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Abstract An estimation, using a Raman spectro-

scopic technique, of the Young’s modulus of a single

filament of bacterial cellulose is presented. This

technique is used to determine the local molecular

deformation of the bacterial cellulose via a shift in the

central position of the 1095 cm–1 Raman band, which

corresponds to the stretching of the glycosidic bond

in the backbone of the cellulose structure. By

calculating the shift rate with respect to the applied

strain it is shown that the stiffness of a single fibril of

bacterial cellulose can be estimated. In order to

perform this estimation, networks of fibres are rotated

through 360� and the intensity of the 1095 cm-1

Raman band is recorded. It is shown that the intensity

of this band is largely independent of the angle of

rotation, which suggests that the networks are

randomly distributed. The modulus is predicted from

a calibration of Raman band shift against modulus,

using previously published data, and by using Kren-

chel analysis to back-calculate the modulus of a

single fibril. The value obtained (114 GPa) is higher

than previously reported values for this parameter,

but lower than estimates of the crystal modulus of

cellulose-I (130–145 GPa). Reasons for these dis-

crepancies are given in terms of the crystallinity and

structural composition of the samples.

Keywords Bacterial cellulose � Deformation �
Modulus � Stiffness � Raman spectroscopy

Introduction

Cellulose is the main component of plant cell walls,

and is the most utilized material on the earth.

However, other forms of cellulose can be produced

by bacteria, of which the Gram-negative rod Aceto-

bacter xylinum is possibly the best-known (Brown

1989). Bacterial cellulose can, and has been, used for

a variety of applications due to its potentially high

mechanical properties, which in turn are often quoted

as being due to high crystallinity, highly orientated

cellulose chains within fibrils and pure cellulosic

form. In reality the crystallinity indices of bacterial

cellulose, determined by X-ray diffraction methods

on agitated and static conditions, have been found to

be 63 and 71%, respectively (Watanabe et al. 1998),

which is not particularly high. Similarly the compo-

sition of bacterial cellulose has been found to be a

combination of a and b allomorphs (Sugiyama et al.

1991), as found for many plant materials and sources

of cellulose (van der Hart and Atalla 1984; Sugiyama

et al. 1991). In bacterial cellulose, the polymorph
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ratio Ia:Ib is found to be of the order 60:40 (in

agitated culture) to 70:30 in static culture (Sugiyama

et al. 1991).

Mechanical properties of bacterial cellulose have

been studied, mainly testing material in sheet form.

Some of the earliest work was conducted by Yamanaka

et al. (1989) who found that sheets of bacterial

cellulose could have Young’s moduli in excess of

15 GPa. Further improvement of the modulus up to

30 GPa was obtained by Nishi et al. (1990) by

treatment of the sheets in alkaline and oxidative

solutions. Tajima et al. (1995) also found bacterial

cellulose sheet moduli in the range 30–40 GPa.

Various groups have subsequently measured the

mechanical properties of bacterial cellulose. Of par-

ticular note is the work of Astley et al. (2003) who

reported low values for the modulus of *130 MPa.

They also found that the modulus of a composite of

cellulose and pectin or xyloglucan decreased (Astley

et al. 2003). Gindl and Keckes (2004) also showed that

the modulus of a composite of bacterial cellulose and

CAB (Cellulose acetate butyrate) is less than a

compressed sheet of the pure material, although they

did not report actual figures for the latter. Gindl and

Keckes (2004) did however show that bacterial cellu-

lose-CAB composites had improved properties

compared to the pure resin material, which is one of

the potential applications of this material. Other

applications of this interesting material are for opti-

cally transparent films where the modulus of such

materials in combination with bacterial cellulose have

been found to be 20–21 GPa (Yano et al. 2005).

In terms of the direct measurement of bacterial

cellulose fibrils very little has been reported. Guhados

et al. (2005) reported a value of 78 ± 17 GPa using an

AFM tip to record force–deflection curves on single

filaments. This value is much lower than the crystal

modulus of cellulose-I recorded by Sakurada et al.

