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Better housing 
for refugees

Physics and refugees are not words you often see in the same sentence. Yet, as 
I discovered during a visit to the Syrian refugee camps in northern Jordan, there 
are many ways in which physics might be useful in designing better shelters

David Coley

2 Physics Review April 2018
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The first thing that strikes me as I step off the minibus is 
the tank. I normally work at a university, so I don’t often 
see a tank. The second is the bleakness. Part of this is 

cultural because I live amongst the green fields of Devon, so a 
desert landscape, although impressive, isn’t exactly pretty and 
looks to be a tough place to live. Next there is the sand, in and 
on everything, swirling in miniature vortices no higher than my 
head. Finally, the temperature of 40°C hits me — there is not a 
single cloud in the sky or a tree for shelter. 

The terms in bold link to topics in the AQA, Edexcel, OCR, WJEC and 
CCEA A-level specifications, as well as the IB, Pre-U and SQA exam 
specifications.

A simple data analysis technique determines the ideal 
temperature inside a shelter. Designs that take account of thermal 
conductivity and specific heat capacity can lead to better 
housing.

Exam links 

We make our way through the police checkpoint and I am 
glad that Dima Albadra, my research assistant, speaks fluent 
Arabic. She has brought a pile of boxes with her. Some of 
the boxes contain a weather station (Figure 1) we plan to 
assemble on the roof of one of the huts provided by the United 
Nations High Commission for Refugees (UNHCR) (Figure 2). 
The other boxes contain the equipment we will use to monitor 
the temperatures, humidity and carbon dioxide levels in the 
shelters in which the refugees live.

The camp is impressive in its scale — it is home for 83 000 
people — and in its organisation. There is a hospital, a 
supermarket and several schools. Trucks deliver water to the 
shelters, and there are pipes to remove the waste. 

Collecting data
We trek off to the first home to start our work. The shelters that 
have replaced the original refugee tents are simple. Each is about 
the size of a large caravan, allowing around 3 m2 of floor space 
per person (Figure 3). Figure 1 Dima setting up the weather station

Figure 3 A typical kitchen area in one of the shelters

Figure 2 A typical UNHCR shelter
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The shelters are built of aluminium sheeting, which is cheap, 
robust and easy to work with, but with little insulation, so they 
get very hot in summer and very cold in winter — when it can 
be −10°C. This is why we are here, in the hope that physics can 
be used to improve these dwellings and help design better ones. 
One of our aims is to find out the ideal temperature for the 
inside of a shelter, which will help us in our design work.

All day we measure temperatures and interview the refugees 
(Figure 4). Their stories of loss of loved ones and of shelled 
houses are powerful, and we feel honoured that they have let 
us into their homes. We learn a lot from the interviews: what 
they like about their shelters and what they don’t like; what 
range of temperatures they think is acceptable; and whether 
there is enough ventilation for nine people sleeping in one 
small room. 

What we learned
The refugees told us the following:

 ■ Security, safety and privacy are very important to them. 
 ■ They found their shelters to be unbearably hot in July and 

August, while they found them freezing in winter, especially 
at night. 

 ■ Most women have little chance to adapt their clothes to the 
temperature changes during the day due to a lack of privacy.

 ■ They sit on the shelter floor, not on chairs. The cool concrete 
floor is welcome in summer, yet it is a source of discomfort in 
winter. 

 ■ Most refugees stay cool in summer by showering with all 
their clothes on. This is a clear demonstration of the impressive 
nature of evaporative cooling due to the effect of the high latent 
heat of vaporisation of water (‘The heat pipe’, PHYSICS REVIEW 
Vol. 26, No. 4 pp. 6–8).

 ■ Sand storms are a regular problem.
Putting this all together, we decided on the following: 

 ■ We need to keep the shelters warm during winter and cool in 
summer. This suggests the use of materials with a low thermal 
conductivity (Box 1) to give insulation and high specific heat 
capacity (Box 2). See Table 1. 

 ■ We need to be able to provide plenty of ventilation in summer 
and windows that can be closed in winter, or if a sand storm 
passes through. 

 ■ Windows must not allow men to see into female areas, so 
need to be high up. 

 ■ The floor needs to be of concrete, because peoples’ clothes 
will be dripping wet from showering and earth would just turn 

To learn more about the project, watch this video by Dima: 
https://sciencetechnology.today/10/healthy-housing-for-refugees/

Feel free to follow the project or tell others about it via hhftd.net

For more on operative temperature see: 
https://en.wikipedia.org/wiki/Operative_temperature

References and further reading References and further reading

Figure 4 Surveying a household
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winter. If we express all temperatures in °C and air speeds in 
m s−1 the relevant equation is:

TO = 
Tr + Ta  10v

1 +  10v
 (1)

We measured each of these variables in the shelters in order 
to find the operative temperature in each one. We also asked 
the occupants if they were comfortable by giving us a ‘thermal 
sensation vote’ on a scale from −3 (very cold) to +3 (very hot) 
for their shelters.

Using the data
The relationship between the thermal sensation vote (VT) and 
TO appears to be linear, so by fitting the best straight line to 
the data we can create an equation linking temperature to 
comfort: 

VT = aTO + b (2)

Constants a and b can be found from all the votes we have 
collected. We do this by plotting a graph of all the data (Figure 5) 
and drawing the line of best fit. By comparing this with the 
equation of a straight line:

y = mx + c

we see that a is the gradient of the best-fit line and b is the vote 
when the temperature is 0°C.

to mud, but in winter can be covered with insulation to be 
warmer for sitting on. 

 ■ The solution needs to be cheap because money is limited.

Are you sitting comfortably?
Back at Bath University we analysed the temperature data before 
starting the design work. 

Shut your eyes and ask yourself: am I too hot or too cold? 
The answer you give will depend on the operative temperature 
of the room in which you are sitting. This is the temperature 
of an imaginary black enclosure in which you would exchange 
the same amount of energy by radiation plus convection as 
in the actual environment being investigated. In physics, a 
‘black’ object is one that absorbs all electromagnetic radiation, 
and emits radiation with a spectrum that depends only on 
its temperature (At a glance, PHYSICS REVIEW Vol. 27, No. 3, 
pp. 16–17). 

The operative temperature, TO, depends on the temperature of 
the walls and other surfaces in the room, known as the radiant 
temperature, Tr, and on the air temperature, Ta. It also depends on 
the speed, v, of the air in the room: a high air speed will help 
keep you cool in summer, but make you feel even colder in 

Box 1 Thermal conductivity

Thermal conductivity describes how rapidly energy is transferred 
through a material as a result of a temperature difference. 

∆x

P

A

T1 T2

Figure 1.1 Defining thermal conductivity

Figure 1.1 shows a slab of material where the temperature is T1 on 
one side and T2 on the other. The overall rate of energy transfer, P, 
through the slab depends on the temperature difference (∆T = T1 − T2) 
and on the slab’s thickness, ∆x, and area, A:

P = kA 
∆T
∆x (1.1)

where k is the thermal conductivity of the material. 
The SI units of thermal conductivity are W m−1 K−1 or W m−1 °C−1. (The 

two are equivalent as a temperature difference of 1 K is the same as a 
difference of 1°C.) 

In a building made from thin sheets of material with high thermal 
conductivity, there is a rapid transfer of energy into the building 
when the outside temperature is high, and a rapid transfer from 
the building when the outside temperature is low. The air and other 
materials inside the building quickly reach the same temperature as 
the outside, which can be uncomfortably hot or cold. 

Box 2 Specific heat capacity

Specific heat capacity describes how a material’s temperature 
changes as a result of energy transferred by heating. If energy Q is 
transferred to a mass m of material and the temperature rises by ∆T:

Q = mc∆T (2.1)

where c is the specific heat capacity of the material.
When a building has thick walls made from material of high specific 

heat capacity, the walls can absorb a lot of energy with only a slight 
rise in temperature. If the outside temperature becomes very high, it 
takes a long time for the walls to reach the same temperature. The 
walls and the interior of the building are cooler than the outside. 

Then, if the outside temperature becomes very low, the walls can 
lose a lot of energy (by radiation) with only a slight temperature 
fall. The walls and the interior of the building are now warmer than 
the outside and it takes a long time for them to reach the same 
temperature. 

Table 1 Thermal properties of some materials used in buildings

Material
Typical thermal 

conductivity/W m−1 K−1
Typical specific heat 

capacity/J kg−1 K−1

Aluminium 237 897

Brick 0.62–0.84 840

Concrete 0.8–2.5 880

Glass 0.6–1.9 670

Sand 0.36–2.0 830

Soil (dry) 0.15–1.15 800

Wood (dry) 0.04–0.17 1300–2400
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Designing better shelters
We are now inventing a series of physics-based designs for 
various locations in the world that meet all five requirements. 
We have used computer modelling of heat and airflow to see 
how close to the neutral temperature (23°C) we can get in both 
winter and summer. 

One possible solution for deserts is shown in Figure 6. The 
walls are formed of sand placed into tube-like bags, then mud 
plaster is used inside and out to cover the bags. Barbed wire 
on top of each bag acts as ‘mortar’ to stop the bags moving. 
The thick walls together with the low thermal conductivity of 
sand create effective insulation, and the temperature inside the 
building changes only slowly. 

The high windows provide ventilation and improve security, 
whilst making sure that others cannot see in. By placing one 
window on each side we ensure that the wind speed through 
the building is as fast as possible. The concrete floor is easy to 
pour and needs no shuttering as it is laid after the building is 
built. There is no shortage of sand in a desert and the whole 
shelter can be built by the refugees themselves, making it 
very cheap.

People are most comfortable when their thermal sensation 
vote V

T is zero, indicating that they feel neither hot nor cold. The 
operative temperature that achieves this is called their neutral 
temperature. Putting VT = 0 into Equation 2 gives:

0 = aTO + b

The neutral temperature is given by:

TO = − 
b
a

If you look at the graph, you will see that the operative 
temperature when the vote is zero (the neutral temperature) 
is approximately 23°C. So we need to design shelters for this 
population of refugees that stay as close as possible to 23°C all 
winter and summer. If the camp had been in another part of the 
world the refugees would have been used to different weather 
conditions, so would probably have given a different neutral 
temperature (Box 3).

David Coley is a building physicist and professor of low carbon 
design in the Department of Architecture and Civil Engineering 
at the University of Bath. He has a PhD in theoretical nuclear 
physics, but switched to building physics when he realised that 
in doing so he could make more of a difference to the world.

Figure 5 The thermal sensation votes from the camp occupants
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Box 3 Neutral temperature

You can find the neutral temperature for your family or friends. You 
will need to find a range of spaces — some hot (e.g. a greenhouse 
in summer) and some cold (e.g. a garden shed in winter) — so you 
might have to break the data collection into two halves, one in winter 
and one in summer.

Make sure the people have been sitting in the room for at least 
15 minutes, not running around or exercising. Ask everyone to 
record a thermal sensation vote, VT. At the same time measure 
the air temperature in the room. This gives an approximate value 
for the operative temperature TO. Don’t worry about the air speed 
and the radiant temperature, as these will only make a small 
difference. 

Use the data to plot a graph like Figure 5. Draw the line of best 
fit and obtain the neutral temperature for the group you surveyed. 
It could be interesting to plot the data from all your classmates’ 
families on one graph and find the neutral temperature for the whole 
population.

