SECTION A Introductory Business Economics

1.

(a)

(b)

(©)

(a)
(®)

(©)

In the worldwide market for coffee, what effect would the following events
have on the equilibrium price and quantity? Iliustrate using a supply and
demand diagram.

(i) An advertising campaign to promote the drinking of coffee [3]
(ii) A period of bad weather, resulting in a lower coffee crop [3]

How does monopoly differ from perfect competition in terms of:

(i) the number of firms in the market [1]
(ii) the profits of firms in the long run [3]
(iii)  consumer welfare [4]

Disequilibrium unemployment occurs when the labour market fails to clear, so
that labour supply does not equal labour demand.

6))] Explain why the wage rate can be “sticky” in the short run, and how
this can prevent the labour market from clearing [3]
(ii) What policies can the government use to reduce unemployment  [3]

Describe the model of perfect competition [6]

Consider a duopoly with two firms, X and Y, both of which produce a similar
product, and charge a price of £2 per unit of their product. At this price both
firms make an annual profit of £10 million. However, both firms are
considering lowering the price of their product to £1.80, in order to increase
their sales. The payoff matrix of the firms is shown below, where the first
payoff in each cell is for firm Y, and the second payoff is for firm X:

Firm X’s price

£2 £1.80
Firm Y’s price  £2 £10m, £10m|  £5m, £12m
' £1.80 £12m, £5m £8m, £8m

(1) Explain why each firm needs to consider the actions of the other
firm when setting its price [2]
(i) ~ What is the Nash equilibrium in this game? Explain. [6]

What policies can government implement to increase long-run economic
growth? [6]



SECTION A Introductory Business Economics

1. (a) In the worldwide market for coffee, what effect would the following events
have on the equilibrium price and quantity? Illustrate using a supply and
demand diagram.

(1) An advertising campaign to promote the drinking of coffee [3]

An advertising campaign to promote drinking coffee would lead to an increase in the demand
for coffee at all prices. As shown below, this is equivalent to a shift in the demand curve for
coffee to the right. The new equilibrium is given by the intersection of the supply curve and
the new demand curve, point B. In the new equilibrium, the quantity and price are both
higher than in the previous equilibrium.
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(i) A period of bad weather, resulting in a lower coffee crop [3]

A lower coffee crop would lead to a fall in the supply of coffee at all prices, or a shift in the
supply curve to the left. As shown in the diagram, this results in a new equilibrium at point
C. In the new equilibrium the quantity is lower, but the price is higher.
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(b) How does monopoly differ from perfect competition in terms of:
(1) the number of firms in the market [1]

In monopoly there is only one firm in the market, while under perfect competition there are
many firms.

(i) the profits of firms in the long run [3]

Under perfect competition firms can make a profit in the short run, but in the long run other
firms may enter the market, and profits will be eroded. This occurs because under perfect
competition there is free entry and exit of firms. Firms will enter the market until profits are
reduced to zero.

Under monopoly there are barriers to entry, so that other firms are prevented from entering
the market. Non-zero profits can therefore be maintained in the long run.

(i)  consumer welfare [4]

Perfect competition is the optimal market structure in terms of consumer welfare, because
firms are producing in the most efficient way, prices are low, and the quantity produced and
consumed is at its highest, satisfying consumer demand.

Under mondpoly consumer welfare is lower because the monopolist has market power, and
can set its price above the perfectly competitive level. At this higher price consumers are
only able to buy a lower quantity at a higher price, and consumer welfare is reduced.

(c) Disequilibrium unemployment occurs when the labour market fails to clear, so
that labour supply does not equal labour demand.



i) Explain why the wage rate can be “sticky” in the short run, and how
this can prevent the labour market from clearing [3]

Wage rates can be “sticky” in the short run because it is difficult for firms to reduce them,
particularly during recessions. This occurs because workers resist wage cuts, or because
firms are be reluctant to lower wages since this could result in low morale. In addition trade
unions may negotiate wages that are above the equilibrium price, or the government may set
a minimum wage rate that is too high. If the wage rate is above the equilibrium level, labour
supply is greater than labour demand, and unemployment persists.

(ii) What policies can the government use to reduce unemployment  [3]

Unemployment can be reduced by reducing real wages, or by stimulating aggregate demand
during a recession. The government can also encourage unemployed workers to find new
jobs by providing training opportunities and encouraging workers to move to other regions
with lower unemployment rates. More interventionist policies are also possible, for instance,
the government could provide grants to firms in areas of high unemployment.

2 (@) Describe the model of perfect competition [6]

The model of perfect competition makes a number of assumptions regarding the firms in the
market:

- There are many firms

- Each firm produces a small amount

- The products are identical across firms, and there is no branding or advertising.
- There is perfect knowledge among all market participants

Because there are many firms, and each firm is relatively small, firms are price-takers in their
markets, that is, they take the price of their product as given. Because the firms are assumed
to be identical, each firm produces the same amount of the good, and the market is divided
equally between the firms. Since there are many firms, there is no strategic decision making.
While in the short run firms can make some profits, in the long run other firms enter the
market, and profits are eroded. Under perfect competition there are therefore zero profits in
the long run.

