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Chapter 6  
EXPERIMENTAL SETUP AND TEST 

EXECUTION 
The manufactured chassis had to be practically tested to validate the simulated results 
produced by the SolidWorks® finite element analysis (FEA) software. The experimental 
procedures required setups to test the chassis frame’s weight, torsional stiffness and stress 
properties. Only the average experimental data was presented and the complete data sets 
are presented in Appendix D. 

6.1 TEST DESCRIPTION 
An experiment was setup to determine the chassis material’s Young’s modulus. The chassis 
weight was determined by using an electronic spring scale. The experimental setup for the 
torsional stiffness test and the stress test was identical, in terms of the way the chassis frame 
was fixed, and the torsional load was applied. The chassis frame was mounted on a test rig 
made up of I-beams (Figure 6-1 and Figure 6-2). The test rig not only provided a stable 
platform on which the chassis frame could be mounted, but also had superior stiffness 
compared to the chassis frame. Extra struts were also fixed to the rear end of the rig in order 
to ensure sufficient test rig rigidity for the tests to be carried out. The chassis frame was 
rigidly fixed at the rear end and was allowed to rest on angle iron supports longitudinally. The 
setup did not influence the test results as the experiments were only done for angular 
deflections and stresses due to pure torsion. 

 
Figure 6-1: Illustration and description of the test rig and setup 
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Figure 6-2: Photos of the test setup for the torsional stiffness and stress tests  

6.2 YOUNG’S MODULUS OF THE MATERIAL 
The strain gauge configuration and techniques, discussed later in this chapter, were used to 
determine the Young’s modulus of the chassis frame’s material and to understand the strain 
gauge configurations, software and equipment. A specimen of the tubular member was 
prepared and set up with four strain gauges. A known force was exerted on the specimen 
and the related strains were recorded (Figure 6-3). The accompanying stresses were 
subsequently calculated. The test provided the opportunity to validate the material’s quoted 
Young’s modulus (E). 

 
Figure 6-3: The experimental setup for determining the material Young’s modulus 
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Force, F  
[N] 

Strain, ε  
[strain] 

Stress, σ  
[Mpa] 

100 0.99 0.20 
150 3.94 0.79 
200 7.88 1.58 
250 8.87 1.77 
300 10.84 2.17 
350 12.81 2.56 
400 14.78 2.96 
450 16.75 3.35 
500 17.73 3.55 
750 29.56 5.91 

1000 40.39 8.08 
1500 61.08 12.22 
2000 83.74 16.75 
3000 127.09 25.42 

The test specimen’s behavior concurred with the expected and quoted value of the material’s 
Young’s modulus. The steel from which the chassis frame was constructed had a Young’s 
Modulus of 200 GPa (Figure 6-4). The experimental data were also used for the FEA 
verification calculations discussed in Chapter 7. 
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Figure 6-4: Graph illustrating the stress and strain linear relationship of the material in the 

elastic region 

6.3 CHASSIS  WEIGHT 
The weight of the chassis frame was measured with a conventional balance (Figure 6-5). In 
order to ensure accuracy, the chassis frame’s weight was measured using a calibrated, two 
decimal, electronic scale. 
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Figure 6-5: Illustration of the chassis weighing procedure 

The longitudinal position of the chassis frame’s centre of gravity was calculated as well. 
Determining the longitudinal position also helped to validate the FEA mass calculation ability. 
The longitudinal position was determined by attaching a scale in the middle of the front end 
of the chassis while the rear end rested freely on a rigid support as shown in Figure 6-6. 

 
Figure 6-6: Illustration for determining the chassis frame’s longitudinal centre of gravity 

The chassis frame had to be level. With the total weight of the chassis frame known, (6.1) 
and (6.2) apply 

 1 2ChassisW F F= +  (6.1) 

 ChassisL a b= +  (6.2) 

Taking the moments about point O produce (6.3) 

 10 . .Chassis ChassisF L W b= −  (6.3) 

Substituting (6.2) into (6.3) produces 

 10 . .( )Chassis Chassis ChassisF L W L a= − −  (6.4) 
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Solving for a in (6.4) produces (6.5) 

 1. Chassis
Chassis

Chassis

F La L
W

= −  (6.5) 

Determining a provided the longitudinal centre of gravity location of the chassis frame. 

