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Summary. The mechanical implications of various types of 
slit arrangements found among the strain-sensitive slit sen- 
silla in the arachnid exoskeleton (Fig. 3) were studied by 
measuring the deformation of model slits, cut into plastic 
discs, under static load applied in the plane of the disc 
and from varying directions (Figs. 1, 2). 

1. Close parallel, lyriform arrangements. Compression 
of slits (adequate stimulus) reaches much higher values than 
dilatation. It is highest with the load direction at right angle 
to the slit axes. Also, in the majority of slits the range 
of load angles resulting in compression is considerably 
larger than that leading to dilatation. Length distribution 
and lateral shift of slits in the models have a pronounced 
effect on slit deformability (Figs. 4-5): (a) In the "oblique 
bar" arrangement with slits of equal length and regular 
lateral shift (Fig. 4A) deformation of all slits is very similar 
at all load directions. In all slits compression results from 
a range of load angles larger than 120 °. (b) In arrangements 
with a regular increase in slit length and a triangular outline 
shape deformability differs greatly among the slits at all 
load angles (Fig. 4B). (c) The slit configuration with a 
heartshaped outline (Fig. 4C) is peculiar for the large 
spread of load angles at which the compression of the differ- 
ent slits is highest. These properties recommend different 
arrangements for the solution of different strain measuring 
problems, with for instance, the particular need of a wide 
angular working range (arrangement a), of a large spectrum 
of  absolute sensitivities (b), or of the analysis of  load direction 
(c). 

2. Angle and distance between slits. Due to the mechani- 
cal directionality inherent in an elongated slit the divergence 
of slit axes within a group of slits is likely to indicate the 
importance of the analysis of strain direction (Fig. 6). The 
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mechanical interaction between closely neighbouring slits 
decreases with their distance from each other. In a parallel 
arrangement of equally long slits it disappears if the dis- 
tance is about 1.5 times the slit length (Fig. 7). 

3. Aiming towards a mechanical model which would ex- 
plain the complex deformation found in a lyriform organ, 
we consider the outline of the organ as a hole traversed 
by beams of material. Slit deformation can be calculated 
from the elastic lines of the beams which separate the slits 
and information drawn from photoelastic experiments 
(Figs. 8-11). 

A. Introduction 

Much has been learned in recent years about the principles 
underlying the sensory measurement of strains in the ar- 
thropod exoskeleton and its biological significance. (Barth 
1976, 1981; Barth and Blickhan 1984). One of the gaps 
in our knowledge concerns the functional relevance of the 
striking richness of patterns of arrangement. In particular 
this applies to the "lyriform" arrangements, with several 
slit sensilla lying closely side by side, typical of the araneids 
(Barth and Libera 1970; Barth and Wadepuhl 1975: Barth 
and Stagl 1976). 

So far details of both the mechanical and physiological 
implieations of its slit arrangement have been studied in 
only one example of such a compound organ, i.e. lyriform 
organ HS8 on the posterior aspect of the spider leg tibia 
(Barth and Pickelmann 1975; Barth and Bohnenberger 
1978; Bohnenberger 1981). Among the most important 
findings was a pronounced difference in absolute sensitivity 
among its slits and a considerable increase of the linear 
working range of the compound arrangement as compared 
to a single slit. 

m 
f 

cd 

Fig. 1. Apparatus used to load the models. Both model m and force gauge f were held by clamping device cd mounted on a V-way. 
Force was applied by turning the screw s. Markings on the model allowed precise adjustment of load angle « by rotating the model 
disk into its desired position before loading it 
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Fig. 2. a. Device to measure slit deformation. The metal torus ri, 
with strain gauges R~ and R 2 attached to both surfaces of its 
thin and flat upper part, is inserted into the mode1 slit s! with 
the small ridges bordering the cut at its lower part. Deformation 
of the slit changes the width of the cut in the torus and as a 
consequence the resistance of the strain gauges. Transparent de- 
vices perpendicular (p) and horizontal (h) to the model disk serve 
to align the torus precisely with respect to the slit axis and the 
point along its length to be measured, b Calibration of the torus 
shown in a. Inset: position of strain gauges R 1 and R 2 in the 
Wheatstone bridge circuit. UA, output voltage plotted as relative 
units r.u. as a function of the change in the width (gin) of the 
cut in the torus 

The multitude of  arrangements generally found among 
the slit sensilla o f  arachnids can be reduced to a small 
number  of  basic configurations. The purpose of  the present 
paper is to investigate the main mechanical implications 
of  these configurations under static load, using plastic mod- 
eis. We first describe how slit arrangement and load angle 
affect the deformation of  the model slits and then explain 
our results using beam theory and information gained from 
photoelastic experiments. 