The model of perfect competition is useful as a benchmark against which to measure other
types of market structure, because it is optimal in terms of consumer welfare. However, it is
not often observed in practice, except in the case of commodity markets, or some forms of e-
commerce.’

This question can also be illustrated using a diagram.

(b) Consider a duopoly with two firms, X and Y, both of which produce a similar
product, and charge a price of £2 per unit of their product. At this price both
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firms make an annual profit of £10 million. However, both firms are
considering lowering the price of their product to £1.80, in order to increase
their sales. The payoff matrix of the firms is shown below, where the first
payoff in each cell is for firm Y, and the second payoff is for firm X:

Firm X’s price

£2 £1.80
Firm Y’s price £2 | £10m, £10m|  £5m, £12m
£1.80 £12m, £5m ;ESm, £8m

() Explain why each firm needs to consider the actions of the other

Firvrn vl an gatting g meina M
l.IlIll WllDll 1\.:L|.ll[5 ILD lJl v, LL.J

In a duopoly, which is a form of oligopoly with only two firms, any action by one firm will

affect the market share and pI‘OIlIS of the other Ilrrﬂ and the other firm wouid therefore be
}gpf_‘(_‘yd to rpqnnnd in some form. Given this situation of Qﬁ"afPUlP thmkmcr each firm needs

o take into account the reaction of the other firm when making decisions about pricing.

[¢]

(i) ~ What is the Nash equilibrium in this game? Explain. [6]

The Nash equilibrium is the outcome from which neither player wants to deviate, given the
actions of the other player. In this game, each firm will be better off reducing its price to
£1.80, regardless of the actions of the other firm. This is the dominant strategy of each firm.
The Nash equilibrium is the outcome where both firms reduce their price to £1.80, and both
firms earn £8m in profits.

(c) What policies can the government follow to encourage long-run economic
growth? [6]

In the short run, the government can increase the growth rate by encouraging the
population to save more, although the government can only hope to increase the saving rate
up to a point. Good students may point out the paradox of thrift — that increases in savings
reduce effective demand and may deter investment, thus inhibiting medium to long term
growth. In the long run, government can increase the growth rate by improving the
productivity of the workforce. This can be achieved by promoting research and
development (R&D), improving the education and training of the workforce, promoting
efficiency in the organisation and management of firms, encouraging new firms to enter the
market (entrepreneurship) and providing a competitive business environment.






occurring high up in the building. Sagging deformation with tensile strain occurring
nearer the base of the building is generally less damaging, because the foundations
restrain the tendency for cracking. Buildings directly above the tunnel tend to
experience more sagging deformation, whereas buildings to one side (but still close
to the tunnel) experience more hogging and are therefore more vulnerable to
damage. [3]

(e) Methods of preventing damage

Steel ties can be used to prevent masonry from experiencing high tensile strains.
The ground can be improved and stiffened beneath the building by grouting
(injection of cement or chemicals) to reduce differential settlements
Compensation grouting can be used. This involves the injection of grout (usually
cement grout) into the ground between the building and the tunnel in a controlled
manner. Grout is injected from horizontal steel tubes installed in the ground from a
shaft (or perhaps from an existing tunnel). Control of the building differential
settlement is achieved by injecting grout in carefully defined locations and in
carefully specified small quantities — instrumentation is very important. [3]

() Role of instrumentation

Instrumentation and monitoring provide forewarning of unexpected events, a
means of facilitating adjustment of construction procedures in a safe and systematic
manner, a means of controlling the quality of the work, records of movements of
ground and buildings for repair purposes, and an important source of data for future
projects. Typical examples of instrumentation are settlement monitoring stations,
subsurface rod extensometers to measure vertical movements, subsurface
inclinometers to measure horizontal movements, and piezometers to measure pore

pressures. [3]
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Paper 8 Selected Topics, Section C, 2010 Crib — MPFS
6(a)
Overview:
— Need to move away from limited fossil fuels
— Need to control C0, emissions
Role of renewables
— Reduce usage
— Use energy sources with low C0; impact, including many renewables (e.g. tidal, solar ...)
— In practical terms renewables in the UK can only make a small contribution to the current
usage, so need to reduce, especially in heating and transport.
Technical challenges
— durability, especially at sea
— efficient at low speeds and cope with storm loading, unpredictable power output
— aesthetics and noise considerations
— grid connection and generation
— cost of large structures
— power transmission from windy to required areas
Social factors
— acceptability
— amount of surface area available
This was answered well, drawing appropriately on material in the lectures. Marks were lost for not
answering the various aspects raised in the question.

