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Summary. 1. In  lyriform organs of arachnids several innervated cuticular slits are closely 
arranged in parallel. The mechanical consequences of this arrangement were studied in model 
experiments with regard to their importance for the organ's stimulus conducting properties 
(Fig. 1). 

2. Groups of parallel slits were cut into plexiglass disks. On these static pressure loads 
were applied from varying directions. The resulting deformation of the slits was measured in 
terms of compression and dilatation, respectively. I t  was compared to that  of a model with 
only one slit. 

3. Simple models with three or five slits of equal length: A slit's deformation is drastically 
reduced by the presence of neighbouring slits closely arranged in parallel. Differences between 
various slit areas and the effect of load direction on deformation are reduced as well. The 
peripheral slits of a group take up much more load than the intermediate slits. In  large groups 
they are deformed even more than a single, isolated slit. Different areas of the same peripheral 
slit vary markedly with regard to the effect of load direction (Figs. 2a and 5). 

4. More elaborate model with seven slits copying a lyriform organ on the spider leg tibia: 
Again considerable differences are found in the degree of deformation. I t  is positively correlated 
with both slit length and peripheral position of the slit within the group. The majority of slits 
is most compressed in that  area where the dendrite attaches in the original receptor. This is 
not always the mid portion of the slit, however (Figs. 2b, c, 6 and 7). 

5. According to previous studies compression is the adequate deformation of the slit 
leading to nervous activity. I t  is most effectively achieved by loads perpendicular to its long 
axis. Photoelastie experimeuts with model tibiae show that  pressure stresses roughly per- 
pendicular to the long axes of the slits have indeed to be expected under natural stimulus 
conditions. They also provide a basis for understanding topographical features pertinent to 
the majority of the lyriform organs on the spider leg: their proximity to a joint, their location 
on the lateral surface of the leg, and their orientation roughly parallel to the long leg axis 
(Figs. 4 and 8). 

6. The main physiological consequences deduced from these model studies for a close 
parallel arrangement of slits are: a) a considerable enlargement of the range of stimuli accessible 
for sensory analysis at a specific site and b) a marked stimulus intensity fractionation by 
different slits within the same group. 

Introduction 

Sp ide r  ske le tons  m u s t  be  cons ide red  qu i t e  r ig id  s t r uc tu r e s  w h e r e  fu l ly  sklero-  
t i zed .  O n l y  m i n i m a l  d e f o r m a t i o n  can  be  e x p e c t e d  to  occur  u n d e r  n a t u r a l  load.  

N e v e r t h e l e s s  sp iders  a re  capab le  of m e a s u r i n g  such  m i n u t e  d e f o r m a t i o n s .  T h e y  

* Supported by a grant of the Deutsche Forschungsgemeinschaft. )/[any thanks are due to 
Drs. It.  !VIarwitz and E. Ficker of the Technische Universit~t Miinchen for generous help 
with the photoelastic experiments. Ing. K. SteinmaB1, Philips Company at Mfinchen, kindly 
introduced us to strain gauge techniques. Mr. E. A. Seyfarth made valuable comments on 
the manuscript. 
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occur dur ing  locomotion,  dur ing  subs t r a t e  v ib r a t i on  and  p r e s u m a b l y  a t  a number  
of o the r  behav io ra l ly  s ignif icant  occasions (Barth ,  1972; B a r t h  and  Libera ,  1970; 
B a r t h  and  Seyfar th ,  1971; Liesenfeld,  1961; Pringle ,  1955; Seyfa r th  and  Bar th ,  
1972 ; W a l c o t t  and  van  der  Kloo t ,  1959). The  sense organs serving i n  th i s  capac i ty  
are  t he  sli t  sensilla,  pecul ia r  to  a rachnids  and  analogous  to  the  compani form 
sensil la  of insects  and  crus taceans .  

I n  previous  s tudies  the i r  f ine s t ruc ture  was found to  be well inte l l igible  in  
t e rms  of func t iona l  des ign  (Bar th  1971, 1972a, b, 1973a). 