B. Material and methods 

Models made from carefully annealed Araldite B or Plexi- 
glass were used for deformation measurements and to deter- 
mine the isochromatics and isoclinics in photoelastic experi- 
ments. They were disks 260 mm in diameter and 6 mm 

thick. When the slits were cut into them care was taken 
to avoid initial stresses persisting in the absence o f  external 
load. Slit lengths varied between 10 and 50 mm according 
to the type o f  lyriform organ modelle& Slit width was al- 
ways 2 mm. The types of  slit arrangements modelled were 
chosen to examine the mechanical relevance (i) of  the main 
types of  slit arrangements found among the lyriform slit 
sense organs (Figs. 3, 4), (ii) of  the angle formed by neigh- 
bouring slits (Fig. 6), and (iii) of  the distance between neigh- 
bouring slits (Fig. 7). 

Static load was applied to the carefully aligned disks 
in their plane with the apparatus shown in Fig. 1, which 
has been used before in a similar form (Barth 1972a). Pre- 
cautions were taken (and their effects tested by means o f  
photoelasticity) to provide for a homogeneous introduction 
o f  the load into the disk. The areas directly loaded (and 
facing each other) covered 942 mm 2 each, corresponding 
to an angle of  70 °. The applied force was monitored with 
a force gauge (Tiedemann 1290) measuring the deformation 
of  a metal torus. It  measured 608 N, the resulting mean 
pressure being 0.64 N / m m  2. By using such relatively small 
forces bending of  the disk was avoided, as can be seen 
from the isochromatic fringe pattern. Load direction was 
varied by rotating the disk in steps of  15 ° before loading 
it. 

To measure both slit compression and slit dilatation a 
metal torus (similar to the one used by Barth and Pickel- 
mann 1975), thin and r a t  at one side and cut open on 
the opposite side, was used (Fig. 2). When inserted into 
a model slit with the ridges along its cut, the changing 
slit width caused opening or closing of  the torus. This was 
measured by a pair of  strain gauges glued to either side 
of  the flattened part  of  the torus. Thereby differential mea- 
surement increased the sensitivity of  the device. The strain 
gauges were arranged to form parts of  a Wheatstone bridge 
(Philips earrier frequency bridge PR  9307). A digital volt- 
meter monitored the signal from the bridge. Due to the 
great compliance o f  the ring mechanical interference with 
the slit was negligible. Both compression and dilatation o f  
a model slit could be measured by inserting the torus in 
a slightly pre-compressed state. The whole system was cali- 
brated and checked for linearity with the light microscope 
(Fig. 2). 

All deformation values are expressed in relative units. 
They can be converted into gm by multiplication with k = 
3.5 x 10 -2. Measurements were well reproducible provided 
the measuring ring was carefully aligned parallel to the slit 
at the various measuring positions. A plastic device was 
used to orient the ring precisely along reference lines drawn 
onto the model (Fig. 2). Slit deformation was measured at 
four points (A to D) equidistant along the slit's length and 
at a point corresponding to the dendrite at tachment site 
in the original slit membrane (Barth and Libera 1970; Barth 
and Stagl 1976). 

Photoelastic techniques were conventional (Föppl and 
Mönch 1972). We used a reflexion polariscope (Tiedemann) 
to enhance the optical effect of  the strains. Whereas Plexi- 
glass models were mainly used for the deformation mea- 
surements, the isochromatics were determined in Araldite 
models. Also, the loads applied were higher in case of  the 
Araldite models. The deformation of  the Araldite models 
can easily be calculated from that of  the Plexiglass models 
by introducing a factor which derives from the direct pro- 
portionality between deformation and load and inverse pro- 
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Fig. 3a-f. Examples of lyriform 
organs (compound slit sensilla) 
showing principal types of slit 
arrangement. In a-c exuviae were 
photographed from inside, whereas in 
d-f lyriform organs are shown as 
seen from the outside (legs of adult 
spiders, Cupiennius salei), a and f are 
found on the trochanter (compare 
models C and B1), b and e on the 
tibia (compare models B2 and B3), 
and e and d on the femur (compare 
models A and B3). Scale: 5 lam in b 
and c; 50 gm in a, d and f, and 
40 gm in e 

por t iona l i ty  between deformat ion  and Young ' s  modulus.  
F o r  arguments  concerning the material ,  shape and loading 
o f  the models  see Barth (1972a). 