6.3.1 WEIGHT TEST EXECUTION 
The weight experiment was carried out using a lifting jack. The chassis frame was secured 
with lifting belts and an electronic spring balance was attached between the jack and the 
lifting belts, as shown in Figure 6-7. Multiple measurements were carried out to ensure 
consistency and accuracy. The lifting belts were weighed afterwards to determine the 
chassis frame’s net weight. 

 
Figure 6-7: Procedure of the chassis frame being weighed 

The longitudinal centre of gravity was determined by placing the rear of the chassis frame on 
a support and lifting the front end with the jack. The electronic spring scale was installed 
between the frame and the jack in order to determine the downward force, shown in Figure 
6-8. The force generated at the front end of the chassis frame was used to determine the 
longitudinal centre of gravity 

 
Figure 6-8: Photo showing the procedure of determining the chassis frame’s longitudinal 

centre of gravity 
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Table 6-1: Chassis weight and longitudinal centre of gravity data 
Chassis weight 33.37 kg 
Longitudinal centre of gravity 1255.67 mm 

Table 6-1 contains the experimentally determined chassis weight and longitudinal centre of 
gravity data. The presented data are averages from the experimental data presented in 
Appendix D. 

6.4 CHASSIS  TORSIONAL S TIFFNESS  
Determining a chassis structure’s torsional stiffness, a known force or torque can be applied 
to find the measurable deflection. The equipment needed for such an experiment should 
usually be robust and rigid due to the large forces involved, but the procedure and technique 
used is relatively uncomplicated. The same technique is used to determine any conventional 
spring’s specific stiffness. It involved the anchorage of one end of the chassis frame while a 
force or torque is applied at the opposite end. The rear end of the chassis frame is usually 
fixed while the twisting force is applied at the front. It is important to ensure that the location 
of the fixed points and the applied forces are exactly the same as the location in the 
mathematical model used in the FEA software. (Riley & George, 2002) 

The torsional stiffness was determined by applying a twisting force on the frame structure 
and measuring the maximum deflection produced. The torsional stiffness was calculated by 
using (6.6) 

 Torsional
TK
θ

=  (6.6) 

T represents the torque required to generate the deflections 𝜃𝜃. The torque is usually 
generated by an upward and/or downward force. The angular deflection can be determined 
by measuring the maximum translational deflections. Using trigonometry and the known 
quantities of the deflections, the angular displacement is given in (6.7) 

 1 1 2tan
2

y y
L

θ − ∆ + ∆ =   
 (6.7) 

The torsion is produced by the forces, F, which will cause the deflections, Δy1 and Δy2, 
required to determine the stiffness of the structure, shown in Figure 6-9. By knowing the input 
forces and the deflections, the desired stiffness can be calculated. (Riley & George, 2002) 

 
Figure 6-9: Deflections caused by forces (Riley & George, 2002) 
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Substituting (6.7) into (6.6) the torsional stiffness was calculated by using (6.8) 

 
1 1 2tan

2

Torsional
FLK
y y

L
−

=
∆ + ∆ 
  

 (6.8) 

In some cases, it may be difficult to establish such a setup in a laboratory when the required 
equipment is not available. The technique can be set up in order to produce only one force, 
upward or downward, depending on the circumstances. The chassis frame will pivot on a 
roller through its centreline, shown in Figure 6-10. (Riley & George, 2002) 

 
Figure 6-10: Determining torsional stiffness with one sided load only (Riley & George, 2002) 

It can be observed that only one force is required to generate the desired torque. The 
member that generates the torque is attached to the section between A and B. The angular 
deflection is given by (6.9) 

 1

1

tan A B

L
θ −  ∆ + ∆
=  

 
 (6.9) 

The torsional stiffness is then defined by (6.10) 

 1 2

1

1

( 2 )

tan
Torsional

A B

P L LK

L
−

+
=

 ∆ + ∆
 
 

 (6.10) 

 

6.4.1 TORSIONAL STIFFNESS TEST EXECUTION 
The chassis was attached to the specially built test rig and securely fixed at the rear end, 
identical in the way it was done in the FEA simulation. Dial gauges were setup at the front 
two corners of the frame to measure the torsional displacement. The second technique 
discussed above was used, utilising only one sided loadings. The chassis frame was 
supported at the bottom in such a way that it only could rotate. The displacements were 
measured for each increase in torsional load. The torsional load was calculated from the 
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weight applied while the angular displacement was calculated from the two displacements 
measured on the dial gauges, as shown in Figure 6-11. 