F r o m  a morphologica l  po in t  of v iew t h e  ly r i fo rm organs are  t he  most  spectac-  
u lar  t y p e  of sli t  sense organs.  I n  contras~t to  bo th  t h e  i so la ted  and  g rouped  slits 
t h e y  are  composed  of up  to  abou t  30 slits ly ing  closely side b y  side and  forming a 
mu l t i t ude  of out l ine  shapes due  to  differences in the i r  respec t ive  lengths  
(Fig. 1) (Vogel, 1923; B a r t h  and  Libera ,  1970). F r o m  the  physiologica l  
p o i n t  of v iew and  wi th  pa r t i cu la r  r ega rd  to  t he  compound  organ ' s  s t imulus  
conduct ing  p roper t i e s  we were m a i n l y  in t r igued  b y  two sets of quest ions:  
1. W h a t  a re  t he  func t iona l  consequences of t he  nea t  para l le l  a r r angemen t  of t he  
sl i ts  ~. 2. W h a t  is t he  d i s t inc t ive  fea ture  of t he  si tes on the  legs, where  these  mul t i -  
channel  mechanorecep to r s  a re  found,  bo th  in t e rms  of s t imulus  p a t t e r n s  and  the  
impor t ance  of t he i r  de ta i l ed  sensory  ana lys i s  ? 

The  p resen t  pape r  deals  wi th  these  quest ions.  Our mode l  exper iments  po in t  
to  t he  func t iona l  s ignif icance of a n u m b e r  of mechanica l  p roper t i e s  specif ical ly 
a t t r i b u t a b l e  to  t he  t y p e  of sli t  a r r angemen t  found  in ly r i fo rm organs.  A photo-  
elast ic  expe r imen t  was car r ied  ou t  wi th  regard  to  t he  second set  of questions.  
I t s  resul ts  p rov ide  an  exp lana t ion  for topograph ica l  fea tures  pecul ia r  to  t he  
m a j o r i t y  of ly r i fo rm organs on t h e  sp ider  leg. Some of t he  ma in  resul ts  are  
cons idered  r e l evan t  for an unde r s t and ing  of " c o m p o u n d "  campani fo rm sensil la 
of insects  l ike those  on the  ha l te res  of d i p t e r a n  flies. 

M a t e r i a l  and  M e t h o d s  

Deformation o/Model Lyri]orm Organs. We used two types of models in order to learn 
about the deformation of slits lying side by side: a. simple ones with three or five slits of 
equal length cut into plexiglass disks as shown by Fig. 2a; b. a more elaborate model copying 
the lyriform organ HS 8 on the tibia of the spider Cupiennius salei Keys. (Fig. 1) with regard 
to the number of slits, the distribution of slit lengths, the troughlike shape Of the exocuticuiar 
portion of the slits, and the length-to-width and depth ratios of the slits (Fig. 2b). 

Arguments for the special suitability of plexiglass as model material were given previously 
(Barth, 1972a, b). In a recent paper on the microfiber reinforcement of spider cuticle (Barth, 
1973b) the fine structural basis of the exocuticle's mechanical isotropy in its plane is given 
in detail. 

The models were carefully loaded parallel to their surface and from varying directions as 
described earlier (Barth, 1972a). Shear movements of the slit were not considered since they 
are not the adequate stimulus (Barth, 1972b) 1. 

In case of the simple models the deformation of the slits could readily be measured under 
a microscope with a calibrated ocular grid. The more elaborate model called for the application 
of strain gauge techniques, because even under heavy load deformation of some of the slits 
was extremely small. Fig. 2e shows the ring-shaped device inserted into the slits for that 
purpose. Two strain gauges were glued onto the opposite surfaces of its upper flattened part 

I Dilatation of the slit is not effective either (Barth, 1972b). Its measurement was included 
in the experiments because it elucidates the compression effect and is easily accomplished. 
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Fig. 2a - -c .  Models used for the  s tudy of deformation of lyriform organs under  load. (a) simple. 
(b) more elaborate type. Angles as defined for load directions. (c) method used to measure 
deformation with two active s train gauges and  a carrier frequency bridge {Pt~ 9307). See tex t  

which was bent  during slit  deformation. Thus the sensit ivity of the  measuring system was 
greatly enhanced by  adding the  effects on the two s t ra in  gauges. The compliance of the ring 
was chosen very big as compared to t h a t  of the model slits. Mechanical interference with slit 
deformation was thus kept  negligible. The strain gauges were wired to form parts  of a Wheat-  
stone bridge. Voltages were measured with a Philips carrier frequency bridge (PR 9307). 
The whole system was calibrated and  checked for l inearity by  observing the  voltage ou tpu t  
caused by  deformations of the  ring which were controlled with the l ight microscope. Dilatat ion 
could be measured by  inserting the  ring into the slits in a slightly pre-compressed state. 