(b) (i) Cage rotor induction generator means that there is no possibility of varying the torque-speed
characteristic of the generator eg as you could by adding in extra rotor resistance, or using slip
energy recovery in a slip-ring generator. Thus, since the generator has its stator windings connected
directly to the 3-phase 50 Hz grid, and given that it will operate on the steep part of its torque-speed
characteristic then its speed is approximately synchronous speed irrespective of the torque provided
by the turbine, hence a fixed speed system.

Advantages: Cage rotor generators have no rubbing contacts to wear out; cage rotors are more
robust than wound rotors and are cheaper to manufacture; no slip frequency converter required;
control much simpler.

Disadvantages: This system can’t extract the maximum available power from the wind at all wind
speeds since its power coefficient will vary depending on the tip-speed ratio; it can’t generate
reactive power and will therefore need a local source of reactive power.

(ii) Blade radius R = 100/2 = 50 m. Tip-speed ratio A = 8 = @R/v and v = 6ms’’

giving © = 0.96 rads™ = 9.2 rpm.

Assuming generator is operating very close to synchronous speed then its angular speed is 2nf/p =
21.50/6 = 52.3 rads™ = 500 rpm.

(iii) Gearbox needs to transform the 9.2 rpm speed of the turbine into the 500 rpm speed of the
generator so ratio is 9.2:500 = 1:54.3.

Ignoring any frictional losses in the main bearings and gearbox the output power of the turbine of
300 kW will be the same as the generator shaft power. From P = 300000 = T® and with ® = 52.3
rads” gives T=5.7 kNm.

Most students gave a good explanation of the virtually fixed speed nature of an induction generator
connected directly to the 50 Hz grid, although very few mentioned that the cage construction
precluded the use of speed control by slip energy recovery. On the calculation, the most common
mistake was to mix up poles with pole-pairs when calculating the generator speed, which meant
that answers thereafter were out by a factor of 2.



7. (a) Rate of flow of kinetic energy = mVo == (pA Yo )Vo so the denominator represents the
kinetic energy available in the air stream.

(b) Use the standard control volume analysis to derive the Betz limit:
Bernouilli applied upstream and downstream of the rotor gives the pressure drop across the rotor as

Ap = % p(V(,2 - Vlz) where V) is the downstream velocity to give a thrust 7 on the rotor A4p.

From momentum flux on a control volume the thrust applied to the rotor by the fluid is given by
T =m(Vo-V)= pdulVo 1)

Equating these two expressions for T gives u = %(Vo +1).
Power P=Tu= pAu?‘(Vo -n)
2
Cp= pAu—(Vo3VL) ( ) (1 ——) 401 - a) a using (Vy V7)) =2(Vp —u)
: 1 pay; Yo Yo
Differentiating with respect to a, = —2a(l —a)+(1 - a)2 =0 to give a maximum for a = 1/3, with

the corresponding value of C, = 16/27.

(c) (i) Total extracted power:
P=P +P, =%pAV}C,, +%pAV;C,,;

Where C,, =—P; and C,, =L3.
VopAV, VipAV,
V,
Power coefficient: C, = ’/PI ;1;23 =Cp + (7‘)3 Cp,.
2p o o

Since u, =%V, +V,)=>§=2%—l =2(-a,)-1=1-2a,.

o o

We thus get Cp = Cpy(ay)+(1-2a1)>Cpy(ay) = 4ay(l -y ) + (1 -2a1)*4ay(1-a, 2 (1)

(ii) The optimum value of C,, is 16/27 with a; = 1/3, since C,, =C,,(a,). The optimum value of
the total expression is obtained by differentiation: dC, /da, =0. We get

4(1-ay)? -8ay(1-a;)—6(1-2a;)2Cpy =0=6(1-2Cpy)af —=4(2=3Cpy)ay +(2—=3Cpy) = 0.
Utilizing Cp, =16/27 and solving for a,, we get a, =1/5. Inserting into eq. (1), we get

Cr=da-a) =4 =ox;  Cp=tns QY= 25 =64%

125 125 25

A popular question. Most candidates gave a satisfactory answer to part (a), though not all pointed
out that the denominator is the kinetic energy flux in the stream tube. Part (b) was generally very
well answered, full marks were awarded if the candidate correctly used Bernoulli's and momentum
equations to determine the velocity at the rotor plane and to derive the expression for Cp before
finding the optimum condition. Part (c) was less well answered. Although many candidates did
find a correct expression for Cp for the two in-line wind turbines, very few realised that the
presence of the second downstream turbine means that it is not optimal to run the first with an
induction factor of 1/3.



8.
(a) Materials. Choose strong/stiff and lightweight materials such as CFRP, wood or bamboo.