(1962) and Nishino et al. (1995) of 138 GPa and a

spectroscopic measurement on tunicate whiskers, a

cellulose I-b rich structure (Larsson et al. 1995), of

143 GPa (Sturcova et al. 2005). This could be due to

the fact that bacterial cellulose has a higher I-a content,

although recent theoretical estimates suggest little

difference between the stiffness of the two allomorphs

of cellulose-I (Eichhorn and Davies 2006).

Raman spectroscopy has been used to determine

the molecular deformation of many cellulosic mate-

rials. The first report of such measurements was in

1997 by Hamad and Eichhorn (1997) on cellulose-II

fibres. Many subsequent studies have been performed

since this original work. Perhaps of note is the

measurement of the elastic modulus of microcrystal-

line fragments of cellulose (Eichhorn and Young

2001), the molecular deformation in wood fibres

(Gierlinger et al. 2006) and of chemically modified

plant fibres (Peetla et al. 2006). This technique has

also been applied to determine the stiffness of single

whiskers of tunicate cellulose (Sturcova et al. 2005).

In this article we report on an estimation of the

stiffness of a single bacterial cellulose filament.

Bacterial cellulose has gained interest in recent

years due to the ability to use it both as a composite

material (Yano et al. 2005), and also as a tissue

engineering substrate (Czaja et al. 2006). In this

respect the mechanical properties of the basic struc-

tural unit of the sheets produced (i.e. the fibril

modulus) are of particular importance.

Experimental methods

Materials

Glconacetobacter xylinum (13693) and Hestrin–Sch-

ramm (HS) medium (Hestrin and Schramm 1954)

were used for bacterial cellulose production. The

cells for the inoculum were cultured in test tubes

statically at 27 �C for 2 weeks. A thick gel (bacterial

cellulose pellicles) was squeezed aseptically to

remove embedded cells. The cell suspension

(25 mL) was then transferred as an inoculum for

the main culture (500 mL of medium), which was

incubated statically at 27 �C for 3 days. Samples

were initially cultivated for longer times to produce

bulkier sheets, but planar networks of fibres were

desired so shorter times were found to be sufficient

for this purpose. Bacterial cellulose pellicles (35 mm

in diameter) were purified by boiling with 2% NaOH

for 2 h, and then washed with distilled water several

times followed by hot pressing at 2 MPa and 120 �C

for 4 min to completely remove the bulk water.

Mechanical properties of bacterial cellulose

sheets

The mechanical properties of the bacterial cellulose

sheets were determined using an Instron tensile test
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machine (2511-111) with a 20 N load cell at envi-

ronmentally controlled conditions of 24 ± 1 �C and

50 ± 5% relative humidity. Samples were cut from

the pressed sheets of cellulose into thin strips

measuring 30 mm in length and 1 mm in width.

These thin strips were then glued to testing cards,

which were then placed in the jaws of the tensile

testing machine. The specimens were then extended

until failure at a rate of 8.3 9 10–3 mm s-1. In order

to calculate the stress on the samples, data from the

load cell were recorded, and these were divided by

the cross-sectional area of the sheet. It is assumed that

the compliance of the machine is much lower than

that of the samples. It is acknowledged that the cross-

head displacement is probably not the same as the

local strain, but without an accurate measure of this

we have reported engineering stresses rather than true

stresses. The cross-sectional areas of the sheets were

determined by measuring, using a micrometer, the

thickness and width of the sheets and by multiplying

these values. In total 40 specimens were tested in this

manner.

Raman spectroscopy of bacterial cellulose

samples

A Renishaw Raman spectrometer was used to record

spectra from the samples whilst undergoing tensile

deformation. An 830 nm IR-diode laser was focused

to a 2 lm diameter spot using a long working

distance (950) lens. Samples were glued to testing

cards, as for the mechanical properties determination,

and deformed on a customized loading rig (Deben,

MICROTESTTM) equipped with a 2 kN local cell and

a micrometer to record the macroscopic elongation.

The testing rig and sample was placed onto the

microscope of the Raman spectrometer. At each

loading step a Raman spectrum was recorded using

an exposure time of 30 s and three accumulations.