Photoelastlc Analysis. Photoelast ic experiments were carried out  in the " I n s t i t u t  fiir 
Mechanik und  Sparmungsopt ik"  of the  Technical Universi ty  a t  Mfmchen. Details of the  
techniques applied are found in the  textbook of FSppl and  M6neh (1972). Araldite ]3 (CIBA 
AG) was used to east model t ibiae (ca. 35:1). 
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Fig. 3. Arrangement of the two paired flexor muscles (numbers 23/24 and 25/26 according to 
Parry, 1957) in the spider leg tibia, which lacks extensors 

Initial stresses were avoided by proper annealing. The models were heated up to 150~ 
then loaded and cooled down to 70~ under load at 3~ Thus the stresses were frozen and 
the models could be cut into pieces for further inspection under polarized light. 

Loading of the models was done as explained by Fig. 4. This arrangement allowed to 
imitate the load conditions to be expected whenever the flexor muscles of the tibia (which 
lacks extensor muscles) are active against some mechanical resistance such as the body weight 
or hemolymph pressure, which is used for leg extension at this joint (Parry and Brown, 1959) 
(Fig. 3). Forces will then be acting on the tibial exoskelcton introduced via the articular 
condyli and the tibial muscle attachment sites. The force generated by muscle contraction is 
represented by weight P in the model experiment. The angle between force vector P and the 
long leg axis of the araldite tibia could be varied. 

Isoclinics were measured by viewing the pieces cut from the model in light successively 
polarized in different directions. Lines of principal stresses could then be drawn by the standard 
graphical procedure (FSppl and M6nch, 1972). The "nail test" was used to identify the sign 
of the stresses in the different areas of the model sur/ace. The surface is the most interesting 
part of it; here the dendrite of the slit sense organ terminates in the covering membrane and 
transduction takes place (Barth, 1971, 1972a, b). 

Results 

Our previous experiments  on the  funct ional  morphology of the individual  slit 
(Barth, 1972a, b, 1973a) clearly pointed to the  fact tha t  the s t ructural  var ia t ion  
of slit sense organs is paralleled by  a var ia t ion  in  deformabili ty.  Since we know 
tha t  compressional deformat ion of the  slit is the  mechanical  event  leading to 
an electrical response of the sensory ceil a t tached to the  slit (Barth, 1971, 1972b), 
it seems conclusive to ascribe differences in  sensi t iv i ty  to those in deformabili ty.  

I n  slits of lyr i form organs a special effect on the  deformabi l i ty  mus t  be expected 
to resu!t from their  parallel a r rangement  2. The first set of experiments  deals 
with this  aspect. I n  a second exper iment  the combined effects of the  various 
s t ructural  features is s tudied in  a more refined model bui l t  in  accordance with the 
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Fig. 4. Type of model used for the photoelastic experiments. A model tibia with two articular 
condyli (a.c. in C) was put into the device shown in A. By tilting it through various angles 
the direction of the load vector t ) could be varied. After freezing the stresses the models were 
cut into a dorsal and two ventrolateral pieces (d and 1 in B) for the analysis with polarized light 

s t ruc tu re  of a ly r i fo rm organ found  on the  sp ider  leg t ib ia .  F ina l ly ,  t he  resul ts  of 
a pho toe las t i c  s t u d y  are  p resen ted .  T h e y  fu r the r  an  unde r s t a nd ing  of topo-  
g raph ica l  fea tures  pecul ia r  to  t h e  m a j o r i t y  of ly r i fo rm slit  sense organs on the  
sp ide r  leg. 