Figure 6 One possible solution we are working on (sketches by 
Dima Albadra)
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Across
 1 The theory of relativity that deals with inertial 

frames of reference. (7)
 6 The number of protons in a boron nucleus. (4)
 8 Chemical symbol for the element of atomic 

number 103. Or the abbreviated name for this 
combination of circuit components. (2)

  
 9 Central calm area of a cyclone or hurricane. 

(3)
 11 Shortened form of an Egyptian Queen’s 

name, and a series of particle accelerators/
experiments at Cornell University. (4)

 12 Leonhard _____ (1707–83). Swiss 
mathematician who applied maths to 
problems in astronomy. (5)

 13 ______ loop. Any physical system that uses 6 Down. (6)
 15 _____ equation. It describes constructive maxima of 

diffracted X-rays from crystal planes and is named after 
the father and son team who shared the 1915 Nobel prize 
for the work. (5)

 16 When a signal (1) follows a signal (2), it is said to ___ it. 
(3)

 18 Region of complete shadow during an eclipse. (5)
 20 _____ Schrödinger (1887–1961). Austrian physicist 

who mathematically formulated and transformed wave 
mechanics. (5)

 21 Natural satellite of Jupiter discovered in 1938. Mean 
radius ≈ 23 km. (Anag. CREAM) (5)

 24 _____ wave. High-amplitude mechanical wave with a 
steep wavefront. (5)

 26 Worldwide, life-sustaining, fluid mixture. (3)
 27 _____ image. One seen in a mirror (for example) due to 

reflections at the front and back of the glass. (5)
 30 Associated with the smallest particle of an element that 

can take part in a chemical reaction. (6)
 32 Colloquial name for a thermonuclear weapon. (1-4)
 33 With 3 Down. ____-time _____. Electronic computer 

unit that keeps track of the date and time, and which is 
readily accessed. (4) and 3 Down (5)

 34 Set aflame. (3)
 35 Chemical symbol for the element of atomic number 58. 

(2)
 36 Chemical heirloom. (A slightly cryptic clue…) (4)
 37 Pre-SI unit of magnetic field strength.  

1 _______ = (103/4π) A m−1 . (Anag. RED TOES) (7) 

Down
 2 Californian mountain and home to the observatory of the 

same name. (7)
 3 See 33 Across.
 4 Region of the EM spectrum. (2)
 5 Device used to focus radiation. (4) 
 6 Transfer of some output signal of a device to its input. (8)
 7 Alessandro _____ (1745–1827). Italian physicist particularly 

associated with electricity and the invention of the battery. (5)
 10 The input to a bistable circuit that makes it switch from one 

output state to another. (7) 
 14 SI unit of electrical resistance. (3)
 16 cm, dm, m, mile, foot etc. (pl.) (7)
 17 Abbreviation for 109 × SI unit of power. (2)
 18 Description of a system that, when slightly disturbed, will 

not return to its original state. (8) 
 19 Prefix denoting life. (3)
 22 Chemical symbol for one of the radioactive elements 

discovered by the Curies. (2)
 23 Move from one place to another (animals, molecules, ions 

etc.). (7) 
 25 Rotating device with a non-circular shape. (3)
 28 _____ layer. Important atmospheric solar-UV absorber. (5)
 29 Pre-SI units of area. (Anag. SCARE) (pl.) (5)
 31 Nikolaus August ____ (1832–91). German inventor after 

whom the four-stroke internal combustion cycle is named. 
(4)

 35 Chemical symbol for the element of atomic number 24. 
Or the abbreviated name for this combination of circuit 
components. (2)

  

 crossword

Clues
21 3 54  64  57

 1 82 93 4  5 10 

11 3 124

1 132 14

1 154

16 217 1918

20 3 214 2322

262524

27 28 294 55

3130 55

32 33

2 34 35 5

361 373
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Human body temperature is normally about 37°C. 
Abnormal temperatures are serious: hypothermia sets 
in below 35°C; the human heart stops beating at 25°C. 

A temperature just 1°C above normal can indicate a serious 
illness, and fever induces a coma at 44°C. This is a narrow 
range of temperatures, so accuracy in measuring temperature 
is vital.

There are several types of clinical thermometer fit for different 
purposes. Each uses a property that varies with temperature and 
measures its change. We’ll take a look at each in turn.

Measuring body 
temperature
Accurate measurement of human body temperature is 
important in medicine. This article explains the physics 
principles used in various types of clinical thermometer

Susan Street

The terms in bold link to topics in the AQA, Edexcel, OCR, WJEC and 
CCEA A-level specifications, as well as the IB, Pre-U and SQA exam 
specifications.

A thermometer uses a property that varies with temperature 
and measures its change. The thermal expansion of liquids, 
superposition of waves reflected from liquid crystals, thermistors 
with a negative temperature coefficient of resistance and the 
thermoelectric effect, are all exploited in clinical thermometers. 

Exam links 

8 Physics Review April 2018
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reaches a maximum density (minimum volume) at 4°C and at 
lower temperatures its expansivity is negative.

Mercury was widely used in clinical thermometers until the 
late twentieth century, but it is highly toxic and broken mercury 
thermometers could present a hazard to patients and staff. It is 
still used in laboratory thermometers. 

Liquid crystal 
Liquid crystal thermometers (Figure 3) use a change in colour 
for a quick temperature test. They take the form of a plastic 
strip that samples the temperature of your forehead using 
temperature-sensitive materials called thermochromic liquid 
crystals (TLCs) sealed in a thin film against a black background. 
The colour of TLCs (the colour of the light they reflect when 
illuminated with white light) changes with temperature. 

Liquid crystals are organic compounds (such as some 
cholesterols) whose molecules are in a state somewhere between 
the ordered state of solid crystals and the ‘free to move’ liquid 
state. Although TLCs flow, their molecules also tend to line up 
in regular arrangements (Figure 4), in some cases in spirals. 
The repeat distance of the arrangement decreases as the crystal 
is warmed up, as does the wavelength of the light reflected. A 
crystal with 700 nm (700 × 10−9 m) gaps reflects red light, while 
one with 400 nm gaps reflects blue (Box 1). 

In clinical thermometers, TLCs are mixed to produce a range 
of colour responses in the temperature range 35–42°C. They are 
labelled accordingly: for example, R40C5W would indicate that 
red light is reflected at 40°C and blue light at (40 + 5)°C. The 
strip can be made into a multi-event indicator if dyes are added 
to strengthen the orange and yellow.

Liquid-in-glass 
When most liquids are heated, their volume increases. If 
the liquid is contained in a narrow tube (a capillary tube) of 
uniform diameter, which does not change significantly over the 
temperatures involved, then the liquid’s length is proportional 
to its volume. The expansion of the liquid thread indicates 
temperature on a scale calibrated in degrees (Figure 1). 

The expansivity, or volume coefficient of expansion, relates the 
change in volume of a sample to a change in temperature. It is 
usually represented by the symbol αV, and is defined as:

expansivity = 
volume change

initial volume × temperature change

αV = 
V − V0

V0 × (T − T0)
 (1)

where V0 and T0 are the initial volume and temperature, 
respectively. Rearranging Equation 1:

V = V0 + αVV0(T − T0) (2)

Expansivity has SI units of K−1 (or °C−1).
The liquid in a thermometer should be a good thermal 

conductor, not wet the tube, be easy to see, neither boil nor 
freeze over the temperature range and, most importantly, 
expand uniformly at a much greater rate than the glass that 
contains it (the expansivity of glass is typically 0.3 × 10−4 K−1). 
Mercury ticks all these boxes and is widely used along with the 
three alcohols shown in Figure 2. The alcohols are colourless, 
so a dye is added to make them easy to see. Water is unsuitable 
because its expansivity changes with temperature — water 

Figure 2 Expansivity of liquids used in thermometers, with water 
(at 20°C) for comparison

ethanol toluene kerosene mercury water

20°C
0

2

8

4

10
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12

α
v
/1
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Figure 1 A liquid-in-glass clinical thermometer

Figure 3 A liquid crystal clinical thermometer

Figure 4 Molecules in liquid crystals are more ordered than those 
in normal liquids but less than those in solid crystals

crystal (solid) liquid crystal liquid
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Thermistor 
The digital thermometer you place under your tongue has a 
probe with a thermistor in its tip. The thermistor (a temperature-
sensitive resistor) is made of a semiconductor material such as an 
oxide of nickel, copper or iron. Its electrical resistivity changes 
with temperature. The temperature coefficient of resistance, 
usually given the symbol α or αR, is defined as:

αR = 
R − R0

R0 × (T − T0)
 (3)

where R0 and T0 are the initial resistance and temperature, 
respectively. Rearranging Equation 3:

R = R0 + αRR0(T − T0) (4)

Like expansivity, temperature coefficient of resistance has SI 
units of K−1 (or °C−1). For any given resistor, αR may vary with 
temperature. 

In many semiconductors, raising the temperature increases 
the number of free electrons per unit volume, so the resistivity 
falls. Such a thermistor is said to have a negative temperature 
coefficient, or NTC. 

Figure 5 shows how the resistance of a thermistor used in 
clinical thermometry typically varies with temperature T. If the 

thermistor is connected to a constant potential difference (a 
battery) the current increases as temperature rises, and the digital 
display of current can be calibrated to indicate temperature. 

Thermopile 
Your doctor will probably sample the temperature inside your 
ear canal (Figure 6) using a digital thermometer with a circuit 
that employs a thermopile as well as a thermistor. Thermopiles 
are ‘thermal batteries’, consisting of several pairs of dissimilar 
metals, known as thermocouples, connected in series (Figure 7 
and Box 2). 

Figure 5 Resistance of an NTC thermistor decreases as 
temperature rises
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Figure 7 A thermocouple drives a current in a circuit made from 
two different metals
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Figure 6 Digital ear thermometer 

Box 1 Bragg’s law

Lawrence Bragg (1890–1971) used X-rays to study the atomic 
structure of solid crystals. He used X-rays of a single wavelength 
(monochromatic) and discovered that some X-rays were strongly 
reflected from the crystal for certain angles of incidence.

incident
wave re�ected

wave

d

path difference

Figure 1.1 Bragg reflection from a crystal

Figure 1.1 shows a simplified view of a crystal structure, with two 
planes of atoms separated by a distance d. One wave reflects from 
the upper layer, another from the layer below having travelled a 
longer path. The reflected waves emerge in phase when the path 
difference is an integer number of wavelengths, nλ, as described by 
Bragg’s law:

path difference = 2d sin θ = nλ (1.1)

The angle θ is the angle at the surface: 90° minus the angle of 
incidence. 

If the reflected waves are all in phase, they superpose 
constructively, reinforcing one another so that there is constructive 
interference and a bright beam of radiation is reflected from the 
crystal. 

The spacing, d, between planes in a solid crystal is of the order of 
a few nanometres, so X-rays have the right wavelengths to satisfy 
the Bragg equation. In liquid crystals d is of the order of hundreds of 
nanometres, comparable to the wavelengths of visible radiation.
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The thermopile in an ear thermometer has one junction 
that is exposed to infrared radiation emitted by the eardrum 
and other warm surfaces within the ear canal, and one that is 
shielded. The thermopile generates a voltage whose size depends 
upon the rise in temperature compared with the shielded, cooler 
end. This stimulates the thermistor circuit to deliver a speedy 
and accurate signal to a digital display. 