Structural design. The shape of the outer shell will be strongly influenced by aerodynamics.
However the effect of load distribution (e.g. amount of taper) will also affect the tradeoff between
power, weight and cost. Use a shape efficient structure with the material at the edges, i.e. a beam
structure, but allow for both flapwise and edge wise loading (worth adding a sketch here). Use a
sandwich structure for the skins. Optimise the amount of the reinforcement going down the blade to
account for the changing moment and effect on tip deflection. Use of composites also allows for
easier manufacturing of complex shapes.

Using orthotropic materials (CFRP, wood or bamboo) allows for tailoring of the stiffness, so use
unidirectional material (UD) along the spars to take the flapwise bending loads, UD at the leading
and trailing edge for the edgewise bending and include off-axis components elsewhere for
shear/torsional stiffness and strength.

A slightly harder and correspondingly less popular question. Part (a) was not so well answered,
with the obvious comments about shape and material not spelled out. Part (b) (i) had two parts, one
where the beam second moment of area changed with position, one where it didn’t. Very few did the
integration as required where there was a change, simply using the databook formula for fixed I,
though this gave the right answer in terms of dependence on L. (b) (ii) was again relatively
standard structural analysis, reasonably well answered. The importance of the scaling with L was
not well identified.
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CRIB

12(a) o=Nep

(b)I=1.0e-6, W =200 e-6,L=20e-6,t=50e-9.
J=1/Wt=e-6/200e-6 * 50 e-9 = le+5 A/m2.
Vds=5V.

Eds = Vds/L = 5/20e-6 = 2.5e+35.
o=JE=1let+5/2.5e+5=04

N=o/e.n=0.4/ 1.6e-19 * Se-5=5e+22 m-3
(c)

If dielectric thickness = 0,
Vg =Ne.t?/2¢, Eg=N.e.t/e
El =2.5¢22 * 1.6e-19 * 5e-8/ (12 * 8.85e-12) = 1.88e+6 V/m

Vi = N¥e*(t/g) (/2 + d2) = El *(U2 + dy) = 1.88 e+6 (Se-8 /2 + 2e-7) = 0.424 V
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(@) In order to manufacture n-channel MOST devices n* doped source and drain
regions must be produced. Compare and contrast two methods of producing these
doped regions, indicating which would be preferable for application in devices to
operate at GHz frequencies. (8)

(b) Give two examples of dopants that could be used to produce the n* regions and
one, other than boron, that can be used to dope the substrate p-type. 3

(d) Using the data in figures X (a) and (b) determine whether or not a successful n-
pocket isolation diffusion is obtained when Boron is diffused through a 2 micron thick
n-type silicon layer containing 6 x 10'° donor impurity atoms /cm’. Assume that the

diffusion takes place at 1100C from a saturated boron vapour for 45 minutes. State all
assumptions made. €))

10
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Solution:

Diffusion and Ion Implantation

Diffusion -
Two types of diffusive processes are relevant to device formation — (1) diffusion from an

infinite source where a constant surface concentration is maintained and (2) diffusion from

a constant total dopant. Both are carried out in a furnace as detailed below.

( DIFFUSION )

Quartz, polysiicon or Heaters
Diffusion ambient gases = t - = —
T\l /ﬁlllllJJJJJlj

| com— 23 |

waten Quartz, polysfiicon, or siicon casbide bogt

The tube is heated by three zones of heaters to between 800 and 1300 degress C (typically).

The three zones are controfied so that the central portion of the tube has a very uniform
temperature (+/- 1 or 2 degraes C). Only the centre of the tube is used.

At the high temperatures in a diffusion tube the dopant atoms that are concentrated near the
surtace of the wafer will redistribute themsaives to be more uniformly spread (fo they wiit move
mmmmwmammmwmbmmmmm.
The high temperatures aro necassary so that diffusion takes place in manufacturing, but nct in use.

\- J

In the first case the dopants are transported from a source vapour onto the silicon surface
and diffuse into the wafer.

In the second case the small amount of dopant deposited either onto the silicon surface or

incorporated into a doped oxide on top of the silicon diffuses into the bulk silicon crystal.

The solution that satisfies the above boundary conditions is

C(x,f)=C, erfc(z J"D_t)

where C; is the constant surface concentration (in atoms/cm3), D is the constant diffusion
coefficient cm?/s.
Supposing now that a thin layer of dopant is present on the surface of our silicon wafer and

that there is a fixed total amount of dopant S per unit area and that the dopant diffuses

into the silicon.

wim 7 Jan 10



The solution that satisfied the boundary conditions for situation (2) gives

2
_ 1/2 —-X
C(x,t)= S /(zDt) exp{—-‘lpt ]

Ion Implantation:

This is the introduction of ionised projectile atoms into samples. The energies of the atoms
are sufficient to cause penetration beyond the surface region. It has the advantage over
diffusion in that it has the capability of precisely controlling the number of implanted
dopant atoms and it takes place at much lower temperatures. A Schematic of such a

system is shown in the next diagram.