I. De/ormability o/Simple Model Slits Arranged in Parallel 

The  de fo rma t ion  of groups  of th ree  and  five slits a r ranged  in para l le l  and  cut  
in to  plexiglass  d isks  as shown b y  Fig .  2 a was measured  under  load app l ied  f rom 
var ious  direct ions .  The  resul ts  are  summar i zed  as follows (Fig. 5): 

1. As expec ted  sli ts  in  t he  p e r i p h e r y  of a group behave  qui te  d i f ferent ly  from 
those  in i ts  middle .  

2. The  median slits of bo th  t h e  three-  and  f ive-sl i t  sys tem behave  the  same 
w a y  as do  i so la ted  sli ts  wi th  r ega rd  to  t he  range  of load  d i rec t ions  resul t ing  in 
compress ion  and  d i l a t a t i on  of t h e  slit ,  respec t ive ly .  I n  all  cases abou t  72% 
(260 ~ of t he  possible  load  d i rec t ions  resul t  in compress ion (Fig. 5 a - c ;  see inser t  
circles). As to  t h e  a m o u n t  of de format ion ,  however ,  the re  are  spec tacular  differ- 
ences be tween  i so la ted  slits and  the  m e d i a n  slits of a group.  The  ne ighbour ing  
para l le l  slits of a group reduce  compress ion  considerably .  This  appl ies  to  all load 
d i rec t ions  as well  as all  t h r ee  sli t  a reas  d i s t ingu ished  (Fig. 5 , . ,  A, n). Whereas  
in i so la ted  sli ts  compress ion g rea t ly  depends  on the  d i rec t ion  of load and is 
g rea tes t  a t  90 ~ (270 ~ the  d i r ec t i ona l i t y  of t he  med ian  sl i t ' s  de fo rmat ion  in a 
group is much  less p ronounced  and  in  fact  h a r d l y  seen. I n  add i t i on  i ts  m a x i m u m  

2 Variations in slit length, curvature of the covering membrane, and position of the dendritic 
end apparatus within the covering membrane are found as well. Their effects on a single 
slit's deformability were described earlier (Berth, 1972a, b, 1973a). They apply to the indi- 
vidual slits of a lyriform organ as well. 
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Fig. 5. Deformation of various models of the simple type (see Fig. 2a) under pressure load 
applied from varying directions. Angles are drawn on the l~rge circles. ~ single slit; b,b" and 
c,c' median and peripheral slits of the three and five slit models, respectively. Zero deformation 
of the slit is given by the large circle itself. Compression and dilatation are drawn on its radii 
pertinent to the load direction under study. Whereas compre~ion values are drawn inside the 
reference circle, dilatation values are drawn outside. *, A, �9 different regions of the slits 
(see drawings of slits). Small circles concentric to the large ones show the spectrum of load 
directions resulting in compression (K) and dilatation (D) of the slits at  their different 

regions 
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is shifted to about  45 ~ (125 ~ and 135 ~ (215~ respectively. Also, the  differences 
between the  different s]it areas are very  small compared to the isolated slit. 
Final ly  it should be noted tha t  di latat ion is reduced as well, a l though less than  
compression (Fig. 5 a-c). 

3. The peripheral slits of a group considerably add to  the  complexi ty of its 
deformat ion (Fig. 5b ' ,  e'). Other  t han  in case of the  isolated and the  median 
slits, deformation of the  three slit areas differs both  in degree and directional 
dependence (see inserts). Whereas  the central  areas ( . )  are still maximal ly  
compressed by  loads applied perpendicular ly to the  slit axes the  greatest  values 
for the more distal ones ( A, ..) are found at about  125 ~ (b') and 140 ~ (e'), respec- 
tively. I t  can be readi ly seen f rom the  figures tha t  the  amount  of deformation of 
a group 's  peripheral slits is in general much bigger than  tha t  of the  median ones. 
I t  m a y  even exceed t h a t  of the  isolated slit (Fig. 5c ' ,  �9 and A; Fig. 5b ' ,  ..). The 
central area of the  peripheral slits in the  five-slit group is remarkable  for not  
showing any  di latat ion at all, I t  is compressed even by  loads parallel to  the  
slit axes. The max imum values found for di latat ion in the  peripheral slits of both 
the  multi-slit models exceed those of the  isolated slit. They  occur in the  more 
distal areas of the  slits, however,  and no t  in the  central  one as in the  isolated slit. 

