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EXECUTIVE SUMMARY
A cantilevered boom truss was designed to have a maximum strength to weight ratio. It
spanned 30 cm and suspended a mass from the free end. It was fixed to the wall at the top and bottom
using a pin and roller joint respectively.
Using SolidWorks and Microsoft Excel to speed up the design process, multiple designs were
created and evaluated. Once the final design had been selected, it was optimized to maximize its
strength to weight ratio. The design selected had a theoretical PV of 305 based on the experimentally
determined properties of the materials provided.
The design was constructed and tested. Masses were added to the free end of the truss in 500 g
increments beginning at 1 kg. The truss suspended a maximum mass of 8.5 kilograms, giving it a PV of
280 (92% of the theoretical value). The truss failed due to link tearing in the two topmost members; if
the truss were to be rebuilt, the design should be adjusted in order to strengthen those points.
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1.0 INTRODUCTION
1.1 Problem
Design a cantilever crane boom truss to bear maximum load to weight ratio, Performance Value
(PV). The structure must contain a 50 x 60 mm support ends for screw-in-hooks at pin joint A (Figure 1.1)
and a roller join B. Additional space or pin must be incorporated at the free end of the crane boom truss
for weight hanger loading mechanism.

Figure 1.1 Project Problem Schematic Description [2]

1.2 Design Constraints
All designs must meet the following design constraints in order to be considered for evaluation
[Table 1.1]
TABLE 1.1 List of Design Constraints

PARAMETERS

SPECIFICATIONS

TYPE

Truss structure

DIMENSIONS* [REFER TO FIGURE 1.1]

Height :
Width:
Length:

PERFORMANCE VALUE (PV)

Minimum Requirement: 75 (g/g)

50 ± 5 mm [supported ends A to B]
60 ± 5 mm
300 ± 10 mm [B to W]

Required to use only the materials provided:
MATERIALS

- 20 ft of bass wood
- 4 ft of hard wood dowel

* Dimensions are all measured from the center to center of pins
The members in the structure must be pin connected two force members that can rotate freely
about the pins therefore, using glue at pin joints is prohibited. Members inside the space between the
hooks are allowed, as long as when measured from center to center of two set of members the width
constraint must hold. Additional space for the hooks must be provided for the truss to attach to the test
platform, as well as the space for the weight hanger mechanism on the free end of the truss.
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The performance value is defined by:
𝑀𝑎𝑥 𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝐿𝑜𝑎𝑑 (𝑔𝑟𝑎𝑚𝑠)
𝑃𝑉 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑇𝑟𝑢𝑠𝑠 (𝑔𝑟𝑎𝑠𝑠)

1.3 Design Criteria
The criteria listed in table 1.2 are specification and features that the design is desired to have.
TABLE 1.2 List of Design Criteria

PARAMETERS

DESIRED

WEIGHT

APPROX. PERFORMANCE VALUE (PV)

Maximum
Min 125 PV

0.400

Ease of Construction

Easy

0.067

# OF MEMBERS

Minimum

0.067

CONSTRUCTION TIME (HOURS)

Minimum

0.067

Maximum

0.400

CONSTRUCTION

SUSCEPTIBILITY TO OUTSIDE FORCES

1.000

TOTAL

The weight criteria was an objective but not a focus of the designs, thus strength of the truss
was not compromised for its mass. For performance value the minimum is 125 PV to get 100% on the
presentation of the design, however the goal was to achieve one of top three highest PV. Next,
simplicity in terms of construction was a desired criteria to minimize human error, construction time,
and the design being feasible to be constructed. Symmetry is also an important concept that had to be
considered for susceptibility to outside forces because there will be equal force distribution across the
all members, and subjection to torsion will be minimal.