Cutting-edge thermometry
Modern clinical thermometers are much easier to use, less 
fragile and more accurate than the mercury thermometers 
common in the last century. But there are still improvements to 
be made and we can look forward to new developments. 

For example, imagine a sticking plaster that samples body 
temperature. Biostamps (like tattoo stickers) are one type of 
electronic skin patch that employ an ultra-thin printed circuit 
with skin sensors. The temperature-sensitive property may 
be the electrical resistance of a metal or the turn-on voltage 
of a diode, for example. This is cutting-edge thermometry, 
but already skin patch i-thermometers for babies are being 
employed to monitor body temperature in hospitals (Figure 8). 
These thermometers use a wireless integrated circuit to transmit 
an accurate measurement of temperature at radio frequency to 
an app on a smart phone or tablet via Bluetooth, with a range 
of up to 12 m. 

It will be interesting to see what further new developments 
take place in future. 

Box 2 The thermoelectric effect

In 1822 the Estonian physicist Thomas Seebeck discovered an electric 
current flowing in a circuit of two different metals with their contacts 
at different temperatures. 

Metals are good electrical conductors because their electrons 
are free to move within the internal lattice structure. Electrons can 
diffuse across the junction between two different metals, setting 
up an emf because one has lost electrons and the other has gained 
some. A thermoelectric voltage (an emf of millivolts or microvolts) 
is produced, its size depending upon the temperature difference 
between the two junctions, the crystal structure of the metals used 
and any impurities present.

Table 2.1 lists some metals commonly used in thermocouples, 
arranged in a thermoelectric series. When a junction between two 
metals is warmed, current flows across the junction from a metal of 
higher position to a lower one, for example from iron to copper. 

Metal Symbol

Antimony Sb

Iron Fe

Zinc Zn

Lead Pb

Copper Cu

Platinum Pt

Bismuth Bi

Over a wide range of temperatures the relationship between emf  
and temperature T is a parabolic one:

 = a∆T + b(∆T)2 (2.1)

where a and b are constants and ∆T is the temperature difference 
between the warm and cool junctions. 

For a copper/iron thermocouple, with the cold junction at 0°C, 
a = 14 μV °C−1 and b = 0.02 μV °C−2. The graph is linear in the clinical 
range, as Figure 2.1 shows.
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Figure 2.1 Emf of a copper/iron thermocouple

When iron is replaced with constantan, an alloy of copper and 
nickel with a = 41 μV °C−1 and b = 0.04 μV °C−2, the Seebeck effect 
is stronger and the thermocouple more sensitive to small changes in 
temperature.

Figure 8 Patch thermometer

Susan Street is a former physics teacher.

Table 2.1 Some metals listed 
in order of the thermoelectric 
series
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The question is taken from the June 2016 Edexcel Core 
Physics I paper, which covers mechanics and electrical circuits. 
The question is reproduced by kind permission of Pearson 
Education Ltd (Edexcel). The answers that follow are the 
responsibility of PHYSICS REVIEW, and Pearson/Edexcel accepts 
no responsibility whatsoever for their accuracy or method 
of working. 

Physics students know that ‘moment = force × distance’, 
but are you always sure which force and which distance 
to use? Examiners will set questions to test how far your 

ideas will take you. In the case of this question, the examiners 
reported that very few students used the method they had 
expected for part b and, whichever method was used, this part 
of the question was poorly answered. 

Moments
This question is about forces and moments on a basketball 
stand tilted at an angle. The authors highlight the physics 
behind the methods used to answer it, and offer guidance 
on tackling unstructured mathematical questions

 exam talkback

The question
A portable basketball set has a base and a post arrangement. The post 
arrangement consists of a post, backboard, hoop and net. The base can 
be filled with water to increase stability.

backboard

hoop

net

post

base

(a) The base has a capacity of 85.0 litres.  
Show that the maximum weight of the base is about 870 N. 

 mass of 1.00 litre of water = 1.00 kg
 mass of base when empty = 3.50 kg (2 marks)

(b) Due to the large area of the backboard, the basketball set may 
topple over when the wind blows. 

backboard

0.40 m

0.45 m

2.00 m

15°

weight
of post

arrangement

weight of base

force of the wind Fw

 Calculate the minimum force of the wind Fw that will cause the 
basketball set to be blown over when it is at the angle shown. 
Ignore the effect of the wind on the base.

 weight of post arrangement = 27.0 N (5 marks)
(c) The base is filled with sand instead of water. The density of sand is  

greater than the density of water. State and justify what would 
happen to the value of Fw calculated in part (b). (3 marks)

 (Total: 10 marks)
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Solution
Part a
This is very straightforward. Each litre of water has a mass of 
1 kg.

mass of the base filled with water m  = 3.5 kg + 85.0 kg  
= 88.5 kg ✓

weight of base  = mg = 88.5 kg × 9.81 N kg−1 

= 868.2 N ≈ 868 N ✓

Part b

The diagram, with the base resting on one corner (the pivot), 
and the words ‘topple over’ in the question tell us to consider 
turning effects. We must calculate moments about the pivot.

Three forces are involved: the weight of the post arrangement, 
the weight of the base, and the force of the wind. Note that a 
fourth force will act on the arrangement: the normal contact 
force (reaction force), where the pivot is in contact with the 
ground. But this force has no perpendicular distance from the 
pivot and so creates zero moment.

The moment M of a force is defined as:

moment = force × 
perpendicular distance from the pivot 
to the line of action of the force

In Figure 1 the dotted lines show the lines of action of each 
force. The perpendicular distances of the forces from the pivot 
are Xp, Xb and Xw.

moment of 
wind force Mw

 = wind force × 
perpendicular 
distance from pivot

So:

Mw = Fw × 2.40 m × cos 15° ✓

Similarly:
moment of weight of 
post arrangement Mp

 = 27.0 N × 2.00 m × sin 15° ✓

and:

moment of weight of base Mb = 868 N × 0.45 m × cos 15° ✓

The first two moments are anticlockwise; the third is 
clockwise. The whole arrangement is in equilibrium when 
the clockwise and anticlockwise moments are equal. So, in 
equilibrium:

(Fw × 2.40 m × cos 15°) + (27.0 N × 2.00 m × sin 15°)  
       = 868 N × 0.45 m × cos 15° ✓

Rearranging to make Fw the subject and calculating gives:

Fw = 156.7 N ≈ 157 N to 3 sf

So Fw > 157 N will cause the tilted arrangement to topple over. ✓
The examiners expected students to use this ‘perpendicular 

distances’ method. In fact, the majority used a different 
method and calculated the moment of a force as the distance 
from the point of application of the force to the pivot, 
multiplied by the component of the force perpendicular 
to the line between the force and the pivot. We might call 
this the ‘perpendicular force components’ method. The 
components of the three forces, F

w , Wp  and Wb , are shown 
in Figure 2.

The two methods are equivalent and both were acknowledged 
in the mark scheme. Either method, correctly used, scored full 
marks. You may like to check that the same answers can be 
obtained by this second method. 

Part c
Part c is more straightforward than b, but still needs to be 
thought through in a logical way.

 ■ The greater density of sand will increase the (mass and) 
weight of the base. ✓

 ■ This increases the clockwise moment about the pivot (so Fw 
would have to produce an even larger anticlockwise moment to 
make the system topple). ✓

 ■ The value of Fw that would topple the arrangement would be 
larger than that calculated above. ✓Figure 1

Figure 2

backboard

0.40 m

0.45 m

2.00 m

15°

force of the wind Fw

weight of base

weight
of post

arrangement

Fw    = Fw x cos 15°
15°

15°

15°

Wp

Wb

Wp     = 27.0 x sin 15°

Wb     = 868 x cos 15°

Fw

backboard

0.40 m

0.45 m

2.00 m

15°

force of the wind Fw

weight
of base

weight
of post

arrangement

weight of base

2.00

Xp = 2.00 m x sin 15°

Xw = 2.40 m x cos15°

Xb = 0.45 m x cos15°

15°

Xp Xb

Xw

15°
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Like Gill, he uses the ‘perpendicular force components’ 
method to calculate moments. Luke, however, mistakenly 
thinks that the moment of the post arrangement has a clockwise 
sense. Perhaps this is because he has not kept his eye on the 
pivot. Seeing only that the weight from both the backboard 
and the base act vertically downwards, he imagines that they 
are providing moments with the same turning sense. If he had 
correctly separated the moments from the base and backboard 
weights in his calculated answers, he would have gained 2 marks. 

Luke then goes on to make a further mistake in his expression 
for the moment of the force of the wind. He has forgotten that 
he must use the perpendicular component of either force or 
distance. So near and yet so far — Luke gains only 1 mark in 
part b for attempting to apply the principle of moments.

Selas

moment = force applied × perpendicular distance to pivot

CW: 870 × 0.45 = 391.5 N m

ACW: cos 75 × 2 = 0.52 m

27 × 0.52 = 13.98 N m + (Fw × cos 75 × 2.4)

ACW moment = CW moment at equilibrium

391.5 = 13.98 + (Fw × 0.62)

Fw = 610 N

Selas sets out his answer clearly, but makes some critical 
errors. To his credit, he shows how he will find moments, 
separates clockwise and anticlockwise moments and states 
the principle of moments. His first error is in finding the 
moment of the weight of the base: he forgets to check that the 
force and distance are perpendicular to one another. He then 
remembers to use ‘perpendicular distance’ and successfully 
gains 1 mark for calculating the moment from the weight of the 
post arrangement. 

The fourth line of his calculation does not make mathematical 
sense. He probably began by writing 27 × 0.52 = 13.98 N m 
(which is 27 × cos 75 × 2 using the unrounded answer to his 
previous calculation) and then added ‘+ (F

w × cos 75 × 2.4)’ 
(which makes it untrue) by simply carrying on his thought 
process without starting a new line. He is also incorrect to use 
cos 75°. For example, the perpendicular distance from the pivot 
to the wind force is a vertical distance and so is given by 2.4 × 
sin 75° (or cos 15°). The examiner gives him a second mark for 
applying the principle of moments, so Selas scores a total of 
2 marks. 

Part c
In part c students typically scored 2 marks of the 3 available.

Luke

The density of the sand is higher so the weight of the base 
will be higher if the volume is the same. This means that the 
clockwise moment will be bigger, so the anticlockwise moment 
must also be higher to overcome it, so Fw will increase. 

Luke has done well here and his answer covers all three of the 
marking points in a logical manner. He scores the full 3 marks.

Student answers
Part a
This was completed successfully by almost all students and we 
will not discuss it further. 

Part b
This was much more challenging, with the students averaging 
2 marks out of the 5 available. 

Gill

perpendicular component of weight = 870 × cos 15 = 840 N

moment of weight = 0.45 × 840 = 378 N m

perpendicular component of weight of backboard  = 27 cos 75  
= 6.99 N

moment of backboard weight = 2 × 6.99 = 14.0 N

378 − 14 = 364 N m

364
2.4

 = 152 N

152 × cos 15 = 147 N

Gill sets off well, using the ‘perpendicular force components’ 
method discussed above. She correctly calculates the moments 
of the two weight forces and scores the first and second mark. Gill 
has set out her logic clearly so far, combining written statements 
with numerical expressions. From this point onwards, however, 
her explanations become a little weak.