 
Figure 6-11: Calculating the angle, θ, with translational defections, Δy1 and Δy2 

To ensure that the deflections measured on the entire frame were more accurate, a second 
pair of measurements was added to the test. The angular deflections of the rear bulkhead 
were also measured. Two additional dial gauges were set up at the two right rear corners. 
The total angular deflection of the chassis frame was then the difference between the front 
and rear angles (Figure 6-12). The FEA also needed to be measured in this way in order to 
compare the simulation results to that of the experimental values. 

 
Figure 6-12: Calculating angles, θ and α, with translational defections, Δy1, Δy2, Δx1 and Δx2 

Thus, four translational readings were experimentally generated, two at the front and two at 
the rear, in order to determine the front and rear angular deflections. The resultant angular 
deflection was calculated by subtracting the rear angular deflection from the front. Give the 
average experimental data of the deflection tests. The experimental torsional stiffness was 
calculated by dividing the input torsion by the angular deflection, stated in (6.6). Table 6-2 
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contains the experimental data of the torsional stiffness experiment used to calculate the 
torsional stiffness. 

Table 6-2: Angular displacement experimental data 
Weight 

[kg] 
Torsion 
[N.m] 

y_delta 
[mm] 

 
(Front) 

Angular 
Disp.   

[degrees] 
(Front) 

x_delta 
[mm] 

 
(Rear) 

Angular 
Disp. 

[degrees] 
(Rear) 

Angular 
Disp. 

[degrees] 
(Total) 

2.5 24.5 0.19 0.0291 0.05 0.0039 0.0252 
6.3 61.3 0.51 0.0764 0.12 0.0095 0.0669 

10.0 98.1 0.80 0.1206 0.20 0.0161 0.1045 
15.0 147.2 1.23 0.1849 0.22 0.0183 0.1666 
20.0 196.2 1.78 0.2690 0.57 0.0465 0.2225 
25.0 245.3 2.43 0.3668 1.04 0.0848 0.2820 
30.0 294.3 3.10 0.4670 1.51 0.1233 0.3437 
35.0 343.4 3.69 0.5568 1.93 0.1582 0.3986 
40.0 392.4 4.36 0.6580 2.43 0.1991 0.4588 
42.5 416.9 4.75 0.7162 2.73 0.2231 0.4932 
45.0 441.5 5.10 0.7689 3.02 0.2470 0.5219 
47.5 466.0 5.49 0.8270 3.37 0.2760 0.5510 
50.0 490.5 5.86 0.8837 3.66 0.2998 0.5839 

6.5 CHASSIS  S TRESSES  
Stress is a result of strain in a material due to applied loads. Strain description is usually by 
the six Cartesian components. The components represent the three principal axes together 
with their three accompanying directions. On a surface, for instance, a two dimensional state 
of stress existing on the surface can be expressed in terms of the three Cartesian strain 
components εxx, εyy and γxy. (Dally & Riley, 1965) 

A number of strain measuring device types and techniques are available, each with its own 
characteristics and advantages. The various types are placed in the categories of 
mechanical, optical, electrical, acoustical, pneumatic and electrical. The electrical strain 
gauge is the type of strain gauge with the most advantageous characteristics. (Dally & Riley, 
1965) 

Strain can be measured directly by using an electrical-resistance strain gauge. A strain 
gauge consists of a very thin wire or a piece of metal foil and is based on the principal that 
change in electrical resistance due to strain applied. The strain gauge is applied to a part or 
the test subject in a specific direction. Strain gauges are calibrated to read values of normal 
strain directly by measuring the electrical resistance of the wire. The normal strain at a point 
is often determined by using a cluster of three strain gauges, orientated in a specific way, 
known as a strain rosette, shown in Figure 6-13. (Hibbeler, 2005) 
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Figure 6-13: Illustration of a strain rosette (Efunda, 2013) 

The axes of the three gauges are generally arranged at the angles θa, θb and θc. The strain 
components εa, εb and γxy can then be calculated from the strain readings εa, εb and εc given in 
(6.11) 

 

2 2

2 2

2 2

cos sin sin cos

cos sin sin cos

cos sin sin cos

a x a y a xy a a

b x b y b xy b b

c x c y c xy c c

ε ε θ ε θ γ θ θ

ε ε θ ε θ γ θ θ

ε ε θ ε θ γ θ θ

= + +

= + +

= + +

 (6.11) 

The strain rosettes can also be arranged in a 45˚ angle or a rectangular pattern as shown in 
Figure 6-14. 