1.4 Materials and Properties
Rectangular basswood segments are provided for primary material of construction of the truss
and the hardwood dowels for the pin joints. Table 1.3 describes the properties of both materials. For
optimization of the design, the values for the parameters [Table 1.3] were taken one standard deviation
lower than the average to account for weaker material properties possible when many members are
used. [For example, when 10 members are used, there is a high chance that one of the members will fail
prematurely, due to lower material properties, causing the entire truss to fail at a lower load value.] The
average and standard deviation values are obtained form the control charts in Appendix A. However,
the average density value is used because failure point is independent of mass.
TABLE 1.3 Material Properties for Basswood and Hardwood

BASSWOOD [⅛” X ⅜” X 24”]

HARDWOOD DOWELS [⅛” X 48”]

AVERAGE

AVERAGE

PARAMETERS

DENSITY

ρ [kg/m3]

AVERAGE - 1σ
476

2

AVERAGE - 1σ
650

BASSWOOD [⅛” X ⅜” X 24”]

HARDWOOD DOWELS [⅛” X 48”]

AVERAGE

AVERAGE

PARAMETERS
AVERAGE - 1σ

AVERAGE - 1σ

ELASTIC MODULUS E [GPA]

8.50

7.844

17

15.93

NORMAL STRENGTH σULT [MPA]

74.4

68.91

117

116.99214

2

1.88

22.6

20.35

SHEAR STRENGTH

τULT [MPA]

* The values in the table are obtained through direct measurements
* Bolded values are used for calculations
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2.0 PRELIMINARY DESIGN
2.1 Design #1
Design 1 is the lightest design. However any vertical force applied to the middle of the truss
greater than the frictional between members and pins will cause the truss to become unstable.
According to SolidWorks, Design 1 weighs 17.1g. Design 1 minimizes weight by triangulating
members AI and DI to allow the bottom half of the truss to only have one member between IK whereas
a non-triangulated design would require 2 members to serve the same function. The top members of
Design 1 are also thinned to minimize weight.
Design 1 has a very high theoretical PV because of its light weight. However, there is a
fundamental design flaw. If a force is applied to the middle of the truss that exceeds the force of friction
between the members and pins then the middle of the truss will jolt up or down causing the truss to
fail. Assuming the truss does not experience these forces the truss has a theoretical PV of 323.
(Although not selected, Design 1 was built and surpassed a PV of 150 despite its inherent instability).
Design has moderate construction difficulty. There are no large holes for triple pins but the
design is composed of 11 members including some holes drilled at an angle.
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Figure 2.1 Design #1

2.2 Design #2
Design 2 was derived from Design 1 with two major changes. Firstly, the triangular bottom was
removed to prevent torsion and simplify construction. Secondly, the vertical middle members in Design
1 (EF and GH) were changed to attach from the bottom (EF) to the top pin (BC) to improve the design’s
susceptibility to external forces.

4

According to SolidWorks, Design 2 weighs 20.1g. Design 1 minimizes weight by thinning all
members in tension as their failure point is relatively high compared to other members. Design 2 also
saves weight by eliminating the top middle joint of Design 1.
Design 2 has a PV of 272. The PV of Design 2 is lower than Design 1 because of its increased
mass.
Design 2 has easy construction difficulty. There are no large holes for triple pins and the design
is composed of 10 members with no holes drilled at an angle.
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Figure 2.2 Design #2

2.3 Design #3
Design 3 is a simplified version of Design 1 and 2. Design 3 removes all middle joints,
incorporates a T-Beam and replaces specific pins with triple pins.
According to SolidWorks, Design 3 weighs 27.9g. The majority of the mass of the design is
located in the T-Beam members AE and DF weighing a total of 17.1g together. All members in tension
(AB, CD, BE, CF) are thinned to reduced weight.
Despite Design 3 weighing 50% more than Design 1 and 2, Design 3 maintains a similar PV by
using T-Beams. The T-Beam has a second moment of area of 250% that of a square beam of equal crosssectional area meaning the T-Beam can span the full distance from pin AD to EF without any further
support (something that was not possible in Design 1 or 2). Due to the increased mass, pin shear
becomes a relevant means of failure. To prevent pin shear, triple pins were used at vulnerable pins
reducing pin shear by a factor of 3. The PV of Design 3 is 305.
Design 3 is difficult to construction. The triple pin design requires enlarged holes that are
difficult to drill by hand. As such, all large holes were drilled using a mill for increased precision. The mill
is a time-consuming machine to use and the construction difficulty value associated with the design
corresponds to that difficulty.

