
_____1.  On your research trip with Professor Dudley to Panama you discover a new species 
of beetle that only lives upside-down stuck to the undersurface of plants and rocks. You are 
curious about the mechanism of attachment.  You bring back several live animals. You take a 
picture of the foot with your electron microscope when you return. 
 
 
 
 
 
 
 
 
 
 
 
 
a) The new species looks like it has Velcro-like pads with hooks. Design an experiment to test 
whether or not the new species adheres by interlocking. (4 points) 
 
-Place the animal on molecularly smooth surfaces. 
Or 
-remove hooks and test whether then animal can still adhere to the surface 
 
b) The whole pad looks as though it could form a tight seal with a smooth surface. Design an 
experiment to test whether or not the new species adheres by suction. (4 points) 
 
-Attempt to attach foot in a vacuum.  
-Break seal around outside foot (either by placing it on a rough substrate or a substrate with 
holes in it) and check whether the animal can still adhere.  
-Measure pressure under the foot to see if it exceeds ambient pressure. 
 
c) In the humid environment, you noticed that a fluid might be associated with the pad. You 
hypothesize that wet or capillary adhesion might be involved. Design experiments to test if 
wet or capillary adhesion is being used. State how and why the experiment will affect shear 
forces (parallel to the plant) and vertical (perpendicular) pull-off forces when upside-down. (4 
points) 
 
Answers worth full credit: 
-Generate shear and vertical forces with a device such as a turntable. 
Vary temperature. If wet adhesion is involved, then the rate of slipping in shear should 
increase with temperature because viscosity decreases. If wet adhesion is involved, then the 
forces developed perpendicular to the surface should not vary with temperature because 
surface tension only has weak temperature dependence. 
 
-Vary surface properties. Compare a hydrophobic and hydrophilic surface. If wet adhesion is 
involved, then the pad will not stick to the hydrophobic surface. 
 
-place the organism in water and test if it can still adhere (this eliminates surface tension) 

 
-add something to the fluid that breaks up surface tension (such as detergent).  
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-remove the fluid from the pad and test whether it can still adhere.  (full credit).   
 
2 points: putting the organism in a dry environment.  (the organism could be excreting its own 
fluid) 
 
_____2. Use the data given and the plot of breaking strength, Young’s modulus (E) and 
toughness (U, energy per volume) in tension to compare materials and challenge the claims. 

 
 
a) Oak and fir can’t have the same E, because the stress measured in fir is higher when 
measured in tension. True or false given the following data? Fir stress = 70 MPa; strain = 
0.007 ; Oak stress = 40 MPa; strain = 0.004. Assume Hookean behavior. Justify your answer 
by calculating E and comparing directly. (5 points) 
 
Minus one point if units are labeled incorrectly 
 
False (1 point) 
E is the same as shown on the plot. 
E = σ / ε 
Fir = 70/0.007 = 10,000 MPa 
Oak = 40/0.004 = 10,000 MPa 
(4 points)  
 
b) Bone and fir have the same toughness when measured in tension. True or false given the 
following data? Bone breaking stress = 198 MPa; E = 20,000 MPa ; Fir breaking stress = 140 
MPa; E = 10,000 MPa. Justify your answer by calculating toughness for one cubic meter of 
material and comparing directly. (5 points) 
 
Minus one point if units are labeled incorrectly 
 
True (1 point) 
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Toughness is the same as shown on the plot. 
T = σ2 / (2Ε) 
Bone = (1982)/(2*20,000) = 0.98 MJ/m3 
Fir = (1402)/(2*10,000) = 0.98 MJ/m3 
(4 points) 
 
c) Keratin can’t be 100 times tougher than cast iron because they have the same strength. True 
or false? Explain by comparing breaking strength, E and toughness. (6 points) 
 
Minus one point if units are labeled incorrectly 
 
False (1 point) 
 
Explanation (5 points): to the extent that Keratin is 100 times tougher because it is over 10-
fold more compliant (lower E). Since strength is the same, the mechanical strain energy 
required to break keratin is greater.  This explanation could be in words or could utilize the 
toughness equation (T = σ2 / (2Ε). 
 
d) Chitin from an insect’s exoskeleton is over 1000 times tougher than stony coral, yet has the 
same normalized stiffness (Young’s modulus). True or false? Explain by comparing breaking 
strength, E and toughness. (6 points) 
 
True (1 point) 
 
Explanation (5 points): Chitin is 1000 times tougher because its strength is over 100-fold 
greater than stony coral.  Writing out the toughness equation T = σ2 / (2Ε), with no further 
explanation: 2 points. 
 
 
 



Question 3 (18 points)

Part A (4 points)

(2 points): Setting up the Reynolds number equation properly:

Re =
ρUL

µ

(1 point): Putting in the right numbers, ie.

ρ = 0.8× 1.205 kg m−3 = 0.964 kg m−3

U = 7 m s−1

L = 0.34 m

µ = 18.08× 10−6 Pa s

(1 point): Getting the right answer:

Re ≈ 1.3× 105

Part B (6 points)

(3 points): Setting up the non-dimensionalized lift equation properly, i.e.

L = 0.5ρSU2Cd

(2 points): Putting in the right numbers, ie.

ρ = 0.8× 1.205 kg m−3 = 0.964 kg m−3

U2 = 49 m2 s−2

S = 2× 0.5 m2 = 1 m2 (2 wings)

Cd = 1.2

(1 point): Getting the right answer:

L ≈ 28 N

1



Part C (8 points)

(6 points): Understanding that the glide angle θ is related to the lift to
drag ratio via

cot θ =
L

D

(2 points): Getting the right answer:

cot θ =
L

D
D = L tan θ

= 28 tan(14◦)

≈ 7N

Question 4 (16 points)

Part A (8 points)

(2 points): Calculating the correct wing length:

L =
[Wingspan]− [Body Width]

2
=

1.85− 0.342

2
= 0.754 m

(2 points): Calculating the weight supported by a single wing, assuming
that each wing supports half the weight of the bird:

F =
mg

2
=

5.8× 9.8

2
≈ 28.5 N

(2 points): Using the correct equation for the moment acting upon a uni-
formly loaded cantilever beam

M =
Fx2

2L

The maximum moment will occur when x = L, i.e.

Mmax =
FL

2

2



Full credit awarded for use of the point loaded cantilever beam moment
equation (M = Fx) if the assumption that a uniform loading scheme
could be approximated by a point load halfway out along the wing was
made explicitly.

(2 points): Calculating the maximum moment correctly:

M =
FL

2
=

28.5× 0.754

2
≈ 10.8 N m

Part B (8 points)

(3 points): Knowing that the stress distribution within a loaded beam is
given by

σ =
My

I
This equation did not appear explicitly in the appendix, and so partial
credit of 2 points was awarded for the incorrect use of the stress
distribution equation for a point loaded cantilever beam:

σ =
Fxy

I
(Note that the term Fx in this equation is the moment M applied by
a point load at the end of a beam)

(2 points): Using the correct equation for the second moment of area, I:

I =
π

4

(
r4
outer − r4

inner

)

(1 point): Calculating I correctly:

I =
π

4

(
r4
outer − r4

inner

)

=
π

4

(
0.01154 − (0.0115− 0.002)4

)

≈ 7.34× 10−9 m4

(2 points): Getting the right answer:

σ =
My

I

=
10.8× 0.0115

7.34× 10−9

≈ 1.69× 107 N m−2
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