4 )

ION IMPLANTATION

Resolving aperture \

Mass ] -
Analyser

= A
lon beam — X\

Acceleration tube scan plates Target
Y

lon source ~ .L v scan plates
Gas source —% T

lon implantation fires dopant ions into the surface of the target (a wafer) to achieve a uniform,
accurately controlled dopant concentration.

The ion beam is generated by ionising the source (a gas or vapour at low pressure),

selacting the correct mass/charge ratio of ion, and accelerating them through 10 — 200 keV (typically).
The beam is focussed and scanned across the target to achieve good uniformity.

The total dose is monitored by Faraday cups placed just outside the target area,

and implantation continues until the correct dase is reached.

\ J

The use of 10-500keV energies for boron, phosphorus or arsenic ions is sufficient to
implant ions from about 100-10,0004 below the silicon surface. The depth and type of

implantation can be selected to meet a particular application.

wim 7 Jan 10



As it is a directional process it also reduces the amount of sideways spread through

apertures, that is associated with the standard diffusion process.

However the ions cause a certain amount of damage to the crystal surface as they impact
upon it. In some instances the energies being sufficient to turn the surface into an

amorphous layer.

In addition the atoms, as implanted, will be mostly inactive because on average they will
tend to occupy interstitial rather than substitutional positions in the lattice.

Because of both of these problems a post implantation heat treatment is needed. If a
shallow diffusion is required the heat treatment is short and at very low temperatures, but if

a deeper diffusion is required, then a drive in stage is needed.

To summarise ion implantation has the advantage that it produces very uniform profiles
and is very controllable. However, it is time consuming and is not practical for large
doses. The damage to the lattice also increases as the dose increases and this also limits
the highest practical dose (exact amount depends on the atom used as atom size is

important factor).

(b) Phosphorus and Arsenic for n-type
Boron and Antimony for p-type

(c) Assume all infinite source of dopants therefore use erfc profile. For successful
isolation diffusion the density of the B impurities which penetrate the 2 micron
thick n-layer must be > than the density of the n-type dopant throughout.

2 ym P n

wim 7 Jan 10



So work out the concentration of the B at 2 gm from the surface and if > than
6 x 10" then successful isolation is achieved.

Temperature 1100°C

wim 7 Jan 10

therefore Cs from Fig.(a) is ~2 x 10 cm™
and D from fig (b) is ~3 x 10" cm?57!.

c(x,:)=és erfc(2 jj)_r)

-6
=2xwzoerfc[ﬂ__J

2xx/3x10_l3 x 2700
=2x10%0 x erfe 1.11
~2x10%0 x .2

~ 4x10!% / m3

therefore successful isolation
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)/ (a) Write short notes on:

(b)

(i) temporal difference learning;

Answer: Temporal difference learning is an algorithm that implements
a type of reinforcement learning. An agent can take actions and receives
rewards. Temporal difference learning is a way to calculate the value
(discounted sum of all future rewards) of a given policy. It does this by
calculating the temporal difference error which is the difference between the
estimated value of the current state and the sum of the current reward and
estimated (discounted) value the next state. This error can be used to update
the value functions online.

(ii) direct inverse learning;

Answer: Direct inverse learning is an an algorithm that tries to learn an
inverse model by adapting a set of parameters in a model such as weights in
a neural network. Given the system in which actions are mapped into states,
the inverse model tries to learn the mapping from states to actions that will
achieve them. It does this by observing the system often under random inputs
(actions) and tries to learn the mapping of the achieved state to action that
caused it by using a supervised learning rule such as back propagation. The
problems with such learning is that it is not goal directed, required rewiring
for use and fails for many nonlinear systems.

(iii) loss functions in neuroscience.

Answer: A loss function specifies how errors are converted into an
internal scalar number representing how bad that error is for the agent. For
example it would specify when pointing at a target how bad a 2cm error is
compared with a Icm error. Studies on human show that the loss function
for the human reaching is less than quadratic showing that humans are more
robust to outliers than statistical methods such as linear regression.

Answer the following questions in the context of learning.

(i) Describe briefly the differences between supervised and reinforcement
learning.

Answer: The key differences are that supervised learning receives
the desired output and gets a direct measure of error between the inputs and

(cont.

[25%]
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outputs (vector error) and is therefore suitable for classification and regression
problems. In contrast reinforcement learning only receives a scaler signal, that
is reward and the aim is to increase the reward accumulated over time. It is
suitable for the control of complex systems.

(ii) Describe what a forward model is and how it can be learned and used.  [25%]

Answer: A forward model maps commands into the state or sensory
feedback they will cause. Forward models make a prediction of upcoming
information, supervised learning can be used to adapt the parameters by
comparing the prediction to the actual information. In the electric fish that
is done to anti-hebbian learning They can be used in a number of ways. First
they can be used to predict upcoming states and therefore ameliorate time
delays of system (example of manipulation and grip force). Second, they
can be used to predict sensory feedback and attenuate this due to one’s own
motions. Third, they can be used to estimate the state system such as the
rotation of the eye.