5

C
B
D

A

F
E
Figure 2.3 Design #3

2.4 Design Evaluation
An important design parameter is susceptibility to outside forces. Design 1, for example, has a
superior PV to Design 2 or 3 but will fail at a PV much lower than its theoretical PV because slight
asymmetries in its construction and environmental forces that will cause the middle of the truss to fail
prematurely. To compensate for the risk of premature failure, the susceptibility to outside forces
parameter was given a weight of 0.400.
The design parameter PV is given a weight of 0.400 as this parameter is the property upon which
the design will be evaluated.
Lastly, construction difficulty was given a weight of 0.200 split equally between its three
subcategories to compensate for the time and effort put into the construction.
Below is a summary of the properties of each design.
TABLE 2.1 Specification Summary

DESIRED

WEIGHT

DESIGN 1

DESIGN 2

DESIGN 3

Maximum

0.400

323

272

305

Ease of Construction

Easy

0.067

Moderate

Easy

Hard

# OF MEMBERS

Minimum

0.067

11

10

6

CONSTRUCTION
TIME (HOURS)

Minimum

0.067

15

12

18

PARAMETERS
APPROX. PERFORMANCE VALUE (PV)

CONSTRUCTION
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PARAMETERS
SUSCEPTIBILITY TO OUTSIDE FORCES

DESIRED

WEIGHT

DESIGN 1

DESIGN 2

DESIGN 3

Maximum

0.400

Very Low

High

High

1.000

TOTAL

TABLE 2.2 Design Decision Matrix
WEIGHT

DESIGN 1

DESIGN 2

DESIGN 3

0.400

0.361

0.287

0.335

EASE OF CONSTRUCTION

0.067

0.033

0.050

0.017

# OF MEMBERS (MIN:6, MAX:20)

0.067

0.048

0.043

0.067

CONSTRUCTION TIME (MIN:0, MAX: 25)

0.067

0.027

0.035

0.019

SUSCEPTIBILITY TO OUTSIDE FORCES

0.400

0.100

0.300

0.300

TOTAL

1.000

0.569

0.715

0.738

PARAMETERS
APPROX. PERFORMANCE VALUE (PV) (MIN: 75, MAX:350)

CONSTRUCTION

Design 3 has the highest rating followed closely by Design 3. Design 3 was chosen as our
final design because of its high total rating and high PV.

7

3.0 Design Analysis and Optimization
Once a design had been selected, the stresses in each member were calculated and
overdesigned members were optimized. Figure 3.1 shows the geometry of the final design.

Figure 3.1 The Geometry of the Final Design.

3.1 Forces
The force in each member was calculated at each joint, starting with the joint at E, where
the mass was suspended. Since the truss is symmetrical the load supported by each side is half of
the total load. The following calculations are for the right side of the truss. The forces in the left
side are calculated in the same way.
Figure 3.2 shows a free body diagram of the forces at E.

Figure 3.2 Forces at E

𝑃
; 𝐹= = 0 = − + 𝑃BC sin 𝜃
2
𝑃
𝑃BC =
≅ 3.041𝑃
2 sin 𝜃
; 𝐹M = 0 = 𝑃NC − 𝑃BC cos 𝜃
𝑃
𝑃NC =
cos 𝜃
2 sin 𝜃
𝑃
𝑃NC =
= 3𝑃
2 tan 𝜃
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Figure 3.3 shows the free body diagram for the forces at B.