C . R ~  

L Compound "'Lyriform" Arrangements 

1. Genera l  

Al though  the shapes of  arachnid lyriform organs vary in 
detail  they can be classified into only a few characterist ic 

arrangements  of  slits. These differ with respect to the degree 
of  lateral  shift between the neighbouring slits and to the 
dis tr ibut ion of  slit lengths within the group (Fig. 3). While 
the number  of  slits in the original lyriform organs ranges 
from 2 to 29, five slits were chosen for  all models  in order  
not  to obscure the effect of  arrangement and length distribu- 
tion. The five model  arrangements  chosen here are best 
described by their outline shape (Fig. 4, left column):  A 
"'oblique bar ", with all slits of  equal length and constant  
lateral  shift; B three "'triangular "" configurations,  with the 
same graduated lengths o f  slits 1-5, but  differences in lateral  
shift (B1, isosceles triangle with gradual  change in slit 
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Fig, 4. Deformation of model slits arranged in groups of five according to the five principal original arrangements (A-C, left). Deformation 
of the slits is given for four points along their length and for four load angles g: 0 ° (parallel to slits), 30 °, 60 ° and 90 °. Compression 
values are plotted above the thick line symbolizing the slit, whereas slit dilatation points downward. For position of original lyriform 
organs shown as insets see Barth and Libera (1970) 

length ;  B2, rec tangu la r  t r iangle ;  B3, scalene t r iangle) ;  C 
"'heart ", with the longest  slit in the middle  and  shorter  
ones  o n  both  sides, F igure  3 shows typical  examples  o f  orig- 
ina l  c o m p o u n d  organs ;  for more  details  see the l i terature 
(Bar th  a n d  Libera  1970; Bar th  and  W a d e p u h l  1975; Bar th  
a n d  Stagl 1976). 

2. D e f o r m a t i o n  of  slits 

Deformation along entire slit. The  fol lowing conc lus ions  can  
be d r a w n  f rom Fig. 4 which gives the de fo rma t ion  values 

for  four  load angles (0 °, which  equals  the o r i en ta t ion  o f  
slits, 30 ° , 60 ° , 90°) 1 . 

a) In  all cases compress ion ,  which is the adequa te  s t imu-  
lus in  the or iginal  slit sensil lum, reaches m u c h  higher  abso-  
lute  values t han  d i la ta t ion .  Di la ta t ion ,  even at  its m a x i m u m ,  

1 Load angle was changed in steps of 15 °. In models B2, B3 and 
C where the loading situation at cc is different from that at 
180°-0¢ (except at ~=0°),  it covered the range from 0 ° to 165 °. 
Only four values of ;¢ are given here because they suffice to 
show the essentials. 
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measures only between one-third and one-fifth of  the largest 
values found for compression. 

b) The angular ranges of  load direction resulting in com- 
pression and dilatation, respectively, vary greatly among 
the five models. Whereas in model A simultaneous com- 
pression of  all slits results from load directions varying at 
least between 2 30 ° and 150 °, the corresponding range is 
only from about  75 ° to 105 ° in models B1 and C. Models 
B2 and B3 are in between. 

c) The highest compression value found among the slits 
in each model results from a load direction of  90 °. The 
angular range with high compression values, however, ex- 
tends down to about  45 ° and up to about  150 °, where com- 
pression values are still roughly twice as large as the maxi- 
mum values found for any dilatation in the same model 
(in model C this range is slightly smaller). 

d) Only in model A do the slits behave nearly uniformly 
at all load angles. They are all either dilated or compressed 
by nearly the same amount,  the only difference being the 
site of  maximum deformation. In all other model configura- 
tions the slits of  a group do not behave alike: some are 
actually compressed while others are dilated at the same 
load angle. In the triangular configuration (B1, B2, B3) 
deformation of  the longest peripheral slit always exceeds 
that of  all the others. 

Ratios of peak compression of this slit and the next in magni- 
tude of deformation range, depending on load direction, are from 
4 to 16 in model B1, from 1.5 to 10 in model B2, and from 3 
to 11 in model B3. The corresponding values for dilatation are 
1 to 3 (B1), 1.5 to 4 (B2), and 2 to 4 (B3). Model C is more 
complex in this respect : Again the longest slit, which has the center 
position in the group, is the one with greatest deformation; there 
are load directions, however, at which deformation of one or both 
of the slits next to it on the same side is larger (at 15°~45 °, and 
135°-165°). 

e) Transition from dilatation to compression occurs at 
load angles from 15 ° to 30 ° (180 -« ) .  Whereas in configura- 
tion A the sign of  the deformation changes simultaneously 
in all slits, the process is more complex in configuration 
C. In this model the central slit is compressed (dilated) 
wbile two of  its neighbours on the same side are dilated 
(compressed) at load angles between 15 ° and 60 ° 
(120°-165 °, respectively). In addition, deformation of  the 
two neighbouring slits "switches sides" at load angles be- 
tween 15°-30 °, and 150°-165 °. The triangular configura- 
tions (B), on the other hand, are more complex with respect 
to the heterogeneity of  the deformation of  individual slits. 
In particular at load directions between 30°-45 ° and 
135°-165 ° the slits are compressed towards one end and 
at the same time dilated towards the other. 

f )  The site of  maximum deformation of  a slit is by no 
means always in the middle as in the case of  singlë, isolated 
slits (Barth and Pickelmann 1975). Its position varies with 
(i) the position of  a particular slit in a specific group, (ii) 
the load direction, and (iii) the type of  slit configuration. 
In general, change of  load direction does not much alter 
the distribution of  the sites o f  maximum compression if 
it is between 75 ° and 105 °. At other angles, however, chan- 
ges as small as 15 ° or less may result in considerable shifts. 

