Assignment 3: The Geometry‐Strength‐Mass Design Loop
24‐370 Engineering Design I
Due @ 12:30, Wednesday February 9th 2011

Part A: Intuitive part sketching
Using the loading and support sketches on the following pages as a guide, sketch conceptual designs for
mass‐optimal component structures that could meet pre‐defined strength requirements, such as factor of
safety. Start with stick figures, then flesh out the structures to enable them to bear compressive, tensile, or
bending loads, or to prevent excessive deflection or buckling. For this sketching exercise, imagine that the
parts are relatively small, and therefore difficult to design as trusses. In other words, they should be single
continuous components, with no super‐small features. If you have a strong intuition in trusses, think of solid
sections of material as representing planes of triangular linkages in the truss. These exercises are meant to
help you to develop your intuition, so spend as much or as little time as you think will benefit you. Grades are
for completion, with feedback proportional to answer content.

Part 1: Scratch‐Paper Design of a Rod in Tension
Design the diameter of a cylindrical member in tension to achieve minimum mass while meeting a factor of
safety requirement.
The Miller sign at Billy Bob’s Place got busted again, and he has come to you to try to design a more
permanent solution: raising the sign up and out of harm’s way. It seems he wants the sign to be supported
by a single cylindrical rod. One end of the cylinder will be rigidly fixed to the ceiling, while the other will be
rigidly attached to the neon sign weighing 50 pounds. Billy Bob is light on cash and wants to use the least
amount of steel possible. What rod diameter, D, do you prescribe?
1.a ‐ Load analysis. Draw a Free Body Diagram of the rod, including the load, F, and any reaction forces
and/or moments. It should be possible to balance forces and/or moments for this static FBD.
1.b ‐ Symbolic derivation. What is the peak stress, σm, in the cylinder, as a function of D?
1.c ‐ Inverse problem. The local machine shop has bundles of plain carbon steel rods lying around, with a
yield stress of σy = 30,000 psi. Using a factor of safety, fos, of 10 (after all, we don’t want anyone hit with a
falling Miller sign) determine the minimum rod diameter Dmin, to three significant digits.
1.d ‐ Reality strikes. The only rod diameters available at the shop are in integer multiples of 1/32 of an inch.
What rod diameter should you choose? Please report your answer in fractional form, i.e. x/32.
1.e ‐ Numerical validation. Model the part in SolidWorks and perform a Simulation to determine the factor
of safety. Use SolidWorks’ built‐in material “Plain Carbon Steel”. You may find it helpful to create a factor of
safety plot: after you have run the simulation, right click on Results and select Define Factor Of Safety Plot.
Please report the minimum fos to two significant digits.

1.f ‐ Interpretation. Billy Bob thinks the sign will be out of reach, but some of his customers look like they
might get creative in their attempts to get his goat. How might this part fail, if the loading conditions were
not as expected? Please give a qualitative type of loading, in five words or less (e.g. “normal stress”).

Part 2: Analytical Optimization of a Height‐Varying Beam in Bending
Design the length‐varying cross‐section of a cantilevered beam to achieve minimum mass within constraints
on factor of safety, material and manufacturing.
The consulting firm you work for is helping a civilian contractor to design a search and rescue robot for
disaster sites. You are currently designing a gripper to remove debris from the robot’s path. You have
decided that the main structural component of the gripper will be a set of calipers constructed from 7075‐
T73 Aluminum. You decide to model the front half of the calipers cantilevered beams, with a force at the tip
due to the reaction force from the gripped object. The mass of the gripper is critical, since it must be carried
by the machine and lifted by the proximal robotic arm joints. To withstand bending loads with low mass,
the component will have an I‐beam cross section, with thickness t, base width b, and overall height h. The
beam must have length L, due to the size of objects to be carried, and will be loaded with force F, to
produce sufficient friction to lift the desired objects. The machining process will require a minimum
thickness, tmin = 0.05 inches, in all places. Because moments are low near the loading point and high near
the cantilever, we may want to vary the beam height along its length. But what is the best way to do this?
1.a ‐ Load analysis. Determine the reaction moment, M, as a function of the axial position, x, along the
beam. Define x = 0 as the loaded end of the beam, and x = L as the cantilever point.
1.b ‐ Symbolic derivation: stress vs position. First, determine the peak stress along the beam, σm, as a
function of the axial position, x, assuming constant cross‐section parameters t, b, and h. Use the simplified
I‐beam area moment of inertia equation derived in class: I ≈ ½ b t h2. Next, try linearly increasing the beam
height as it approaches the cantilever. Substitute a length‐varying height, h(x) = kxx, in for h, and simplify
the resulting equation.
1.c ‐ Inverse problem: base as function of k. Since we aim to minimize mass, the beam should not be any
wider than necessary for a given height parameter. To find out what beam width is needed, first substitute
a combination of the material’s yield stress, σy, and the desired factor of safety, fos, for σm. We now have
an equation with only b, t, and k as free parameters. Solve for b. (Later, we will set t and vary k to see the
effects on mass.)
1.d ‐ Symbolic derivation: beam mass. Now determine the mass, m, of the resulting beam geometry. First,
derive the mass of a small slice of the beam, dm , for a slice thickness of dx along the length of the beam.
Use the simplified I‐beam cross‐sectional area equation derived in class: A ≈ t (2 b + h), and material
density, ρ. Next, substitute h(x) = kxx for h, since this will affect our integration. You should now have an
equation with two terms, in ρ, t, b, k, x, and dx. Perform definite integration over the range x = [0, L] to find
the total beam mass. Finally, substitute your answer from part 1.c for b to obtain an equation for the beam
mass with only two free parameters, t and k.