II .  Deformability of a Model Lyriform Organ 

For  the  second experiment  seven slits were modelled and arranged as found 
in the  lyriform organ HS  8 on the  posterior surface of the  t ibia (Fig. 2b). I n  
accordance with the  original organ the  model  slits had a troughlike shape. I n  
addit ion to their  specific position within the  group they  varied with respect to 
their  length and the  position of the  deepest  point  of the  trough,  which marks  the  
position of the  dendri te  within the  slit (Fig. 2b) 3. The differences found between 
the  deformat ion of individual slits are thus the  combined effect of these three 
parameters. 

Fig. 6 summarizes the results. 

1. There are considerable differences between the  deformation of the  seven 
slits. Maximum values of compression v a r y  by  a factor  of 41 when comparing the  
most  with the  least deformed slit, i.e. slit 1 with slit 5. 

2. The differences in deformation are roughly  correlated to differences in slit 
length. The longest slit is the  mos t  labile one mechanically, whereas the  shorter 
slits are much less so (Fig. 7). 

This was to be expected from previous model experiments with isolated slits 
(Barth, 1972a) and is in principal agreement  with simple beam theory  as far as 
isolated slits are concerned. Deformat ion is no t  a sole funct ion of slit length, 
however. On the  contrary,  the  effect Of the  position of a slit within the  group as 
outlined in the  preceding chapter  leads to marked  deviations from it. Thus~a 
min imum of deformat ion is fotmd in slit 5 which has  twice the  length of slit 7, bu t  

3 The trough lies within the exocuticle and fully penetrates it only at its deepest part. Here 
the dendrite enters the slit and attaches to the covering membrane. For details see Barth 
(].971). 
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Fig. 6. Deformation of the more elaborate model (Fig. 2b). For each of the slits, which are 
numbered consecutively, compression (above zero line) and dilatation (below zero line) are 
shown in relative units as a function of load direction (see slit 3) and slit region. One of the four 

slit regions distinguished is the dendrite attachment site (black bar) 

is compressed only  one four th  as much.  Bo th  slit  1 and  7 are  deformed more  t h a n  
would be expec ted  from the i r  l ength  alone and  in compar ison  wi th  the  res t  of the  
slits. E v i d e n t l y  t h e y  t ake  up the  loads pa r t i cu l a r ly  well due  to  the i r  most  peri- 
phera l  pos i t ion  in t he  group.  

3. I n  slits 1, 2, and  3 of the  t ib ia l  ly r i form organ under  s t u d y  the  dendr i t es  do 
not  a t t a c h  to  the  mid- reg ion  of t he  slit ,  which is t he  mos t  deformed one in i sola ted  
slits under  load  of a n y  d i rec t ion  (Fig. 5a).  I n s t e a d  t h e y  a t t a ch  to  i t  more  proxi-  
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Fig. 7. Maximum compression of the different slits of the model lyriform organ (Fig. 2b} 
plotted against slit length. Numbers of slits identical with those on Fig. 6 

mally (Fig. 1) 4. When comparing the  area most  compressed in the  model with 
tha t  of the  dendri te  a t t achment  site a coincidence is nevertheless found in slits 2 
and 3. I n  slit 1, however,  deformat ion of the  mid-region is unsurpassed.  The 
same is t rue for slits 6 and 7, whose dendri tes a t tach  to the mid-region of the  slits. 

Model slits 4 and 5 are more difficult to  interpret  due to  the  small degree of 
their  deformation.  I n  both  cases the  max imum values of compression are found 
slightly distal to  the  mid-region. 

4. I n  general compression of the  slits is greatest  when the pressure load is 
applied roughly  at a r ight  angle (60-105 ~ ; angular  resolution of measurement  15 ~ 
to  the  slits of the  model. This is in agreement  with the  results obtained for the 
isolated slit (Fig. 5a) and the  medium regions of the  peripheral slits (Fig. 5b ' ,  c'). 

