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Abstract The CAdisc-L is a polycarbonate urethane

lumbar intervertebral disc prosthesis that aims to replicate

the mechanical properties of a natural disc as closely as

possible. In this work, Small Angle X-ray Scattering

(SAXS) was used to investigate the variation in composi-

tion across prototype disc samples containing annulus and

nucleus regions separated by a graduated region. An

empirical data analysis method was developed involving

the calculation of intensity ratios, since the SAXS data did

not readily fit any of the standard analysis models. Cali-

bration samples were used to quantify the variation in

SAXS response with composition and a linescan method

was employed to ascertain the change in composition

across discs manufactured with different graduated region

volumes. The graduated region width increases with the

volume incorporated into it during manufacture, as

expected, but the properties do not vary linearly across the

graduated regions. The method developed during this work

can be adapted for use with any series of polymer samples

that shows a systematic variation in SAXS behaviour with

composition.

1 Introduction

1.1 Intervertebral discs and disc prostheses

It is widely accepted that the degeneration of the inter-

vertebral discs of the lumbar spine is a major cause of

lower back pain [1]. Fortunately, most people respond well

to non-operative treatments, but if surgery is required the

traditional method used is spinal fusion, which involves the

fusion of the vertebrae on either side of the affected disc

[2]. Although many patients experience a satisfactory

reduction in pain, fusion results in restricted motion and

reduced spinal flexibility. Adjacent spinal levels compen-

sate for the reduction in motion and compliance at fused

joints, resulting in increased stresses on discs at levels

adjacent to the fused disc. A patient who has disc degen-

eration is likely to have a predisposition to this disease at

other levels, but the increased stresses due to fusion are

likely to increase the rate at which their degeneration

occurs [3].

These limitations have stimulated the development of

artificial discs that aim to relieve pain whilst preserving

physiological motion. Over the last fifty years, there have

been many attempts to produce artificial intervertebral

discs, but very few of these have reached the stage of in

vivo tests, and fewer still have been used in patients [4].

The majority of the clinically available lumbar disc pros-

theses aim to restore intervertebral height and maintain

spinal flexibility, and although they have had some very

successful results, they do not preserve the compliance of a

natural intervertebral disc. They use hard components such

as metals or durable polymers, which are non-shock

absorbing and hence may transfer stresses to adjacent

levels in a similar way to spinal fusion.

1.2 The CAdisc-L

The CAdisc-L, designed by Ranier Technology Ltd., is a

polycarbonate urethane lumbar intervertebral disc pros-

thesis manufactured using a novel injection moulding

procedure. The design aims to replicate not only the motion
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but also the axial compliance provided by a natural disc, by

mimicking the natural structure as closely as possible. It

consists of a lower modulus nucleus surrounded by a higher

modulus annulus, with end-plates that will allow both

primary and secondary fixation. One of the main advan-

tages of this design is the presence of a graduated modulus

region between the annulus and nucleus. A sharp interface

between two different materials is likely to be a potential

long-term fatigue failure site due to the mismatch in

mechanical properties, but any such interfaces have been

eliminated from this design and the materials properties

change gradually from annulus to nucleus across the disc.

Schematic diagrams showing horizontal and vertical cross-

sections through the CAdisc-L are shown in Fig. 1.

1.3 Polyurethanes [5–7]

The term ‘‘polyurethane’’ refers to a family of polymers

with a wide range of properties and applications. They are

synthesised by the reaction between an isocyanate, a polyol

and often a chain extender, and the mechanical and chem-

ical properties can be varied by changing the ratio of these

three. The reaction may be catalysed by a variety of sub-

stances, including bases, many metal complexes and acids.

Polyurethanes typically undergo phase separation and

exist as a two-phase structure consisting of crystalline hard

segments within a matrix of soft segment material. The hard

segments are typically formed from the isocyanate (and

chain extender, if one is present) and the soft segment con-

tains the polyol. The mechanical properties of the polyure-

thane, as well as its thermal and hydrolytic stability, are

heavily dependent on the hard segment to soft segment ratio.

The biocompatibility of polyurethanes has been well

documented in recent years, supported by large quantities

of in vivo and in vitro testing [8]. They have been used in a

wide variety of applications, including: cardiac valves,

wound dressing products, catheters, breast implants, and

components in replacement joints.