Deformation at dendrite attachment site. Deformation at 
that point in the slit which corresponds to the dendrite 

2 The actual range is somewhere between 15°-30 ° and 150°-165 °, 
respectively. Note limit of resolution due to the stepwise change 
of the load angle 

attachment site in the original is of  particular interest, since 
this is where slit compression triggers the nervous response. 
In all models examined here the dendrite area (location 
see Barth and Libera 1970, Barth and Stagl 1976) lies just 
in that region of  the slit where the largest values of  compres- 
sion are found. Fig. 5 a shows the deformation of  this area 
only for all slits in models A, B1, and C as a function 
of  load direction: 

a) The "oblique bar"  model (A) is outstanding for its 
homogeneity among the slits and the high values of  com- 
pressional deformation in all of  them at load angles around 
90 °. The main feature of  the " t r iangular"  arrangement (B1) 
is the great difference between the longest and all other 
slits. The "hea r t "  configuration's (C) peculiarity is the large 
difference between the slits in the angular range of  load 
giving the highest compression values. 

b) The angular range of  load directions resulting in com- 
pression is largest for configuration A (145°). The smallest 
ranges are found in slits of  configuration C (105°). As a 
whole, however, arrangement C covers almost the full range 
of  180 ° with at least one slit being compressed at a particu- 
lar load angle. In all other models this range is smaller. 

c) A comparison among the three triangular arrange- 
ments (Figs. 5 a, b; equal length of  corresponding slits 1-5) 
shows that even small changes in slit position have a pro- 
nounced effect on the deformation pattern. Due to the shift 
of  slits 1 4 towards one end of  slit 5 the load angle ranges 
resulting in compression are larger in model B3 than in 
model B1. The difference amounts to about 20 ° in the lon- 
gest slit (5) and to about 35 ° in the shortest one (1). Also, 
the amount  o f  compression is doubled to tripled in slits 
1-4 and its maximum shifted from a load angle of  90 ° 
to one between 60 ° to 75 °. 

Il. Variation of angle and distance between slits 

1. Angle 

General. Due to the elongated shape of  slit sensilla their 
deformation and consequently their sensitivity is highly di- 
rectional (Barth 1972a, b; 1981) with maximum deforma- 
tion usually found at load directions between 75 ° and 105 °. 
Using photoelastic techniques it was shown that lyriform 
organ HS8 on the tibia (an organ representative of  other 
organs found laterally on the leg) is indeed oriented almost 
at a right angle to the lines of  principal stresses resulting 
from joint forces generated by muscle activity (Barth and 
Pickelmann 1975). According to our present experiments, 
the site of  maximum slit compression within a group shifts 
with load direction even if the slits are arranged in parallel 
(Fig. 4). This implies that even parallel arrangements could 
be used to gather directional information from the specific 
pattern of  excitation within the group. There are some slit 
arrangements in the arachnid exoskeleton, however, which 
suggest the possibility of  load direction analysis on the basis 
of  diverging slit axes (Barth and Stagl 1976). Models with 
three slits, differing in the degree of  slit axis divergence, 
were used to test this effect (Fig. 6). 

Deformation. The deformation pattern changes in three 
main ways with increasing angle fl between the slits (Fig. 6). 
(i) : The absolute amount  of  deformation increases with in- 
creasing fl (as it does with increasing distance between paral- 
lel slits; Fig. 7). While the compression peaks of  slits 1, 
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Fig. 5a, bo Deformation of slit 
regions corresponding to dendrite 
attachment areas in the originals 
(here as in other model drawings 
marked by a filled circle). Load angle 

was changed in steps of 15 ° . 
Compression values above x-axis, 
dilatation below it, 

2, and 3 measure 8, 1, and 8 (relative units) in the parallel 
arrangement (fl=0°), they increase to 14, 5, and 12; 16, 
9, and 14; and 20, 16, and 18 at angles fl o f  15% 30 °, and 
45 °. (ii): It follows from these values that the difference 
in the degree of  maximum deformation between the three 
slits decreases with increasing angle ft. (iii): The difference 
between the load angles resulting in compression peaks in 
the three slits increases with increasing ft. At  t =  0 ° all slits 
are maximally deformed at a load direction of  90 °. At  
f l=15  °, 30 °, and 45 ° the peak deformation of  the three 
slits occurs at different load angles covering a total range 
of  83 ° , 93 ° , and 112 ° , respectively. Corresponding values 

for the lyriform model organs (Fig. 5 a) are all considerably 
smaller (maximum range 75 ° in configuration C). 

2. Distance 

In previous studies (Barth and Stagl 1976) a distinction 
was made between "lyr i form or compound slit sense or- 
gans" ,  more loosely arranged "groups  o f  single slits", and 
"isolated slit sensilla". This classification was based on pur- 
ely morphological grounds using the distance d between 
neighbouring slits as the main parameter. 

