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ABSTRACT 

Th' fibril anglc. of tllr S1 layer of \vootl pulp fibrcs can be dt~trrnlined iiiicroscopically 
from t l ~ r  extinction position of intact cell \valls I~ctween crosscd polars. I t  is al\vays 
assutned in this iuethod that thc SI and S., layers are so thin that they do not affect tlie 
st;itr. of polarization of light. 

'1'1ic complctc theor! of the extinction positioo Ilns I~een  derived, taking into :iccount 
tllc contril)r~tiori of tllr SL and S:, layers, for thy light path ~ ~ s e d  in the Iirercllry reflectance 
111ct11od of Pngcl. For certain thicknesscs of the S. layer, the presence of the SI and S:. 
1ayc.r~ c;ln introdrice serior~s errors in thr fibril angle 11lr~as111.c~nent. Ho\\~e\~el., there is 
a rangc of S,, S,. ant1 S.. thicknesses for which tlit- error is small ant1 the fibres of most 
softwoods lir within this range. For tliick-wallet1 specics the 111ethoc1 must I)e llsecl with 
caution. 

t\tltlitiorlul ke!/n;ortl.~: cell-\\all models, \\.all I:iyers, softwoods, birefringence, mercury 

IXTHOI)UCTIOY Some of the light microscopical tcbch- 
~l~~ a Ivood fillre is in 11iq11es make use of the natural birefringence 

~ i ~ ,  1 j K~~~ alld ~ ~ i l ~ ~  1934). froln of celllilose. The fibril direction in a portion 

:, tenuOl,s prilnary w:,ll 11, i t  consists of of the cell wall can Ile readily obtained by 
tllree layers s,, s,, s :~  exanii11:ition between crosscd polars. Upon 

var),illg tl,ickness. Each layer is composecl rotation of the specimen, the tra~ls~nittetl in- 

long slll,stantially crystallillc tensity falls to zero when the fibrils arc, 

fillrils ellll,edded ill an amorl,holls m:,tris parallel to one of the polars. This proced~~re  

hemicellulose lignill. The fibrils cannot 1)e used for intact fibres I)ecarlsc> the 

S, s:{ layers are approsilllately opposite sides of a helically .wound cell 
pcrpelltlicl,lar the fibre asis, whereas wiill interfere. This objection has Ileen 

tllOst, s2 layer wrap aro,,lld the fillre ~ \ ~ e r c o ~ n e  in n 11mn1,er of ways, For cuanrple 

axis in a steep helix, mlgle of the 11y obsc~r\~ation of extinction of  a single wall 

the fibril varies be- througlj a bordvred pit, and 1 1 ~ 7  observ~ition 

tweel, fil,res, lllIt is cOllstallt of :L single wall obtainetl I)y longitutlinal 

within a fillre. sectioning. ,4 Inore general, rapid, i~on-  
The S:! layer is I)y far the thickest of the destructive technique was developetl I,y 

layers so th:~t its fibril iungle is important ill 1';lge ( 1969). 111 this  neth hod observation 

the study o f  the physical I)chavio~~r of fibres of a single wall is made l ~ y  reflectillg light 

iwtl wootl. For example, the stress-strain from drops of mercury iijtroduced into the 

relations of a fillre depend on its fibril lunic~n. Thr  light path is shown diagram- 

a~lglc (I'age et nl. 1972): the shrinkage be- matically in Fig. 2. 
~ja,liOllr of :, depentls The polarized light nietllods all asslnne 
I,,can f i~ , , .~ l  its (Harris that extinction occurs when the fibrils in 

\fcylalr 1965). several metllods h;lve l,een the S2 layer are parallel to the, polarizer (or  
developctl for the lneasluenleut fibril a~ialyzcr).  This is 0111~ strictly true, ho\.v- 
kungrc, incllldillg x-ray cliffraction, ever, if the thicknesses of I)otll the S, and 
~llicroscopy, kind variolls teclllli(llles of light SR layers are zero. I t  has been assumetl in 
niicroscopy. These mvtllods are listecl ill previol~s work that the S ,  and S:{ layers are 
I'ago ( 1969 ) . sufficic~~itly thin to havc. a ncgligiblc~ ttffect 
\\'OOl) AKlI  VIl3!21< 208 FALL 197:;. \', .5 ( :3  J 



