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Abstra
t

When 
hairs and other furniture are designed the work is mostly

founded on handi
raft experien
e. Cal
ulations based on solid me
hani
s

theory are almost never used in order to �nd out optimal solutions for

di�erent wood members, or the stru
ture as a whole. We have therefore

studied a simple 
hair, made of bir
h, where the emphasis is laid on its

ability to 
arry di�erent loads. Using the method of �nite elements we

have predi
ted the strain and stress at di�erent points on the 
hair stru
-

ture. Further, we have manufa
tured the 
hair and exposed it to the same

load pattern as used in the �nite element 
al
ulations. The strain has been

monitored and 
ompared to the 
al
ulated value at the points of most in-

terest. The result shows that part of the 
al
ulations 
orresponded fairly

well with the monitored values but also that mu
h work still remains in

order to totally predi
t the a

urate stru
tural behaviour for su
h a sim-

ple frame as a 
hair. Probably, some of the dis
repan
ies depend on the

wood material whi
h exhibits so di�erent response for stress in di�erent

dire
tions.

INTRODUCTION

In re
ent years, more interest has been shown for wood as a material. This,

be
ause of the advantages from an environmental view. Wood is a renewable

resour
e and further, there is no problem when e. g. furniture is taken out of

servi
e life. It is even possible to use it as fuel in the form of biomass. Aestheti


reasons many times also speak for wood. However, there is a debate about using

woods from the rain forests and therefore, wood spe
ies whi
h grow in our own


ountry would be perfe
t as raw material. In Sweden, mu
h e�ort has been laid

upon resear
h about wood of spru
e and �r whi
h are the main spe
ies for our

export. Less emphasis has been put on our broad leaved types, su
h as bir
h,

alder, maple and so forth. Sweden also a
ts as an undeveloped 
ountry when

one 
onsiders that almost all our wood is exported as sawed lumber. If more of

the wood 
ould be utilised and 
onverted to �nished produ
ts this 
ould have

an important e�e
t on our trade balan
e and budget de�
it.

Furniture design in Sweden, as well as in other 
ountries, rests upon tradition

and handi
raft experien
e. It is nothing wrong with that but, by the use of

modern 
omputers and sophisti
ated mathemati
al models, it should be possible

to �nd new ways to design 
hairs as well as other furniture in order to utilise the
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material mu
h better than before. However, the s
ienti�
 resear
h in this �eld

does not seem to have the highest priority. We have only found four groups in

the world dealing with this subje
t. First we have E
kelman and a few others

in the U.S.A. In e.g. Referen
e [1℄ the author, as early as 1966, shows how

a 
hair works as a me
hani
al stru
ture and how it 
arries the loads exerted

by ordinary people. He also 
al
ulates the moment at di�erent spots in the

stru
ture for various lo
ations of a stret
her. His work has after this 
ontinued

and in Referen
e [2℄ the knowledge in this �eld is presented in a book 
ontaining

about 400 pages. Other 
ontributors are the authors to Referen
e [3℄ where


ase furniture, su
h as 
abinets, are studied. Chairs and stru
tural me
hani
s

have also been of interest in Poland. In Referen
e [4℄ the authors shows the

result from 
al
ulations on 
abinets but they have also published papers about


hairs. The most interesting from our point of view seems unfortunately only

to be available in Polish. In Japan they have studied furniture joints in more

detail, see e.g. Referen
e [5℄. Hitherto, our own 
ontributions, dealing with

stru
tural me
hani
s and furniture, is limited to Referen
e number [6℄ where we

optimised the lo
ation of a 
hair stret
her and in Referen
e [7℄ examined the

stability problems on 
ompressed members in a 
hair. The studied stru
ture in

Referen
e [6℄ as well as the result are shown in Figure 1.

Figure 1: Optimal lo
ation of a 
hair stret
her in order to minimise the moment

in the joint where the seat meets the ba
k rail, [6℄.

The main result of our 
al
ulations in Referen
e [6℄ was that the stret
her

should be lo
ated as low as possible on the ba
k rail and as high as possible
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at the front rail. This, of 
ourse, only as long as the loads do not 
hange.

These �ndings en
ouraged us to a
tually manufa
ture the 
hair as designed in

Figure 1, and after this to use it for experiments. The interesting thing to study

is if these more 
ompli
ated methods, su
h as the �nite element method, are

appli
able for su
h a 
ompli
ated material as wood. The 
hair is manufa
tured

in bir
h and we have therefore started by some minor materials investigations

for this wood spe
ies.