1.e ‐ Numerical solution: mass vs height factor k. Now we will determine the optimal values for thickness
and height constant for our beam. Let us first assume that the minimum allowable thickness is optimal, and
test this assumption later. This leaves only the beam height factor, k, as a free parameter in our
optimization problem. In Matlab, enter the following values for constants: rho = 0.3; F = 100; fos = 2;
L = 2; sigma_y = 50000; t = 0.05;. Next create a vector of possible values for k, ranging from 0.1 to 1.0, in
increments of 0.001: k = [0.1:0.001:1];. Finally, solve for mass m = [your equation here];. You will probably
need to use the “./” command (the “dot slash” operator, which divides vectors element by element rather
than as whole matrices) or similar. Plot your result using the commands: figure(1); plot(k,m); xlabel(‘k’);
ylabel(‘m’);. Please print your plot and report your answers to three significant digits:
1.e.i ‐ What is the minimum value of m? Use the command [v,i] = min(m), where v is the minimum
value and i is the index of that value.
1.e.ii ‐ What is the minimizing value of k? Use k(i) to find out.
1.e.iii ‐ What is the corresponding value for b? Use your equation from part 1.c to find out.
1.e.iii ‐ Finally, test the assumption that mass is minimized with minimum allowable thickness tmin. Set
t = 0.1; and re‐calculate m. What is the new minimum mass m?
1.f ‐ Interpretation. Will the optimal height factor kopt change if the load F is changed? Please answer “yes”
or “no”. Are there any obvious problems with the beam cross‐section we have defined, at the extremes for
instance? Please answer in 10 words or less.

Part 3: Fatigue Design of a Cyclically‐Loaded Shaft in Torsion
Design a steel shaft to have the desired (infinite) fatigue life, using feature geometry.
The medical device company you work for is designing a novel shaker for agitating biological and chemical
emulsions, and you are currently working on the design of the central drive shaft. This component will have
a motor on one end and a circular steel test‐tube rack on the other end, which the motor will rotate back
and forth cyclically, producing a dynamic, cyclical torsional load with peak torque T = 195 in lbf on the shaft.
The shaft is to be constructed from 440C Stainless Steel, which has a yield strength Syt = 180 ksi, and an
ultimate strength Sut = 240 ksi. The outer diameter of the shaft is D = 0.500 inches, but you also need a
groove for a retaining ring just outside the main bearing. The diameter of the shaft inside the groove is d =
0.476 inches, and the machining process to be employed will result in internal radii at the corners r = 0.036
inches. Most of the shaft will be polished, but in the critical retaining ring groove the surface will be
machined. Customers will use the device at room temperature, and it is expected that neither heat from
the motor nor internal energy dissipation from the shaft will change the shaft temperature significantly.
The medical staff using the product expects very high quality, high‐reliability components, so you aim for a
reliability of 99.9% and an infinite fatigue life.
Use appropriate portions of Shigley’s “Road Map” for fatigue analysis, copied in the appendix below for
your convenience, to answer the following questions:

3.a ‐ Endurance strength. Calculate the endurance strength, Se, of the shaft under these conditions. Please
calculate all modification factors separately, and record them to two significant digits, before performing
your final calculations (with the rounded numbers). Please neglect the miscellaneous‐effects factor.
3.b ‐ Peak stress and factor of safety. Calculate the peak stress, τm, including the fatigue concentration
factor. You might find chart A‐15‐15 useful. For simplicity, please approximate Su as 200 ksi and r as 0.04 in
when calculating q (use the correct values for all other calculations.) What is the factor of safety, fos? Note
that you have already converted to shear when calculating Se, due to kc.
3.c ‐ Design for fatigue. Describe the design process you would use to achieve a given fos for minimum D,d.
Part 4: Guess‐and‐Check method for a Column in Compression
Determine the minimum diameter of a column in compression that will prevent buckling.
You are the in‐house mechanical engineer at an electronics start‐up whose goal is to put a Squig™ in the
home of every American parent. What is the Squig™? Something to do with early development of
mathematics skills through the pushing of multicolored buttons, but don’t worry about that right now. The
main problem with the Alpha prototypes is failure due to toddlers using the Squig™ as a seat or stepping
stool. It flattens like a pancake. To strengthen the design for the Beta version, you decide to add a set of
internal posts, which rigidly connect opposite faces to one another. The opposing faces are not very stiff
relative to one another. In other words, there are no external constraints on the motion of the top of the
column with respect to a reference frame fixed at the bottom. The posts will be approximately circular in
cross‐section, with diameter D and length L = 2 in, molded from ABS (Acrylonitrile Butadiene Styrene) with
E = 290 ksi. The maximum toddler load, F, is about 50 pounds force.
4.a ‐ CAD guess and check. Being the SolidWorks maestro that you are, you decide to skip the pencil and
paper stage and simply model this thing and tweak it to get the parameters right. Hey, guess and check can
help build your intuition too, right? Fire up SolidWorks, throw in an initial guess for D, use the buckling
analysis tool in Simulation, and tweak D until you obtain a Load Factor of 2 ± 0.1. What diameter did you
arrive at? About how many iterations did you go through?
4.b ‐ Analytical validation. Now use the formula presented in class to solve for the diameter analytically.
Please give your answer for D to three significant digits (this should be slightly different from the
SolidWorks solution). Which process used more time? Which process would be faster if you found out that
the elastic modulus E of the material had to be changed to 340 ksi?

Part 5: Analysis of a Post and Ring in Contact
Demonstrate use of CAD tools to perform contact stress analysis in an assembly.
You are a Mechanical Engineering student that has been assigned a design project that involves contact
between a custom part and a set of pegs. Being the awesome, can‐do, go‐getter that you are, you decide to
go the extra mile in your project and consider contact stresses during your design process. But first, you
need to play around with the FEA tool that will allow you to analyze them. Using the method we discussed

in class, please model a post in contact with a hole in a block. You may use any dimensions and loads that
obtain qualitatively interesting results, but please give your block a unique and distinguishing feature of
some kind. Please print a screen shot (use Save As ‐‐> File Type: JPEG) of the stress distribution result plot,
using a deformation constant that makes important features visible.

Bonus Question A: SolidWorks Parallel‐End Buckling Analysis [Completely optional]

Demonstrate a buckling simulation for a cylindrical shaft in compression, where the base and
ceiling portions of the beam are able to move vertically but are constrained in both rotation and
horizontal translation. This corresponds to C = 4, or part (b) of the figure on buckling presented in
lecture. Please provide a screen shot of the deformed geometry, along with a brief description of
the fixtures and loads you applied. [In addition to showing up your sad old Prof, earn up to 10
extra points!]

Bonus Question B: Leaf Spring Design [Completely optional]
You are designing a biomimetic robot joint that utilizes a series‐elastic actuator with a leaf spring. The leaf
spring is a beam rigidly connected to one limb and loaded by a cable at a distance of about 5 inches from the
joint. For simplicity (in modeling and manufacturing) try a rectangular cross‐section. Derive the relevant design
equations, involving geometry, material properties, factor of safety, linear stiffness at the endpoint, and mass.
Using material properties for Gordon Composites’ GC‐67‐UB bar stock and a desired stiffness of 600 lbs in‐1,
determine the spring mass and cross‐section parameters. How does mass change with cross‐section and
length? In addition to establishing your supreme awesomeness, earn up to 15 extra points.]

Appendix: Fatigue Analysis Equations & Tables
Reproduced from Shigley’s Mechanical Engineering Design, Budynas & Nisbett