I" [ ( . .  I. Schrliiatic rcxp~.rst.l~tatio~~ of n single 
fil~rc, of \\,~)otl showing the arrn~lgrn~c~nt of the 
cc.ll~~losic ~~~ic.rofil)rils ill the v;~riolls 1ayel.s of thc 
cc4l \ ~ > l I l .  

o n  thc~ tl(tcnnir1ation of: tllc fibril angle. Rc- 
ccnt \vorli by  tht. authors has indicatetl that 
in ccrtain circumstnncc~s this may bc an un- 
jrrstifial~lc ass~i~nptio~i .  It is the 1)urpose of 
this paper to rx:uninc: tlleoretically the ef- 
fect of S I  and S:) thick~tess on the extinction 
1)ehaviour of a single 0211 wall when viewed 
i l l  rc4'lcctrd light. 

FIG. 2. l i g h t  path for method of Page ( 1969). 
Light is reflrctc,tl from the mercury drop in the 
I~nrlen. Extinction occnrs with crossed polars 
when the fibril direction in the S2 layer is parallel 
to thr  polarizer or arlalyzer, pl.ovidec1 that the exis- 
tence of thr  S, ~ n i d  S:: layers is ignorctl. 

The detailed path of light through the 
cell wall is shown in Fig. 3. Thc incident 
ray passes through the S,, S., and S3 layers, 
is reflected at the mercury surface, and is 
returned through the S3, S2, and S1 1:iyers. 
The theory of thc intensity of light ernerg- 
ing fro111 such ii system will now be pre- 
sented. 

The geometrical relationships between 
the analyzer and po1arizc.r directions, the 
fibre axis, and the direction of the fibrils in 
each layer are represented in Fig. 4. The 
fibrils of S2 make an angle 0 with the fibre 
;isis. The S1 layer is generally considered 
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the angle 4, the angle I)etween the S2 fibril 
direction and the polarizer P. 

Iisii et al. (1947) derived the intensity of 
light einerging from 11 birefringent plates 
I)et\veen n polarizer and analyzer. Applying 

I this to our prol)lnn, we ol~tailr the follo~ving 
ecluation: 

- s i n  2 ( $  + e ) { s i n  2y1 cos 2y2 cos 2y3 . . 
'3 + cos 2y1 cosZy, s i n  z Y 3 j  

- s i n  2 ( +  + 2e )s in (y ,  + 2 y 3 ) s i n  y l  s i n  Zy, 

? 

- s in-y l  sin2-{, s i n  2y3 s i n  2 ( ~  + 3 0 )  
7 > P 

+ cos'-yl sin-v, s i n  2.(, s i n  2 ( +  - 9)]- (1) 

\vherc, -11 = ( a//A)pt1; y. = (T/A),L~.; = 

FI~ : .  :3. hct~lal light pat11 for ~rrctllotl of I'age. ( x/A ) ptn 
1,ight t~.a\c.r.sc.s the la \c~. \  i ~ r  t11r~ S ~ Y ~ I I ~ I I C ~  ST,  S-, S::, is the l,irefringellce Of the ct.ll wall 
S . S,, S,. (ass~wletl to be the same for all 

layers ; 

to colllprise several layers of fi}llil A is the wavelength of the incident 111ollo- 
70--SO' with altcrnatiiig S anld Z helices. chromatic light; 
~ 1 ~ ~ .  optical llr}raviol.u sclch a structure t l ,  t:, and t:( are the thicknesses of the 
is iipproxin~;~tely ecluivale~lt to a single layer S1, S2: and S3 layers, respc.cti\~ely; 
Of f i l l r i l  90". ~0~ allalysis give*, I is the transmitted light intensity and 
herc, the fil~rils of S1 arc tlil~s asstuil~ed to bc I, ,  is the illteilsity of light incitlcnt on 
pc~rlxwclicular to the fibre axis. The S:$ the speciinen. 
layer is treated silllilarly. \5'e wish to ~0x1- ~ 1 , ~  l,Ositioll of the fibre at l,,illimulll trails- 
sider the variation of intensity of reflected ,,,ittc(l ilLtcllsity is obtained eclu:itillg 
light as thv fibrc is rotatc'd. For coilvc- (ll/(l+ to ~ h ~ , ,  + =  
nie11cc1 \vc chosc as a1 pura~llctc,r of rotation 