Figure 3.3 Forces at B

; 𝐹= = 0 = −𝑃BC sin 𝜃 + 𝑃NB
𝑃
𝑃NB = 𝑃BC sin 𝜃 =
sin 𝜃
2 sin 𝜃
𝑃
𝑃NB =
2
3.2 Optimization
Once the force in each member had been calculated in terms of the suspended load, it was
possible to find the point at which each member would fail. The failure point of each member
was calculated on each iteration. The stress calculations for the final optimized design are shown
in the next section.
3.2.1 Links
In order to optimize the links in the truss, it was important to separate them into two
categories: ones under tension and ones under compression.
To optimize the links under tension it was essential to remove any extra material to minimize
final weight. Since the maximum axial stress will occur at the point with the lowest area
(assuming all other properties are constant), the links were shaved down to maximize the number
of points with the calculated minimum allowable area. The minimum allowable area was
dependent on the diameter of the pin through that member. An extra length at the end of each
member was added to prevent link tearing. The length was calculated based on the force in that
member and the material properties provided to us. The thickness at the end of the links in
tension were tripled to increase area of effect of the force in the member and consequently
reduced the corresponding stress; this increased the limit for link tearing and bearing stress.
Increasing the thickness at the end of the members rather than across the entire length saved
materials and weight.
Members under compression were optimized based on a different set of criteria. The
largest concern for links under compression was their susceptibility to buckling. In order to
minimize buckling it was important to create a member with a large second moment of area.
Drawing on examples of engineering design and weighing these with the design criteria, a Tbeam was selected as the best member for our design. As buckling became the limiting factor for
the strength of our design, not much other optimization was possible on these members.
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3.2.2 Pins
In the final design, the largest concern for the pins was bending. Since the pins at B and E
were put at the most risk from bending they were tripled to increase their second moment of area
and consequently make them more resistant to bending.
3.3 Failure Analysis
The following calculations were performed for the final, optimized design. One example
of each calculation is shown. The results of all calculations can be found in Table 3.1 and Table
3.2. Dimensions for each part can be found in Appendix A.
3.3.1 Link Rupture
The maximum suspended load before failure in link AB due to rupture can be calculated
as follows.
𝑃NBSTU = 𝜎WXM 𝑡𝑤WZ[
𝑃WXM
= 𝜎WXM 𝑡(𝑤 − 𝑑WXM )
2
𝑃WXM = 2𝜎WXM 𝑡(𝑤 − 𝑑WXM )
𝑃WXM = 2 × (68.91 × 10` ) × (3.175 × 10cd ) × ((9.2 × 10cd ) − (6.841 × 10cd ))
𝑃WXM ≅ 1032.2 N
3.3.2 Link Tearing
The maximum suspended load before failure in link AB due to tearing can be calculated
as follows.
𝑃NBSTU = 2𝜏WXM 𝑏𝑡
𝑃WXM
= 2𝜏WXM 𝑏𝑡
2
𝑃WXM = 4𝜏WXM 𝑏𝑡
𝑃WXM = 4 × (1.88 × 10` ) × (10 × 10cd ) × (3.175 × 10cd )
𝑃WXM ≅ 238.8 N
3.3.3 Bearing Failure
The maximum suspended load before failure in link AB due to bearing stress can be
calculated as follows. Bearing failure falls under link failure because the normal strength of the
link is less than that of the pin.
𝑃NBSTU = 𝜎WXM 𝑡𝑑WZ[
𝑃WXM
= 𝜎WXM 𝑡𝑑WZ[
2
𝑃WXM = 2𝜎WXM 𝑡𝑑WZ[
𝑃WXM = 2 × (68.91 × 10` ) × (3.175 × 10cd ) × (3.175 × 10cd )
𝑃WXM ≅ 1389.3 N
3.3.4 Buckling
The maximum suspended load before failure in link AE due to buckling can be calculated
as follows. The value for second moment of area of a T-beam can be found in Appendix A.
𝜋 i 𝐸𝐼
𝑃NCSTU = i
𝑙
10