1.4 Small angle X-ray scattering (SAXS) [9–11]

Any material with a periodic structure can be analysed using

X-ray diffraction. The diffraction angle, h, and the size of the

scattering feature, d, are inversely related by Bragg’s law:

nk ¼ 2d sin h ð1Þ

where k is the wavelength of the X-rays and n is an integer.

Whereas wide angle X-ray scattering is traditionally used

to provide information about, for example, the distance

between crystallographic lattice planes (of the order of a

few Å), SAXS is used to study much larger structures,

typically with sizes greater than 10 Å. A parameter that is

often used in SAXS analysis is the scattering vector, q,

which is defined as:

q ¼ 4p sin h
k

ð2Þ

The intensity measured during a SAXS experiment is related

to the electron density and morphology of a sample (and

hence the degree of phase separation in a polyurethane) by a

Fourier transform. The inverse Fourier transform of the

intensity does not, however, lead directly back to the elec-

tron density function, which can make the interpretation of

SAXS data difficult. Most of the models used to analyse

SAXS data for polymers fall into one of the following cat-

egories: dilute particulate system, non-particulate two-phase

system, soluble blend system and periodic system.

In the dilute particulate system model, particles of one

material are dispersed in a uniform matrix of a second.

These particles may have a simple geometric shape,

such as spheres, thin discs or thin rods (i.e., 3-, 2- and

1-dimensional objects), and the form of the intensity curves

at relatively large q (but less than about 1 nm-1), is:

IðqÞ / q�a ð3Þ

in which the exponent, a, is equal to 4 for spheres, 2 for

thin discs and 1 for thin rods. If ln(I) is plotted against

ln(q), the gradient will be equal to -a.

It is often more useful to consider the scattering

behaviour of a random coil configuration than a solid

sphere since polymer chains generally do not completely

fill the scattering volume. The scattering intensity due to a

random coil chain obeying a Gaussian approximation is

described by the following equation:

IðqÞ ¼ q2
0m

2DðxÞ ð4Þ

where q0 is the scattering density, m is the particle volume

and D(x) is the Debye function, which has the form:

DðxÞ ¼ 2ðex þ x� 1Þ
x2

ð5Þ

in which: x ¼ q2R2
g

Fig. 1 Vertical (top) and horizontal (bottom) cross-sections through

the CAdisc-L
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Rg is the radius of gyration, which is a measure of the

characteristic size of the particle. As q increases, D(x) (and

therefore the intensity) varies with q-2, in contrast to the

exponent of four obtained for solid spheres. This reflects

the more open structure of the Gaussian coil relative to that

of a solid sphere and may also be explained in terms of

fractals [12] since, as mentioned above, the polymer chain

fills only a certain fraction of the scattering volume. The

fact that the intensity curves for solid thin discs and for

random coil chains have the same gradient (at relatively

large q) demonstrates that it may not always be possible to

unambiguously interpret SAXS data.

Even when the shape of the particles is unknown or

irregular, their radius of gyration may still be determined,

since the scattering function is found to follow a universal

form, known as the Guinier law, given by:

IðqÞ ¼ q2
0t

2 expð�1

3
q2R2

gÞ ð6Þ

This law is valid provided that q is much smaller than 1/Rg,

the system is dilute (so particles scatter independently) and

the system is isotropic. If the logarithm of I(q) is plotted

against q2 (known as a Guinier plot), the initial slope gives

-Rg
2/3, which allows the radius of gyration to be calculated.

A more realistic model for polymer chains than the

Gaussian chain model can be obtained by considering a

Kratky–Porod chain, in which the rigidity of a polymer

molecule is taken into account. At small q, the intensity

falls as predicted by the Guinier law. However, as q

increases, the curve reflects the random coil nature of the

molecule and follows the Debye equation before showing

the q-1 behaviour of thin rods at large values of q.

The non-particulate two-phase system model describes

two different materials which are irregularly intermixed,

neither being considered the matrix nor the dispersed phase.

Examples include crystalline and amorphous regions in a

semi-crystalline polymer, and two immiscible polymers that

have been blended. The data may be analysed to determine

the state of dispersion of the materials in the sample,

including, for example, the characteristic size of the domains.

