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the frequency of vibrations along the shaft of a single excised vibrissa of the Saimaa 

ringed seal and found that when held with the broad edge of the vibrissa facing into the 

flow, vibrations along the shaft were measured at up to 300 Hz (Hyvärinen, 1995). 

However, when the same vibrissa was held with the narrow edge of the hair shaft facing 

into the flow, no detectable vibrations were measured.  

The goal of the present study was to measure the effect that orientation has on the 

vibrations of smooth and undulated pinniped vibrissae exposed to water flow in a flume 

tank. Vibrissae were tested from three species of pinnipeds, one with smooth vibrissae 

and two with undulated vibrissae. Samples were fixed at multiple angles to the flow and 

the velocity and frequency spectra of vibrations were analyzed with respect to 

orientation. In addition, CT scanning of vibrissal samples was conducted in order to 

quantify the cross-sectional shape of the vibrissae and understand how this may 

contribute to orientation effects on self-induced vibrations.  

 

Materials and Methods 

Sample collection 

Testing was conducted on excised mystacial vibrissae samples collected from 

post-mortem stranded animals at the Marine Mammal Center in Sausalito, California. 

Samples were collected from three pinniped species: the Pacific harbor seal (Phoca 

vitulina), northern elephant seal (Mirounga angustirostris), and California sea lion 

(Zalophus californianus). Sample availability was restricted to juvenile animals due to 

the higher mortality rate of this age group and both male and female animals were 
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sampled. All samples were collected from the right side of the muzzle and one vibrissa 

from each individual was tested. 

Vibrissal samples for flume testing were collected from 26 individuals (n=9 for 

California sea lions; n=8 for elephant seals; n=9 for harbor seals). In order to standardize 

size across samples, vibrissae of matching lengths were selected for testing. Mean length 

of 7.7 cm (s.d.=0.55 cm) was chosen because samples in this size class were present in all 

three species. Constraining sample length was prioritized over matching for follicle 

position on the vibrissal bed. Length was constrained as closely as sample availability 

would allow. Mean length by species was 7.7 cm (s.d.=0.4 cm) for California sea lions; 

8.19 cm (s.d.=0.5 cm) for elephant seals; and 7.35 cm (s.d.=0.4 cm) for harbor seals. 

During collection, vibrissae were clipped at the skin surface, rinsed in fresh water, 

and packaged in dry gauze for transport. Prior to testing, each specimen was rehydrated 

by immersion in fresh water for one hour. Rehydration as well as flume testing was 

conducted in fresh water due to constraints of the flume setup.   

Vibrissal samples from an additional 9 individuals (n=3 for California sea lions; 

n=3 for elephant seals; n=3 for harbor seals) were collected for CT scanning in order to 

quantify the three-dimensional shapes of the vibrissae. Samples for this portion of the 

study were also selected based on the length criteria used in flume testing. Mean length 

for CT samples was 6.5 cm (s.d.=0.63 cm). All samples were collected from the right side 

of the muzzle, and one vibrissa from each individual was scanned. These samples were 

extracted from the capsule, leaving the subdermal portion of the hair shaft attached. 

Samples were rehydrated in fresh water prior to being mounted on a slide for CT 

scanning.   
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of the trials. This trial ratio maintained a consistent false alarm rate throughout the 

experiment. On signal-present trials, the frequency of the vibratory signal was the same 

throughout the session and the amplitude of the signal was varied using an adaptive up-

down descending methods of limits (e.g. a descending staircase procedure) (Cornsweet, 

1962). A session began with several easily detectable “warm-up” trials at supra-threshold 

level. The velocity of the signal was then attenuated by 4 dB after each successful trial 

until the subject’s first miss. The velocity was then increased by 4 dB after each miss and 

decreased by 2 dB following each subsequent hit. A session continued until five 

consecutive hit-to-miss transitions within 6 dB of attenuation were completed. Sessions 

were conducted at the same frequency until the seal maintained stable performance for at 

least three consecutive sessions as described below. The nine test frequencies were tested 

in non-consecutive order. At the conclusion of the experiment, the threshold for the first 

test frequency was re-measured as a reliability check. The re-measured threshold was 

within 3% of the original threshold and ensured that no practice effect had occurred 

during the course of the experiment.    