𝑃WXM

𝜋 i 𝐸𝐼
3𝑃WXM = i
𝑙
1 𝜋 i 𝐸𝐼
𝑃WXM =
3 𝑙i
i
1 𝜋 × (7.844 × 10l ) × (291 × 10cmi )
=
3
(300 × 10cd )i
𝑃WXM ≅ 83.4 N

3.3.5 Pin Bending
The maximum suspended load before the pin at E fails due to pin bending can be
calculated as follows. Bin pending is calculated using the outside diameter of the triple pin.
𝑀𝑟
𝜎WXM =
𝐼
𝑃CSTU 𝑙𝑟
𝜎WXM =
𝐼
𝜎WXM 𝐼
𝑃CSTU =
𝑙𝑟
𝜎WXM 𝐼
𝑃WXM =
𝑙𝑟
𝑃WXM

(109.1 × 10` ) × (94.8 × 10cmi )
=
((60 × 10cd )/2) × ((6.841 × 10cd )/2)
𝑃WXM ≅ 100.8 N

3.3.6 Pin Shear
The maximum suspended load before the pin at E fails due to pin shear can be calculated
as follows.
Below is a graph of the magnitude of the shear on pin E across the pin. The maximum
shear is 3.04P.
Note that the area of the pin is calculated using 3 times the area of a single 3.175mm
diameter dowel.

3.04P

3.04P

0.5P

Figure 3.4 Magnitude of the Shear Force for Pin E
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𝑃WXM
𝐴
𝑃WXM = 𝐴𝜎WXM
𝜋𝑑 i
𝑃WXM = 3
𝜎
4 WXM
(𝜋 × (3.175 × 10cd )i )
=3×
× (20.35 × 10` )
4
𝑃WXM ≅ 483.4 N
𝜎WXM =

𝑃WXM

Table 3.1 shows the maximum allowable forces for each method of failure in each link.
TABLE 3.1 Maximum Allowable Forces for Each Method of Failure in Each Link

Link
AB
BE
AE

Link Rupture (N)
1032.2
169.7
–

Link Tearing (N)
238.8
157.0
–

Bearing Failure (N)
1389.3
228.4
231.6

Buckling (N)
–
–
83.4

Table 3.2 shows the maximum allowable forces for each method of failure in each pin.
TABLE 3.2 Maximum Allowable Forces for Each Method of Failure in Each Pin

Pin
A
B
E

Pin Shear
322.2
158.9
158.9

Pin Bending
–
248.6
100.8

Link AE will be the first member to fail, due to buckling; this determines the theoretical PV of
the final design. The PV can be calculated from the mass determined from SolidWorks and the
force at failure of link AE.
𝑠𝑢𝑠𝑝𝑒𝑛𝑑𝑒𝑑 𝑚𝑎𝑠𝑠
𝑃𝑉 =
𝑡𝑟𝑢𝑠𝑠 𝑚𝑎𝑠𝑠
83.4 N
9.81 mqsi
𝑃𝑉 =
27.87 g
𝑃𝑉 = 305
Figure 3.5 shows a 3D diagram of the final design with the final dimensions.
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Figure 3.5 3D Diagram of Final Design with Final Dimensions
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4.0 DESIGN CONSTRUCTION AND TESTING
4.1 Construction Obstacles/ Challenges
Design complexity further complicated the construction. The first obstacle was to make the
holes for the triple pins, because drilling the holes in the exact center along the width of the basswood
piece was extremely difficult by using just the power drill and not splitting the wood along the grains.
The second obstacle was to get the exact distance in between the holes. The solution both obstacles
was using the mill. The edge-finder was used to find the exact center and using vice clamp in order to
prevent the grain splitting. In addition, mill position sensor allowed the required measurement between
the holes. However using the mill raised up two more challenges: burning the holes on the mill due to
high RPM on the mill and having access to the mill. The RPM of the mill could only be lowered to a
certain amount, because the speed of the end mill had to be high enough for wood to be cut and not
torn. Also, accessing the mill was difficult in the E5 student machine shop, since the mill is always used
by the forth year students, as well as safety training was required in order to access the machine shop.
Next, the challenge in thinning the wood in middle sections between the holes to reduce weight
to an accurate width value across the entire length. Using a planar, file and sandpaper the dimensions of
the width were approximately the same, however the decision during construction was to keep the
thickness greater than the theoretical (5.5 mm vs 5.0 mm). The filing and sanding could not be done
accurately therefore the buffer in width of 0.5 mm is a safety factor to not make the width less than 5.0
mm which could jeopardize the design PV in significant amount.
Lastly, assembly of the T shape members was challenging in terms of clamping the members
together and applying consistent pressure along the full length of the two basswood components. The
members started to twist and angle if too much pressure is exerted and pieces would not attach
properly