An ideal two-phase system is one containing only two

different phases, which have sharp interfaces with no

measurable thickness between them. It is found that I(q)

decreases with q-4 for large q and that the proportionality

constant is related to the total area, S, of the boundaries

between the two phases within the scattering volume. This

is described by Porod’s law, which states that as q!1:

IðqÞ ! 2pðDq0Þ
2S

q4
ð7Þ

The soluble blend system model describes a single phase

material in which two components are dissolved molecu-

larly as a homogeneous solution. Examples include a

miscible polymer blend, a dissolved polymer and a block

copolymer in a disordered state.

The periodic system category contains ordered struc-

tures which have a period of repetition on the order of

1–100 nm, including semicrystalline polymers consisting

of stacks of lamellar crystals and ordered block

copolymers.

1.5 SAXS of polyurethanes

Although a substantial amount of work has been carried out

involving SAXS studies of thermoplastic polyether ure-

thane samples (for a review, see Laity et al. [13]), there is

no available literature for the specific polycarbonate ure-

thanes studied during this work, since they are manufac-

tured using novel formulations. Little work has been

carried out on polycarbonate urethanes, the closest for-

mulation to those studied here being a non-crosslinked

polycarbonate urethane manufactured from polycarbonate

diol, 1,4-butane diol and methylene-bis-diphenylisocyanate

(MDI), which was found to contain crystalline hard seg-

ment domains [14]. However, since small changes to the

chemistry of polyurethanes can have a huge effect on their

morphology and properties, SAXS results for different

formulations are very varied.

1.6 Aims

The primary objective of this work was to develop an

analysis method that could be used to establish the varia-

tion in composition across the graduated region within

prototype CAdisc-L samples. The polyurethanes making up

the annulus and nucleus materials are chemically very

similar, meaning that techniques such as Fourier Transform

Infra-Red (FTIR) spectroscopy, Raman spectroscopy and

X-ray microtomography do not show a large enough dif-

ference across a disc sample to analyse the composition

reliably and quantitatively. SAXS was found to be a suit-

able technique for distinguishing the two materials, but it

will be shown that it was necessary to formulate an

empirical analysis method. This method can be applied to

any polymeric system in which there is a systematic vari-

ation in SAXS response with composition.

2 Materials and methods

2.1 Materials

The polyurethanes making up the annulus and nucleus

materials are manufactured from the same chemical com-

ponents, but these are present in different relative
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proportions, which gives the two materials different

mechanical properties. These components are:

• Methylene-bis-(4-cyclohexylisocyanate), or HMDI,

which forms the hard segment material

• Polycarbonate diol, which forms the soft segment

material

• Glycerol, which is trifunctional and acts as a cross-

linker

• METATINTM catalyst 812 ES, which is a tin-based

catalyst

HMDI exists as a mixture of diastereoisomers [5], which

has been found to inhibit crystallisation. As a result,

polyurethanes formed from HMDI typically contain many

small amorphous or semi-crystalline domains within the

soft segment matrix, rather than undergoing phase sepa-

ration in the traditional sense to form discrete crystalline

hard segments [15].

The proportion of glycerol, and therefore the degree of

crosslinking, is higher in the annulus material than in the

nucleus material.

The polyurethanes are formed using a prepolymer

method, each polyurethane being produced from two pre-

polymers, which are mixed just before injection into the

mould. During the manufacturing process, the pure annulus

material is injected into the disc mould first, followed by

the material making up the graduated region, followed by

the pure nucleus material. This is achieved in one single

moulding step, so little curing takes place until after

moulding is finished. The graduated region is manufactured

using a series of moulding increments, the proportion of

annulus material decreasing and the proportion of nucleus

material increasing between successive increments. Each

increment has the same volume, but the volume can be

varied between samples to produce different graduated

regions. After injection of the polymers into the moulds,

they are placed in a pressure pot (pressurised to 60 psi to

prevent the formation of bubbles during curing) and put

into an oven at 80�C overnight to complete the curing

process.

2.2 Samples

1. Calibration samples ranging in composition from pure

annulus material to pure nucleus material in 10%

increments (i.e. 100% annulus, 90% annulus/10%

nucleus, 80% annulus/20% nucleus, etc.). These were

manufactured as 5 mm thick sheets.

2. Prototype CAdisc-L samples with graduated regions

ranging between 0 and 50% of the total disc volume.

3. An ‘‘insert moulded’’ sample: unlike in the prototype

CAdisc-L samples, in this sample the injection

moulded nucleus was allowed to cure fully before

subsequent moulding of the surrounding annulus

material, in order to achieve as sharp an interface

between these two regions as possible.