These spectra were curve fitted using a mixed

Gaussian/Lorentzian function and an algorithm based

on the work of Marquardt (1963) to find the peak

position of the 1095 cm-1 band. This particular

Raman band was chosen to follow the molecular

deformation of cellulose as it corresponds to the C–O

stretching vibration in the backbone of the cellulose

molecule (Gierlinger et al. 2006) and has been used

successfully to determine the local micromechanics

of a wide-range of cellulosic materials (Hamad and

Eichhorn 1997; Eichhorn and Young 2001; Sturcova

et al. 2005; Gierlinger et al. 2006).

Results and discussion

Mechanical properties

The thickness of the bacterial cellulose sheets was

found to be 0.007 ± 0.001 mm. A typical stress–

strain curve for a bacterial cellulose sheet is shown in

Fig. 1. The average mechanical properties of the

sheets are also reported in Table 1. All samples

showed that there is a non-linear relationship between

stress and strain indicating that there is some

breakdown within the network of fibres during

deformation (e.g. bond breaking, fibre pull-out). This

non-linearity may also occur due to twist in the

individual cellulose fibrils, as has been seen in many

micrographs presented by a number of authors (see

Benziman et al. (1980) for one such example).

Engineering stress is reported in this case since the

load values returned from the deformation rig were

divided by the original cross-sectional area. The

cross-sectional area was assumed to not change

during the deformation, although this in reality may

not be true. The values of the mean mechanical

properties of the sheets reported in Table 1 are

comparable to independently published data (Yama-

naka et al. 1989; Nishi et al. 1990; Tajima et al.

1995).
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Fig. 1 A typical engineering stress–strain curve for a bacterial

cellulose sheet
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Molecular deformation using Raman

spectroscopy

A typical Raman spectrum obtained from a bacterial

cellulose sheet sample is shown in Fig. 2. Clear spectra

can be obtained from the samples in a short space of

time. The peaks observed are typical for a cellulose-I

structure (Wiley and Atalla 1987) with a dominant

peak located at 1095 cm-1 which is thought to

correspond to the glycosdic ring stretching mode in

the structure of cellulose (Gierlinger et al. 2006;

Edwards et al. 1997). Wiley and Atalla (1987) attri-

bute this band to a complex coupling between C–O and

C–C bonds within the pyranose rings and the glyco-

sidic linkages. In normal mode analyses by Sturcova

et al. (2005) many modes were observed close to

1095 cm-1 which corresponded to mixed modes of

either C–O and C–C. It is clear therefore that this mode

is complex, but associated with the main chain of the

cellulose polymer. When the sheets are deformed in

tension, the position of the central maximum of the

1095 cm-1 Raman band shifts towards a lower

wavenumber position, and closer to the Rayleigh

excitation, as shown in Fig. 3. This shift is indicative

of direct stressing of the molecular backbone of the

cellulose polymeric chain, which has been observed

and commented on widely (Hamad and Eichhorn

1997; Eichhorn and Young 2001; Gierlinger et al.

2006; Peetla et al. 2006). The shift occurs due to a

change in bond stiffness upon deformation, as was first

theoretically described and experimentally observed

for polydiacetylene single crystals (Mitra et al. 1977;

Batchelder and Bloor 1979).

By fitting the 1095 cm-1 Raman peak using a

model Lorentz/Gaussian function, the position of the

band can be obtained. This positional information can

then be plotted as a function of the applied strain.

Figure 4 reports these data, including repeated data

on a separate sample which indicates that the effect is

reproducible. It is clear that there is consistency

between data for each tested sample, and that the

rates of band shift are high. A band shift rate of

-1.77 cm-1 %-1 is obtained by a linear fit to the

Table 1 Mean mechanical properties of bacterial cellulose

sheets; E—Young’s modulus, rf—breaking stress and ef—

breaking strain

E (GPa) rf (MPa) ef (%)

9.7 (2.1) 240.5 (86.9) 2.6 (0.5)
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Fig. 2 A typical Raman spectrum recorded from a bacterial

cellulose sheet with the 1095 cm-1 band highlighted
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Fig. 3 A typical shift in the position of the 1095 cm-1 Raman

band with applied tensile deformation
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data. The magnitude of this shift rate is lower than a

value obtained (-2.4 cm-1 %-1) for the same

parameter for tunicate cellulose whiskers (Sturcova

et al. 2005) but higher than values obtained for

cellulose fibres with transverse dimensions in the

micron scale range (Hamad and Eichhorn 1997;