It would have been better for her had she stated that the 
sums of clockwise and anticlockwise moments are equal 
at equilibrium, and then identified which of the moments 
calculated fell into which category. Despite this, Gill has in 
essence found the moment from the wind to be 364 N m by 
applying the principle of moments. This gains her a third mark.

She divides the moment by the distance along the post of 
2.4 m to get the wind force. She then rather belatedly remembers 
that her calculation should include the idea of components. 
Unfortunately she is not clear about which component of what 
quantity she has in view and mistakenly multiplies the previous 
answer by cos 15 rather than dividing. If she had set out this 
final section in the same way she did the first, she might well 
have gained the full 5 marks. Gill gains 3 marks in total.

Luke

Anticlockwise moment must be greater than the clockwise 
moment.

clockwise moment = (27 sin 75 × 2) + (868 sin 75 × 0.45) = 429 N m

Anticlockwise moment must be > 429 N.

anticlockwise moment = Fw × x, and x = 2.4 m

So:

Fw = 429
2.4

 = 179 N

Luke sets out his understanding of the conditions for the 
wind to blow over the basketball set at the start. This is a sensible 
plan to help guide his working, but sadly he does not make full 
use of it in what follows.
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A nders Celsius was a Swedish astronomer who made 
the first ever attempts to measure the brightness of 
stars using instruments other than the eye. Like many 

scientists we have discussed in Who were they?, Celsius did not 
confine himself to a single area of science. 

Among Celsius’s other interests was carrying out geographical 
measurements in Sweden. One expedition involved measuring 
the distance equivalent to one degree of latitude in Lapland, 
which confirmed Newton’s suggestion that the Earth is flatter at 
the poles. From other measurements he deduced that the level 
of the Baltic Sea was falling. It was suggested that this might be 
due to evaporation, or plants in the sea taking up the water and 
sinking to the bottom of the ocean. In fact, the land mass of 
Scandinavia had been rising since the ice age as the weight of ice 
on the land diminished.

Celsius carried out careful measurements to show that the 
temperature at which water boils is noticeably affected by 
atmospheric pressure, but the temperature at which it freezes is 
not. He proposed a temperature scale in which the freezing point 

Anders Celsius
1701–44

of water is 100 and boiling point is 0 at sea level. The 100 steps 
between the points led to the scale being named ‘centigrade’. 
In 1744 the Swedish botanist Carl Linnaeus suggested that the 
numbers should be reversed, leading to the more intuitive 0–100 
scale we use today.

A number of other scientists were independently developing 
centigrade scales in the eighteenth century, probably prompted 
by Fahrenheit’s development of an accurate liquid-in-glass 
thermometer. In 1948 the International Committee for Weights 
and Measures recognised the work of Celsius and proposed 
that the centrigrade temperature unit should be named ‘degree 
Celsius’.

Anders Celsius was an active member of the academic science 
community in Sweden and supported the foundation of the 
Royal Swedish Academy of Sciences, which is perhaps best 
known now for its role in awarding the Nobel prizes for physics 
and chemistry. 

 who were they?

Selas

Fw would increase as there would be a larger anticlockwise 
moment, so to overcome the anticlockwise moment and topple 
over the force of the wind would have to be larger. There 
would be a larger anticlockwise moment due to the sand 
having a greater weight.

Selas is correct in stating that the value of Fw would increase 
and gains 1 mark. He has perhaps lost concentration and writes 
that the sand’s greater weight leads to a larger anticlockwise 
moment. This may be a slip, but it does not show understanding. 
Selas also fails to link the weight of the sand to the increase in 
the weight of the base. This may seem obvious, but needs to be 
stated explicitly. Selas scores only 1 mark.

Concluding remarks
The new-style examinations at A-level contain more 
unstructured questions. Some ask for explanations, others for 
mathematical calculations, but they all require you to provide 
the structure. The mathematical part of this question was 
surprisingly challenging, and there were important lessons to 
be learned. None of our students gained full marks but, if you 
follow the guidance below, we think you can do better than 
they did. 

 ■ Summarise the problem and the method you will use to find 
a solution at the start.

 ■ Underline or draw a ring around data.
 ■ List key principles, being careful to consider all the aspects of 

the question. There are two ways to calculate moments — for the 
exam, it is probably best to choose one in advance and stick to it. 

 ■ To apply the principle of moments, you must refer all the 
forces to the same pivot: choose it carefully, and then identify 
the clockwise and anticlockwise moments, one force at a time. 

 ■ Practise using trigonometry by memorising and rearranging 
its equations and by drawing extra triangles into diagrams to 
make components visible. Do this until it is all second nature — 
for A-level physics, it needs to be.

 ■ Organise your work on the page — set your answer out 
logically in the space provided, checking that every step is 
present. If possible, use empty white space for your initial 
planning and for any rough work.

 ■ Remember, you can write and draw on the printed diagram, 
but don’t add too much. It may help to draw a simpler diagram 
in nearby free space, exaggerating small angles to give more 
room. Have a pencil, a ruler and an eraser with you for this.

 ■ Keep focused on the goal. Don’t think, ‘Problem’. Do think, 
‘What’s the most direct way to answer this question with physics?’ 
Then do it! This is what the examiner will be looking for.

Hovan Catchatoor and Nicky Robinson teach physics at Reigate 
College, Surrey.
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By the mid twentieth century the nuclear model of the atom was well 
established: a nucleus of protons and neutrons, surrounded by electrons 
— all thought to be fundamental and indivisible. But experiments with 
particle accelerators and with cosmic rays detected many new, short-lived, 
subatomic particles, challenging physicists to find and explain patterns in 
their properties. 

In 1964 Murray Gell-Mann and George Zweig (1) independently 
showed that the properties of known hadrons could be accounted for if 
they were composed of just three hypothetical new particles. Zweig called 
them ‘aces’ while Gell-Mann borrowed the term ‘quark’ from a line in 
James Joyce’s novel Finnegans Wake: ‘Three quarks for Muster Mark’. 

If the new particles — the ‘up’, ‘down’ and ‘strange’ quarks — had 
charges +2e/3 or −e/3, and other suitable properties, they and their 
antiparticles could be arranged to form all the hadrons (baryons and 
mesons) that were then known (2, 3). 

Many physicists believed that quarks were mathematical constructions, 
not real particles. Convincing evidence came with experiments at the 
Stanford Linear Accelerator in the USA in 1968/69. Electrons were fired at 
targets containing protons, and the scattering showed that protons have 
some internal structure (4). 

Particles containing a fourth quark, ‘charm’, were discovered 
in 1974 (5). The Standard Model of particle physics seemed 
complete, with two pairs of quarks (u, d, s, c) and two of 
leptons (e, ν

e, μ, νμ). But in 1976 a third lepton (the tau) was 
discovered, followed in 1977 by a hadron containing a new 
type of quark (‘bottom’). The symmetry of the model 
indicated that there should be three pairs of leptons 
and three of quarks, so a sixth quark (‘top’) was 
added. In 1995 experiments at Fermilab in the USA 
detected particles containing the top quark (6). 

Quarks
 at a glance

1 (a) Murray Gell-Mann, American physicist 
(1929–) and (b) George Zweig, Russian-American 
physicist (1937– ) photographed in the 1960s
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6 Tracks from the decay that confirmed 
the existence of the top quark

4 Deep inelastic scattering of electrons by 
(a) a proton with no internal structure and
(b) a proton containing quarks

(a) (b)

proton

electron

proton

electron

10–13 cm

Download this poster at  
www.hoddereducation.co.uk/physicsreviewextras 

PhysicsReviewExtras

5 American physicist Samuel Ting, one of
the discoverers of particles containing the
charm quark, and members of his team

7 Schematic representation of QGP

The matter particles interact by exchanging ‘force particles’. Quarks 
exchange gluons when they interact by the strong force. The strong force 
between quarks increases with their separation, and quarks cannot 
exist in isolation. But at very high temperatures, such as those found 
shortly after the Big Bang, quarks and gluons can form a quark-gluon 
plasma (QGP, 7). In 2000 scientists at CERN near Geneva announced 
evidence for a QGP, with a temperature of over 1.5 × 1012 K.

In the current Standard Model (8) there are six quarks and six 
leptons, which, together with their antiparticles, make up all matter. 
The model seems to be complete — for now… 

8 The Standard Model 
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Medical needs
For many years, the trend in medicine has been towards less 
invasive intervention in the body. Hypodermic needles for 
administering drugs or taking blood samples are commonly 
used. But existing needles are large, smooth rigid steel structures 
with sharp ends. Deep penetration results in contact with a large 
number of nerves, and therefore causes pain and discomfort. 
Hypodermic needles induce fear and cause pain in many 
patients. However, when unknowingly pricked by a mosquito’s 
needle-like mouthparts (Figure 1) no fear or pain is experienced. 
This is because of their jagged shape, while the diameter of the 
needle (around 30 μm) is small enough to avoid the pain spots 
in human skin. 

Mosquito bite 
The actual layout of a mosquito’s proboscis (its ‘needle’) is 
shown in Figure 2. The mosquito has six mouth parts: two 

A previous article (‘Sticky feet’, PHYSICS REVIEW Vol. 27, 
No. 3, pp. 7–11) described how studies of geckos’ sticky 
feet at the nanoscale (sizes of the order 1 nm, 10−9 m) 

are helping the development of better adhesives. This is an 
example of biomimicry, or biomimetics, where new materials 
and products are derived from animal and plant observations. 
We now look at another example of biomimetics — injections 
that mimic mosquito bites. 

A painless bite

Detailed studies of the mosquito’s injection system have enabled the 
development of painless hypodermic needles. This article describes 
the insect’s injection mechanism and how, using a simplified fluid-flow 
equation, the flow rate through such a needle can be calculated

David Tolfree  
and Alan Smith

The terms in bold link to topics in the AQA, Edexcel, OCR, WJEC and 
CCEA A-level specifications, as well as the IB, Pre-U and SQA exam 
specifications.

The fluid flow rate in a hollow needle can be calculated using a 
simple model involving a fluid of constant viscosity. 

Exam links 
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mandibles (yellow), two maxillae (blue), the hypopharynx 
(green), and the labrum (red). A female mosquito injects 
painlessly by vibrating its proboscis to help its two maxillae 
ease down through skin painlessly. Between these are two pairs 
of narrow, sharp, hollow micro-blades. One set (hypopharynx) 
enters the skin and injects anticoagulant saliva to stop blood 
clotting; the second set (labrum) withdraws blood. Another 
set of needles, the mandibles, hold the tissues apart while the 
mosquito works.

The tiny flexible insertion blades, the maxillae, are edged 
with serrations, like a kitchen knife (Figure 3). As a result, only 
small portions of the mosquito proboscis are in contact with 

the skin tissue, unlike a needle with a smooth surface. This 
reduces friction, stimulating fewer nerves, and therefore causes 
less pain. The pain we feel afterwards is a result of bacteria 
introduced during the mosquito bite, which cause irritation and 
inflammation. 