All samples used for SAXS analysis were 1 mm thick. This

thickness was chosen such that the disc samples would be

thin enough for there to be no significant change in com-

position through the thickness of the sections, but thick

enough to be able to be cut accurately and reproducibly.

The calibration and disc samples were sectioned using a

Struers Accutom circular saw with a blade specifically

designed for the cutting of polymers. Sections were cut

laterally from the centres of disc sections, since this was

the direction in which the graduated region was widest, so

the effect of changing its volume would be most

noticeable.

2.3 SAXS

SAXS experiments were carried out on a Bruker Nano-

STAR. A collimated beam of Cu-Ka X-rays was used and

the scattered X-rays were collected by a 2D detector. A

sample-to-detector distance of 26 cm was used, allowing

data collection over the 2h range of 0.4–11.0�.

Samples were mounted on a holder which fits into a

moveable stage within the NanoSTAR. The horizontal and

vertical coordinates of the stage are computer-controlled,

meaning that the X-ray beam could be directed accurately

through any chosen part of the sample.

2.3.1 Background correction

In order to carry out a background correction, data was

collected with no sample in place between the X-ray beam

and the detector for the same amount of time for which

sample data was collected. Since the background radiation

measured during sample data acquisition is proportional to

the quantity of X-rays that pass through the sample, it was

not possible to simply subtract the background data from

the sample data. Instead, the sample transmission needed to

be taken into account. This was calculated using a sample

of glassy carbon, which is a material with a very high

scattering intensity. This is present in the NanoSTAR on a

rotating sample wheel which allows it to be rotated into the

path of the X-ray beam.

The background correction was calculated using the

following formula [16]:

Icorr ¼ Ix � sxI0 ð8Þ

where Icorr is the corrected sample scattering intensity, Ix is

the uncorrected sample scattering intensity, sx is the sample

transmission and I0 is the background intensity.
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The sample transmission, sx, was calculated using the

formula [16]:

sx ¼
IxþGC � sGCIx

IGC � sGCI0

ð9Þ

where Ix?GC is the intensity measured when the X-ray

beam passes through both the glassy carbon and the sam-

ple, IGC is the glassy carbon sample intensity, and sGC is

the glassy carbon sample transmission (which has a value

of 0.16).

Due to the very high scattering intensity of the glassy

carbon sample, Ix?GC and IGC could be collected for a

much shorter time than the sample and background data.

For this work, Ix?GC and IGC were collected for 50 s,

whereas the sample and background data needed to be

collected for 10,000 s, since these polyurethanes do not

scatter X-rays very strongly.

2.3.2 Data analysis

As will be seen in Sect. 3.2, the two-dimensional data

collected by the NanoSTAR detector were circularly

symmetric for all the samples studied during this work,

indicating that the materials were isotropic. This allowed

the data to be analysed using an azimuthal integration to

provide a one-dimensional variation of intensity with 2h in

the range 0.4–11.0�. This was carried out using the

NanoSTAR software and a data interval of 0.01� was

employed. The data were imported into Microsoft Excel

and the background corrections were carried out, as

described above. The data were also smoothed over five

data points to decrease noise.

2.3.3 Beam width

Since the X-ray beam is not infinitely narrow, the width of

the beam introduces an error into the measurement of the

composition at any particular position when carrying out

the linescans described below.

To measure the width of the X-ray beam (and hence

obtain an estimate of the error), an empty aluminium

sample holder was placed inside the sample chamber and

the glassy carbon sample was rotated into place. The

sample holder was positioned such that the entire X-ray

beam was directed into the side of holder itself. A series

of 30 s scans was carried out, the stage being moved

horizontally in 0.025 mm increments between each scan.

As the stage moved, the X-ray beam gradually emerged

from behind the sample holder until it was fully exposed,

and the intensity increased from zero to a maximum

value.

2.3.4 Calibration samples

In order to produce a calibration curve to quantify the

variation of SAXS behaviour with composition, the 1 mm

thick calibration samples were mounted on the aluminium

sample holder and scans were carried out on each sample.