TESTING OF BIRCH AS A MATERIAL

In e. g. Referen
e [8℄ or [9℄ some values 
ould be found for bir
h as a 
onstru
-

tions material. For a start, Young's modulus are shown to be about 166,700

kp/
m

2
or 16,670 MPa in the dire
tion along the grain, 630 MPa in radial di-

re
tion and 1,130 MPa in the tangential dire
tion. The rigidity modulus, G,

are for the dire
tions xz, yz and xy 1,200, 190 and 930 MPa where x is the

radial, y is the longitudinal and z is the tangential dire
tion, see Referen
e [8℄

page 295. It is obvious that the dire
tion of the load is essential to the resulting

stress and strain. These values show how wood a
ts in the elasti
 region. If

the load is in
reased, the material 
omes into the plasti
ity region and no linear

relationship between strain and stress is found. Further, it is also of interest to

study what a
tually happens when the load is in
reased to the level of rupture

be
ause it is possible to design furniture to that point or at least immediately

below it. It is not a 
atastrophe if a 
hair breaks and hen
e it is possible to

use mu
h higher design stresses than are used for buildings et
. In Figure 2 a

tensile test is shown for bir
h.

Figure 2: Tensile test for bir
h

From Figure 2 it is obvious that the strength of rupture is about 165 MPa.

This is more than was shown in Referen
e [9℄, page 164, whi
h was 134 MPa.

Obvious is also that there are two distin
t modulii of elasti
ity, one below the
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marked knee, i. e. 18,200 and one above whi
h was 
al
ulated to 6,450 MPa.

Another phenomenon is the fa
t that bir
h does not break at one spe
i�
 stress.

When the stress in Figure 2 was about 160 MPa you 
ould hear some �bres in

the material break, but almost instantly, others 
ame into res
ue. A signi�
ant

extra strain 
ould therefore be introdu
ed without a total 
ollapse in the ma-

terial. We also want to mention some di�
ulty in applying the 
orre
t length

of the wooden test spe
imens when the strain is to be 
al
ulated. Not always

did they break at their thinnest part. Instead a long 
ra
k many times o

urred

whi
h lead in under the grips of the tensile test apparatus. Using extensiome-

ters to a part solved this problem but they malfun
tioned when the region of

�bre breaking o

urred. The resulting strain stress 
urves were then useless for

s
ienti�
 evaluations.

Problems also o

urred when performing 
ompression tests. We found it

of great importan
e to 
hoose short spe
imens with su�
ient 
ross se
tional

area. Otherwise the material started to plasti
ise immediately be
ause only a


orner of the spe
imen was used for 
arrying all the load. In Figure 3 one of

the 
ompression tests is shown.

Figure 3: Compression test for bir
h

The 
ompression Young�s modulus was 
al
ulated to 4,700 MPa whi
h is

about one fourth of the tension modulus. The 
ompression strength of rupture

is about 82 MPa in Figure 3, whi
h is about half the value of the appli
able

tension strength. It is also obvious that a load higher then the 
rushing strength

does not lead to disaster. The wood spe
imen endures a lot of strain without

breaking totally to pie
es.

The fa
t that wood shows su
h a big di�eren
e between tensile and 
ompres-

sion strength has implied the 
ommon use of bending strength as a value to be

used in stru
tural me
hani
s 
al
ulations. The standardised method assumes

that the stress is linearly and symmetri
ally distributed over the 
ross se
tion

whi
h 
annot be valid for wood, where the behaviour di�ers so mu
h between

tension and 
ompression, see [8℄ page 360 for more details. In Figure 4 a three

point bending test is shown for bir
h.

Note that the bending stress is 
al
ulated as:
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Figure 4: Stress-de�e
tion 
urve for bir
h

σ =
M × z

I
where M =

P × L

4
and I =

b× h3

12

P shows the load in N, L the span and M the moment in the middle of

the span. I is the moment of inertia, b the breadth and h the height of the

re
tangular test spe
imen. The 
urve seems to be perfe
tly linear up to a value

of about 120 MPa and after this the spe
imen starts to plasti
ise. Of interest

is also the fa
t that the beam did not break at a spe
i�
 point. Some �bres

seems to break at about 160 MPa and a de�e
tion of 1.6 mm, but as found in

the tension test others 
arry the load instead.

If the bending stress is rea
hed, immediate disaster is therefore not in-

evitable. However, the 
onstru
tion 
an not 
arry su
h a load for longer periods

of time. In the 
ase of a 
hair the person sitting on it will of 
ourse rise when

the wood starts to 
reak. The modulus of elasti
ity, MOE, see Referen
e [8℄

page 300, for a bending test is 
al
ulated as:

Eb =
P × L3

4× y × w × h3

where P equals the breaking load, L the length of the spe
imen span, y the

de�e
tion, w the width and h the depth. In our 
ase, this 
al
ulation results in

a MOE of 13,450 MPa. All our wood spe
imens had moisture 
ontents of about

6 %.

