  

boundary value assumptions stated in 4.5. 

 

6.2 Loads 

The loads applied are 1400N front load and 750N side load in all cases. These 

loads are applied at the same point as shown in fig 4.2.5. 

 

6.3 Material properties 

Except were stated the material properties of the face were maintained as described 

in 5.4. 

The laminate patch material is as described in the introduction and in the locations 

where it is applied it is an additional material and thickness to the underlying face 

material. 

 

6.4 Design constraints 

The stiffening of the standard floor comes with some design constraints as follows: 

 The mold for the floor manufacture cannot be changed for the production 

of this floor model as this would mean making new molds. Structural 

changes are therefore limited to what is obtainable with the use of the 

same mold tools. 

 The geometric constraints of the standard floor mold also limit the 

addition of material within the mold as this might lead to lose fit of the 

mold halves and gaps in other sections as well. 



47 

 

 The cost of the change has to be kept to the barest minimum as cost is a 

vital factor in the production of the vehicle. 

6.5 Stiffening models 

The following models were developed to stiffen the standard the floor (the gray 

color patches are used to represent the reinforcement). 

Model 

No 

Image Description 

1 

 

This model is a representation of the 

original design. The core is assumed to be 

the correct dimensions. The face is given 

uniform face thickness 1mm and material 

properties as obtained from [7]. 

2 

 

Referred to as laminate patch 1, this model 

is stiffened by placing the patch material 

on the church laminate section on the top 

and bottom sides. 

3 

 

Laminate patch 2, is stiffened by the 

addition of the patch material as shown in 

the picture, with a similar section on the 

underside. 
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4 

 

Laminate patch 3 extends the stiffening 

section as shown in the picture, with a 

similar section on the underside. 

5 

 

Referred to as metal stiffener 1, this model 

adds a rod (1D rigid element) which is 

assumed to be welded close to the to of the 

church and fixed on the vertical sandwich 

structure. 

6 

 

Metal stiffener 2, attaches a metal stiffener 

to the top of the church and the nose 

structure in the front of the church as 

shown in the image. 

7 

 

This model combines the metal stiffener 1 

and laminate patch 2 solutions as shown. 
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8 

 

This model combines metal stiffener 1 and 

laminate patch 3 solutions. 

9 

 

The model replaced core and laminate 

material in the section indicated with an 

ash color with an aluminum insert. 

10 

 

This model adds the patch material to the 

base section of the floor as shown in the 

image, with a similar section on the 

underside. 

 Table 6.5.1 Stiffening models for the standard floor 

 

6.6 Analysis and comparison 

The following results were obtained on the absolute displacement of the top of the 

church for the different models stated above. Note that results are presented in the 

same order as in table 6.5.1. 
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Figure 6.6.1 Results in percentage reduction in deflection of the stiffening 

models compared to the FE experimental model. 

 

6.7 Discussion 

The results show clearly that it is a lot more beneficial to constrain the movement 

by use of the rod stiffener models (metal stiffener 1 and metal stiffener 2). 

Even though the combination of rod stiffener and laminate patch seem better it 

must be considered that the complexity of implementation and added weight seem 

to outweigh the additional 7 percent added for model stiffener 1 and laminate patch 

2 and the addition for metal stiffener 1 and laminate patch 3 is almost insignificant. 
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7 Alternative geometry analysis and comparison 
The production of the ZBee has had one major goal, which is to reduce the cost of 

the vehicle. One way of trying to achieve this goal was to simplify the design and 

by so doing simplify the production process, which will mean less cost for the 

production cycle. 

In addition to finding a solution which eliminates or reduces the vibration in the 

structure, the above was a driving factor which led to the redesign of the geometry 

of the standard floor. This design will henceforth be referred to as the alternative 

floor. 

Simplifying the design led to the removal of some parts and the introduction of 

others as can be seen in figure 7.1 below. This necessitated the stiffness study of 

the floor to assess its viability as an alternative to the standard floor stiffness-wise. 

It was however evidently an easier geometry to manufacture compared to the 

standard floor. 

 

       
 

Figure 6.7.1 : Old floor geometry (left), alternative floor geometry (right) for 

the ZBee 
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7.1 Approach  

To be able to assess the stiffness properties of this alternative floor, it was 

determined to compare it against the standard floor developed earlier. However 

this time it would require a new model of the standard floor and the alternative 

floor which should be similar in everything except the geometry.  

Since the deflection of the top of the church is still the major stiffness constraint, 

this single point will be the stiffness indicator during the assessment of both floors. 

