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The interaction of near-field disturbances with the cuticular sensilla of crustaceans has been 

studied as an issue of hydrodynamic forces applied to cylindrical or conical setae.  This can be 

treated as a case of forced damped simple harmonic motion, where the driving force to the seta is 

supplied by the movement of the surrounding fluid.  As such, it obeys a general equation of the 

form: 

 

(1)  I θ + R θ + S θ = T (t) 

 

where θ, θ and θ are the angular displacement of the seta and its time derivatives.  I, R and S are 

the moment of inertia of the seta about its pivot point, the damping constant and the torsional 

restoring (spring) constant for setal motion, respectively.  T(t) is the time-varying torque applied 

by movement of the surrounding fluid and includes a component arising from fluid-induced 

stress forces acting along the length of the hair and one arising from the “virtual mass” of water 

that must be displaced along with the hair (Humphrey et al. 1993).  Complications arise because 

the parameters I and R in general are not constants, but depend on relative motion of the fluid 

surrounding different locations on the seta.  In contrast to air, the virtual mass dominates the 

inertial component in the equations, giving the seta in water a very different response quality.   

Boundary layers, which provide a zone of reduced water movement near the body part to which 

the seta is attached, are much smaller in water than in air, thus requiring shorter lengths to 

penetrate the layer.  These issues have been addressed in a series of papers by Humphrey, Barth 

and their collaborators (Humphrey et al. 1993, Devarakonda et al. 1996, Humphrey et al. 1997, 

Humphrey et al. 2001, Barth 2004).  The solution to Eq. (1) that they give for responses to 

sinusoidal water movement past the seta is of the same form as that for the steady state of a 

general forced damped simple harmonic oscillator and can be written: 

 

(2) θ = θ max
 sin(ω t + φ)   

 

where θ
max

 is the maximum angular excursion (amplitude) of the seta, φ is the phase angle with 

respect to the water movement and ω is the angular frequency (= 2πf) of the water movement.  

The expressions developed by Humphrey-Barth et al. are equivalent to: 
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where c
1
 and c

2
 are parameters derived from the specifics of seta physical properties [e.g. Eqs. 11 

and 12 (Humphrey et al. 2001)].  An example of the prediction made by this model is shown in 

Figure 1A.  Over the frequency range of 50 to 500 Hz, the seta displacement tracks that of the 

water very closely (Fig. 1B).  Notably absent is the pronounced amplitude resonance of the sort 

encountered with setae in air (see also Fig. 4 in Devarakonda et al. 1996).  Such peaks are much 

reduced in water, where setae are of about the same density as the surrounding medium.  At very 

low frequencies, where water velocity increases slowly, a seta will be displaced from its 

equilibrium still-water position in proportion to the water velocity.  Its maximum displacement, 

attained at peak water velocity, will be small relative to water displacement, if it has any 

significant restoring springiness in its attachment to the body (a phase advance referenced to 

Figure. 1. Humphrey et al. (1993) model of arthropod setal hydrodynamic receptors. (A) Predictions of the 

equations generating Figure 4a of Devarakonda et al. (1996) for the steady-state motion of a cylindrical seta 

anchored to an infinite plane surface reacting to sinusoidal movements of sea water with a fixed peak 

velocity of 5 mm s
-1

. The solid line shows the maximum predicted angular displacement (in degrees) for a 

seta of length 500 μm and diameter 7 μm having no intrinsic damping (R = 0) and a spring constant 

(restoring force) of 4 x 10
-12

 N m rad
-1

 (left hand abscissa; solid line connecting open squares). The right 

abscissa (filled diamonds) plots the water displacement at the same frequencies. Note the close match 

between water and seta displacement, indicating that in this frequency range, the seta is closely locked to 

water movement, typical of the high-pass filter characteristics of a seta in water (phase angles relative to 

displacement, close to 0º; not shown). Other parameters taken from Fig. 4 in Devarakonda et al. (1996), but 

using density of sea water (1035 kg m
-3

). (B) plot of the parameters c
1
 and c

2
 of Eq (3 and 4) against 

frequency (Hz) for the seta used in (A). Note the relative (but not perfect) constancy for frequencies above 

75 Hz, which partially validates the analytically exact, though physically approximate, results described by 

Humphrey et al. (2001). For t = 0, initial water velocity (and seta movement) is in the negative direction.  



water displacement).  As frequency increases, the seta is increasingly carried with the water, and 

the amplitude of its movement relative to the amplitude of water movement increases.  This is 

shown in the log-log plots of Figure 2A for setae of six different lengths.  In the low-frequency 

range, the maximum angular displacement (at small angles!) is strongly dependent on water 

oscillation frequency, bearing a 3/2 power relation to frequency in the figure (30 dB per decade 

“roll-off”).  Above a “corner frequency” the relation quickly turns into a nearly flat plateau, 

where the seta excursion follows that of the water (phase angle of 0) and becomes frequency 

independent.  These seta characteristics are those of a high-pass filter between orders 1 and 2, 

with attenuated responses below the corner or cut-off frequency.  Above the corner frequency, 

the small peak in the relationship, barely detectable in Figure 2A, might technically be 

considered a “resonance,” but is too small to be significant in most cases in water. The corner 

frequency of the transition depends on seta length as a -2.5 power (in the example given; f
c
, Fig. 

2B), with longer setae being more displacement-sensitive to low frequencies (the “stop band”) 

than shorter ones. The situation is reversed above the corner frequency (the “pass band”), where 

the magnitude of angular displacement is lower for longer setae than for shorter ones, depending 

inversely on seta length (
plat

, Fig. 2B).  The corner frequency and plateau amplitude are also 

dependent on the spring constant, with stiffer anchors shifting the corner frequency to higher 

values, and decreasing the amplitude.  Additional properties that potentially contribute to sensor 

sensitivity and dynamic responsiveness include the behavior of the time derivatives of seta 

displacement. For sinusoidal motion, the filter characteristics for the angular velocity of the seta 

given fixed peak velocities of the water oscillation are the same as for displacement.  Thus in 

summary, the physical properties of rigid filiform setae in water are those of a high-pass filter. 

 

Figure 2.  (A) Bode plots (frequency responses on a log-log scale) of Humphrey et al (Humphrey et al. 1993, 

Humphrey et al. 2001) model showing setal response properties characteristic of a high-pass filter. Plots show 

angular displacement amplitudes for setae of six different lengths to sinusoidal water displacement of fixed 

amplitude (1 μm). (B) log-log plots of corner frequency (fc) and maximum seta deflection (plat) against seta 

length (μm). 
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