4.2 Test Results
The test for the final design was performed to reach the 125 PV and was not tested to failure,
due to the unavailability of extra materials to rebuild the design. The test also revealed that the friction
between the T beams and links AE and CF is enough to hold the truss without links AB and CD. The
weight hanger must be placed in the exact center of the pin EF to prevent torsion of the structure.

4.3 Further Refinements
After the test it was evident that links AB and CD did not posses the intended tension force
therefore the members were further thinned beyond theoretical value to reduce weight of the structure
and improve the PV value. Furthermore, all the pins were shorted from 100 mm to 85 mm to reduce the
overall weight without compromising for PV. To restrict the torsion of the truss, a measured area for the
weight hanging loading mechanism.

14

5.0 CONCLUSION AND RECOMMENDATIONS
5.1 Conclusion
The truss failed near its theoretical failure point. The truss recorded a PV of 280, 91.8%
of its theoretical PV, and failed with a suspended weight of 8.5kg. It is probable that the truss
failed beneath its theoretical PV because it was imperfectly constructed. The truss failed due to
link tearing in members BE and CF (Figure 5.1).

Figure 5.1 Display of Tearing members in the truss

5.2 Recommendations
The truss design could be improved in several ways. Firstly, the experimental weight was
measured to be 10% higher than the theoretical weight. This difference can be explained by the
conservative construction process used. Rather than thinning the members in tension by hand, using a
file and sandpaper, the truss could be built using a laser cutter for improved precision. Secondly, the
point of failure could have been anticipated not only theoretically but also experimentally by testing our
truss to failure, reinforcing the failure point and rebuilding the design before the class test date. If the
truss were to be rebuilt, the design should be reinforced to prevent link tearing at the impacted points.

15

6.0 REFERENCES
[1]

Material Properties (Scatter) [Online]. Available: https://learn.uwaterloo.ca/d2l/le/
content/181056/viewContent/1138885/View

[2]

Optimum Truss Design – W15 [Online]. Available: https://learn.uwaterloo.ca/d2l/le/
content/181056/viewContent/1138885/View

[3]

Sectional Properties Calculator – T-Beam [Online]. Available: http://www.amesweb.info/
SectionalPropertiesTabs/SectionalPropertiesTbeam.aspx

16

APPENDIX A
Members
AB, CD
BE, CF
AE, DF

Length
(mm)
50
304.1
300

Pin Single/Triple
AD
BC
EF

Single
Triple
Triple

Width
(mm)
4
5
9.2
Length
(mm)
50
304.1
300

Thickness
(mm)
3.175
3.175
6.35
Diameter
(mm)
3.175
6.841
6.841

Anti-Tear
Length
(mm)
10
10
4.6
Max Shear
Force (P)
0.5
3.04
3.04
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Anti-Tear
Thickness
(mm)
3.175
9.525
3.175

Tensile
Force (P)

Bending
Distance (mm)
0
0
30

Bending
Force (P)
0.5
3.04
3.01

0.5
3.04
-3.04

I (m4)
1.07E-11
1.33E-11
2.91E-10
I (m4)
4.99E-12
9.48E-11
9.48E-11

APPENDIX B
SolidWorks drawings were used for all members and pin of the design.

Left AntiTear Length

Right Anti-Tear
Length
Right AntiTear Length
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