The following tasks were undertaken as a feasibility study of the alternative 

geometry. 

 

7.2 FE Modeling 

As stated earlier, to achieve similarity between the models in every aspect apart 

from the geometry, an FE model was developed as follows for both the standard 

and the alternative geometries: 

 

7.2.1 Geometry and elements 

Using the CAD file used to develop these floors, equal length segments of 590mm 

(from the nose backwards) were obtained. These were used to define the 

dimensions of the core. It was then meshed with solid elements (tetras). Shell 

elements were then built from the core solid elements using the find face feature to 

form tria elements which maintain perfect nodal contact with the core solid 

elements. The shell thickness was determined to be 1mm. 

The church and fork components were modeled as described in 5.2. 
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7.2.2 Material 

The core material properties were modeled with polyurethane properties given in 

5.4. 

The face material was modeled with a quasi-isotropic laminate with properties 

given in the table below: 

 

Laminate E1 (MPa) E2 (MPa) G12 (MPa) vf 

Face material 3964.1 3964.1 3557.8 0.2 

Table 7.2.1 Material property of face material for geometry comparison 

The church and fork component materials were modeled as in 5.4. 

 

7.2.3 Boundary conditions 

As before only the front section of the floors were examined, but the cut edges 

were assigned boundary conditions with DOFs 1, 2 and 3 equal to zero. 

 

7.2.4 Side attachment 

Even though it was deemed important and informative to examine the stiffness of 

the floor by itself, part of the design consideration for the alternative geometry was 

evidently based on the fact that the side beams of the car extend to the floor nose, 

thereby giving it additional stiffness, which has so far not been taken into 

consideration. This factor was taken into consideration approximately by defining 

boundary conditions with DOFs 1,2 and 3 equal to zero for the location on the nose 

where the sides are attached for both the alternative and the standard floor. See fig 

7.2.1 below. 
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Figure 7.2.1 Alternative geometry with the sides attachment fixed. Right; 

Standard floor with the sides attachment fixed 

 

7.2.5 Loads 

Three load cases were examined. 

1. A front load of 1400N applied as shown in fig 7.2.2. 

2. A side load of 1000 N applied as shown in fig 7.2.2. 

3. A load applied at the nose. 

 

Attachment of side members 



55 

 

 

Figure 7.2.2 Loads and load point 

 

7.3 Results and analysis 

The following results were obtained for the loads described in 7.2.5.  

 

          

Figure 7.3.1 Bar chart showing the increase in deflection of the top of the 

church of the alternative geometry compared to the standard floor. 

Front and side 

load point 

Nose load 

GEOMETRY COMPARISON 

Displacement of top of church for different load types 

Friction Side Load Nose Load 

Percent difference between standard and alternative geometries 
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7.4 Discussion 

The floor is weaker by 15 percent when the front load is applied but stiffer by 

about 2 percent with the side load. This should be expected as by inspection of the 

geometry a lot of the stiffening structure in the old floor have been taken away and 

replaced with the arc structure which seems to stiffen the side displacement quite 

well but not the front. 

It should also be considered that the side attachments are modeled as rigidly fixed, 

which in reality is not the case. For the alternative geometry especially, its stiffness 

in the front load case will almost entirely depend on the stiffness of the side beams, 

which means the magnitude of the difference seen in the results above should be 

expected to be more. 

The weakness of the front section of the alternative geometry is emphasized in its 

magnitude of difference at the nose impact case. 
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8 New floor structural stiffening. 
There are clear benefits to be achieved with the alternative geometry, given the 

simplicity of the design and ease of manufacture even though it looks weaker at the 

concept phase. A feasibility study on the workability of the alternative geometry 

was then carried out on the stiffening exercise described in the following sections.  

 

8.1 Constraints 

In a bid to maintain the simplicity of the geometry only alterations which do not 

change the overall shape could be considered. Unlike the case of the standard floor 

stiffening however, the molds for this geometry have not yet been made therefore 

its geometric dimensions could be altered. 

Material properties were maintained as described in section 7.2.2, as these are 

basically among the cheapest available in the composites market. 

 

8.2 Approach 

Three cases were considered; 

1. Progressively and alternatively increasing the thickness of the face and core 

of a section around the church laminate section up to the nose tip. Thereby 

utilizing the thickness factor in eqn 2.4.4 to increase the stiffness. 