I I I .  Lines o] Principal Stre~ses in a Model Leg 

Although differing in details the  major i ty  of the  lyriform organs found on the  
spider leg has three topographical  features in common:  1. Their position on the 
lateral surfaces of the  leg; 2. their  relative closeness to  a joint ;  3. their  orientation 
roughly  parallel to  the long leg axis. Features  1 and 3 also apply  to the  isolated 
slits (Vogel, 1923; Ber th  and Libera, 1970) 5. 

Previous experiments  have shown tha t  excitat ion of the slit sense organs is 
elicited by  eompressional deformation and tha t  this is most  effectively achieved 

4 This feature is even more pronounced in the majority of the other lyriform organs on the 
spider leg (Berth and Libera, 1970). 
5 One of the exceptions to this rule is the metatarsal lyriform organ. I t  is located on the 
dorsal side of the leg and oriented perpendicularly to its long axis. The functional implications 
of these findings have been studied earlier (Berth, 1972b). 
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Fig. 8. Photoelastic experiment with a model leg. Both figures represent the ventrolateral 
parts of the model (see Fig. 4B). The upper drawing shows the isoclinics which are lines 
cormecting all points where the principal stresses are oriented the same direction (or per- 
pendicular to it, respectively) as the angle of linear polarization of the transmitted light. 
The reference angle (0 ~ is the long axis of the model. The lower figure shows the lines of 
principal stresses deduced from the isoelinics. The sign of the stresses was determined for the 
model surface: . . . .  pressure, - -  tension . . . . . .  no stress. The shaded areas are doubtful in 
significance since the mechanics of the dorsal part of the model are modified by the attachment 
block for force P ("muscle attachment"), t~oree vector P formed an angle of 60 ~ with the long 

axis of the model tibia in this experiment. Arrow points to lyriform organ (--) 

by  pressure loads directed perpendicular  to the slit 's long axis (Barth, 1972a, b, 
1973a). 

I n  sections I. and  I I .  of this paper  it was shown tha t  the same f inding applies 
no t  only  to the  isolated slits bu t  also to the slits of a lyriform organ. 

I t  seems appropriate  to conclude from these data  tha t  the lyriform organs are 
likely to lie in places where these s t imulus condit ions do indeed occur. 

As in  the  model  exper iment  described in  section I I .  we took the  t ibial  lyriform 
organ HS 8 as an  example. An araldite model of the t ib ia  was loaded as is explained 
by  Fig. 4. I t  is impor t an t  to realize tha t  ac t iv i ty  of the t ibial  muscles, which are 
all flexor muscles (Parry, 1957), will always result  in  pressure loads in t roduced 
to the t ib ia  via its ar t icular  eondyli  (Fig. 3). Another  load to be considered is 
bending  of the cuticle due to tens ion  forces exerted by  muscular  a t tachments  onto 
the  t ibia.  I t  is represented in the model  as well. 

Fig. 8 shows a perfect coincidence between the hypothesis  and  the results 
obta ined  for the model. The lines of pr incipal  stresses on the lateral  surfaces run  

4 J .  comp.  Physiol .  
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roughly perpendicular to the long axis of the model tibia. In  addition they can be 
shown to be pressure (negative stress) lines at the niveau of the lyriform organs. 
On the other hand they were identified as tension (positive stress) lines on the 
ventral  part  of the model surface (see hatched area in Fig. 4b). 

Changing the angle between the force vector P and the long axis of the model 
(which actually will occur in the spider leg during flexion and extension of the 
metatarsus) from 60 ~ to 30 ~ did not result in any noteworthy differences in stress 
distribution. Analysis of the dorsal surface of the model led to an unexpected 
result: There are pressure lines running roughly perpendicular to the model's 
long axis also. 

Discussion 

1. Stimulus Intensity Fractionation 

The model experiments described in this paper were carried out to learn about 
the mechanical effects of loads on a close parallel arrangement of several slits, 
a feature pertinent to all lyriform organs. 

The most obvious effect found is what we call in physiological wording 
"st imulus intensity fractionation".  A close parallel arrangement produces 
enormous differences in deformation of the slits under load. This can be seen 
most readily by  a comparison of the peripheral slits with the median slits of a 
group (Fig. 5). I t  should also be noted tha t  the range of stimuli accessible to 
sensory analysis by  lyriform organs can be expected to be considerably enlarged 
compared to both a single, isolated slit and though to a much lesser degree---to 
an equivalent number  of slits of corresponding lengths, but  not closely lying 
side by  side. 