 
Figure 6-14: Illustration of strain rosettes in a 45˚ orientation (Efunda, 2013) 

The 45˚ orientation of strain rosettes will simplify (6.11) to (6.12) 

 

2 ( )

x a

y c

xy b a b

ε ε
ε ε

γ ε ε ε

=
=

= − +

 (6.12) 

Strain was measured on the chassis at different structural members and locations. The strain 
data obtained was used to calculate the relevant stress values. The results were compared 
to the results produced by the SolidWorks FEA software. The strain measured using strain 
gauges, helped to validate the rest of the FEA results. Strain gauges were used in 
collaboration with Wheatstone bridges to obtain the strain data. Appendix B briefly discusses 
the Wheatstone bridge and its applications. The certificate of the strain gauges used can be 
found in Appendix C. 
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6.5.1 CHASSIS STRESS TEST CALCULATIONS  
Strains were measured on the four prescribed structural members of the chassis frame as 
discussed in Chapter 4. In order to measure the strains on the chassis frame, the stress 
conditions due to the loads had to be understood. Understanding the strains and stress 
conditions ensured that the measured results were generated in a similar way as the results 
produced by the FEA software. 

 
Figure 6-15 Illustrations of axial stresses (left) and bending stresses (right) 

 
Figure 6-16: Illustration of the combination of axial and bending stresses 

The SolidWorks® FEA simulation defines the stress as STRMAX. This is defined as the upper 
bound axial and bending stress (SolidWorks, 2013). The stress is calculated for each 
element in the meshed FEA model. It is mathematically described by (6.13) 

 1 22 2 12 1 2 11 1 21 2
2

22 11 12

[( ) ( ) ]
[ ]MAX

M I M I y M I M I yPSTR
A I I I

+ + +
= +

−
 (6.13) 

The expression in (6.13) consists of two terms. The first term represents axial stress while 
the second term represents the bending stresses. It can be reduced to (6.14) 

 MAX axial bendingSTR σ σ= +  (6.14) 

The reduced expression in (6.14) states that the SolidWorks® FEA STRMAX result definition is 
the combined stresses of the axial and combined bending component stresses. It is of great 
importance that the stresses on the chassis frame are measured and calculated by the same 
technique. 
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Considering the stress analysis for the experimental setup, it is noted that the strain testing 
method needs to coincide with that of the FEA simulation. Four strain gauges had to be 
applied to each point identified for measurement on the structural members. The four strain 
gauges had to be applied symmetrically, 90˚ spaced from each other. The configuration is 
called a strain gauge cluster. There were five strain gauge clusters in total for the complete 
experiment. 

 
Figure 6-17: Strain gauge cluster with 90˚ spacing 

Using the Wheatstone quarter bridge setup, strain in each gauge can be calculated by (6.15) 
which is supplied by the strain gauge manufacturer. 

 
4000 .[ ]out

exc

U
k U

ε =  (6.15) 

The average strain of the four strain gauges will produce the axial strain in the member, 
given by (6.16) 

 1 ( )
4axial A B C Dε ε ε ε ε= + + +  (6.16) 

The bending strain has two components, one in the AC direction and the other in the BD 
direction. They are calculated separately using (6.17) and (6.18) 

 1 ( )
2ACbend A Cε ε ε= −  (6.17) 

 1 ( )
2BDbend B Dε ε ε= −  (6.18) 

The resultant bending strains were calculated by combining the two directional bending 
strains, presented in (6.19). Figure 6-18 illustrates the principle schematically. 
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Figure 6-18: Illustration presenting the combined strain of the two directional strains 

 
[ ] [ ]

2 2

2 21 1
2 2

RES AC BD

RES

bend bend bend

bend A C B D

ε ε ε

ε ε ε ε ε

= +

   = − + −   
   

 (6.19) 

With the strain known for both the axial and bending cases, the stress at each strain gauge 
cluster is experimentally calculated with the material’s known Young’s modulus by using (4.1)
to obtain (6.20) 

. .

.( )

MAX Total axial bending

MAX axial bend

MAX axial bend

STR
STR E E
STR E

σ σ σ

ε ε
ε ε

= = +

= +
= +

 

 ( ) [ ] [ ]
2 21 1 1

4 2 2MAX A B C D A C B DSTR E ε ε ε ε ε ε ε ε
     = ⋅ + + + + − + −        

(6.20) 

Equation (6.20) provides the compound axial and bending stress, which is the same as the 
expression found in (6.14). It also does not require the strain gauges to be set up about the 
neutral axes of the structural member. 