Painless needles
Microengineers at Kansai University in Osaka, Japan, have 
replicated the mosquito’s proboscis in the design of a needle 
to enable doctors to extract blood and inject drugs painlessly 
and more safely. The needle was originally made using an 
electrochemically etched silicon needle with a sharp tip and a 
finely smooth surface. The jagged shank shapes were machined 
by using a deep reactive ion etching (DRIE) process.

The combined needles, comprising a central straight needle 
and two outer, jagged needles were then fabricated, imitating the 
mosquito labrum and two maxillae, respectively (Figure 4). The 
cooperative motion of the three needles, imitating the action 
of the mosquito’s proboscis, is facilitated by tiny piezoelectric 
crystal motors vibrating at around 15 hertz.

The researchers have calculated that their needle can extract 
5 μl of blood per second (1 μl = 1 × 10−6 l = 1 × 10−3 ml). This 
volume is sufficient for measuring blood-sugar levels in diabetics 
using a glucose sensor that can be attached to the needle. The 
working principle of this device follows on from the discovery 
that, in a well-designed microneedle, surface tension forces 
can overcome resistance from friction and draw up blood with 
unprecedented efficiency.

Modelling the flow
Using a simplified model, we can calculate the rate of fluid flow 
in a hollow needle. Figure 5 shows fluid with viscosity η (Box 1) 

Figure 1 A mosquito feeding on human blood

Figure 2 The parts of a mosquito’s proboscis (see text)

Figure 4 Needles fabricated to mimic a mosquito proboscis

Stages of penetration of a serrated needle
into skin, simulating a mosquito’s mouthparts

Figure 5 Fluid flow in a narrow capillary tube

2R

L

p1

∆p = p1 – p2
speed of �uid

η p2

Q = 
 dV 
 dt 

Figure 3 A mosquito proboscis is serrated (jagged) like a kitchen 
knife

6955_PhysRev_27_4_CC_Print.indd   19 23/02/2018   09:51



20 Physics Review April 2018

flowing in a narrow capillary tube of length L and radius R. 
There is a pressure difference, Δp, between the ends of the tube. 
The arrows indicate the flow speed, which is greatest at the 
centre of the tube and smallest close to the walls, where friction 
reduces the flow. 

The rate of flow of a fluid through the narrow tube of a 
hypodermic needle or other type of injector (mosquito) can 
be calculated very approximately using the Hagen-Poiseuille 
equation, applicable only for the flow of a Newtonian liquid. 
The volume flow rate, dV/dt, is usually given the symbol Q:

Q = 
dV
dt

 = 
π R4p
8η L

  (1)

Using some realistic parameters for blood pressure and 
temperature, approximate calculations can be carried out for 
fluid flow. Assuming the pressure difference Δp is equal to the 
average human blood pressure, typical parameters are:

radius of needle, R = 50 μm = 50 × 10−6 m 
length of needle, L = 3 mm = 3 × 10−3 m 
pressure difference, Δp = 13 kPa = 13 × 103 Pa 
(This is a typical human blood pressure — for 
comparison, atmospheric pressure is about 100 kPa.) 
blood viscosity (at 37 °C), η ≈ 4 mPa s = 4 × 10−3 Pa s

Putting these values into Equation 1 we get:

Q = 
π (50 × 10−6 m)4 × 13 × 103 Pa

8 × (4 × 10−3 Pa s) × (3 × 10−3 m)

= 2.7 × 10−9 m3 s−1  

= 2.7 × 10−6 l s−1  

= 2.7 μl s−1 (1 l = 10−3 m3)

This is close to measured flow rates in other similar micro-
hypodermic needles.

Blood and other biochemical fluids are non-Newtonian 
liquids, in which viscosity can change with flow velocity, 
temperature and chemical content. In addition to viscosity, 
friction between the fluid and the walls of the needle also 
retards flow. For more accurate results, more complex equations 
than the one used in this example are required. 

Further developments
Further developments at Kansai University enabled the 
manufacture of a biodegradable polymer needle with a sharp 
tip, and an inner diameter of around 100 µm (1 µm = 10−6 m). 
This is close to the size of a mosquito’s inner mouthpart. Its 
size, and the fact that it works by suction, makes it painless. The 
needle is also strong enough to penetrate as far as 3 mm into 
skin and reach capillary blood vessels.

Its size compared with earlier models also means that surface 
tension effects are exploited further, based on the same principle 
of capillary flow that plants use to draw up water, which helps 
draw blood into the microneedle. A conventional hypodermic 
needle has an outer diameter of around 900 µm. It can penetrate 
further, but some nerve damage and pain to patients can result. 
The new needles will avoid these problems.

New biocompatible microneedles, designed by microfluidics 
engineers Suman Chakraborty of the Indian Institute of 
Technology in Kharagpur and Kazuyoshi Tsuchiya of Tokai 
University in Kanagawa, are based on the same principles. Work 
is in progress to overcome some manufacturing issues before the 
needles can become fully commercialised. Other techniques, 
such as a fast-acting blunt needle, are also being developed.

To read more about both these developments, see References 
and further reading. 

Conclusion
The mosquito needle is just one of many examples of how 
we are learning to make improved products by observing 
nature. Each year these observations are inspiring researchers 
and industrialists to develop and manufacture new products. 
As we remarked at the end of our previous article, we hope 
that you will be inspired to look out for more examples, and 
maybe one day become involved yourself in the exciting field 
of biomimetics.

David Tolfree is a professional physicist, writer and vice 
president of MANCEF (Micro, Nano, and Emerging Technology 
Commercialization Education Foundation), an international 
organisation for the commercialisation of emergent 
technologies. Alan Smith is a materials scientist and an 
independent innovation and technology consultant with a 
strong interest in natural history — particularly biomimetics.

Development of a biodegradable micro-lancet needle: 
www.tinyurl.com/MITmicroneedle

Biocompatible microneedles: 
www.tinyurl.com/painlessneedle

References and further reading References and further readingBox 1 Viscosity

Viscosity is a measure of a fluid’s resistance to flow. It is sometimes 
referred to as ‘fluid friction’. 

A viscous fluid is one in which there are large forces between 
two liquid surfaces moving at different speeds. When a fluid flows 
through a tube, the flow velocity is usually greatest along the axis 
and smallest close to the tube walls. The more viscous the fluid, the 
smaller the difference in flow velocity across the tube, because there 
are large ‘frictional’ forces between adjacent ‘layers’ of fluid. 
• Viscosity is usually represented by the symbol η. 
• Viscosity has SI units Pa s (1 Pa s = 1 N m−2 s). 

Viscosity is usually highly temperature dependent. The viscosity 
of most liquids decreases markedly with temperature. For example, 
honey or syrup will become much ‘runnier’ (less viscous) if warmed. 

A Newtonian fluid is one whose viscosity remains constant at 
all flow rates and regardless of the forces applied to it. Non-drip 
emulsion paint is one example of a non-Newtonian fluid. The paint is 
very viscous and flows slowly when poured from its container. When 
being applied to a wall with a brush its viscosity falls and it flows 
more easily. Then when the pressure of the brush is removed the 
paint remains in place and does not drip.

A mixture of cornflour and water is another example of 
non-Newtonian fluid. It behaves in the opposite way from the 
non-drip paint. The mixture has low viscosity when poured from a 
container, but if the mixture is stirred vigorously its viscosity increases 
and it becomes very difficult to stir. 
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If t = τ = RC, then:

V = 
V0

e
 = 0.368 × V0 ≈ 0.37V0 (3)

The time constant RC is the time taken for V to fall from any 
value V0 to 37% of that value.

Capacitor discharge
The aim in this first investigation is to find out the time constant 
RC of the circuit in Figure 1 and show that the discharge is 
exponential. 

Use a 100 kΩ resistor and a capacitor of about 100 µF. Use a 
battery pack to give a potential difference of about 3 V.

Set the datalogger to record potential difference, V, across the 
resistor and to log for about 40 s, starting as soon as it detects 
a voltage change (or it can be started it manually if you prefer).

If you do not have access to a datalogger, use a digital 
multimeter and increase the value of the capacitor to about 
1000 µF. You will need to record voltages over about 300 s.

Close switch S to charge up the capacitor, set the datalogger 
to record, and open the switch. The capacitor will discharge 

To satisfy the Common Practical Assessment Criteria 
(CPACs) for A-level physics, you need to demonstrate 
competence in the following areas: following written 

procedures; applying investigative approaches and methods; 
safely using equipment and materials; making and recording 
observations; and researching, planning and reporting 
(including data analysis). 

The awarding bodies for A-level physics require or suggest 
a number of practical activities that will allow you to satisfy 
the CPACs. Among other requirements, these expect you to 
be able to use appropriate ICT, such as computer modelling, a 
datalogger with a variety of sensors to collect data, or software 
to process data. You should also be able to use appropriate 
digital instruments, including electrical multimeters, to obtain 
a range of measurements including time, voltage and resistance. 
Measuring the charge and discharge of a capacitor gives an 
excellent opportunity to practise these skills.

Time constant of an RC circuit
The circuit shown in Figure 1 is known as an RC (resistor-
capacitor) circuit. When the switch S is closed, the battery 
charges the capacitor, and the potential difference across the 
capacitor is V

0, the battery voltage. When the switch is opened, 
the capacitor discharges through the resistor. 

The discharge is exponential. The equation linking V, 
the potential difference across the capacitor C, at time t, the 
resistance R, and the starting p.d. V

0, is:

V = V0e
− t

RC (1)

RC must have the units of time, and is called the time constant of 
the circuit. It is often represented by the symbol τ:

τ = RC (2)

Capacitor charge  
and discharge
In this volume of PHYSICS REVIEW, Skillset describes 
some of the practical activities suggested or required 
by the A-level awarding bodies, and discusses how 
they enable you to satisfy the Common Practical 
Assessment Criteria. Here Ian Lovat discusses 
investigating capacitor charge and discharge

 skillset

Figure 1 Circuit for investigating capacitor discharge

V0 V
C

R

datalogger
S computer
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through the resistor and the datalogger will record the potential 
difference across the capacitor and resistor in parallel.

Your datalogger may give results similar to the first two 
columns in Table 1.

You can plot a graph of potential difference against time. You 
should get a graph similar to Figure 2. The time constant RC is 
found by calculating 37% of V

0 and finding the corresponding 
value for t on the graph, as shown. In this case RC = 11.8 s. 

Since it is likely that you will know R, or be able to measure the 
value of the resistor precisely, perhaps using a digital ohmmeter, 
this can be used to calculate a value for C. Here:

R = 100 kΩ = 105 Ω

Therefore:

C = 
11.8 s
105 Ω

= 1.20 × 10−4 F
 = 120 μF

Drawing a log graph
A better graph to draw would be a log graph. We can take natural 
logs of both sides of Equation 1 to give:

ln V = ln V0 − 
t

RC

= − 
1

RC
t + ln V0 (4)

This can be compared with the equation for a straight line:

y = mx + c (5)

So if we plot ln V against t we should get a straight line with an 
intercept, c, on the y-axis of ln V0, and a gradient, m, of −1/RC. 
This is the reason for the third column, ln(V/V), in Table 1.

A suitable graph is shown in Figure 3. Since this is a straight 
line, we can conclude that the exponential relationship holds 
for this arrangement. For this graph, the intercept on the y-axis 
is 1.1, which gives:

V0 

V
 = e1.1 = 3.0

So, V0 = 3.0 V, which is as expected because this was the battery 
voltage used to charge the capacitor. 