In  addition all the model experiments point to significant differences in 
deformability among different regions of the same slit with respect both to its 
degree and directional properties. This was previously shown to apply to single 
isolated slits (Barth, 1972a). We now believe it to be the key for understanding 
the different patterns formed by  the dendrite a t tachment  sites in different 
lyriform organs (Fig. 1). I t  must  be stressed in this context tha t  in lyriform organs 
it is by  no means always the mid portion of the slits which is maximally compressed. 
Instead it is suggested, on the grounds of the present as well as unpublished model 
studies, that  the more peripheral location of the dendrite a t tachment  sites found 
in many  a lyriform organ (Fig. 1) indicates a shift of the site of maximum deforma- 
tion towards the periphery of the respective slits. 

The considerable effect of slit length on deformability must  also be remembered 
in this context (Barth, 1972a; 1973a). I t  is clearly demonstrated by  Figs. 6 and 7 
of this paper. In  ease of a single, isolated slit the effect of slit length is roughly 
intelligible in terms of beam theory. Lyriform organs are much more complicated 
structures mechanically and with the data available there is no theory at hand 
for their  proper quanti tat ive theoretical interpretation. 

Looking at the wealth of lyriform organs on the spider leg and considering 
the diversity of their outline shapes as well as differences in details of their 
topography we believe in a corresponding wealth of individual mechanical 
properties. I t  has become clear from the present study, however, tha t  in all cases 
a broad range of sensitivities must  be expected to be compiled in a lyriform organ. 



Lyriform Slit Sense Organs 51 

I t  is concluded tha t  lyriform organs are located at  places where a broad spectrum 
of stimulus intensities does indeed occur. Unpublished electrophysiological data 
gave clear evidence tha t  sensitivity varies considerably from slit to slit in one 
organ, indeed. 

2. Photoelastic Experiment 

We have chosen the t ibia as an example for the photoelastic experiment 
because the lack of extensor muscles (see f. i. Parry, 1957) provides a relatively 
simple mechanical situation at the t ibia/metatarsus joint. In  addition the lyriform 
organs on the tibia were among those clearly involved in kinesthetic orientation 
behavior (Barth and Seyfarth, 1971; Seyfarth and Berth, 1972) and therefore 
are of particular interest in our present and future studies. 

We do not believe to have solved all questions related to stress distribution 
and slit orientation with our photoelastic experiment. Instead, we consider it a 
first step in the analysis of stimuli occurring in the exoskeleton and adequate to 
the slit sense organs. 

The results obtained are nevertheless considered applicable not to the tibia 
alone. I t  must  be remembered tha t  the femur/patella joint also has a dorsally 
located joint axis and lacks extensor muscles as well. In  addition the activity of 
muscles always introduces loads to the respective leg segments via the articular 
eondyli or hinges, be they flexors or extensors. The lines of principal stresses at 
joints where extensor muscles do occur should therefore take a similar course. 

3. Dynamic Loads 

In  the model experiments ~eported here deformation of the slits was studied 
under static load. Natural  stimulation such as occurs during locomotion will 
include dynamic forces as well. 

The data collected under static load are considered a sufficiently accurate 
description of the dynamic situation as well, since elasticities are evaluated under 
static conditions. Viscosities may  be expected to modify the type of deformation 
found only at very high frequencies (several KHz) unlikely to occur as natural  
stimuli for the majori ty  of lyriform organs. A possible--if  a n y - -  exception, 
however, may  be the metatarsal  lyriform organ already shown to be extremely 
sensitive to vibrations (Waleott and van der Kloot, 1959; Liesenfeld, 1961; 
Berth, 1972b). Click-like stimuli produced by  an insect stepping onto the substrate 
or struggling in a spider web may  contain such high frequencies. 

