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ABSTRACT 

Weighing with strain gauges is shown to have some very at tract ive features. An  
analysis is ~ v e n  o f  the l imitation o f  the sensitivity due  to various no/se souree_~. I t  is 

shown that  it is possible to use strain gauge balances somewhat  l~ tow the mill igram 

r e g i o n .  

T H E O R Y  

Strain gauges are  used for  the measurement  o f  dilatations. However ,  i f  the 
elastical propert ies o f  the body  to which the gauges are  a t tached are  known,  forces o r  

moment s  o f  force causing the dilatations can be calculated. In  such a situation, the 
sensitivity o f  the force measu remen t  is de te rmined  by  tha t  elastieal body.  ][fit is a thin 
spring, small fo,c~s will a l ready  cause l ~  outputs  o f  the  strain gauge m ~ r e m e n t  
bridge, the  th inner  the sp r in~  the  larger the  sensitivity_ 

I f  we ~ n t  to  know the greatest  possible sensitivity o f  such force measurement ,  
we have to  deal with the situation where  the  gauge is no t  a t tached to  any  body  a t  all 
and  where the elastical propert ies o f  the  strain gauge itself determines  the  sensitivity. 
One  can  even go one step fur ther  a n d  use a s i n~e  bare  strain wire, as t h e  substrates 
and  glues used in c o m m o n  strain gauges p roduce  disadvantages w i t h  respect to 

sensitivity a n d  reproducibil i ty.  
In the present  paper,  we shall discuss the q u e s t i o n  o f  the u tmos t  sensitivity 

within reach with-such a sin~le wire_ We shall restrict  ourselves t o . t h e  most_simPle 

si tuation where  the force to be measured  acts in the  direct ion o f  the  wire. We  shall 
no t  discuss the  possibilities o f  using combina t ions  o f  v~ires a n d  o f  mechanical  levers. 

There  are  var ious dis turbances which limit the sensitivity o f  such a: simple 

wire-system. First  o f  all, we have the fundamenta l  sensitivity limit caused by  the 
Nyquis t  nc  ~e. We  shall restrict  ourselves to t he  no i se  caused by the  strain wire 
which implies that  it is supposed tha t  a special low noise amplifier is used in the 
measurement br idge=The o the r  implicat ion is t ha t : t he  o the r  bridge-elements do  no t  
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con t r ibu te  to  the  noise,  this  is n o t  a lways realistic a n d  b r i n ~  a long  an  uncer ta in ty  
o f  a fac tor  o f  t he  o rde r  o f  2 in to  o u r  es t imate ,  an  uncer ta in ty  which  can  easily be  
corrected;  t h ~  cor rec t ions  will d e p e n d  u p o n  the  type  o f  br idge used.- - 

T h e  Nyqu i s t  noise  is given by:  

-, lP B___ N <( ' 4U~->  = 4 K T R B  = 1 6 K T  O) 

where  ,4 U~ s tands  for  the  vol tage f luctuat ions  d u e  to Nyquis t  noise,  R for  the  resistance 
o f  the  ~ i r e  u n d e r  cons idera t ion ,  B for  the  bandwi th  o f  the  amplif ier  used,  I a n d  d 
for  the  l e n ~ h  a n d  d i a m e ~ r  o f  the  strain wire, p for  its specific resis tance a n d  wher~ K 
is BoRzmann ' s  cons tan t .  N is a quan t i ty  def ined by the  last equal i ty  fo r  la ter  u5¢. 

This  noise has  to L-e c o m p a r e d  wi th  the  signal fo r  which we use 

O s _  __RG I F -  16pGl I F  = S I F  (2) 
E A  ~2Ed4 

where  G s tands  fo r  *.he ~zuge factor ,  ~4 for  the  crof t -sect ional  area  o f  the  wire, E fo r  
its Y o u n g "  m o d u l u s ,  I for  the  cur ren t  t h rough  the  wire and  F for  the  force  to  be 
measured ,  S is a quan t i ty  def ined by the  last equal i ty  for  later  use. Accord ing  to  eqns  
( I )  and  (2) we get fo r  the  signal to  noise ra t io  S N R  

31F 
S N R  -- (3) 
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Equa t ions  (3) s h o ~  t ha t  the  S N R  increases with the  cur ren t  I a n d  one  shou!d  
conc lude  tha t  very h igh  values o f  I shou ld  be favourable  for  the  measuremen t s .  In  
reality., eqn  (3) is only  valid for  small  values  o f / a s  only  there  the  Nyqu i s t  noise is the  
ma in  d is turbance .  T o  deal  with the  o the r  d is turbances  as  well, we shall classify the  
d is turbances  vdth  respect  to the  e x p o n e n t  o f  I_ 

F r o m  eqn  ( | ) ,  we see tha t  the  Ny~luist noise is charactar ised by this e x p o n e n t  
be ing zero.  W h e n  the  e x p o n e n t  is one ,  we have  to  d o  wi th  er rors  o r  f luc tua t ion  in the  
resistance which  are  n o t  d e p e n d e n t  u p o n  the  value o f  L 

, 4 u  = ZAR (4 )  

We shall discus~ er rors  in the  resis tance caused  by t empera tu re  f luc tua t ions  o f  the  
a m b i e n t  t empera ture .  