2. Applying rigid members as in the section 6.5, models 5 and 6. 

3. Reducing the length of the moment arm between the tire and the church by 

reducing the angle of the church laminate section to the horizontal. This case 

is examined in section 7.6. 
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8.3 Stiffening model and results 

The following models were developed and compared; 

 

Figure 8.3.1 Result of the displacement of the top of the church for the 

standard and alternative floor geometries. 

The first and second bar represent the deflection of the standard and alternative 

geometries as designed in chapter 7. Comparison of modifications are made based 

on these models. 

The third bar in the chart represents the alternative floor with 25mm thick core and 

3mm thick face front section. Figure 8.4.1. 

Bars 4 and 5 represent the models in bars 1 and 3, but with the sides attached. 

Bar 6 represents the model in bar 4 with a stiffening rod attached as shown in fig 

8.4.2 below. 
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8.4 Discussion 

The results above show that it possible to stiffen up the alternative geometry by 

increasing the thickness of the section and additionally by the use of the metal 

stiffener.  This is an important result as it maintains the simplicity of the geometry 

which is a crucial factor in cutting costs of production. 

 

 

 

 

 

 

Figure 8.4.1 Thickening of the face and core for the alternative geometry 

 

 

Figure 8.4.2 Metal stiffener addition to the alternative geometry (the metal 

stiffener is represented by the grey rod elements in the picture) 

 

Core 

(25mm) 

Face 

(3mm) 

Church 

Laminate 

(31mm) 
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8.5 Laminate section angle analysis 

Further stiffening of the new floor geometry included the reduction of the distance 

between load point and the forks intersection with the church. See fig 8.5.1. This 

would effectively reduce the moment arm thereby reducing the load transfer to the 

top of the church. 

 

Figure 8.5.1 Cross section of a combined view of the different laminate 

section angle considerations. 

 

8.5.1 Approach 

A finite element model was then developed with the angle reduced as shown in fig 

8.5.1 above. Holding everything else the same as described in chapter 7, the 

following load sets were tested; 

1. The calculated friction force of          , was applied in the positive x 

direction and the reaction force of           due to the weight was applied 

in the positive z-direction. 

2. A side force of 1000N was applied and tested between the models 

3. A force of 1716.7 was applied in the positive direction with the reaction 

force of 1341.14 N in the positive z direction. (This is effectively the same 

as applying 1400 N in the positive x direction) 

Moment arm 

length change 
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8.5.2 Results 

The following results were obtained for the above listed load sets for displacement 

and stress increase in the low angle floor compared to the high angle floor in 

percentage.  

 

Figure 8.5.2 Bar chart of increase of deflection of the top of the church and 

stresses at the right corner for the low angle floor compared to the high 

laminate sections of the alternative geometry floor. 

8.5.3 Discussion 

The following observations could be drawn from the exercise. 

As expected a reduction in moment arm reduced the load and hence the deflection 

of the top of the church as can be seen in the first bar of Fig 8.5.2. However this 

also comes with increased stresses at the corner where the angle is reduced as seen 

in the first bar of the average stress section of fig 8.5.2. 

The reduction in moment however doesn’t seem to stiffen the floor for the side 

load as seen in chart. 

Comparison of church section angle change on the structure 

Displacement Average 
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Calculated force 
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The increased front load case was applied to examine at what point the effect of 

increased stresses at the pivot corner would overcome the benefit of a reduced 

moment arm. It can be seen that even at such high front loads the high angle 

section only then becomes about 5 percent better. These high load cases are 

however not expected as this would mean a friction coefficient between the tire 

and the road above 1. See section 3.2 for calculation of coefficient of friction. 

Given the analysis above it would therefore be recommended that a failure analysis 

should be carried out first and if there is no failure due to increased stresses then 

the laminate section angle should be reduced. 
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9 Church laminate section analysis 
The church laminate section is the section to which the church and fork units are 

placed and coupled together with bolts between the church steel plate and an under 

steel plate. See fig 1.1.1. 

The church laminate is a solid glass fibre laminate with a layup as shown below: 

Church laminate layup: Lay-up: 99.45%[+45/-45]7s + 0.55% [0/90]7s  

(The above layup is combined in a single mat and the weight ratio of each angle is 

represented in percentage) 

This lay-up is contained in a total thickness of approximately 12 mm. 

Using micromechanics and laminate theory described in 2.3, the laminate was 

found to have the following properties. 

• Volume fibre ratio : 0.23 

• Ex: 3975.5MPa  Ey: 3964.2MPa 

• G: 3557.8MPa 

The laminate described above, henceforth referred to as original laminate, if bolted 

between the church plate and the bottom plate with a torque of 47Nm (as it is 

today) can be assumed to be in perfect contact thereby forming a very rigid 

sandwich which is sufficient for the load cases examined in chapter 3. 