A t a n  Z E  = (2 )  

A a1 ~d 
2 

FIBRE AXIS A = s i n  68 s i n  yl s i n  y2 s i n  2y3 

+ s i n  48 s i n  (yl  + 2y3)  s i n  yl s i n  zY2 
FIBRIL DIRECTION 
IN S2 LAYER + s i n  2e (s in  2y1 cos 2y2 cos 2y3 

+ cos 2y1 cos2y2 s i n  2y, 

+ cos2yl s in2y2  s i n  2y3) ( 2a) 
-P 

B = s i n  2y, cos yl cos (yl + 2y,) 
2 2 

- cos 68 s i n  yl s i n  y2 s i n  2y3 

-- cos 4 0  s i n  (y, + ZY3) s i n  yl s i n  2y2 

IN  S,  AND S3 LAYERS - cos 2e (s in  2y, cos 2y2 cos 2y, 

1'1(:. 4 .  1Ic.lation of fil~ril tlil-c.ction i l r  Lhc SI,  S:, 
alrtl S , layeus to the tliucctitms c~f the poliirizcr and 
;lll;lIyzc~r.. 

+ cos 2yl cos2y, s i n  ZY, 

- cosZyl s in2y2  s i n  2 ~ 3 )  (2b) 
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I3ec;inse E(1. ( 1) is a coniplctc scpare of the 
function 4, the11 the ~ ~ l i ~ l i n l ~ ~ i l l  illtensity 
given I)y Eq. ( 2 )  1n11st I)e zero for all values 
of -,, 0, and S1, S, iuid S:( thicknessrs. Thlis 
the. cotllpositt sandwicb 1)ehaves i ~ s  a single 
crystal. IIowever, thc cx t i~~ct io~i  dircxtion 
of the i;aiid\vich differs fro111 the dircxtion 
of the S, fil~rils 1)y th11 ~ingle t, whicli can 
tl111s I ) c b  rc.gardct1 as the error i~lvolvecl in 
11si11g tlic e~ t i~ lc t ion  direction of the corn- 
posite as a Inrasure of irhc fil~ril angle of the 
S, 1:iyc.r-. \Ve shall usv the terrll "apparent 
fibril iuiglc" to deiiotc. t l ~ e  anglt 1)etween 
the cxti~iction direct io~~ u 1 ~ 1  the fibrc. ;~xis-- 
the "fil)ril angle" as me;~snred 1))~ tlie lnethod 
t1rscril)ed by Page. 

Applictrtion of t l ~  theor!/ to specific cates 

T11~ magnitllde of error in fil~ril angle is 
i I 1 .  ( 2 ) .  Unfortlunitely, this 
ec[u;ttio~~ is a co~nplex f ~ ~ ~ i c t i o n  of fibril 
a ~ ~ g l e ,  .w:welengtli, a11t1 \vall thicknesses, so 
that it is not possil~le to presc,iit arl ovcrall 
picture of the variatioll i l l  error. Tlie error 
has the-refore I)eeli conlputetl for certain 
specific ciises. 

Effecf of cell-ict~ll t11icknes.r 

The thickness of tlle S, Inyer is treated 
as tllc principal v:u.iiil)le, and its effect on 
crror is complited foi five differelkt conl- 
I~i~iations of S1 and S:( thickness. In cach 
ii~stai~cc wc cot~sidcr 11-ioiloc11rom;~tic light of 
\i,avelellgth 540 nm. Tlie birehingerice of 
the cell-wall material of wood has been 
~neas~ired and fount1 to 1)e about 0.045. 
This riscs to 0.060 upoil delignificatioi~. For 
these calculatiolls \\Y. h a w  adopted the 
latter \talnc. 