The considerable differences in length found among the slit of many  a lyriform 
organ (Fig. 1) might be interpreted as mechanical frequency range fractionation, 
i.e. tuning to different frequencies. The t e r m "  lyr i form" would then ascribe a func- 
tional similarity to a lyre and not merely a morphological resemblance. Waleott and 
van der Kloot (1959) have indeed described such a tuning for the slits of the metatarsal 
organ of the house spider (Aehaearanea tepidariorum) ~. Their evidence came from a 
number of conflicting experimental results, however. Thus tuning was only found 
with airborne sound as stimulus. I t  could be abolished by  vibrating the leg directly at 
different frequencies with a crystal phonograph cartridge. Such forced vibrations, 

6 Action potentials were recorded from the nerve of an amputated leg and classified by a 
five channel differential pulse height analyzer. 
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however, must  be expected as natural  stimuli when the spider leg rests either on 
a strand of the web or on the substrate. 

Walcott  and van der Kloot (1959) also report  tha t  the sharp tuning they found 
did not change by altering the "tension" on the slits. They finally at tr ibute it 
to mechanical properties of the tarsus acting in conjunction with the slits rather 
than  to the slits proper. 

Clearly, the question of frequency range fractionation needs further study. 

d. Stress Concentration at Multiple Notches 

Notches are places of stress concentration and therefore of special interest in 
engineering (Paterson, 1960; Timoshenko and Goodicr, 1970). The cuticnlar slit 
of a slit sense organ must  be considered a notch (Barth, 1972a). 

Stress concentration factors are highest for slits oriented perpendicular to the 
stress trajectories. Our photoelastic experiment suggests tha t  this is the case with 
the majori ty  of lyriform organs on the spider leg. 

Closely spaced, multiple notches such as the slits of a lyriform organ represent 
a lesser degree of stress concentration, however, than  single notches or holes do. 
Not only at the intermediate notches of a group is the stress concentration factor 
reduced but  a lso--even though to a lesser degree--a t  the end notches where its 
maximum value is found 7. As the  distance between the notches increases this 
effect diminishes. Grouped slits (Barth and Libera, 1970; Bar th  and Wadepuhl, 
1975) are therefore more similar to isolated ones than  to true lyriform organs with 
respect to stress concentration. 

5. Campani[orm Sensilla o/Insects 

Our previous analysis of the functional morphology and adequate stimulation 
of the arachnid slit sensillum suggested a number of specific points concerning 
stimulus transformation and adequate stimulation in insect campaniform sensilla 
(Barth, 1972b) first studied by  Pringle (1938). The postulated excitatory 
effect of compression perpendicular to the long axis of the sensillum cap has been 
verified experimentally in the meant ime in two eases, namely for group 6 campani- 
form sensilla on the cockroach tibia (Spinola and Chapman, 1975) and for the 
densely packed campaniform sensilla on the fly haltere (Thurm, Stedtler and 
Foelix, 1975). In  both cases the eompressional forces are also directed perpen- 
dicular to the considerably elongated transverse axis of the dendritic end. This 
had been predicted too. 

The present s tudy points to another likely analogy between arachnid slit 
sensilla and insect eampaniform sensilla. Both occur in three main types of 
configurations: isolated, loosely grouped, and lying closely side by  side s . The 

7 In engineering stress concentration at an indispensable notch can be reduced by adding 
notches on both sides. 
8 Examples for isolated campaniform sensilla are those associated with the socket of hair 
sensilla on the cricket cereus (Gnatzy and Sehmidt, 1971); for "loosely" grouped ones those 
found on the cockroach tibia (Pringle, 1938); for compound organs those on the fly haltere 
(Pflugstaedt, 1912). For slit sensilla see Vogel (1923), B~rth and Libera (1970), and Barth and 
Wadepuhl (1975). 
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s t imulus in tens i ty  f ract ionat ing proper ty  of a close a r rangement  of sensilla is 
predicted to apply  in  pr incipal  also to "compound" eampaniform sensilla like 
those groups found on the fly haltcre. Fu tu re  s tudy  of these should consider a 
difference in  deformation between the  peripheral  and the in termedia te  sensilla. 
Since the  campaniform sensilla of the same group are all or iented alike on the 
haltere and  thus  will no t  differ in direct ional  sensi t iv i ty  (Pringle, 1948) s t imulus 
in tens i ty  f ract ionat ion might  well be impor tan t  for an under s t and ing  of the 
great numbers  found at  such specific sites. 
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