The original laminate also has the benefits of being cheap and easy to produce. 

This section may however not be an optimal solution for weight and stiffness both 

of which are important factors for the ZBee design. 

In consideration of the possibility of an increased thickness section of the new 

floor geometry as discussed in chapter 8, the original laminate section would 

become impractical to implement in terms of stiffness to weight ratio in a 31 mm 

thick section. 

This therefore necessitated the examination of the laminate section for alternative 

solutions with better cost, stiffness to weight ratios and ease of production. 
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9.1 Approach 

Given the time limitation for this study the original laminate described above was 

modeled in isolation, loaded and the maximum displacement noted and used as a 

benchmark for the assessment of alternative models.  

 

9.2 FE Model  

The following is a summary of the model development for this study 

 

9.2.1 Geometry and elements 

The length and width of all the models were assigned 300mm by 200mm 

respectively (which is approximately the dimensions of the church laminate 

section). The thickness of the sections for the alternative model was however 

allowed to vary until it achieves a similar or lower maximum deflection value 

compared to the original laminate up to a maximum limit of 13 mm.  

 

9.2.2 Materials  

The material properties assigned to the different models are as shown in table 9.3.1 

below. 

 

9.2.3 Boundary conditions 

A fixed boundary condition (DOFs 1,2 and 3 equal to zero), was applied to all the 

edges. 

 

9.2.4 Loads 

A load of 1000N distributed over one face was applied to all the models. 
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9.3 Alternative designs and comparison 

Many other models were developed, but the following 4 alternatives seem the most 

interesting and relevant to this study. 

 

Model 

no 

Model 

Name 

Description Thick- 

ness 

(mm) 

Weight 

(g) 

1 Original 

laminate 

The original laminate is as described in 

the introduction of this chapter. 

12 945.5 

2 Carbon 

fibre 

laminate 

This is a laminate which consists of 32 

plies at a volume fraction of 0.4. 

9 752 

3 Glass 

fibre mat 

The glass fibre mat is the same as 

model 1 above, except it eliminates the 

use of CSM 

12 1080 

4 Carbon 

fibre/PUR 

Sandwich 

This model is a sandwich solution with 

0.5mm carbon fibre faces (volume 

fraction is 0.3) and 11mm PUR core. 

12 178.8 

5 Aluminu

m/(PUR 

Sandwich 

This model is a sandwich solution with 

0.8mm aluminum face sheets and 

10mm PUR core. 

11.6 340.8 

Table 9.3.1 Alternative laminate section designs 
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9.4 Results 

The following results were obtained for the decrease maximum displacement in 

percentage of the alternative sections as compared to the original laminate. 

 

Figure 9.4.1 Decrease in maximum displacement of the alternative sections 

compared to the original laminate under a distributes load case. 

 

9.5 Discussion 

The carbon fibre laminate has about 20 percent less deflection than the original 

laminate as seen in the bar chart. This also comes in a lower weight and less 

number of plies than the original laminate. The solution however would cost more 

given the cost of carbon fibre being about 10 times higher than glass fibre per unit 

weight, therefore offsetting the benefit of having fewer plies. A manufacturing 

consideration also comes into consideration as it is usually a lot more difficult to 

wet carbon fibre mats with polyester resin, thereby introducing the risk of dry 

fibres and voids within this section. 

The glass fibre mat solution is quite similar to the original laminate except that it 

eliminates the use of CSM in between the plies. The solution has 5 percent less 



67 

 

deflection but the absence of the CSM in between the plies also introduces the 

difficulty of wetting the fibres. 

The carbon fibre face and PUR sandwich option has 20 percent less deflection than 

the original model. It also has less weight. Given the fewer number of plies used 

for the faces in this case the wetting problem is reduced but not eliminated. 

The aluminum face and PUR core sandwich solution has about 9 percent less 

deflection. This solution is also lighter than the original laminate. There is however 

a production difficulty of bonding the aluminum during the infusion process. 
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10 Inserts analysis 
The need for the insert solution was discussed in the introduction section of this 

work. 

The forgoing chapters on alternative church laminate sections (Chapter 8) and 

alternative geometry stiffening (Chapter 7), emphasize the need for a proper insert 

solution in the Zbee with the proposal of sandwich alternatives. 