I .  E'il~re.~ tritll no S, r'tr!ler, (~ricl tcith (rrl S, 
la!/(?r of con.~tcrnt fhickt1e.y.s of 0.2 p ~ n .  
Figurct 5 (  :i ) sho\\>s the appawnt fibril 
angle, as a function of S, layer t11ic:kness 
for an actual fibril angle, of 10". The 
filxil a~iglc is mc~:~surecl corrc,ctly only 
\\711('11 tho tllickn(~?.s 01' the S2 layer is 
2.25 pli i .  1"or t11innc.r S2 laycrs the' anglc 
is o\,c~rc~stin~atctI and for thicker laycrs 
it is undcrc.stilnatc~c1. A discontinuity 
occurs when thc. S2 tllickncsss is 4.Fj0 

5,THICKNESS. 0 

Q -10 

Sp THICKNESS . MICRONS 

FIG. 5a. lxffect of cell-wall thickne\s on ap- 
parent f i l ~ r i l  angle-cast, 1. 

pm. At this thickncss the rctarclation of 
light in passing t \ v i c~  through the S2 
layer is cxactly one wavelength, and the 
apparent fibril angle is 90°, that of the 
S1 lnycr. With increasing S2 thicknc,ss, 
thc siunlc graph is repa ted .  Th(s crror 
in fibril angle is no greater than l o  for 
fibres of S2 thickncss lying betwccn 1.3 
and 3.4 pni. 
Figure 5 ( b )  shows a similnr plot for an 
actual fibril angle of 30". The cl-ror in 
fibril angle is no greater than :3' for 
fi1)rc.s of S2 thickness lying betwc.en 1.3 
and 3.4 p ~ n .  Ho~vever, again, very con- 
siderable errors can occur for fi1)rc:s out- 
side these limits. 

2. Fibres rcitll no S,: la!lcr, ~ r l t l  rcitlt S 1  
ltr!lers that nre 10% of tllc t f t i ck~~oss  of 
the S, lu!yer. 
Figure 6 sliows tlie apparent fibril angle 
as a function of S2 thickness tor am 
actual fibril angle of 30". The pattern 
is similar to Case 1, cscept that the 

Sn THICKNESS . MlCROliS 

Erc. 51). Effect of cell-\~1;111 tllicklirss on ap- 
p;~l .elr t  f i l ~ r i l  a~>glc~-ca\c~ 1 .  
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A C N I L  FIBRIL ANGLE - 30 
5 ,  THICKNESS. 10% OF S t  

y 40 
THICKNESS 

S, THICKNESS I 0 1 

S 2  T H I C K N E S S  . M I C R O N S  

FI(:. 6. Effcct of ct~ll-wall thicknc,ss on apparent 
fillril ~tnglc-c.;lsr, 2. 

cwor remains small for thin S2 layers. 
The error is no greater than 3' for 
thicknesses between 0 and 3.4 pin. 

3. Fil~res ~r;ith an  S,; layer t l ~ a t  is equal in 
t1rickr1e.r.s to  the S, ltryer. Both layers 
(/re 5% of tlte t l l ickne.~.~ of the S, la!yer. 
Fig1u.e 7 sho\vs the apparent fil~ril angle 
as a frmction of S tliickness for ail actual 
fibril angle of 30". 111 this case, the 
discontinuity at 4.5 pm disappears and 
the error docs not exceed 3" over the 
wide range of thicknesses from 0-6.3 
pn1. 

4. Fi11re.s with cln S,; In!jer that is tlli~zner 
t l~c ln  the S, luyer. S, is 10% clntl S.! 
,574 of the thickness of tile S, layer. 
Figure 8 sllows the apparent filjril angle 
as u fllnction of S2 thickness for an 
i~ct l~nl  fibril ailglc of 30". Tlle behaviour 
is sinlilnr to Case 2, where there is no 
S:, layer. The error in fil)ril angle is 
less tila11 3 for S2 thicknesses l~etween 
1.3 and 3.8 N I ~ .  