6.5.2 TEST EXECUTION 
The chassis stress tests were executed for the specified points discussed in Chapter 4. The 
cluster locations can be found in Figure 4-4. Multiple tests were carried out to ensure 
repeatability and accuracy. The chassis frame received torsional loads the same way as with 
the deflection tests. 

Four strain gauges were applied to the points so that each point formed a strain gauge 
cluster as shown in Figure 6-19. The clusters were connected to a data cable which 
connected the clusters to the SG6 signal box. The signal box was connected to a computer 
via a USB cable and the SG6 software displayed the data feed or strain received from the 
clusters. Each channel displayed on the SG6 software represented a strain gauge within the 
cluster (Figure 6-20). 
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Figure 6-19: Two strain gauges of a cluster (left) and a strain gauge cluster with its connected 

data cables (right) 

 
Figure 6-20: The SG6 Software display which records the strains (left) and the signal box for 

the strain gauge cluster data cables (right) 

Table 6-3 and Table 6-4 show the average strain and stress data generated by experimental 
tests. The locations of the strain gauge clusters on the chassis are shown in Figure 4-4. 
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Table 6-3: Experimental stress and strain data of locations CS1(a), CS1(b) and CS2 

  
CS1(a) CS1(b) CS2 

Weight 
[kg] 

Torsion, 
T 

[N.m] 

TOTAL 
STRAIN 
[micro] 

STRMAX 
[MPa] 

TOTAL 
STRAIN 
[micro] 

STRMAX 
[MPa] 

TOTAL 
STRAIN 
[micro] 

STRMAX 
[MPa] 

2.5 24.53 5.619 1.12 10.872 2.17 5.776 1.16 
6.3 61.31 13.781 2.76 24.332 4.87 14.084 2.82 
10.0 98.10 21.027 4.21 34.721 6.94 22.351 4.47 
15.0 147.15 33.274 6.65 47.256 9.45 33.763 6.75 
20.0 196.20 44.800 8.96 59.940 11.99 45.974 9.19 
25.0 245.25 56.855 11.37 73.858 14.77 57.943 11.59 
30.0 294.30 70.016 14.00 88.411 17.68 70.357 14.07 
35.0 343.35 82.234 16.45 102.709 20.54 82.554 16.51 
37.5 367.88 89.434 17.89 111.703 22.34 89.745 17.95 
42.5 416.93 100.156 20.03 124.939 24.99 100.045 20.01 
47.5 465.98 114.801 22.96 139.496 27.90 114.721 22.94 
52.5 515.03 127.903 25.58 154.372 30.87 127.930 25.59 
55.0 539.55 121.696 24.34 161.662 32.33 134.411 26.88 
57.5 564.08 127.890 25.58 168.941 33.79 140.691 28.14 
60.0 588.60 133.951 26.79 177.014 35.40 147.331 29.47 

 
Table 6-4: Experimental stress and strain data of locations RS and FS 

  
RS FS 

Weight 
[kg] 

Torsion, 
T 

[N.m] 

TOTAL 
STRAIN 
[micro] 

STRMAX 
[MPa] 

TOTAL 
STRAIN 
[micro] 

STRMAX 
[MPa] 

2.5 24.53 8.728 1.75 3.303 0.66 
6.3 61.31 21.386 4.28 8.119 1.62 
10.0 98.10 35.428 7.09 13.004 2.60 
15.0 147.15 50.549 10.11 18.490 3.70 
20.0 196.20 71.628 14.33 25.210 5.04 
25.0 245.25 89.757 17.95 30.983 6.20 
30.0 294.30 109.908 21.98 37.906 7.58 
35.0 343.35 130.059 26.01 44.509 8.90 
37.5 367.88 140.951 28.19 47.930 9.59 
42.5 416.93 157.008 31.40 53.097 10.62 
47.5 465.98 178.339 35.67 60.064 12.01 
52.5 515.03 198.927 39.79 67.051 13.41 
55.0 539.55 209.618 41.92 70.214 14.04 
57.5 564.08 219.176 43.84 73.623 14.72 
60.0 588.60 228.987 45.80 77.008 15.40 
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6.6 CONCLUS ION 
The required experimental test setups, configurations and measurements were discussed 
and explained. The tests discussed in this chapter were done to validate the design 
characteristics of the chosen concept. 

The next chapter focuses on the results obtained from the tests discussed in this chapter and 
some conclusions are made from the experimental and simulation results. 

Equation Section (Next) 