T h e  value  o f  A T  will be d e p e n d e n t  u p o n  the  qual i ty  o f  t he  t h e r m o s t a t  used.  
I t  foflows: 

A U  = l~zg..~T= I~' 4 p l A T =  A I ' 4 T  (5) 
=3" 

Wh ere  ~ s tands  for  the  t empe ra tu r e  coefficient o f  the  resistance and  ,d is a c o n s t a n t  
def ined by the  last equa t ion .  In  m o s t  mcasurcm©nts,  tha  t empera tu re  f luc tua t ion  will 
be ru led  o u t  to  a g rea t  ex ten t  by us ing  a d u m m y  resistance in the  bridge.  Equa t i on  (5) 
can than however  still be used  when  us ing  the  e r r o n e o u s  difference i n  a m b i e n t  
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temperature between sample and dummy caused by temperature inhomogeneities in 
the thermostat. 

In eqn (5) it has been supposed that the temperature of the wire is equal to the 
temperature of its environment. In reality, specially at higher currents there will be 

an extra increase of the temperature of the wire due to the Joule heat_ For this tempera- 

ture increase, we shah use 

12R 
AT,=- 

;rNu i.1 (6) 

Where I- stands for the heat conductivity of the surrounding air and Nu for Nusselt’s 
number which relates the heat dissipation from the wire to the velocity of convection 

currents in the surrounding air’ by 

p-d o-45 

Nu = 0.34 -i- 0.65 y 
( > Q 

Where V stands for the velocity of the convection of the air and v for the kinematic 

viscosity of air. 
Taking the convection velocities between 0 and VppI_, and remembering that 

when using a dummy wire, only the differences in the Nusseft number and thus of the 
convection velocities will play a role, we get from equs (6) and (7) 

Remembering that the Joule effect is an extra temperature effect, we can use (S) into 

(5) and we get for the errors in the voltage due to the Joule effect: 

<(AU,)‘>“’ = J13 

where i stands for 

(9) 

zp21 ( ) 
0.45 

J 
= x=&(o_34)=;5 

0.1 zE&! 
P 

If we suppose that the different errors are independent, we get for the signal to noise 
l-&0: 

SIF 

SNR = (!v -i- A212AT2 + J216)xfl 

From eqn (10) it follows that SNR has a maximum when I satisfies: 

For this maximum value we get: 

(SNR),, = 
SF 

,W) 

_.. ;-: . I. 



A s  a n  e x a m p l e  w e  h a v e  u s e d  t h e  f o l l o w i n g  s p e c i f i c  v a l u e s :  

1 ----- 1 0 - t m  

d - -  2 x  1 0 - s i n  

p ----- 5 x I 0 - V t 2 m ( r e f s .  2,  3)  

E ----- 1.5 x 1 0 "  N m  - 2  ( r e f s .  2,  3)  

G ----- 2 ( re f s .  ~ 3)  

----- 1 0 - 5  K - '  ( re f .  3)  
v ~- 16 × 1 0  - 6  m 2 :$--1 (~OeC) 
,;. = 26  x 1 0 - 3 W m - t  K - '  

K - -  1.4 x 1 0 - Z 3 W s K - !  

T ---- 3 0 0  K 
B = I s  - t  

V . ~ _  = ! O - * m s  - I  ( r e f .  4 )  

T h i s  l e a d s  t o :  

S = 6 .8  
N = ~ 6  x I 0  - ' s  

.4 = 1.6 x 1 0  - 3  

J = 0 .47  

U s i n g  t h e s e  d a t a ,  w e  g e t :  

I ~ _  = ! . 5  × 1 0 - 3 A  

U s i n g  z~T - -  1 0 - z  K w e  g e t  

(SNR) . . ,~_  = 4 .3  x l 0  s × F 

| J ~ l J = • ~ 1 I II D7 l : ~ ~ | 

. . . . . .  

2~- ~ 

~ g .  ] .  ~ ~ n a l - t o - n o i s e  ra t i o  as a func t i on  o f  the cur rent  ~ t ' d i ~  to  eqn  (10). 

03) 
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U s i n g  A T  = 2 x 1 0 -  3 I~ w e  g e t  

( S N R ) ~ .  = 2 × 10 6 × F 

U s i n g  A T  5 x 10 - 4  K w e  g e t  

( S N R ) ~ . ~ .  = 4 . 8  x 10 6 X F 

T h e  r e s u l t s  a r e  s h o w n  in  m o r e  d e t a i l  in  F ig .  I .  

04) 

(15) 

DISCUSSION 

From the estimations above, it follows that for reasonable homogeneity o f  the 
temperature in the balance case a maximum sensitivity o f  10-  ~ N ( =  1 mgf)  can be 
e x ~ .  It has been suggested that considerable increase o f  the sensitivity could be 
expected by using pulse techniques which would avoid too much heating o f  the wire. 
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