FINITE ELEMENT CALCULATIONS

In Referen
e [7℄ we have shown that the method of displa
ement 
ould be used

when 
al
ulating internal stress and strain for members in an indetermined

frame. In su
h a frame, these values 
ould not be 
al
ulated without 
onsidering

the rotations and displa
ements of the frame. It is not possible to show the

method in its entirety, not even in Referen
e [7℄, be
ause of the limited number

of pages and therefore the interested reader is referred to Referen
e [10℄ for all
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details. However, the displa
ement method uses the fa
t that by introdu
ing

rotations and displa
ements it is possible to elaborate the sti�ness matrix of the

indetermined frame. In Figure 5 a simpli�ed frame is shown of the members of

interest in the 
hair.

Figure 5: Ba
k rail, seat rail and stret
her in the simpli�ed frame

In Figure 5 the ba
k rail, whi
h is a stati
ally determined part, has been

repla
ed by a moment P × L. The front leg is likewise stati
ally determined

and therefore not used for �nding the matrix. The indetermined frame that is

left must be analysed by use of the deformations in the frame. Therefore, the


ross se
tional areas must be known for the di�erent members. In Referen
e [7℄

we used a stret
her of 0.005 times 0.02 m whi
h was probably too week be
ause

of stability problems. In our experiment 
hair the stret
her is stronger, with a


ross se
tional area of 0.01 times 0.02 m. The ba
k rail is 0.01 times 0.03 m and

the same is valid for the seat rail. The displa
ement method now tells us that

the moments a
ting on the frame by the introdu
tion of the rotation in the left

part of the frame is:

e−
11

=
4EI1

L
+

4EI2

L× 20.5

e−
21

=
2EI1

L

e−
31

=
2EI2

L× 20.5

where I1 equals the moment of inertia for the seat rail and I2 the same

value for the stret
her. The moment of inertia for the seat rail equals

0.02×0.03
3

12

while the stret
her has a value of

0.01×0.02
3

12
, or 2.25 × 10

−8
and 6.66 × 10

−9

respe
tively. The stret
her therefore has a moment of inertia that is one third

of the one for the seat rail and hen
e they, below, are set to I and 0.3 I. Using

the same method for the other six matrix elements results in the equation:





4.94 2.0 0.47

2.0 8.0 2.0

0.47 2.0 4.94



×

EI

L
×





q1
q2
q3



 =





0

P × L

0




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Solving this small system of equations results in q1 = q3 = −0.0567 and,

q2 = +0.1533 PL
2

EI
. We must also �nd the moments and internal for
es, and

from Referen
e [7℄ they are found as:

M12 = 4× 0.0567×
PL2

EI
×

EI

L
− 2× 0.1533×

PL2

EI
×

EI

L
= −0.0798PL

M21 = 2× 0.0567×
PL2

EI
×

EI

L
− 4× 0.1533×

PL2

EI
×

EI

L
= −0.4998PL

M23 = 4× 0.1533×
PL2

EI
×

EI

L
− 2× 0.0567×

PL2

EI
×

EI

L
= +0.4998PL

M32 = 2× 0.1533×
PL2

EI
×

EI

L
− 4× 0.0567×

PL2

EI
×

EI

L
= +0.0798PL

M31 = −4 × 0.0567 × 2
−0.5

× 0.3
3

×

PL
2

EI

×

EI

L

− 2 × 0.0567 × 2
−0.5

× 0.3
3

×

PL
2

EI

×

EI

L

= −0.0794PL

M13 = −2 × 0.0345 × 2
−0.5

× 0.3
3

×

PL
2

EI

×

EI

L

− 4 × 0.0345 × 2
−0.5

× 0.3
3

×

PL
2

EI

×

EI

L

= −0.0794PL

Due to the 
onvention of signs and by inserting P = 300 N and L = 0.4 m

the following moments apply:

M12 = 9.58Nm (tension below) M21 = 60.0Nm (tension above)

M23 = 60.0Nm (tension inside) M32 = 9.58Nm (tension outside)

M31 = 9.58Nm (tension outside) M13 = 9.58Nm (tension inside)

It is now possible to 
al
ulate the internal for
es only by use of the equations

of stati
 equilibrium and the result is that the stret
her has a shear for
e of 34 N

while the axial 
ompression for
e is 636 N. The seat rail shear for
e is at the

same time 174 N and the axial tension for
e 463 N. The ba
k rail is 
ompressed

by a for
e of 174 N while the shear for
e is of the same size.