F rom a physiological point of  view the interesting ques- 
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Fig, 6. Slit deformation as a function of both load 
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in a group of three (1, 2, 3). From above to below 
/? varies between 0 ° and 45 ° (see inset on right 
side). Deformation values refer to center of slit in 
all cases and are plotted as in Fig. 5. 

tion behind this classification is: Wha t  is the minimal  dis- 
tance at which neighbouring slits no longer influence each 
other  mechanical ly ? Models  with three parallel  slits o f  equal 
length but  varying distance were examined and compared  
with a model  with only one slit. 

The deformat ion  o f  a slit is greatly reduced by the pres- 
ence o f  neighbouring slits (Barth and Pickelmann 1975) 
as long as the distance d between them is equal  to or  smaller 
than slit length 1 (Fig. 7). The effect disappears  at d ~  1.5 x l. 

IlL Mechanics to explain deformation 
of compound slit arrangements 

The structure of  a compound  slit organ can be looked at  
as a hole (corresponding in outline to that  of  a lyriform 
organ) traversed by beams (corresponding to the cuticular 

material  separat ing the slits in the original organ).  Defor-  
mat ion  of  the slits under load results from the deformat ion 
of  these beams. This in turn is induced by the forces trans- 
mitted fi'om the border  of  the hole to the beam at tachments  
and can be described by either a simple or an S-shaped 
deflection curve (Fig. 8a, b) (Federle 1980). 

There are three component  forces acting on the beams:  
a longitudinal  (with respect to beam) force (L), a transverse 
or shearing force (Q), and a bending moment  (Mb) 
(Fig. 8 c). Deformat ion  of  the hole periphery shifts the beam 
at tachments  either along their long axes due to L, or  at 
right angles due to Q. In addi t ion the a t tachment  may be 
twisted due to Me (= Mb at a t tachment  site) (Fig. 8 d). In 
beams much longer than high (1 >> h) the deflection can be 
calculated from Mb, provided the deformat ion is small and 
the beam remains plane in cross section (e.g. M6nch  1971). 
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EI dzw(x) Mb(x)  (1) 
dx 2 

where Mb (x) is the bending moment,  w (x) the deflection 
at site x, E Young 's  modulus, and I the geometrical moment  
o f  inertia, which in turn is a function of  beam thickness 
d at right angle to plane of  load and beam height h (parallel 
to plane of  load) (e.g. Mönch 1971): 

I =  d. h a (2) 
12 
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A photoelastic procedure used to determine statically inde- 
terminate frameworks in engineering, in which the points 
of  zero bending moment  are determined (Föppl and Mönch 
1972) was applied to see whether the slit deformation, di- 
rectly measured as described in Sections 1 and 2, can be 
understood as a consequence o f  Mb, L, and Q. The proce- 
dure is the following: Color slides taken from the isochro- 
matics of  the model under load were projected onto a screen 
and the beams bordering the slits drawn onto tracing paper 
together with the sites o f  the points of  zero moment  and 
the sites of  convergence of  the isochromatics of  orders 0 
to 3 with the beams. First, three steps were taken: 

1. The coordinate 1 o o f  the points of  zero moment  is 
calculated from that of  the isochromatics o f  zero order at 
the upper edge (Xou) and lower edge (Xol) of  the beam, re- 
spectively: 

q'- Xol l o - x°u (3) 
2 

2. The distance between the convergence o f  the isochro- 
matics o f  zero and first order with the beam (Xl-Xo)= 3x,  
is used to calculate Q according to 

h 2 

Q 6(xl_xo)" f (4) 

where f is the material fringe value and h the height o f  
the beam. The value for Q derived from this equation is 
the same as that at the left at tachment of  the beam (Qo), 
except for its opposite sign. 

3. Knowing lo and Q we can proceed to calculate the 
elastic line of  the beam, i.e. its deformation, as a function 
of  Q, of  the position o f  the point of  zero bending moment,  
of  the beam dimension, and of  the material properties, by 
double integration of  Eq. (1) (Mönch 1971): 

w =~EEJ [x3 -- 3l°xz + (3l°1-- 12)x] (5)  

Since the cross section of  all beams used in the models 

are identical, the factor 1_  is constant in the equations 
EJ 

for all beams: 

d.h s 6.43 
J _  _ _ 32[mm 4] 

12 12 

E ~  3400 [Nmm -2] 

B = 9 . 2 - 1 0  -6 [N-  1mm-2]. 
EJ 

In fact, the slit deformation measured directly in the models 
(Abs) is not  exactly the same as that calculated in this way 
from the deflection curves o f  the respective beams. The 
reason for this is a change in the shape of  the hole periphery. 