The gradient is:

− 
1 

RC
 = 

∆ln V 

∆t
 (6)

 = − 
0.6 − 1.1 

20 s

= − 
1.7 

20 s

= −0.085 s−1

Therefore:

τ  = RC = 
1 

0.085 s−1
 

= 11.8 s

Time t/s
Potential 

difference V/V ln (V/V)

0.0 3.00 1.10

1.0 2.76 1.01

2.0 2.54 0.93

3.0 2.33 0.85

4.0 2.14 0.76

5.0 1.97 0.68

6.0 1.81 0.59

Time t/s
Potential 

difference V/V ln (V/V)

7.0 1.67 0.51

8.0 1.53 0.43

9.0 1.41 0.34

10.0 1.29 0.26

11.0 1.19 0.17

12.0 1.09 0.09

13.0 1.01 0.01

Time t/s
Potential 

difference V/V ln (V/V)

14.0 0.93 –0.08

15.0 0.85 –0.16

16.0 0.78 –0.25

17.0 0.72 –0.33

18.0 0.66 –0.41

19.0 0.61 –0.50

20.0 0.56 –0.58

Table 1 Capacitor discharge

Figure 2 Graph of potential difference against time for a capacitor 
discharging
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Figure 3 Graph of the natural log of potential difference against 
time for capacitor discharge
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 So, when t = RC, the p.d. across the capacitor rises to 63% of 
the charging p.d., V0.

Use the same values, timing and datalogging as in the 
discharge activity, and again plot graphs of V against t and ln V 
against t. 

Table 2 gives some real data for this experiment. The test has 
been repeated three times, and the values of the capacitor p.d. 
are called V

1, V2 and V3. The value of V0 is 3.0 V. The first couple 
of rows for the values of ln(V0 − V) and the spread of ln(V0 − V) 
have been completed for you.

As before, you can plot a graph of V against t. You will get a 
graph of the form shown in Figure 5, which uses different data 
— it is not a plot of data from Table 2. In this example, when the 
potential difference across the capacitor is 63% of 3.0 V (1.9 V) 
the time is 12.0 s, which is the time constant of the circuit.

As before, this gives a value for C of 120 µF.
If using a datalogger it is difficult to know exactly what the 

uncertainties are in your results, although several repeats will 
allow you to find a range and a spread for the results. How to do 
this is covered in the next investigation.

Capacitor charging
You can investigate a capacitor charging using the RC circuit 
in Figure 4. When the switch S is closed, the capacitor will be 
charged through the resistor and its p.d. will rise until it reaches 
the battery voltage, V

0. 
The equation linking V, the p.d. across the capacitor C, at time 

t, the resistance R, and the charging p.d. V0, is:

V = V0(1 − e− t
RC) (7)

In this case, when t = RC:

V  = V0(1 − e−1) 
= 0.632 × V0 ≈ 0.63V0 (8)

Table 2 Three sets of measurements for charging a capacitor 

Time t/s V1/V V2/V V3/V ln(V0 − V1) ln(V0 − V2) ln(V0 − V3)
Mean  

ln(V0 − V)
Spread  

ln(V0 − V)

0 0.00 0.00 0.00 1.099 1.099 1.099 1.099 0.000

2 0.26 0.32 0.30 1.008 0.986 0.993 0.996 0.011

4 0.60 0.55 0.53

6 0.84 0.81 0.85

8 1.13 1.10 1.07

10 1.29 1.32 1.37

12 1.55 1.55 1.56

14 1.69 1.68 1.71

16 1.84 1.83 1.87

18 1.98 1.98 2.00

20 2.09 2.09 2.12

22 2.18 2.22 2.22

24 2.28 2.29 2.30

26 2.34 2.39 2.38

28 2.41 2.44 2.44

30 2.46 2.54 2.49

Figure 4 Circuit to investigate the charging of a capacitor
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Figure 5 Graph of potential difference against time for a charging 
capacitor 
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Plotting a log graph
We need to take natural logs of Equation 7, but first we multiply 
out the brackets and rearrange it slightly:

V = V0 − V0e
− t

RC

V0 − V = V0e
− t

RC (7a)

Then taking natural logs gives:

ln(V0 − V) = ln V0 − 
t

RC
 (9)

This means that a graph of ln(V
0
 − V) against t should be a 

straight line with an intercept on the y-axis of ln V0 and a 
gradient of −1/RC. 

Figure 6 shows the data from Figure 5 (not from Table 2) 
plotted on a log graph. This graph is also a straight line, so we 
can conclude that the exponential relationship is correct.

Experimental uncertainties
By repeating the test a number of times, the data have allowed 
a range and spread for values of ln(V0 − V) to be calculated and 
the spread has been added to the graph as vertical error bars. 
This allows us to draw and calculate a maximum and minimum 
gradient. 

For the graph in Figure 6 the intercept of the best line is 1.1, 
which gives:

V0 = e1.1 = 3.0 V

The gradient of the best (blue) line is:

− 
1 

RC
 = 

∆ln V 

∆t
 (Equation 6)

 = − 
3.9 − 1.1 

60 s

 = − 
5.0 

60 s
 = −0.083 s−1

Therefore:

τbest = 
1 

0.083 s−1

= 12.0 s
The gradient of the steepest (red) line that goes through all 

the error bars is:

− 
1 

RC
 = 

∆ln V 

∆t

 = − 
4.0 − 1.2 

60 s

 = − 
5.2 

60 s
 = −0.087 s−1

This gives the smallest possible value of the time constant:

τmin = 
1 

0.083 s−1

= 11.5 s

The gradient of the shallowest (green) line that goes through 
all the error bars is:

− 
1 

RC
 = 

∆ln V 

∆t

 = − 
3.8 − 1.0 

60 s

 = − 
4.8 

60 s
 

 = −0.080 s−1

This gives the largest possible value of the time constant:

τmax = 
1 

0.080 s−1

 = 12.5 s

We can therefore conclude that the value of the time constant is:

τ = 12.0 s ± 0.5 s 

and the percentage uncertainty is ±4%. Assuming that we know 
R accurately, this gives the uncertainty in C as ±4%.

Try for yourself
Complete Table 2, use the data to plot your own log graph, 
and find the gradient and intercept. Use your graph to find the 
uncertainty in the time constant. You should find the intercept 
to give a value of V

0 of 3.0 V and the value of RC to be 16.7 s. The 
value of R for the data given in Table 2 is 130 kΩ.

Ian Lovat is a former physics teacher and a member of the 
PHYSICS REVIEW editorial board.

Figure 6 A log graph of the data used in Figure 5
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For a spreadsheet containing the completed Table 2, plus 
linear and log graphs, and calculations of the time constant 
and its uncertainty, go to 
www.hoddereducation.co.uk/physicsreview 

PhysicsReviewExtras

For a YouTube video showing some practical work with capacitors, 
see: 
www.tinyurl.com/CapacitorPractical

References and further reading References and further reading
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If one variable is directly proportional to another, then their 
graph is a straight line through the origin. 

For a spring that obeys Hooke’s law, the graph of F against x 
is a straight line through the origin (Figure 1) and the gradient of 
the line is the spring constant. By changing the spring, different 
spring constants will lead to different extensions for a given 
force, and therefore a different gradient.

Gravitational field
Often in physics the relationship is not as simple as above. By 
the time you get to year 13, you are highly likely to be looking 
at relationships that involve inverse proportionality and squared 
values. These give different-shaped graphs, which will not be a 
straight line.

The idea of proportional relationships is commonly seen 
in GCSE maths and science lessons. Often students 
understand these to be a simple case of ‘when one goes 

up, the other goes up’. Unfortunately, at A-level this lacks the 
detail necessary to tell the full story.

Springs
If we think about Hooke’s law, we know that the extension of 
a spring is directly proportional to the force applied. In other 
words, as we increase the force, the extension will increase:

force ∝ extension (1)

However, what will happen if we change the spring for a 
stiffer (or less stiff) one? If we have a stiffer spring, the extension 
will be less because it takes more effort to stretch the spring a 
given distance, and vice versa. This tells us that it is not sufficient 
simply to say ‘as one goes up, so does the other’.

You will be aware that we need a constant of proportionality, 
in this case the spring constant, in our definition. This is usually 
represented by the letter k. We can say that the extension, x, is 
proportional to the applied force F for a given spring constant. 
This spring constant is essentially a measure of the stretchiness 
of the spring:

force = spring constant × extension 
F = kx (1a)

k = 
F
x

 (1b)

A question of  
proportionality

 mathskit

Figure 1 Graphs of force against extension for three springs that 
obey Hooke’s law, all drawn on the same scale: (a) greatest spring 
constant; (b) intermediate spring constant; (c) smallest spring 
constant
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Proportional relationships help us to understand 
how changing one variable affects another
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Figure 2 shows how Earth’s gravitational field, g, varies with 
distance, r, from the centre of Earth. An exam question might 
ask you to use data from the graph to show that g is inversely 
proportional to r2:

g ∝ 
1
r2

 (2)

It is worth thinking about Newton’s law of gravitation, which 
states that:

 the force of attraction between two particles is proportional to 
the product of their masses and inversely proportional to the 
square of the distance between their centres

This can be expressed in an equation:

F = 
GMm

r2
 (3)

where F is the force, G the universal gravitational constant, M 
and m the two masses, and r the distance between their centres. 
If M is the Earth’s mass, then F is the force acting on a mass m 
within the Earth’s field. The gravitational field is the force per kg 
(force per unit mass), and the force on mass m in a field g is:

F = mg (4)

g = F
m

So the Earth’s field is:

g = 
GM
r2

 (5)

When considering how g varies with position we can quickly 
identify the values that matter, namely g and r2. The mass M and 
constant G are the same anywhere in the Earth’s field, so if we 
are interested in how g changes, then the important relationship 
is the proportionality g ∝ 1/r2.

Back to the question: if asking you to use data from a graph, 
an examiner generally intends you to get data by reading across 
from the axis, as you have done many times. But how many pairs 
of values do you need? Ask yourself the question: how many do 

I need to identify a pattern? You certainly cannot identify a 
pattern from one or two pairs of values, so the minimum you 
should look for is three pairs, but be prepared to take a fourth if 
one set causes any doubt.

In order to analyse your data, it is helpful to think in terms 
of a single constant of proportionality, and write Equation 2 as:

g = k
r2

 (2a)

How can you most easily work out whether the values read 
from the graph fit this equation? Before reading any further, 
grab a piece of paper and pencil. Have a go and see if you can 
figure out whether the relationship does follows the given 
relationship expressed in Equation 2.

How did you do? 
Did you rearrange Equation 2a to give:

k = gr2 (2b)

Then did you calculate gr2 for each pair of values that you took? 
Was the value of gr2 that you calculated similar for each case? 
(With r in km, you should have got an answer of about 4 × 108.) 
If it was, you have done what the question required.

If one calculated value was far enough from the others 
to make you doubt the relationship, what could you do to 
make sure? At this point I suggest that you take a fourth pair 
of values and check it. The vast majority of times this will 
quell your concerns as it was probably an innocent mistake 
made when reading the data from the graph or a simple slip 
in calculation. Three out of four being similar is an acceptable 
level of certainty.