VERIFICATION OR NOT

The moments and for
es in the frame have now been 
al
ulated. We have also

monitored the strain on four di�erent points in our �rst experimental 
hair by

using strain gauges of the type HMB LY 120-10. The �rst two points are lo
ated

on ea
h side of the ba
k rail just above the seat rail. The next two points are

lo
ated on ea
h side of the stret
her and at half its length, see Figure 6.

In Figure 6 the number and lo
ation of the monitoring devi
es are shown.

Further, the for
es that are applied on the 
hair are presented, where P is the

load that has been varied in the experiment. P1 shows a load of about 600 N

that is applied in the front be
ause else the 
hair would turn over. The for
e P3

only shows a �xed stop at the �oor or otherwise the 
hair would slip when P is

applied. The monitored strain is shown in Table 1.

As seen in the table we only have loads up to 150 N. This is so be
ause

the joint between the seat and the rail broke when 200 N was 
harged. The
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Figure 6: Lo
ation of the strain monitoring devi
es

For
e [N℄ Strain [µm/m℄ for devi
e nr

1 2 3 4

50 -456 +583 +32 +10

100 -808 +1001 +51 +32

150 -1095 +1562 +70 +63

Table 1: Monitored strain in µ?m/m for di�erent loads P in N

dowel joint was not satisfa
tory manufa
tured. The negative values in the table

show tension while positive values show 
ompression. Firstly, note that only

one of the points is tensed, i. e. number 1. Further, the strain on the tensed

and the 
ompressed side is not uniform. The 
ompression strain is higher than

the tension ditto. This may be the result of the di�erent behaviour in tension

and 
ompression in wood where the two Young�s modulii di�er a lot. This also

means that the unstressed layer, also 
alled the neutral layer, is not lo
ated in

the middle of the beam. If that layer had been exa
tly in the middle, the values

for devi
e number 1 would have been identi
al to the values for number 2, but

with opposite sign.

The values in Table 1 shows the strain in µm/m or mi
ro strain. The �rst

two strain gauges are lo
ated 0.35 m from the for
e P . The moment for a test

load of 50 N is therefore 17.5 Nm. The ba
k rail is 0.02 times 0.03 m whi
h

results in a 
ross se
tional area of 0.0006 m

2
and a moment of inertia, I, of

4.5 × 10

−8
m

4
. The axial for
e is zero and therefore the stress, σ, 
ould be


al
ulated as:

σ =
M × z

I
=

17.5× 0.015

4.5× 10−8
= 5.83 MPa

This stress must be divided by the value for the Young�s modulus for bir
h,
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18,200 MPa, as found above. The strain will therefore be
ome 0.000320 or

320 µm/m. The real strain, i.e. the one found in the experiment, is therefore

somewhat larger than expe
ted but its at least in the right magnitude. When

100 N is applied the strain must be
ome 640 µm/m and for 150 N it must be

960 µm/m a value that 
orresponds at least to a 
ertain amount with the one

monitored for the tensed side.

Suppose we had 
hosen the lower value of the Young�s modulii in Figure 2,

i. e. 6,450 MPa, the �rst two values in Table 1 should be 
ompared with 1,033

µm/m whi
h is not as 
lose as before. Interesting to note is also that the in
rease

in strain on the tensed side be
omes smaller for larger loads but the opposite

is valid on the 
ompressed side. This should not happen a

ording to Hooke�s

law.

In Table 1 the strain at the upper and lower part of the stret
her are shown.

The moment in ea
h end of the stret
her is 0.0794 P ×L whi
h for P= 50 N and

L = 0.4 m will be
ome 1.588 Nm. The left end is tensed on the upper side while

the right side is tensed on the lower side. Exa
tly in the middle of the stret
her

the moment therefore be
omes zero, be
ause the two moments are identi
al in

size. The only for
es a
ting here will hen
e, be axial for
es and shear for
es.

When 50 N is applied the shear for
e 
ould be 
al
ulated to 5.6 N and the axial

for
e to 147 N. The stress here 
an be 
al
ulated as 147 N / 0.0006 m

2
= 0.245

MPa. Young�s modulus in 
ompression, see Figure 3, was 
al
ulated to 4,700

MPa and therefore the strain is 
al
ulated to 52 µm/m, whi
h is more than

found in Table 1 but also of the right magnitude. More di�
ult to explain is

the fa
t that the stret
her seems to be bent even if the theory says that this is

not the fa
t. The values on the upper and lower sides of the stret
her seems,

however, to get 
loser when the load is in
reased.