Eichhorn and Young 2001; Eichhorn et al. 2001;

Gierlinger et al. 2006; Peetla et al. 2006). It is likely

that better stress transfer to the tunicate cellulose

whiskers occurs, due to their greater aspect ratio than

bacterial cellulose filaments. The tunicate whiskers

were also dispersed in a resin material (Sturcova

et al. 2005), thus consolidating the network, whereas

the fibrils were free to move in the bacterial cellulose

networks, and so any twist and rotation of filaments

has to be taken into account. Despite this, it is thought

that bacterial cellulose filaments are less stiff than

tunicate whiskers, since the Raman band shift rate

with respect to strain for a wide range of polymer

fibres has been shown to be proportional to the

modulus (Young and Eichhorn 2007). The twist seen

in micrographs of bacterial cellulose filaments (e.g. in

Benziman et al. 1980) may be the source of a

difference between the moduli of bacterial cellulose

and more rod-like whiskers of tunicate. It is therefore

concluded that the bacterial cellulose filaments have a

lower modulus than tunicate whiskers.

Using a previously published calibration between

the band shift rate for the 1095 cm-1 Raman peak

and modulus of -0.043 cm-1 %-1 (Eichhorn et al.

2001), as has been done before for microcrystalline

cellulose, one can obtain the modulus of the bacterial

cellulose fibrils. This calibration value has been

shown to be universal for a wide range of cellulose

fibres with a cellulose-I structure; namely microcrys-

talline cellulose (Eichhorn and Young 2001), tunicate

whiskers (Sturcova et al. 2005) and a number of plant

fibres (Eichhorn et al. 2001). Since bacterial cellulose

is of also of a cellulose-I form, it is thought that it is

reasonable to assume that this calibration can also be

applied. By using this calibration value one can

obtain the modulus one would expect for a bacterial

cellulose sheet, assuming that the uniform stress

assumption applies. This assumption has of course

not been independently verified, but assuming that

the cellulose chains are continuous and that the

amorphous material in the structure is not randomly

distributed, we can make an estimate of the stiffness

of the crystalline regions.

A shift rate of 1.77 cm-1 %-1 (see Fig. 4) would

give a value of 41 GPa for the modulus of the sheet.

This value would be for perfect bonding between

fibres, and where there is no slack in fibrils (i.e. the

fibrous elements behave like stiff rods). This is

clearly not the case for a low density network of

fibres, and some inefficiency in stress transfer and

defects in the structure could leads to a much lower

modulus of * 10 GPa (see Table 1). Increasing the

density of the fibrous networks by employing longer

cultivation times has shown modest, yet not system-

atic, increases in the modulus of the sheets. For

instance sheets cultivated for 7 and 17 days had a

moduli of 11.9 ± 0.4 GPa and 14.5 ± 0.4 Gpa,

respectively. Therefore it is possible that if a fully

bonded, dense sheet of cellulose were produced then

it could have a much higher modulus. It is also

possibly true that the Young’s modulus of the

bacterial cellulose sheets, as determined by tensile

testing, has been underestimated due to the fact that

the effective cross-sectional area could be much less

than that obtained from measurements using the

micrometer. This could be due both in part to the

presence of voids and fibre misalignment with respect

to the tensile axis. Electron micrographs of bacterial

cellulose usually show them to have large void

volumes, so that the true cross-sectional area is likely

to be much smaller than that measured using a

micrometer. The strain applied to the samples is also

assumed to be equal to the cross-head displacement,

and although this is a good estimate, it may not be

equal to the local strains in the sheet. Nevertheless,

Tajima et al. (1995) have found sheet moduli of

bacterial cellulose samples of the same order as the

41 GPa value calculated here, so it is not unreason-

able to expect such high values.