(¢) Answer the following questions in the context of stiffness control of the
human arm.

(1) Why does the human arm have innate stiffness?

Answer: Muscles have spring-like properties and therefore for a fixed
activation level they resist motion away from an equilibrium position therefore
producing stiffness.

(ii)) How can the stiffness ellipse of the arm be measured?

Answer: By using a robot to produce a step displacements of the hand
of around 1 cm and measuring the restoring force in different directions of
perturbation and then fitting a stiffness ellipse to the data. Critically the

perturbation needs to be completed before voluntary control can start so
within 100 ms.

(iii) Under what conditions, and why, is it sensible to use stiffness or to use
inverse model control to resist force perturbations? [25%)]

Answer: Inverse model control is generally used when the perturbation
is predictable in magnitude and direction whereas stiffness controllers is used
for unpredictable perturbations but is more energy consuming.

(TURN OVER for continuation of Question 1



(d)

\

Answer the following questions in the context of noise.

4

(i) How can noise on the motor command determine how movements are
generated?

Answer: Signal-dependent noise (SDN) corrupts the commands and
leads to variability of the movement. Choosing different ways to move
produced different motor command and different noise leading to different
variability of the movement. By tailoring the statistics of the outcome to a
particular task an optimal way of movement can be chosen because the motor
system is highly redundant. Such a model has been used to predict goal-
directed movements such as movement of the eye or arm.

(ii) How can noise on sensory inputs determine how stimuli are perceived?

Answer: Sensory inputs are noisy making estimation hard. Bayesian
methods combine prior knowledge about the state of the world with evidence
from sensory input to produce optimal estimate. That is by achieved by
multiplying the prior by the likelihood and normalising to produce a posterior.
Therefore as sensor inputs become more noisy our brains rely more on the
prior (example of motion illusion).

[25%]
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Sketch the mechanical responses for the following, and describe the

underlying microstructures and physical processes that give rise to the observed

responses.

(i) Show on the same plot the stress-strain response for a collagenous soft
tissue loaded in uniaxial tension both parallel and perpendicular to the primary
collagen fibril orientation.

Answer: Collagenous tissue stress-strain responses are approximately
quadratic. The response longitudinally (i.e. parallel to the collagen fibrils)
will be roughly an order of magnitude stiffer than that transversely (i.e.
perpendicular to the collagen fibrils) There are two key features of soft
tissue mechanical response that are illustrated here, (a) nonlinearity and (b)
anisotropy. The nonlinearity arises due to the underlying fibrillar nature of
the collagen fibrils, which are contained in a viscous (sugar-based) ground
substance in most soft tissue microstructures. On mechanical loading, the
fibrils both uncrimp and re-align in the direction of applied load. This
phenomenon is comparable to the "recruitment"” of individual spring elements
in a sequential manner, and gives rise to the increasing stiffness with
increasing tensile strain. The anisotropy occurs in that the path to realignment
of the fibrils with the loading direction is significantly smaller for the case
where fibrils are already primarily oriented in this direction.

(ii) Show the evolution of a soft tissue response with time following the
application of a step stress and a step strain.

Answer: Soft biological tissues are largely water, on the order of 70
v/v. As such their mechanical response is one of poroelasticity: the flow
of fluid through a porous solid network. The solid network is in this case
the proteins and sugars that make up the tissue itself. On application of a
step stress, the strain in the tissue immediately increases to an initial value,
and then increases progressively with time in a phenomenon known as creep.
Conversely, when an instantaneous strain is applied, the stress in the tissue
immediately increases to an initial value and then decreases progressively
with time in a phenomenon known as stress-relaxation. The curves are
roughly exponential exp(-t/tau) with time where the time constant tau is
related to physical characteristics of the flow process including a physical
length scale, the (shear) modulus of elasticity of the porous network and
the hydraulic permeability related to the fluid travelling through the elastic

(TURN OVER for continuation of Question 2



(b)

skeleton.

Describe the following in the context of tissue engineering.

(i) The make-up of a natural tissue, with examples.

Answer: Natural tissues consist of cells residing in an extracellular
matrix. The proportion of cells to ECM depends on the type of tissue, with
3/4 tissue types largely cellular (epithelial, muscle, nervous) and 1/4 largely
ECM (connective tissue). The ECM itself consists of proteins and sugars
(and minerals in the case of mineralized tissues such as bone) and water and
is characterized by properties overall related to the properties of these non-
living materials.

(ii) The overall approach of tissue engineering.

Answer: Tissue engineering is a general approach based on adding
living cells to a scaffold material, with a third additional component such
as stimulatory factors (growth factors, mechanical loading, etc.) to encourage
the cells to thrive. The scaffold may be biodegradable. The hope is to start
with something that looks more like a tissue than would an implant made of
engineering materials, where the scaffold takes the ECM role. Over time, it
would be hoped that the tissue engineered implant would be incorporated into
the body, ideally with the clearance of the engineered scaffold and perfect
integration into the surrounding tissue for complete "healing"

(iii) The role that bioreactors play in the tissue engineering process, with
examples.