Human subjects were tested in the same experimental chamber as the seal with 

only a few differences in procedure. Humans received written and verbal instructions 

regarding the testing procedure prior to the initiation of the experiment. At the start of 

each session, the human subject was fitted with earplugs and headphones, and then seated 

at a 90˚ angle to the seal’s chin cup. The subject’s left hand was placed in the seal’s chin 

cup, with the weight of the hand resting in the cup and the fleshy pad of the thumb 

touching the center of the contact plate. Subjects reported detection of a signal on a trial 

by raising their right hand and the absence of a signal by remaining still. For each correct 
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answer, subjects were presented a flashing white light at the termination of the masker. 

For incorrect responses, the masker was terminated with no additional feedback. A signal 

was presented during the trial interval on 70% of the trials. All other aspects of the 

procedure and signal presentation were identical to those used for the seal. 

Threshold calculation  

 Following each session, the calibration data were used to convert signal 

attenuation in dB to velocity in mm/s. A session threshold, defined as the 50% detection 

probability threshold for rms velocity, was calculated as the mean of the velocities of the 

last five hit-to-miss transitions on signal-present trials. To calculate an overall threshold 

for a given frequency, three consecutive sessions with stable performance were required. 

The last five hit-to-miss transitions within each of these sessions needed to show a 

plateau (no significant slope) and the thresholds for each session needed to fall within 6 

dB of each other. Usable sessions were also constrained on the basis of false alarm rate. 

For the seal, false alarm rates of greater than 0 and less than 30% were accepted. For 

humans, false alarm rates of greater than or equal to 0 and less than 30% were accepted. 

At the end of the experiment, an overall threshold for each test frequency was calculated 

as the mean of the thresholds from the three sessions meeting these criteria. 

 The velocity threshold value determined for each frequency based on the seal’s 

performance on the task was ultimately corrected to account for the spatial variation of 

the signal across the contact plate at that frequency. Although only the center point of the 

plate was used for daily calibration of the velocity threshold, the mapping data 

(quantified as the CV) revealed frequency-dependent non-linearities across the surface of 

the plate caused by modes of vibration. Therefore, a threshold correction factor was 
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accompanying miniaturization of sensors have allowed for complex suites of 

instrumentation to be carried by marine mammals in the wild (Cooke et al., 2004). The 

use of accelerometers is becoming increasingly common in these biologging devices 

(Viviant et al., 2010;Watanabe and Takahashi, 2013) and has been effective in measuring 

parameters such as diving and feeding behavior. In this study, we develop a novel 

animal-borne recording tag, wLogger, which utilizes an accelerometer fixed to the base 

of a seal’s whisker to record the vibrational signal directly from the sensory structure. 

This approach aims to investigate the signals received by these biological sensors and 

better understand the relevant signal components involved in hydrodynamic detection.  

To assess the effect of the tag on the natural movement of the whisker, laboratory 

testing in a water flume was performed on excised whiskers instrumented with the 

accelerometer. A laser vibrometer was used to measure vibrations of single vibrissae, 

with and without the accelerometer attached, when exposed to laminar water flow and 

hydrodynamic disturbances. The tag was then used to record vibrations of an excised 

vibrissa in a test pool, in the presence and absence of hydrodynamic trails. Finally, 

animal-borne testing was conducted in a captive setting on a free-swimming harbor seal. 