ACTUPiL FIBRIL ANGLE - 30. 
S, THICKNESS . 5 %  OF S2 THICKNESS 
S, THICKNESS . 5 %  OF S2 THICKNESS 

OM++*-+@! 
S 2  T H I C K N E S S  . M I C R O N S  

1'~:. 7 .  Effrct of ccxll--w;~ll thicknvss on app:u.cSnt 
I'ilril ; L I I ~ ~ C ~ - - C Y L S ~ ~  3. 

S 2  T H I C K N E S S .  M I C R O N S  

VK:. 8. Effect of ccall-wall thickness on appxrent 
filjril unglr-case 3. 

5 .   fibre,^ with an S,; lu!ler that is thicker 
than the S, layer. S,, is 10% and S, 5% 
of the thickness of the S, layer. 
Figure 9 shows the apparent fil~ril angle 
as a function of S, thickness for an 
actual fillril angle of 30". Undcr these 
conditions there is no S2 thick~~ess for 
which the fibril migle is correctly nlea- 
sured. The error is less than 5 for 
thickrlesses between 0 and 3.4 pm. 

Effect of tcnvelengtll 

Hcre we shall considc,r a fibre wit11 no 
S:$ Inyrr and with thc S1 layer 20%7 of thc 
S2 layer. Four thicknesses of the S2 layer 
arcx considered, 2.27 pm, 4.55 pm, 6.83 pm, 
and 9.10 pnl. 

Figurc 10 shows theoretical curves of the 
effect of wavclcngth on appaxmt fibril 
angle, for an actual fibril angle of 30". For 
the thinnest S2 Iaycr, thr crror in fibril allglc 
is small and is independrnt of wavcl(8ngth 
o17er thc range rlornlally used. For thic.kcr 

ACTUAL FlBRlL INGLE - 3 0 .  

S, THICKNESS = f X OF SITHICINESS 
S3 THICKNESS - 10% OF SeTHICXNESS 

Q 

Sp T H I C K N E S S  . M I C R O N S  

Frc:. 9. LCffect of cell-wall thickncass on uppal.cni 
fi1)ril anglcx-case 5 .  
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L 3 U -  5;O li 660 L o  7b0 450 

WAVELIINGTH . m p  

]"I(:. 1(1. Effect of \\a\rel~lngth on apparent fibril 
,~nglc  fol f o ~ ~ r  thicknesses of the S. layer (2.27 
, U I I I ,  4.-45 gnl, 6.83 gln and 9.10 g n ~ ) .  Thc S, 
l a y o  is ;i.;s~~~ired to be 2054, of  the S 2  1ayt.r. The 
lines are theoretic;~l, anti the poi~its detcll.~ninrtl 
c~spe~-illrrntally ~lsing a 111odc.l system. 

fi1)rc.s the cxor  is gczrcrally large and is 
a strong fu~~c t ion  of wavelength. The ap- 
paw11t fibril anglc is greater for higher 
\vavc~lcngtlls. Thus for thick-walled fibres, 
dispc~rsion of the‘ estinc.tion position would 
occur in \vhitc> light. A:; thc fibre: is rotatcd, 
a sl)ccti .~~~n of colours would be seen and 
at no point would a con~pletc cxtinctioil 
occur for all wavcle~ngths. 

The tlicoretical calculations rncw chcckvd 
ill a sing](. c~slx'ri~ncnt using a 11lodc.1 system. 
'The S I  and S2 layers of a fil~re \vcrc siinu- 
latctl 1)y a ccllulosc acvtattJ shcct and a 
cluartz plate of known thickness and bire- 
frjngenc.c> rc~slx~cti\lc~ly, sr,t with the+ optical 
;~sc.s at 60" to each other to simulate a 
fil~rc. of fibril angle 30'. Th(, plates were 
cxunincd under polarized vertical illumi- 
~iiltion in ;i lnicroscopc, using a mirror 
l~c~nc~:~tk~ the plates to reflect the light. Thc, 
cxtinction position, ailcl hcncc, the, app;wcnt 
"fi1)ril anglc," n7as dctcr~nined over a range 
of w;~\~c~Icngtlis from 436-670 1x1. 