Answer: Bioreactors have several roles in tissue engineering. The use
of bioreactors for culturing the cell-scaffold construct has been shown to
produce a far superior tissue, which is hypothesized to be related to both the
physical loading of cells due to fluid motion and also the improved diffusion
of nutrients through the scaffold. Example include spinner flasks, where the
tissue spins, rotating wall vessels, where the entire container spins, perfusion
chambers, either hollow fibre or direct flow, or direct mechanical loading. The
bioreactor has to maintain sterile conditions for keeping the cells alive and the
nutrient broth available. Bioreactors also have a likely role in the scale-up and
commercialization of tissue engineering, in which cells from different people

(cont.

[40%]
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would need to be used to make individualized implants with cells not only
kept under sterile conditions but also labelled according to whose cells these
are. This is likely related to the development of multi-chamber bioreactors
with automated material handling capabilities.

(iv) The mechanical and non-mechanical requirements for an osteochondral
tissue engineered implant.

Answer: An osteochondral implant should replicate the baseline
mechanical properties of the two attached tissue layers that it is replacing,
namely bone and cartilage. Bone is close to linearly elastic, slightly
anisotropic (L = 1.5 T), E = 10 GPa, and poroelastic with kappa = 10-20
to 10-17 m4 (Ns)-1. Cartilage is Nonlinearly elastic, anisotropic (L > 10
T), E < 1 MPa, and poroelastic with kappa = 10-14 m4 (Ns)-1. Further
mechanical considerations include the attachment of the two layers together,
along with the attachment of the implant into the joint itself for integration
with surrounding tissue. The tribological/frictional characteristics of the
cartilage surface are also extremely important. Non-mechanical key factors
include biocompatibility, including non-mutagenicity, sterilizability, and the
chemical make-up of the scaffold by-products as it degrades.

(TURN OVER

[60%]
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% "3’ Write brief notes on each of the following:

(a) The system of navigation used by bacteria such as E. coli in search of
nutrients. Be sure to mention the main components of the system. [20%]

Answer: _ o -
(@) For. . chemetaxa. af ,€.8.,E.coli, see lecture notes.

?Mofm. Camponenis. - . e
+ Reversisie otesy waturs, embedded. o cell wall.

. Hagellar floments , deiven by Matecs..

* Receptor pmte.i:;zs‘ embedded il wall: each

sends o Signal to the cell's interiat wvhen _
a Single nultient malectle (S baund o .,

*Machinery (not deteiled in (2ctures) for inteqraking .

. Sueh Swgnals, werking out the Hme m(‘-e.-c?-cmgc

. of tncidence of hultient mdlecales ) and Hen sending
Signals to revzse the sense ¢ tation of marers.

(b) The way in which an organism’s cells “specialise”, in order to construct
different parts such as limbs, organs, etc., even though every cell contains the full DNA
prescription for the entire organism. [20%]

Answer:

(cont.
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(c) The significance of the principle of self-assembly in the process of building
biological structures. Give a few specific examples. [20%]

Answer:

(TURN OVER for continuation of Question 3
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(d) The overall conformation of protein molecules as determined by the weaker
rather than the stronger chemical forces. [20%]

Answer:

(cont.
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(e) The different lines of evidence which have been used by scientists to establish
the “tree of life”. Do the resulting trees differ in form?

[20%]

Answer:

(TURN OVER for continuation of Question 3
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21 Crib:

(a) Revenue = money from selling something. Source = actual / future
customers

Grant = a ‘gift’. Source = national govt (UK Technology Strategy Board) or
regional govt (EEDA) or other org such as NESTA (National Endowment for
Science, Technology and the Arts) or charity (Gates Foundation).

Debt = borrowing money. Source = a bank or specialist finance organisation.

Equity = selling part of the ownership (shares) of your business in return for
cash. Source = venture capitalist, business angel or public markets.

(b)

Initial idea j Feasibili ) prototerno :"{ ati j Growth

Personal, family, friends I

l Grants _J

l Bank loan I

L Business angels 1

i Venture Capital I

Consultancy income |

IPO IPO

(¢) (i) investment banks, high net worth individuals, endowments, pension funds

(ii) firms with some proven market traction that show potential for rapid and
substantial growth if given additional capital and access to expertise

(iii)  from management fee (for raising the fund) and carried interest from
profits made by selling shares in investee companies — via trade sale or IPO.

(d) *The market ~-Who has the problem that you attempting to fix?

*Product / service ~-What solutions are going to be used to address the problem?
*Management team —Who is going to do it? What is their track record?
*Business operations —How are you going to do it?

*Financial projections ~-How and when will money be made?