2.3.5 CAdisc-L samples

To ascertain the variation in composition across discs with

differing graduated regions, the 1 mm thick lateral sections

were mounted on the sample holder. This was positioned

such that the X-ray beam would pass through the pure

annulus material 1 mm from the edge of the disc section, at

a height corresponding to the widest part of the nucleus

region. A series of scans was carried out, the stage being

moved horizontally in 0.4 mm increments between each

scan, such that data were acquired from the pure annulus

material, across the graduated region and into the pure

nucleus material. This is illustrated schematically in Fig. 2,

in which the nucleus material has been dyed to highlight its

position (although it should be noted that the dotted line is

not an accurate representation of the X-ray beam width or

the distance between scans).

3 Results

3.1 Beam width

A graph showing intensity against the distance moved by

the stage is shown in Fig. 3a. It can be seen that the dis-

tance over which the intensity increases is given by

approximately 0.8 mm, which gives a good estimate of the

total width of the X-ray beam.

However, since the intensity of the beam decreases with

distance from its centre, a more useful parameter is the full

width at half maximum (FWHM) of the beam profile. The

FWHM is commonly used to describe the width of a curve

and is given by the distance between points on the curve at

which the function reaches half its maximum height. To

obtain the beam profile, the differential of the curve in

Fig. 1a was calculated (since the change in total intensity at

each increment will be the intensity due to the newly

Fig. 2 1 mm disc section showing locations of SAXS scans
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exposed part of the beam). The beam profile is shown in

Fig. 3b and the FWHM was measured to be 0.45 mm.

3.2 Calibration samples

2D diffraction patterns for the annulus and nucleus mate-

rials are shown in Fig. 4. These are circularly symmetric,

which shows that the materials are isotropic, and it can be

seen that the main difference between the two materials is

the presence of a bright patch at very low angles for the

annulus material, which corresponds to a higher intensity.

It should be noted that the dark circle at the centres of the

images corresponding to a region of zero intensity is due to

the presence of a beam stop: this prevents damage from

occurring to the detector by blocking the straight-through

beam.

Figure 5 shows intensity against 2h� for all the cali-

bration samples, and it can be seen that the intensity at very

low angles decreases systematically as the composition

changes from annulus to nucleus. A small broad peak is

also present from approximately 2h = 5� to 2h = 8� in the

annulus material (corresponding to d values of approxi-

mately 11–18 Å), but this decreases in intensity as the

composition becomes more nucleus-rich and is not

observed at all in the pure nucleus material. It is not clear

to what this peak corresponds, but it is thought to be related

to the fact that the annulus material contains a higher

density of crosslinks.

The SAXS data for these polyurethanes were found to

be difficult to interpret and no definite conclusions could be

drawn using the conventional data analysis methods

described previously. Figure 6a shows intensity, I, against

q for the annulus and nucleus materials and Fig. 6b shows

ln(I) against ln(q). In the region between ln(q) = -0.7 and

Fig. 3 Intensity against distance (a), and beam profile showing

FWHM (b)

Fig. 4 2D diffraction patterns

for annulus (left) and nucleus

(right) material (the scale bar

shows intensity in counts)

Fig. 5 SAXS response of calibration samples
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ln(q) = 0.2, the annulus curve has a gradient of -1.5 and

the nucleus curve has a gradient of -0.7. These values,

particularly that for the nucleus material, do not appear to

fit any of the models well. A gradient of -1.5 would fall

halfway between that expected for a 1D scattering object

and a 2D one (or a random coil), but a gradient of -0.7 is

meaningless, which may suggest that there are no distinct

interfaces between scattering bodies.

It is also impossible to calculate an estimate of the

radius of gyration for the two materials, since these data do

not include low enough values of q to be reliably within the

Guinier range.

In order to quantify the variation in SAXS response with

composition, an intensity ratio was established, since the

absolute intensity values depended on a number of factors

such as the age of the X-ray source. Slight variations in

sample thickness could also produce slightly different

absolute intensities.

The intensity ratio chosen was the ratio of the intensity

at 2h = 0.8� (which is a region of the graph where the

intensity depends strongly on composition) to the intensity

at 2h = 3.5� (where the intensity is much more constant

between different samples). A graph showing the variation

of the intensity ratio with composition is shown in Fig. 7.

A quadratic line has been fitted to the data, since this was

found to fit the end-points better than a straight line. This

curve was used to calibrate the subsequent SAXS data.