The results arc sho\vn as points in Fig. 
1 0  su~x,ri~nposed on the, theoretically tlctcr- 
ininetl curvex The data points fit the 
thc.orc.tica1 1inc.s exec~1l~:~ntly. 

Qualitative verification is obtained from 
clirc,ct o1)sc~rvation of riinglc~ fibrvs. l'hick- 

\walled fibres exhibit dispersion of the ex- 
tinction position as predicted in Fig. 10. 
There is no extinction position in white 
light, but a spectrum of colours is seem as 
the fibrc. is rotated. The phenomcnon is 
common for the very thick-walled sun~iner- 
wood fibres of the southern pines, but fibres 
of the thin-walled northern softwoods gen- 
erally show good cxtinction in whitc light. 

DISCUSSION 

The assunlption that the extinction angle 
is equal to the S2 fibril angle in the mercury 
reflectance rnethod of Page is not generally 
valid. The birefringent SI and S3 layers 
although thin cannot be ignored. \Vhcn 
they are taken into account, it is found 
that an extinction position always occurs 
in monochronlatic light, but the S2 fibrils 
are not thcn exactly parallel to the polnrizer 
or :inalyzcr. The thcory indicates that for 
certain conditions the error in determination 
of fibril anglc can be very large. 

It is important to recognize thesc limi- 
tations in tenns of the actual conditions 
that apply for wood pulp fibres. The cLrror 
is small if the S1 and S:? layers are thin and 
if thc S2 layer thickness lies be twc~~n  1.3 
and 3.4 p n ~ .  Fortunately, these arcs con- 
ditions that apply to the great: majority of 
softwood fi11rc.s. Centrally the S, layer is 
thin. Its thickness has been reportcd as 
0.14 pin ( Emerton and Goldsmith 1956 ), 
0.20 pi11 ( R4cicr 1955) and behvven 0.12 
and 0.35 pm (Jayme and Fengel 1962). 
We have conclucled that a mean thickness 
of 0.20 pm is general for most softwood 
species. The S:$ laycr is gcnerally thinner 
than thc S1 layer and in sonie sl~ccics is 
almost nonexistent. Values of 0.07-0.08 pm 
(1 Jaymc ant3 Fcngcl 1962) and 0.10-0.15 
prn (Liest, 1960) have been obtwinocl for 
various softwoods. 

For species of spruce, rcd cedar, 1):ilsarn 
fir, whitc pine, and Douglas-fir over 95% 
of the fi11rt.s have S2 thicknesses between 
1.0 and 3.S pm. Moreover, the, mvan S:! 
thickncss is about 2.0-2.5 pln, which is the 
rcxgion in which the error is less than l o .  

For sonie very thick-walled specics, these 
conditions (lo not apply. The sumlnc~rwood 



fil~res of southern pines, for c\xari~plr:, oftc.11 
have S2 thicknesses in the rangc 3.5-5.5 
pm, a n d  the S, and S:j 1nyc.r~ are :~lso thick, 
so that thcl mr,thod fails for thcsc fibres. 

CONCLUSIONS 

Thc use, of the extinction position of thc 
intact cell wall for thc dcterrnination of 
fibril angle,, as developed in the nicthod of 
Pagc, must bc used with care. An error 
itrisc.s bc,cnuse of the birefringcnt SI  and S:j 
layers. The error in the determination is 
slllall for fibres with thin S1 and S:, layers 
( <  0.20 pill)  and S2 layers in the range 
1.3-3.4 pm. Thcse co~lditions apply to most 
fi1,rcs of most softwoods, but certain spccies, 
such as thc southrrn pincs, have many fibres 
that r,scecd the upper liunit of S, laycr 
thickness. Such fibres show dispersion of 
the estillction positioli in white light, and 
this svrvcs as a warning that the tc,chnicluc, 
shol~ltl not be used. 
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