*Marketing strategy —How will get people to buy your product / service
*Resources required ~-What do you need to start your business?

*Exit opportunities —~How will your investors get their returns?

Key area is usually reckoned to be the management team. The often heard quote
from VCs is that they’d prefer to invest in an A team with a B idea, rather than a
B team with an A idea. The market focus rather than technology focus of the
business idea is also important. For many businesses seeking to exploit some
novel IP, the protection of the idea (IP) is also critical.






Concept design: should be considered at the system, module and component
level; links requirements to working principles. These can then be taken
forward to prototyping.

FIDELITY
TYPE Function / Appearance’ | Producibility Usability cost
performance
Simple Sketch Low Medium Low Low Low
Block mmodel Medum Medium Low Med-high Low
Visual (physical) Low High Low Medium Medium
model
30 CAD model LOW High Medium Low Medium
Funcuonal (techmcal) High Low Medium Medium High
model
Pre-production . h
prototype High High High High Hig
Analytical / virtual , , o , it
models High Low Low Low Varies
All stages need to be linked through a design process:
Activity Input/Output
Optimise principle
. Lnd'erbtand.cuatomer needs MARKET NEED )
+ Clarify requirements (OR IDEA)
TASK
CLARIFICATION
REQUIREMENTS
3 . v
Optimise layout ' CONCEPTUAL
+ Generate alternatives DESIGN
. N
. E\»aluzfte z‘dtem.ah\-es ‘ CONCEPT
+ Establish "architecture J
EMBODIMENT
DESIGN
.. . LAYOUT
Optimise details )
+ Design for production D TIL
; DESIGN
+ Evaluation -
PRODUCTION

* Documentation

INSTRUCTIONS |




23 Crib:

(a) The basic problem of supply and demand is that the process of produFing the
product takes time — both due to production and due to the need to acquire the
materials and components required to make it. If the customer is not prepared
to wait for this process to occur, a stock of finished goods must be held so that
whenever a customer arrives, there is a complete product ready to be boug!1t.
However, this stock of finished goods is expensive — all the costs of production
have been paid for, and extra costs are incurred due to the nced to store th.e
product. The ideal is clearly that a steady stream of customers should arrive at
exactly the same rate as the factory produces the products — so all the factory’s
resources are continuously in use, but no stock is kept.

*Customers would like to be able to buy any volume of a product without delay
at any time

*Owners of the business would like to see all their resources fully and efficiently
used all the time without having to pay any of the costs associated with holding
stock

(b)
(i) production of cars, electronics, pharmaceuticals (high volume, low
variety)

(i) racing cars, top-end Swiss watches, wedding cakes (Iow volume, high
variety)

For high volume, standardised products, automation is an attractive option - the
high initial cost of automated equipment will be paid off through faster
production rates with fewer (expensive) manual workers. However, automation
is far from a perfect solution:

* Itis generally difficult to set-up (programme) a machine for the first run
of a new product/part
¢ All automated machines have a relatively limited flexibility - with limits
based on the number of degrees of freedom, size etc.
¢ Automated systems are not particularly robust - the software is only as
good as the specification of anticipated problems
* Automated assembly is generally difficult due to the difficulty of handling
and aligning parts
* Some material types are not easily handled by machines - sewing remains
a manual operation.
High variety products with lower volumes tend to have shorter life cycles and
more customisation even within ‘standard’ products. It is therefore very
difficult to automate production for such products, and automated production

technology remains a ‘tool’ for use by humans rather than a substitute.
In contrast, people:

eare highly flexible



*have low capital and set up costs, higher hourly cost but can the number of
them active in a system can be changed relatively easily

*can be involved in assessing and assuring the quality of production and can
improve the system through wider awareness

*but they do get bored when doing the same thing too many times.

(c) Four general strategies have developed for trying to smooth the pattern of
demand:

1. *The simplest strategy is to design a system with capacity to supply the
average demand, and use the quiet periods to build stock to meet the
periods of peak demand.

2. +An attractive possibility is to find a second product with the inverse
demand cycle so that the two combined have more level demand

3. ePrice can be used to reduce demand at the peak, and increase it at off-
peak times - for instance by charging more for toys at christmas

4. +Reservations can be used to allow advance booking of peak demand, so
that later requests must be met at other times

Bicycle lights are likely to also show seasonal demand, i.e., demand is likely to go
up in winter and down in summer. Strategies for dealing with this could be to
find markets in opposite hemisphere, promoting the use of lights not only for use
at night (bad weather safety), encourage out of season buying through price
promotions, etc.

Supply can be balanced by increasing flexibility. Clearly, the overall capacity of
the system must at least be sufficient to meet the average demand.

Increasing flexibility requires: Appropriate tools and equipment, and operators
who are sufficiently skilled and motivated to switch between tasks Product
design options where some production can be done in advance of peak demand -
ideally long task time production of standard components - to reduce the amount
of work required at times of peak demand.
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