For a sandwich section under out of plane loads it is inevitable that inserts are 

introduced at the points of load introduction to properly distribute the loads 

between the  face and core members. 

The following is a preliminary design of a possible insert solution. The formulas 

and method of analysis used here are obtained from the European cooperation for 

space standardization [7], who have done a lot of research and established proven 

standards on the use of inserts in sandwich structures.  

The calculations which follow determine the potting diameter (D) of the insert 

solution as the primary design parameter (for this case the potting height is fixed 

by the section thickness). The type of insert is a ¨through the thickness insert¨, 

selected based on design application and production considerations. Fig 10.0.1 

shows the potting and potting diameter represented by the hashing around the steel 

component and ¨D¨ respectively. This type of insert is desirable so that the parts 

can be dismantled when needed 

 

Figure 10.0.1 Flush type, through the thickness insert with potting diameter 

D ; Courtesy ECSS [7] 
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10.1 Force analysis 

The forces considered in the preliminary design of the inserts in this application 

are; 

 Out of plane forces (pull out forces) 

 Out of plane compression forces 

 In-plane forces 

These forces are transmitted to the bolts and the insert system as shown in fig 

2.6.2. Initial analytic calculations were done in the ¨force translation to the church¨ 

in section 3.5 above. However these are based on simplified assumptions which are 

not exact due to the complexity of the actual case.  

The FE results of reaction forces at the bolts are presented in table 10.1.1 below: 

 

Source Forces (N) 

 

FE Model X Z Y 

Bolt No. 

1 -55.45 -807.4 -590.9 

2 -87.59 772.4 -601.3 

3 234.9 1879 1671 

4 301.3 -1844 1664 

Total 393.16 0 2142.8 

 

Applied forces 

(fork-church axis) 
441.7 0 2133.19 

 

Table 10.1.1 Reaction forces on the bolt 

The forces described above represent the component forces on each of the bolts 

numbered 1 to 4 (see fig 10.1.1 below).   

The row which shows the total forces from the FE Model estimates the resultant 

forces acting on all four bolts due to the applied load. The last row shows the 

values calculated earlier in section 3.5. Even though the values are not exactly the 
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same it is within acceptable limits given the complexity of the geometry and the 

mesh.  

 

 

Figure 10.1.1 Bolt numbering for insert analysis 

For the estimation of the insert potting radius in this study the maximum force 

occurring on any bolt in each coordinate as given by the FE model will be used for 

further calculations. Tension forces correspond to the positive Y values, 

compression forces correspond to the negative Y values and in-plane (shear) forces 

correspond to the resultant of the X and Z values (See figure 10.1.1 for coordinate 

system).  

The resultant shear forces are as given in table 10.1.2 below: 

Bolt No Resultant (N) 

1 809.30 

2 777.35 

3 1893.62 

4 1868.45 

Table 10.1.2 Resultant shear forces acting on the bolts. 

Bolt 2 

Bolt 1 

Bolt 4 

Bolt 3 
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The following forces will therefore be used for design with a factor of safety of 

1.5. 

Force FE value (N) FE Value * 1.5 (N) 

Tension 1671 2506.5 

Compression 601.3 901.95 

In-plane 1893.62 2840.43 

Table 10.1.3 Design forces for insert potting radius 

The extended anti-plane theory, being a more conservative model than the anti-

plane theory is used for the calculation of the potting radii required for the applied 

loads stated above based on a sandwich section with 10mm core and 1mm face 

thicknesses for the aluminum/PUR model discussed in table 9.3.1. 

The following parameters were used for the calculation 

Parameter Value 

Shear strength of PUR 1.8 MPa 

Yield strength of aluminum 240 MPa 

Young’s modulus of aluminum 70000 MPa 

Shear modulus of aluminum 27000 MPa 

Poisson ratio of aluminum 0.3 

Table 10.1.4 Parameter values used in the anti-plane theory  

 

10.2  Analytical relations for insert analysis  

The following is the extended anti plane theory for a fully potted insert as obtained 

from [7]. 

In the case of fully potted, the height of the potting (hp) coincide with the height of 

the core (hc) i.e. (hp = hc), 

10.2.1 Tensile loading 

                       ) (7) 

where: 
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d = (f1/2 + hc + f2/2) 

 

f1 = Face thickness of top face 

f2 = Face thickness of bottom face 

d = Centroid distance 

rp = Potting radius    

hc = Core height 

c, crit = Core shear strength 

 

10.2.2 Compression loading 

 

           (
             )

 
)                ) (7) 

 

10.2.3 In-plane loading 

                 ) (7) 
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10.3  Results 

The following results were obtained for the required potting radius for the load 

cases stated in 10.1. 