Kinetic energy
Another common type of proportionality question is one that 
asks you to say how one variable changes if another is altered. 
Such questions often use the examples of kinetic energy or 
elastic potential energy because they contain a squared quantity. 
For example, here is a typical multiple-choice question:

A object of mass m moving at speed v has kinetic energy X. What is the 
kinetic energy of an object of mass m/2 moving at speed 2v?

A X
4

            B  X
2

             C  X            D  2X            E  4X

Start with the formula for kinetic energy, Ek, of an object of 
mass m moving at speed v:

Ek = 
mv2

2
 (= X) (6)

One approach is to write in the new mass and speed, and 
work out the new kinetic energy:

Ek = 
(m/2) × (2v)2

2
 = mv2 

 = 2 × 
mv2

2
 = 2X

which is answer D.
Another approach is to think about proportionality. You can 

probably spot that Ek is directly proportional to m:

Ek ∝ m

A question of  
proportionality

Figure 2 Gravitational field varies with distance from Earth
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Sandy Loynd is a school improvement leader for science and a 
physics SLE, teaching at South Hunsley and Driffield Schools in 
Yorkshire. 

So if the speed stayed constant, halving the mass would simply 
halve the kinetic energy. Now think about changing the speed. 
In terms of proportionality:

Ek ∝ v2 

So doubling the velocity (but not changing the mass) results in 
a fourfold increase in kinetic energy. 

If we halve the mass and double the speed, the overall result 
is to divide by 2 and multiply by 4, which is the same as just 
multiplying by 2, so the correct answer is D.

The two approaches are of course equivalent, but you might 
prefer the second as there is less chance of making a slip in 
manipulating the symbols and numbers.

To get some practice in thinking in terms of proportionality, 
have a go at completing Table 1 to show how kinetic energy 

changes when mass and speed are changed. Once you have 
completed it, check Table 2 to see whether you were correct.

Conclusion
With the introduction of large numbers of multiple-choice 
questions and an increased emphasis on mathematical 
understanding within physics, these types of calculation 
are going to become more common because they allow the 
examiners to check your understanding of a wide range of 
formulae and their meanings. I hope the examples in this 
Mathskit will help you keep things in proportion.

v
2Speed v2v3v4v10v

m
2

E
8

E
22E4.5E8E50E

Mass m
E
4kinetic energy E4E9E16E100E

2m
E
22E8E18E32E200E

3m
3E
43E12E27E48E300E

Table 2 The completed grid from Table 1, showing how kinetic 
energy depends on mass and speed

Table 1 Complete the grid to show how kinetic energy depends on 
mass and speed

v
2 Speed v 2v 3v

m
2

E
8

E
2 2E

Mass m kinetic energy E 4E 16E 100E

2m 2E 32E

3m 3E 48E

Success in all your A-level subjects!
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magazines to help you get the grades you need?
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stretches your subject knowledge and gives you focused 
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You can find past papers, mark schemes and examiners’ 
reports for the current specifications at the sites listed below.

AQA specification: www.tinyurl.com/AQAPhysicsResources

Edexcel specification: www.tinyurl.com/EdexcelPhysicsResources

OCR specification A: www.tinyurl.com/OCRAPhysicsResources

OCR specification B: www.tinyurl.com/OCRBPhysicsResources

WJEC examiners’ reports: www.tinyurl.com/WJECPhysicsResources

You can also find past papers at the Physics & Maths Tutor 
site:

www.physicsandmathstutor.com/past-papers/a-level-physics/

There are lots of YouTube videos to help with revision. Here 
is one on how to prepare for questions on practical experiments, 
using the example of internal resistance:

www.tinyurl.com/PhysicsPracticals

Synoptic questions are those that require knowledge and 
understanding of different units or modules in the specification. 
Synoptic means forming a summary. Here is an example of how 
to tackle a synoptic question:

www.tinyurl.com/SynopticQuestions

The PhysicsTutorOnline revision site has a full set of notes 
and PowerPoint presentations, which contain questions and 
answers. It was still under development at the time of writing, 
but there are already topics for Edexcel and AQA. You can find 
the past papers here too:

www.physicstutoronline.co.uk/alevelphysics/

And to finish, try this quick quiz on physical quantities and 
units:

www.tinyurl.com/QuantitiesUnitsQuiz

You have probably had a lot of revision advice over the 
years. For a different perspective try ‘Making the grade: 
A* students share their revision secrets’ from Which? 

University:

www.tinyurl.com/WhichUniversityRevision

Here is a YouTube video of tips for scoring an A*:

www.tinyurl.com/SnapReviseTopTips

There is also a link to short videos explaining different topics 
in physics:

www.goo.gl/zzPKzS

To supplement your notes, or check you have them correct, 
the S-cool site has all the physics required by the A-level 
specifications:

www.s-cool.co.uk/a-level/physics

The S-cool physics site is divided into 43 sections, and these 
are further divided into topics. Once you have checked your 
knowledge in ‘Revise it’ you can move on to ‘Test it’, which has 
exam-style questions and multiple-choice questions. Finally, 
there is a summary section.

Another revision site is RevisionWorld:

www.tinyurl.com/RevisionWorldPhysics

This is divided into topics and includes videos as well as text. 
There are also PowerPoint presentations that you can download 
to view.

It is always a good idea to try questions from past papers, but 
as yet there are not many for the new A-level courses. Some of 
the questions from the old specifications are appropriate, but 
others are not, so you may need advice from your teacher on 
whether a past paper is suitable. 

Revision
The internet is often criticised for distracting 
students from school work and revision, but there 
is also a lot of helpful material if you search for it

Carol Tear is an A-level physics examiner and a member of the 
PHYSICS REVIEW editorial board.

Revision
 physics online
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feedback gives stability. For example, if your body temperature 
rises above about 37°C (pp. 8–11) the rate of blood flow to your 
skin increases, which increases the rate of cooling, and you 
sweat more, which also cools your skin, so the body temperature 
falls. If your body temperature drops below about 37°C, the 
changes are reversed, so your body temperature stays close to 
37°C — an example of negative feedback producing stability 
(known as homeostasis) in a biological system. 

Ozone (28 Down) and feedback
If we could travel back in time about 3.5 billion years to what 
is sometimes called the ‘dawn of life’, but more scientifically 
the Archaean age, then we would find there was no ozone 
layer to protect us from the harmful UV rays from the Sun. 
There may have been some ozone (O

3), but the amount of 
oxygen in the atmosphere was tiny. Most of the atmosphere was 
carbon dioxide (CO2) and, because it is a greenhouse gas, the 
temperature would have been positively toasty.

What has since reduced the global temperature? There has 
been a drastic reduction in the atmospheric concentration of 
CO

2, but the reasons (still hotly debated) fall into roughly two 
camps. CO2 has been removed either by inorganic geochemical 
processes or by organic, biological processes. Or — and the 
smart money is on this option — a mixture of both. Whatever 
the overall cause, there has been a feedback mechanism that has 
reduced CO

2 and increased O2 and O3.
The climatic system shows many examples of feedback. A 

high global temperature causes ice and snow to melt. This 
reduces the amount of sunlight reflected back into space, more 
energy is absorbed and the temperature rises even more — 
positive feedback.

If, however, higher temperatures cause more water to 
evaporate and hence more clouds to form, which reflect sunlight 
away from Earth, this reduces the amount of heating — negative 
feedback. More clouds mean more rain. More rain means more 
washing of CO

2 out of the atmosphere and into the oceans — a 
reduction in greenhouse effect — and so on.

The processes outlined here are natural. When the activities 
of life are taken into account all sorts of problems occur. We 
are all well aware of the human impact in our relentless search 
for energy — releasing CO

2 that had been ‘safely’ locked away 
within fossil fuels. A major consideration here is that, although 
there may be processes that will return the system to stability, 
the timescales have changed. No doubt if polar bears had 
enough time to evolve to cope with a changing environment, 
they may well do so. But time does not seem to be on their 
side (p. 34).

What if we want to change and control systems?

Feedback (6 Down) and unstable (18 Down)

Feedback is a process in which the output from a system is 
fed back into the system and affects the way the system itself 
behaves. 

When there is positive feedback, a small change in the output 
of a system causes the system to keep changing in the same way. 
Positive feedback leads to more and more of the same output, or 
less and less. Either way, there is a runaway, unstable situation 
that continues unless something else happens and stops it. For 
example, suppose someone strikes a match in a room full of 
flammable vapour. The vapour around the match combusts 
(burns), reacting with oxygen and raising the temperature, 
which increases the rate of combustion, which further raises the 
temperature, which increases the reaction rate, and so on — an 
explosive runaway reaction in a chemical system. 

Another example of positive feedback in everyday life is 
when there are media reports of problems in oil-producing 
countries, which might lead to a fuel shortage. People fill up 
their petrol tanks, just in case. Some petrol stations run low 
and close their pumps. Reports of pump closure cause more 
people to rush out and buy petrol, so more stations run dry, 
which causes further panic-buying — a runaway situation in 
an economic system. 

If there is negative feedback, the system responds to a change 
in output in a way that reduces the effect of the change. Negative 

Feedback
Solution and notes

 crossword
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These notes discuss the role of feedback in 
Earth’s atmosphere, in electronic circuits 
and in biological systems, including the eye
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Closed (13 Across), feedback, unstable, CR (35 Down) 
and LR (8 Across)
In electronic circuits, signals are manipulated. This is true 
in simple switches, logic-gate combinations, sense-and-control 
devices, amplifiers and so on, all the way up to complex software 
programs used in our computers. It is often the case that the 
output of such circuits does not reach the ‘size’ that we would 
like. The word ‘size’ is in quotes here because, in general, 
there are three different characteristics that interest us: voltage, 
current and power. We will just concentrate on one of the three 
— voltage. We define the gain (A, for amplification) of a device 
as (output voltage)/(input voltage):

A = 
Vo 

Vi

 (1)

Figure 1 shows the circuit symbol of an amplifier with a 
voltage gain A. This is called an open circuit, or open loop, and 
A is the open loop gain.

There is, however, a problem even with a simple amplifier, 
and that is that two amplifier circuits made from apparently 
the same types of component can have different gains, and 
those gain values can vary depending on other factors such as 
temperature or the frequency of the input signal (AC from a 
microphone, for example).

We would obviously like to have more control over these 
devices, and we do this by taking part of the output and feeding 
it back to the input. Such a system is called a closed loop; Box 1 
shows how the overall closed-loop gain G can be algebraically 
derived. Notice that any feedback system designed by humans 
needs three kinds of information, or questions to be answered:
1 What is the desired end state? (This is called the goal.)

2 What is the difference between the current (output) state and 
the goal? (This is called the error.)
3 What needs to be done to reduce the error? (This is called the 
response.)

Figure 1 An example of an open-loop circuit

Vi

Vi
A =

Vo Vo

open-loop gain

Box 1 A closed-loop feedback system

Vi

A( ) = Vo

Vo

VoBVo

input output+

–

A
Vo

A
Vo

S X

Y

Figure 1.1 A closed-loop feedback system

Figure 1.1 shows a closed-loop feedback system, so called because 
some of the output signal is fed back into the input. 

X is the forward path with gain A.
Y is the feedback path with gain B.
S is a subtractor.