If the stret
her in fa
t is bent the moments of ea
h side 
ould not be equal

in size. In order to study this, a se
ond experiment has been elaborated see

Figure 7 and Table 2.

For
e [N℄ Strain [µm/m℄ for devi
e nr

1 2 3 4 5

25 -155 -12 -11 -8 +41

50 -295 -26 -23 -11 +79

75 -405 -36 -34 -15 +104

100 -514 -45 -44 -12 +143

125 -641 -52 -51 -6 +165

Table 2: Monitored strain in µm/m for di�erent loads P in N

The devi
es 1 and 2 are lo
ated under the seat rail as 
lose to the respe
tive


orner as possible. Devi
es 3 and 5 are pla
ed on the upper side of the stret
her

while devi
e number 4 is pasted as low as possible, at the inside of the ba
k rail.

From Table 2 it is shown that the strain is largest for devi
e nr 1. This is logi
al

be
ause the moment is about six times higher here than at the other measuring

points. The 
al
ulations showed that the moment is twi
e as large above the

seat rail as it is under it. The strain should also re�e
t this. If experiment

one and two are 
ompared the strain above the rail was -456 and -808 µm/m

for 50 respe
tive 100 N and -295 and -514 µm/m for the devi
e under the rail.
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Figure 7: Lo
ation and number of strain gauge devi
es, experiment number two

There is therefore some dis
repan
y between the 
al
ulations and the monitored

values. The real strain as monitored is also still higher than expe
ted from the


al
ulations above. For example, at a 100 N half the value of 640 µm/m would

have been perfe
t while 514 µm/m instead was the fa
t.

Interesting to note is also the fa
t that the for
e - strain fun
tion follows

an almost perfe
tly straight line, see Figure 8, whi
h was predi
ted by the


al
ulations.

Figure 8: For
e versus strain from devi
e nr 1 in experiment 2.

This is not the fa
t for strain gauge nr 4 but, unfortunately, we do not know

the reason for this. The strain values in point 2 and 4 di�er a lot. The strain

is about twi
e as large in point 2 
ompared to the one found in point 4. So do
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the values di�er for point 3 and 5. This 
ould , however, be the result of the

axial for
es dis
ussed above. For 50 N this axial for
e was 
al
ulated to 147

N resulting in a strain of 52 µm/m. These 50 N also resulted in a moment of

1,6 Nm in ea
h 
orner. The strain 
orresponding to that value is 136 µm/m.

The tensed side should therefore have a strain of 136 - 52 = 84 µm/m while the


ompressed side should be 136 + 52 = 188 µm/m. Instead the values are - 23 and

+79 respe
tively. However, it seems that the 
al
ulated moment in the 
orner

is too large. The di�eren
e between the two monitored values is 102 µm/m

whi
h is almost identi
al to the 104, i.e. 52 + 52, whi
h was 
al
ulated. The

strain from bending only, should therefore be about 28 µm/m or subsequently

a moment of only 0.3 Nm.

The values for point 2 and 4 also show that they both are tensed. The


al
ulations, however, showed that point 2 should have been tensed while point 4

would be 
ompressed. Further, the ba
k rail is exposed to an axial 
ompression

for
e whi
h would have made the 
ompression strain even higher. The reason

for these dis
repan
ies might be imperfe
t properties at the wood material or

problems with the monitoring. Consider Figure 9.

Figure 9: Exaggerated view of part of the 
hair frame

With the small rotations in our example, note that Figure 9 is greatly ex-

aggerated, the tensed part of the ba
k rail might be very short. From pra
ti
al

reasons it is not possible to monitor the strain at one spe
i�
 point be
ause

the strain gauge is about two 
m long. Further, it is not possible to pla
e it

absolutely in the 
orner where the tension must have its largest value.

CONCLUSIONS

In this paper it is shown that 
al
ulated values, by use of a �nite element

method, many times have a fairly good 
orresponden
e with monitored values.

However, problems also o

ur. Wood has di�erent properties for tension and


ompression. This is shown by monitoring the strain at 
ertain points of the


hair frame. For some points the 
al
ulations implied that tension would prevail
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but instead the experiments showed that this was not the fa
t. One explanation

for this might be di�
ulties to monitor the strain at a very small point lo
ated

in the 
orner of the frame. These values were also very small in magnitude

and therefore a minute modi�
ation of the properties of the wooden material

might have 
hanged these monitored values. It also seems that more resear
h

is needed in order to understand how to modify the theory of strain and stress


al
ulations espe
ially for bent parts of a frame. This be
ause the neutral layer

moves when bending is intensi�ed.
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