10.3.1 In-plane forces 

 

Figure 10.3.1 Plot of in-plane load vs potting radius for an applied load and 

a safety of factor 
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10.3.2 Tensile forces 

 

 

 

Figure 10.3.2 Plot of tension load vs potting radius for an applied load and a 

safety of factor 
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10.3.3 Compression forces 

 

Figure 10.3.3 Compression load vs potting radius for an applied load and a 

safety of factor 

10.4 Discussion 

As can be seen from the plots a potting radius of approximately 20 mm would be 

required for the insert solution. This calculation is done however for a sandwich 

section with the thickness of the current laminate section. It is however repeatable 

with the codes developed for this problem for any thickness required for the new 

geometry after complete design. 

In addition to being the most efficient for high load transfer, the need to be able to 

dismantle and reassemble the parts of the vehicle requires the use of a through the 

thickness (TTT) insert. The structure of the church and laminate coupling (flush 

contact between surfaces) further constrains the selection to the flush type of the 

TTT inserts in contrast to the over-flush or pride. See fig 9.5.1. 

 

Load vs potting radius 

Applied load 

Applied load with safety factor 1.5 
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Compression Load vs potting Radius (Extended anti-plane theory) 
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10.5 Proposed production method 

Only a brief descriptive overview of the production method for the recommended 

type of insert will be given here. 

A typical TTT insert is as shown in figure 2.6.1. These inserts are usually attached 

after the sandwich product has been made. This has an advantage of being able to 

achieve good precision when placing the insert. 

The hole is drilled in the sandwich to the dimensions specified by the calculated 

potting radius (shown as D in fig 10.0.1 above). The insert is placed in position and 

the potting fluid usually a 2 part epoxy is injected into the space to fill it as much 

as possible. The potting fluid is allowed to cure and consolidate within the space. 

A full description of the injection potting method can be found in the ECSS 

handbook [9].  
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11 Further Work 
Based on the study done so far the following summary can be drawn with 

propositions for further work. 

The study on the standard floor serves well for instruction and reference especially 

for the stiffening models proposed. However if a solution with external stiffening, 

as in models 5,6,7 and 8 of section 6.5 is to be implemented on a sandwich section, 

a proper insert solution has to implemented. 

The alternative floor evidently has a lot of advantages production wise. The study 

done here shows however that even though it is weaker geometrically certain 

changes can be implemented to stiffen up the floor. A detail composite design and 

optimization with a constraint on the maximum allowable displacement of the top 

of the church should be done before implementation of the design. 

The study of the church section showed the possibility of alternative solutions 

which are relatively lighter and stiffer than the original section but a more detailed 

study should be carried out before implementation. The actual church model and 

loading system should be simulated as differences might be encountered due to the 

introduction of bolts, which is the case in reality in contrast to the distributed load 

case used in this study. An experimental exercise on sample sections should be 

carried out to verify theoretical results. 

A crucial part to be considered in the production of the front section is the 

attachment of the laminate section to the rest of the sandwich floor. This does 

appear to be a tricky part to model and produce exactly but is also a great 

determinant on the performance of the entire section. Further (probably isolated) 

study should be done on the attachment of the church laminate to the rest of the 

sandwich section. 

The ZBee currently lacks any insert solution, meaning that no matter what section 

suffices as optimal for the church laminate section, a correspondingly fitting insert 

solution should be implemented. The calculations done here may serve as a guide 

but proper analysis has to be done and the results tested experimentally before 

adoption of the solution. 
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The study so far gives a guide to comparative performance in terms of stiffness 

properties of parts and components considered. It however excludes strength 

considerations which cannot be ruled out in cases of increased stresses, change in 

load introductions or component composition. This factor has to be taken into 

consideration during further design and analysis of components. 
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12 Summary and conclusion 
With the use of experimentation an understanding of the deformation pattern of the 

floor was achieved, based on which stiffening models for the standard floor which 

improve the deflections of the top of the church were developed.  

Based on a study of the original church laminate section, alternative solutions with 

stiffer and lighter properties were developed.  

A preliminary design of insert solutions for a selected alternative church section 

was developed. 

The thesis has also developed the initial geometry for the new floor, which was a 

lot weaker than the standard floor into a solution with equivalent stiffness as the 

standard floor and also given the option for better stiffness with the 

implementation of external stiffening as shown in Fig 8.4.2.  
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