Vi − BVo = 
Vo

A  (1.1)

So:

Vi = 
Vo

A  + BVo

 = Vo(
1
A  + B)

 = Vo(
1 + AB

A ) (1.2)

The quantity AB is called the loop gain. We can define the overall 
gain G as:

G = 
Vo

Vi

= 
A

1 + AB

= 
forward gain
1 + loop gain

Is positive feedback responsible for 
accelerated melting of polar ice caps?
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These three criteria are as important for simple amplifying 
circuits as they are in the development of the most complex 
computer programs that, having made mistakes, can then 
correct them, i.e. can learn.

Using the algebraic expression for G (Box 1), there are several 
interesting possibilities…

If B = 0 (hence AB = 0), then:

G = A = 
Vo 

Vi

which is the trivial open loop situation, and we haven’t achieved 
much.

If AB > 0, then G < A and we have negative feedback.
If 0 < (1 + AB) < A, then G > A and we have positive feedback. 
For the special case of AB = −1, then G = ∞. This can be 

thought of as positive feedback (obviously!), but may seem 
strange because the circuit will apparently produce an output 
even with no input. Remember, however, that no amplifier will 
work without an external power source, which is not usually 
shown on circuit diagrams (it was not shown in Figure 1) and 
has to be present if there is positive power gain in any device. 
This apparent G = ∞ paradox turns out to be a useful property 
if used with other components to produce an overall oscillator 
circuit, i.e. an unstable situation.

Finally, if AB >> 1, then G ≈ A/AB = 1/B and the overall gain 
is independent of the forward, open-loop gain A. This is a really 
useful condition and gives lots of control.

There is so much more to this electronic use of feedback than 
can be dealt with in these few pages, but notice that if the input 
signal is alternating then an amplifier will produce a phase shift 
between the input and the output, and the amount of phase 
shift depends on the input frequency.

At certain frequencies, therefore, feeding the output back 
to the input can produce a positive effect and the system is 
unstable. This instability is dependent on the time delays in 
the various parts of the system, each one of which is related to 
a CR or an LR part of the circuit. See pp. 22–25 for more about 
the time delay in a CR circuit (where a capacitor charges or 
discharges through a resistor). In an LR circuit, where a resistor 
is in series with a coil (an inductor), there is a similar time lag, 
while the current increases or decreases to reach a steady value. 

Feedback and eye (9 Across)
The brain is an amazing organ. Many have likened it to a 
super-computer system, implying that we need only increase the 
complexity of the electronic circuits that we build out of wire, 
capacitors, doped semiconducting materials etc. in order to build 
such an object. This is now understood to be far from the case. 

Most importantly the brain is not ‘hard-wired’, whereas all 
the components of a computer chip are. In other words, the 
brain’s ‘wiring’ is not in-born; nor does it develop according to a 
fixed pattern. Rather, it is ‘plastic’ and changes as it is used. The 
brain is built of hundreds of billions of cells (neurones), each of 
which makes about 10 000 connections to neighbouring cells 
— these connections (called synapses) can be destroyed or new 
connections can be made. The connections can be reinforced 
by repetition of actions or learning; they can also allow certain 
functions to be taken over by parts of the brain that were not 
initially involved in those functions if the parts that were 

Peter Wade-Wright is a former physics teacher.

For more on climate systems, Laboratory Earth by Stephen Schneider 
(Weidenfeld & Nicolson, first published 1996) is still highly relevant.

For more on the brain, David Eagleman’s The Brain (Canongate, 2015) 
and Incognito (Canongate, 2016) are outstanding works, especially 
for those interested in brain ‘loopiness‘. 

References and further reading References and further reading

involved are damaged. Reinforcement can increase the strength 
of signals flowing across the connections, and generate new 
connections. If a connection is not used, it can wither away — 
‘use it or lose it’.

It is now also known that there is feedback between cells. 
Information does not just flow from cell A to B to C — there 
are possible feedback loops: B-to-A, C-to-A and C-to-B. There is 
so much feedback that it has led some to describe the brain as 
‘loopy’. David Eagleman (see References and further reading) 
likens this brain activity to more of a marketplace than an 
assembly line. It is this kind of wiring, rewiring and generation 
of flexible feedback loops through experience that will raise the 
capabilities of our computers closer to those of brains. 

The brain is encased in a dark shell — the skull — so the only 
communication it can have with the outside world is by the 
chemical/electrical signals it gets from the various sense organs. 
It does not sense light (for example) directly, but depends on 
the signals generated by that light as sensed by the eye — 
and feedback ‘loopiness’ can then send signals in the other 
direction as well as to other parts of the brain. The complex 
visual pathways can sometimes generate visual hallucinations 
that seem real and plausible, with which the person can try 
to interact, and which can influence other parts of the brain, 
causing other feelings such as pleasure or even horror. 

Unstable, feedback and gene (36 Across)
When watching a swan take flight, it is obvious that its bulk and 
weight are deciding factors in the length of run-up needed to 
get into the air. Air speed is needed to generate enough lift and 
at the same time it has to move enough air downwards so that 
Newton’s third law (N3) can help in the process (air has mass, 
moving it requires force and N3 means that there is a reaction 
force acting on the bird). A smaller, lighter bird can take off faster 
and in a much shorter distance. In particular, it needs to move 
less air (smaller mass), and this is also true when it wants to 
change direction. It is therefore more manoeuvrable. 

But there’s more…to be really manoeuvrable the bird needs 
to be inherently unstable, but with a response to instability that 
can restore equilibrium. This is biological feedback of a useful 
kind and required the development of a particularly engineered 
nervous system.

It was biological systems of this sort that led some people to 
believe in an intelligent designer. We now argue that biological 
systems develop through genetic (random) variation, and if 
those new systems lead to survival and reproduction for whatever 
reason, but others don’t, then the advantage itself survives. This 
can take time — see the comments about polar bears, above.

6955_PhysRev_27_4_CC_Print.indd   32 23/02/2018   09:52



Articles
Mars: planet of robots 1 2
Mission to Mars: planning the  

most ef�cient route 1 6
How to make a BB-8 1 10
Forecasting space weather 2 2
Animal electricity 2 8
Time’s arrow 2 22
Spider-Man science 3 2
Sticky feet 3 7
Switching puzzles 3 22
Better housing for refugees 4 2
Measuring body temperature 4 8
A painless bite 4 18

Regular features
At a glance
Radio 1 16
Nuclear fusion 2 16
Black 3 16
Quarks 4 16

Back page
Galactic centre 1 34
Caught on camera 2 34
On the wing 3 34
Getting warmer 4 34

Crossword
Clues 1 22
Mystery and magic: solution  

and notes 1 29
Clues 2 7
Waves…and more: solution  

and notes 2 28
Clues 3 24
Particles, beams and sundials:  

solution and notes 3 29
Clues 4 7
Feedback: solution and notes 4 30

Exam talkback
Physics and archery 1 18
Capacitors 2 18

Balancing bridges 3 18
Moments 4 12

Mathskit
Powers of 10 and pre�xes 1 26
Equations of motion and  

graphs 2 26
Resolving vectors for a glider  

in �ight 3 25
A question of proportionality 4 26

Physics online
Practical skills 1 14
Lenses 2 32
Newton’s laws of motion 3 14
Revision 4 29

Skillset
Gas laws 2 12
Capacitor charge and discharge 4 22

Who were they?
Nikola Tesla, 1856–1943 1 15
Robert Boyle, 1627–91 2 15
Johannes Diderik van der Waals, 

1837–1923 3 6
Anders Celsius, 1701–44 4 15

Working with physics
Medical physicist 1 23
Aerospace engineer 3 12

Ask your teacher if your school subscribes 
to the PHYSICS REVIEW Online Archive

PHYSICS REVIEW Editorial Board 
(University of York unless otherwise specified)
Elizabeth Swinbank Education (Chair)
Derek Jacobs Physics
Katherine Leech  Physics 
Ian Lovat North Yorkshire 
Sandy Loynd South Hunsley School, East Yorkshire
Peter Main Physics 
Robin Millar Education  
John Szymanski Electronic engineering
Carol Tear York (Deputy Chair) 
Alex Weatherall Millthorpe School, York
Mary Whitehouse Education 
Nigel Woolsey Physics 
Joanna MacDonald  Education (Editorial Administrator) 

Associate Editors 
Philip Britton  Bolton School Boys’ Division, Lancashire 
Ian Harding Whitby, North Yorkshire 
James O'Neill Tapton School, Sheffield
David Swinscoe  City and Islington College, London
Ken Zetie  St Paul’s School, London 

Liaison schools and colleges
To ensure that PHYSICS REVIEW is pitched at the appropriate level 
we have a network of liaison schools and colleges, which are 
listed below. We would like to thank teachers and students at 
these institutions for their invaluable help in commenting on 
draft articles.

The Grammar School at Leeds Leeds

Hele’s School Plymouth

Highgate School London

King’s Norton Boys’ School Birmingham

Reigate College Reigate

St Leonards School Fife 

St Mary Redcliffe & Temple School Bristol

Stewart’s Melville College Edinburgh

Ulverston Victoria High School Ulverston

Watford Girls’ Grammar School Watford

Withington Girls’ School Manchester

Tapton School Sheffield

Index to Volume 27 (Issue numbers in bold, page numbers in italic)

33www.hoddereducation.co.uk/physicsreview

6955_PhysRev_27_4_CC_Print.indd   33 23/02/2018   09:52



obc2    February 2018

A-level physics

April 2018     Volume 27     Number 4

Measuring 
body temperature
Physics principles in medicine

Which force?  
Which distance?

Methods for moments  
exam questions

Practising  
practical skills

Capacitor charge  
and discharge

Building  
better housing  

for refugees
Applications of  

thermal conductivity

eMagazine  
available 

Get more from this issue of PHYSICS REVIEW, with free online resources. 
See page 1 and www.hoddereducation.co.uk/physicsreviewextras 

Tell us what you think        #hoddermags Please note single issues are not 
available for separate purchase

NASA and the US National Oceanic and Atmospheric 
Administration (NOAA) have analysed measurements of Earth’s 
surface temperature dating back over a century. During this 
time, the surface has warmed by about 1°C on average, largely 
as a result of increasing atmospheric carbon dioxide and other 
gases relating to human activity. In 2017 NASA and the NOAA 
announced that 2016 had been the third year in a row to reach 
a new record high temperature.

Figures 1 and 2 show temperature anomalies — temperatures 
above or below a 5-year global average. Red indicates warmer 
than average, white normal, and blue cooler than average. For 
a video animation showing all the data from the 1880s to the 
present, go to: 

https://data.giss.nasa.gov/gistemp/animations/
In this issue of PHYSICS REVIEW you can read more about 

temperature and its measurement. On pages 2–6 David Coley 
describes how to define and measure a comfortable ‘operative 
temperature’ for a building, and shows how a knowledge of 
thermal conductivity and specific heat capacity can be used 
to design better housing for refugees. In ‘Measuring body 
temperature' (pp. 8–11) Susan Street discusses the physics 
underlying various techniques for temperature measurement. 
Then on pages 30–32 the Crossword notes discuss how feedback 
in a system can lead either to a stable output or a runaway 
change — such as the changes affecting Earth’s atmosphere 
and surface temperature. 

Getting 
warmer

Figure 1 Global temperature anomalies, 1886–90

Figure 2 Global temperature anomalies, 2006–10
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