Since there is no available theory predicting these chan- 
ges quantitatively, we introduced a correction factor which 
minimizes the difference between the calculated and the 
measured values (3w-3bs). A practical case o f  this proce- 
dure using model B 1 as an example is given in the appendix. 
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Fig. 8a--d. Deflection of beams traversing 
a hole by forces introduced by 
deformation of the hole. a S-shaped 
deflection; b simple deflection (lower 
beam); broken lines give elastic lines of 
beams, c forces acting on a beam in a 
situation shown by a and b at their ends: 
Q transverse force, L longitudinM force, 
Mb bending moment, d displacement of 
beam by forces shown in c:l, along long 
axis of beam due to L; q, at right angle 
to long axis of beam due to Q; 6, angle 
describing bending of beam at 
attachment due to Mb 

D.  Di scuss ion  

In previous studies on the functional properties of  lyriform 
organs we have concentrated on lyriform organ HS8 in 
the spider leg tibia as a representative case (Barth and 
Pickelmann 1975, Barth and Bohnenberger 1978; Bohnen- 
berger 1981, Blickhan et al. 1982; Blickhan 1983, Barth and 
Blickhan 1984). These studies led to six important  conclu- 
sions: (i) a considerable difference in threshold sensitivity 
among the slits of  the group; (ii) an extension of  the linear 
working fange (range of  high increment sensitivity) by the 
summation of  the linear working ranges of  the individual 
slits composing the group; (iii) no obvious frequency tuning 
of  the different slits within the group; (iv) coincidence of  
dendrite at tachment site with the area maximally com- 
pressed; (v) topography of  the organ providing high sensi- 
tivity due to its orientation roughly at right angles to the 
stresses occurring at its particular location in the exoskele- 
ton;  and (vi) a stimulation of  this organ only during the 
stance phase of  the stepping cycle during locömotion when 
strains of  up to about  - 80 ~t~ occur. 

The present experiments on the mechanical implications 
of  different types of  slit arrangements point to a number 
of  effects which add important  aspects to our knowledge 
of  the functional design of  groups of  slit sensilla. 

For  an adequate appreciation of  these data both the 
virtues and limitations of  such model studies should be 
borne in mind. The question of  the deformation of  slits 
arranged in groups like lyriform organs is very complex 
from a technical point of  view and no theory is at hand 
answering it with a set of  equations. In addition there are 
no techniques which would allow measurements in the orig- 
inal organs with the necessary spatial resolution, which is 
lacking even in such advanced and sensitive procedures as 
laser-Doppler-vibrometry or the application of  Moiré grids. 
Another  obvious difficulty is the loading of  the original 
organs with adequate precision from various directions. 

Model studies have previously (Barth 1972a, b; Barth 
and Pickelmann 1975) turned out to be excellent guides 
to the main mechanical effects to be expected in the original. 
They have provided valuable hypotheses otherwise not 
available. A potential problem with the present models is 
that they are based on simplified shapes. For  obvious rea- 
sons not all the details of  the originals can be copied. There- 
fore the data obtained do predict the main mechanical ef- 
fects of  the various types of  arrangements; we do not pre- 

tend, however, to have an exhaustive picture of  all the me- 
chanical implications of  all the details found in a particular 
original organ. 

It should be noted that neither effects of  the material 
used in the models nor their size are expected to affect 
the validity of  our data in the above sense (Barth 1972a). 
There is also no reason to assume qualitatively different 
results for dynamic load application in the biologically rele- 
vant range of  frequencies; viscosities may be expected to 
modify the type of  deformation only at frequencies of  sever- 
al kHz (Barth and Pickelmann 1975). 

1. Lyriform patterns 

The three principal types of  slit arrangements chosen for 
comparison show drastic differences in mechanical behav- 
ior, from which we conclude that they are (i) either used 
for a preferential measurement of  different parameters of  
basically the same stimulus, or (ii) that the stimuli they 
are exposed to at their respective sites in the exoskeleton 
vary considerably. In addition, both alternatives may apply. 

a) In the "oblique bar" model (A) deformation of  all 
slits is very similar at all load angles. From a mechanical 
point of  view one would expect neither a big difference 
in threshold sensitivity among the slits of  an original lyri- 
form organ with such an arrangement, nor a working range 
(load directions resulting in excitation by slit compression) 
of  the entire compound organ rauch greater than that of  
its individual, component slits (no range fractionation). In 
addition, this arrangement does not appear suited to signal 
load direction: The excitation pattern within the group is 
more or less the same at all angles; it would be very difficult 
for the central neurons to distinguish between the effects 
of  stimulus amplitude and direction. What  then might be 
the advantages of  this particular configuration? The model 
studies suggest two possibilities: (i) A particularly large 
"field of vision ", i.e. high sensitivity for strains from a par- 
ticularly large range of  directions. This implies that a large 
spread of  strain directions may be typical of  the sites where 
"oblique ba r"  arrangements occur (proximal femur of  har- 
vestman, distal femur of  scorpion, patella of  the spider leg; 
Barth and Stagl 1976). (ii) Based on the similarity of  the 
deformation of  the slits, a convergence in the central ner- 
vous system of the corresponding sensory inputs from the 
different channels might be used for an enhancement of  
absolute sensitivity by a reduction of  the signal-to-noise ra- 
tio. 