One can use Krenchel analysis (Krenchel 1964) to

obtain an estimate of the modulus of a single filament

of bacterial cellulose, as has been previously used for

tunicate whiskers (Sturcova et al. 2005) and micro-

crystalline cellulose (Eichhorn and Young 2001). This

method relies on the fact that the efficiency factor for

stress transfer for a 2D in-plane random collection of

fibres is (Eichhorn and Young 2001) 9/8p which is

most generally (Krenchel 1964) taken to be 3/8. The

randomness of the fibres in the plane was checked by

rotating the specimens through 360� and recording the

intensity of the 1095 cm-1 Raman peak. The intensity

of the 1095 cm-1 Raman peak is sensitive to the angle
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that the C–O bonds within the cellulose backbone

make with respect to the polarization direction of the

laser. If a random distribution of fibres is present in the

networks then the intensity should not change signif-

icantly with rotation angle. This was found to be the

case, as can be seen from Fig. 5.

By using the Krenchel relationship between the

bacterial cellulose sheet modulus (Esheet) and the

modulus of a fibril (Efibril) as

Esheet ¼ g0Efibril ð1Þ

where g0 is the efficiency factor then one can obtain

an estimate of the modulus of a single fibril. This

comes to 114 GPa. This value is much larger than a

figure of 78 ± 17 GPa determined by AFM tip

bending of fibrils (Guhados et al. 2005), and closer

to values expected for the crystal modulus of

cellulose-I (Sakurada et al. 1962; Nishino et al.

1995; Sturcova et al. 2005) There is no question that

the value obtained by the AFM method (Guhados

et al. 2005) is low compared to the crystal modulus of

cellulose, which has been found to be *140 GPa

(Nishino et al. 1995; Sturcova et al. 2005). The

reasons for this discrepancy are not immediately

obvious. The value obtained by Guhados et al. (2005)

was obtained in bending, which might be expected to

be different to one obtained in tension.

Reiling and Brickmann (1995) calculated by

molecular dynamics simulation the modulus of cellu-

lose I-a. They found values of the order of 161 and

128 GPa at 300 K (Reiling and Brickmann 1995).

Eichhorn and Davies (2006) determined the chain

stiffness of cellulose I-a by a molecular mechanics

method, using a number of starting structures. Their

values came in the range 136–155 GPa. It is clear that

the values obtained by this experimental approach are

lower than these theoretical estimates.

The reasons for differences between the experi-

mental values obtained by Raman and theoretical

estimates are not known, although it could be due to

inefficient stress transfer in the bacterial cellulose

sheets, or a slack in the fibres when initially

deforming the material. Another reason is that the

‘real’ cellulose samples are not perfectly crystalline,

which is something that is assumed in theoretical

calculations. With reference to Fig. 1 it is clear that

there is significant breakdown in the structure at high

strains, leading to a distinct non-linearity in the

stress–strain curve. This could lead to inefficient

stress-transfer to the parts of the sheet where the

Raman data is recorded. Bacterial cellulose is also

known to be about 70% crystalline from static

incubation conditions (Watanabe et al. 1998) and

since Raman will detect deformation in both the

amorphous and crystalline regions it could be possi-

ble that this is the reason why the value of the

stiffness is less than theoretical values.

Conclusions

It is clear that the use of Raman spectroscopy is a

useful technique for the understanding of the mi-

cromechanics of nanocrystalline cellulose from

bacterial sources. Bacterial cellulose sheets have

been formed in the laboratory and pressed into sheets

which can then be deformed in tension under the

Raman microscope. Clear Raman spectra were

obtained from bacterial cellulose sheets, which is

indicative of their highly ordered structure. The

1095 cm-1 Raman band, which corresponds to C–O

or C–C bond stretching along the cellulose polymer

backbone, shifts towards a lower wavenumber, upon

the application of tensile deformation. This shift is

indicative of direct molecular stressing of the cellu-

lose polymer chains. Using this shift it has been

shown that it is possible to estimate the modulus of a

single filament of bacterial cellulose (114 GPa). It

should be pointed out that this estimation is higher

than previous attempts to measure this property of
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bacterial cellulose, but certainly lower than any

theoretical estimates of the crystal modulus of

cellulose-I. The reasons for this are not immediately

obvious, but it could be due to the fact that bacterial

cellulose is not completely crystalline. In order to

obtain better estimates, oriented sheets of fibres may

be required. This will be investigated in the future. It

may also be possible to embed the fibres in a matrix

to ensure that stress transfer occurs efficiently on the

application of tensile deformation. This will also be

investigated in the future.
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