3.3 Linescans

Intensity against 2h graphs are shown in Fig. 8 for insert

moulded and 40% graduated samples, all the lines for each

Fig. 6 I vs. q (top) and ln(I) vs. ln(q) (bottom) for the annulus and

nucleus materials

Fig. 7 SAXS calibration curve

Fig. 8 SAXS data for insert moulded (top) and 40% graduated

(bottom) samples
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linescan being plotted on the same graph. Data are only

shown in the range 0–4�, since this includes both values

needed to calculate the intensity ratio. The main difference

between these graphs is the number of lines separating the

scans corresponding to pure annulus and pure nucleus

material. The insert moulded sample only shows one line

between the two extremes, corresponding to a sharp

interface, whereas the 40% graduated sample shows sev-

eral more, corresponding to a much wider interface.

The intensity ratio established earlier was calculated for

each line in each linescan and related to composition using

the calibration graph, allowing the variation in composition

with distance across the samples to be determined. Com-

position against distance graphs for a variety of samples are

shown below, in Fig. 9. The horizontal error bars, repre-

senting the error in position, correspond to the FWHM of

the X-ray beam and the vertical error bars, representing the

error in the composition, correspond to the average devi-

ation in composition of points in the calibration curve from

the line of best fit (approximately 3%).

4 Discussion

As described above, although the SAXS data do not easily

fit any of the standard analysis models, there is a systematic

variation in intensity ratio which can be used to quantify

the change in SAXS response with composition. One

explanation for the difference in scattering behaviour

between the annulus and nucleus materials is that it may be

caused by the higher amount of crosslinking in the annulus

material than the nucleus material. During polymerisation,

alcohol groups (on the polycarbonate diol or the glycerol)

can only react with isocyanate groups in HMDI molecules,

which each contain two bulky six-membered rings. The

reaction of glycerol with the isocyanate therefore results in

six of these bulky groups being in relatively close prox-

imity and forming a ‘‘cluster’’. These clusters may act as

scattering features, so higher concentrations of glycerol

will result in higher concentrations of clusters, producing a

higher SAXS intensity.

For all prototype CAdisc-L samples, the intensity ratios

for the annulus regions consistently gave a composition of

100% annulus materials (within the height of the error

bars), and those for the nucleus regions also corresponded

to a composition of 0% annulus material (i.e., 100%

nucleus material). This indicates that this method of cali-

brating the variation in SAXS behaviour with composition

gives reasonably reliable results.

It can be seen that the sharpest interface occurs in the

insert moulded sample, as expected. The interface in the

0% graduated sample is not as sharp as this because some

interdiffusion of the molecules can occur across the inter-

face: polymerisation only begins when the prepolymers are

Fig. 9 Graphs showing the variation in composition with distance across insert moulded (a), 0% graduated (b), 20% graduated (c) and 50%

graduated (d) samples
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mixed just before injection into the mould, so the annulus

and nucleus materials are still largely unpolymerised and

are able to diffuse to some extent. The width of the grad-

uated region increases as its volume increases, ranging

from less than 1 mm in the 0% graduated sample to over

3 mm in the 50% graduated sample.

The composition does not vary linearly across the

graduated region, the change being sharpest closest to the

annulus region. One possible explanation can be obtained

by considering the injection moulding of the graduated

region: each increment has the same volume, but the

increments closest to the annulus are spread over larger

areas than those closest to the nucleus (since the surface

area of the outside of the nucleus region is smaller than the

surface area of the inside of the annulus region), so the

increments are effectively thinner closer to the annulus,

making the change in composition sharper. The composi-

tion profile is further blurred by interdiffusion of the

polymer molecules.

5 Conclusions

This work has shown that Small Angle X-ray Scattering is

a useful technique for studying the variation in chemical

properties across a graduated region, even when the data do

not fit the standard analysis models. Linescans have shown

that the graduated regions in these prototype disc samples

range from less than 1 mm to over 3 mm in width, and also

that the composition does not vary linearly across the

graduated region, the change being sharpest closest to the

annulus region. The presence of a graduated region

between the annulus and nucleus is likely to be beneficial

to the lifetime and performance of the device, since it

eliminates sharp interfaces between materials with differ-

ent mechanical properties and instead allows the properties

to change gradually across the disc.

Although this work concerns one specific series of

polyurethanes, the method used here could be adapted for a

wide variety of polymer formulations: as long as a differ-

ence in SAXS behaviour can be seen between the two

composition end-points, an intensity ratio can be chosen

such that it varies strongly with composition and a

calibration curve can be produced in order to reliably

estimate the composition of any unknown sample.
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