b) The triangular configurations (B) impress one with 
the great difference between the large deformation (high 
sensitivity) of  the longest slit in the periphery and rauch 
smaller deformation of  the other slits. Here then, a stimulus 
amplitude range fractionation is one important  effect. In 
lyriform organ HS8 the longest slit is outstanding not only 
with respect to its high sensitivity but also its purely phasic 
response characteristic, not  found in other slits of  this or- 
gan. Even the relatively small variations arnong the three 
triangular models used in the present study lead to consider- 
able changes in the compression ranges and absolute 
amount  of  deformation of  the four remaining slits. Previous 
electrophysiological experiments in lyriform organ HS8 
have clearly shown that differences in deformation among 
the slits are reflected by physiological differences in sensitiv- 
ity. In this organ, threshold sensitivity of  only three of  the 
slits (excluding the longest in the group) varied by about  
40 dB (Barth and Bohnenberger 1978; Bohnenberger 1981). 
A correspondingly large variation of  strain amplitude is 
predicted for this and other sites o f  triangular slit configura- 
tions (e.g. trochanter o f  harvestman, patella and trochanter 
of  spider). 

c) Peculiar to the "heart" configuration (C) is the large 
spread of  the load angles at which the compression of  the 
five slits is highest. This high deformability o f  all slits, and 
a correspondingly large change in the deformation pattern 
within the group with changing load direetion, recommend 
the " h e a r t "  configuration as a pattern useful for the analy- 
sis of  strain direction, although at first glance the parallelity 
of  its slits may not seem to be in favour of  this conjecture. 
A corresponding range of  strain directions is predicted for 
those sites in the exoskeleton where this configuration oc- 
curs (e.g. laterally on the spider trochanter). 

2. Variation of  angle between slits 

The directionality of  a slit sensillum due to its elongated 
shape suggests still another way of  analyzing strain direc- 
tion. Apar t  from complex parallel arrangements of  slits as 
in the " h e a r t "  configuration, the orientation of  the slits 
in different directions can theoretically - and indeed more 
obviously - be used for that purpose. Although not many 
cases are known such a spread of  slit directions does occur: 
Within a lyriform organ on the trochanter of  the whip 
spider leg the slit axes diverge by almost 90°; other similar 
examples are found on the metatarsus of  the whip scorpion 
and on the coxa o f  the harvestman (Barth and Stagl 1976). 
On the spider chelicerae two closely neighbouring lyriform 
organs are oriented at right angles to each other (Barth 
and Libera 1970). The mechanical effect of  such arrange- 
ments is clearly demonstrated by our model studies. I f  they 
have indeed evolved to measure spatial or temporal varia- 
tion in strain directions in one particular area of  the skele- 
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ton the possible advantage over a direction-sensitive parallel 
arrangement is not  obvious. It may be, however, that  a 
larger angular range is covered by a combinat ion o f  high 
sensitivity and a smaller number  o f  slits with a lesser degree 
of  overlap of  their individual angular working ranges (com- 
pare configuration C in Fig. 5a with Fig. 6, bottom). It 
is tempting to compare Fig. 6. (,8=45 °) with the spectral 
sensitivity curves of  the three photoreceptor  cell types divid- 
ing up the spectrum of  visible light into three components 
in ar thorpod and vertebrate color vision. A similar meeha- 
nism may be involved in multi-channel analysis o f  strain 
direetion, but has not yet been proved to exist in the original 
strain detector system. The comparison, however, points 
to the possible refinement o f  this unusual mechanosensory 
system. Recent advances in the biomechanical analysis o f  
the spider exoskeleton, and the development of  miniatur- 
ized techniques to measure strains in the freely walking 
animal (Blickhan, Barth and Ficker 1982; Blickhan 1983; 
Barth and Blickhan 1984), will hopefully enable us to carry 
the present study one important  step further by analyzing 
directions, amplitudes, and time courses of  the strains which 
occur at the sites in the original skeleton wbere the slit 
sense organs represented by the models are found. 

E. Appendix 

Representative Example for Application of Procedure Outlined in 
III. 

Model B t, loaded at an angle of «=45 °, is taken as a represen- 
tative case to illustrate our results. Here the hole has the shape 
of an isosceles triangle. An array of four beams of decreasing 
lengths results in the formation of five slits. Deformation was mea- 
sured at four points A to D along their length, dividing them 
up into five equal sections (Fig. 9). In slit 5 and at measuring 
points A and D in slit 4 the elastic line cannot be calculated since 
the condition of l»h does not hold here. 

From the photoelastic fringe pattern (Fig. 10) the values for 
l o and Q can be determined (Table 1) and used for the calculation 
of the elastic lines. Beam 1 and beam 2, which determine the defor- 
mation of slit 2, are presented as examples together with the excur- 
sions found at the measuring points (Table 2). 

When calculating slit deformation, the difference of the coordi- 
nates of eorresponding measuring points in the "upper" and 
"lower" beam bordering the slit (note differences in beam length) 
has to be considered (Fig. 9 b). Thus deformation of slit 2 at mea- 

Table 1. 

Beam Xoo[mm] Xoo[mm ] /o[mm] Ax [mm] Qo [N] l [mm] 

1 8.42 33.38 20.90 14.82 -- 1.87 38 
2 5.46 24.02 14.74 11.70 --2.37 28 

For explanation see text 

D C B A 
( :.:.:.:.:l ............................ [~ .......................... ! ............................. [;.ù.;.~) '» s I i t 1 

Oea~ l?:i~i::i?i!!!!!!!!!!!!i!!!i)ii!!!!i!!~!!i!i!ii?!i?~!!!i!!f~~:i~ ~ 
2 ~iii~iiiiiiiii~iiiii~~iiiiii~iii~~ii~iii~i~:i~:iii#ii~iiJii~i~~iiii:~i~iiii~i~iii~ 

3 ~.. I ~3 " tiliii i::i~iiiiiii::iiiiiit 
f I I I 1 ~ 4  

:~lii::iiii~~i~;iiil, 
( I l  I I J ~  

b 

!ii!iiiiiii!iiiiiiiiii!iiiilili;~~i~i~ii 
~ - 8 ~ o  s, it, 

Fig. 9. a Model B1 (see Fig. 4) showing the four 
beams separating the slits from each other; A, 
B, C, and D are the sites where slit deformation 
was measured, b deterrnination of the 
coordinates of measuring sites exemplified by 
site D of slit 2; while beam 1 at D has the 
coordinate x t = 7, the coordinate is x2 = 2 for 
beam 2 
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Fig. 10. a Isochromat ics  seen in model B1 if loaded at an angle « of  45 °. b Schematic representation of  a, showing the orders of  
the isochromatics as seen along the beams (b l -b4) .  Fo r  example: x2~, site of  isochromatic of  second order (2) on lower (1) surface 
of  beam, or  xlu,  site of  isochromatic of  first order (1) on upper  (u) surface of  beam. Lines at a right angle to long axes of  beams 
and roughly in the middle of  the beams indicate the site of  the point  of  zero bending moment  

Table 2. F r o m  equat ion (5) and the values of  table 1 
Beam 1 

Point  - - D C B A . . . .  

x [mm] 9.78 32.05 7 15 23 31 4 14 24 34 
w x [p.m] 12.06 -- 4.02 11.25 9.83 ¤.78 - 3.92 8.24 ¤0.62 0.76 - 3.62 

Beam 2 

Point  - - D C B A . . . .  

x [mm] 6.62 22.85 2 10 18 26 5 11 17 23 
w z [lam] 5.03 -- 2.89 2.74 4.¤4 -- 1.19 -- ¤.88 4.77 3.6¤ -- 0.54 -- 2.89 

For  explanat ion see text 
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Fig. 11. a Deformation of model B1 in experiment shown in 
Fig. 10a, enlarged by a factor of 1000. e and e' give displacement 
of beam attachment sites (lower beam with respect to upper beam). 
Arrows indicate load direction, b Correction introduced to take 
account of the deformation of the hole periphery under load. If 
the left attachment site of beam 2 is moved upward by 9.8 gm 
(Aw-Abs) and its right one downward by 1.6 ~tm, the width of 
the slit 2 as measured directly in the experiment (œ) differs from 
that calculated according to the procedure described in the text 
(eontinuous line) by less than 0.8 pm 

suring point D is given by the difference between the excursion 
of beam 2 at site x2 = 2 and that of beam 1 at x 1 = 7: 

AWD=W 1 (7)--W 2 (2). 

The corresponding equations for the other measuring points of 
slit 2 are 

Aw c = w~ (I 5)-- w 2 (10) 

AwB = wl  (23)--w 2 (18) 

A w A = w  I (31)--w z (26). 

From the two elastic lines the following coordinate differences Aw 
are calculated for measuring points A to D for slit 2: -2 .04,  2.97, 
5.69 and 8.51. 

The differences between A w and the change in slit width directly 
measured in slit 2 (Abs) with the transducer (Fig. 4) are --1.53, 
2.97, 5.59, and 8.34 gm for points A, B, C, and D, respectively 
(negative values imply slit compression, positive ones slit dilata- 
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tion). Taking the deformation of  the hole periphery into account, 
however, A w - A b s  becomes very small with less than 0.8 gm by 
shifting the left end of beam 2 upwards by 9.8 gm and its right 
end downward by 1.6 pm (Fig. 11). 
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