A trained seal was instrumented with the accelerometer fit to a supraorbital vibrissa and 

recordings were obtained as the animal engaged in active swimming and tracked 

hydrodynamic disturbances. 
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Materials and Methods 

Instrumentation  

 The wLogger tag incorporates an Arduino-based datalogger connected to an 

external digital ADXL345 accelerometer (Analog Devices, Norwood, MA, USA), fixed to 

the base of a whisker. The accelerometer and attached PCB surface mount board 

measures 6.0 x 3.0 x 1.0 mm. For attachment to the vibrissa, the external accelerometer 

was fixed with epoxy to a small piece of flexible polyolefin shrink tubing and slid onto 

the vibrissa to be tested. In order to achieve a secure fit on the tapered form of the 

vibrissal shaft, the tubing was pre-shrunk on a sample vibrissa of comparable dimensions. 

During live animal testing, a small amount of synthetic rubber adhesive tack was applied 

to the attachment tubing in order to avoid slippage during active swimming.   

 The accelerometer is attached by four thin (32 gauge) wires to a main recording 

unit, mounted on the head of the animal. The base of the main recording unit is 

comprised of an OpenTag board (Loggerhead Instruments, Sarasota, FL, USA) and is 

powered by a 3.7V 1300 mAh Li-Polymer cell rechargeable battery (product number 

30108-1, TENERGY, Freemont, CA). Data are archived onto an 8 GB microSD card. For 

laboratory testing, the recording unit was sealed inside an acrylic tube. For live animal 

testing, the recording unit was waterproofed by potting in epoxy (MG Chemicals, Surrey, 

B.C., Canada). When potted, the recording unit measured 5.4 cm x 3.3 cm 1.8 cm and 

weighed 51 g (Figure 3.1). 
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Excised whisker flume testing  

 Laboratory testing in a water flume was conducted on two excised mystacial 

vibrissa samples. Vibrissae were obtained from post-mortem stranded harbor seals 

(Phoca vitulina) at the Marine Mammal Center in Sausalito, California and stored in dry 

sample containers. Prior to testing, each specimen was rehydrated by immersion in fresh 

water for one hour. Rehydration as well as flume testing was conducted in fresh water 

due to constraints of the flume setup.   

 Experiments were conducted in a Rolling Hills Research Company Model 1520 

water flume (El Segundo, CA, USA) with a testing area measuring 152 cm in length, 38 

cm in width, and 46 cm in height. For mounting in the flume tank, the base of each 

sample was fixed inside a cylindrical, threaded aluminum sleeve. The bottom 1 cm of the 

vibrissal shaft was inserted into the sleeve and set with epoxy. Samples were attached to a 

sting apparatus, composed of a stainless steel rod with a 90 degree bend.  The sting 

apparatus held the sample in the testing area in center of the water column (Figure 3.2). 

Flow in the test area was laminar and the boundary layer (1.6 cm) along the walls of the 

flume tank did not extend into the location of the sample mount. The body of the sting 

mount was positioned downstream of the sample and therefore did not interfere with the 

flow around the mounted sample. 

 Laser vibrometry was used to measure vibrations of the excised whisker, fitted 

with the accelerometer board and after the board was removed, without moving the 

whisker. Recordings were made with a Polytec model PDV 100 laser-Doppler vibrometer 

(calibration accuracy +/- 0.1%), measuring point velocities on the whisker (Waldbronn, 

Germany). Vibrations were recording from the accelerometer placed at 12% up the 
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vibrissal shaft and from the identical point on the shaft, without the instrumentation. 

These points are referred to respectively as tagged whisker and untagged whisker. 

Recordings were also taken from the sting mount to measure vibrations induced by the 

apparatus. The laser was focused on the recording point, and vibrations in the cross-

stream direction were recorded for 12 seconds at 1,200 Hz using the Polytec Vibrometer 

Software (version 4.6).  

 Recordings were made in the tagged whisker and un-tagged whisker 

configurations under two conditions termed free-flow and disturbance. In the free-flow 

condition, the sample was exposed to undisturbed, laminar water flow. In the disturbance 

condition, the sample was exposed to a hydrodynamic disturbance, generated by inserting 

a 2 cm diameter metal cylinder upstream of the sample (Figure 3.3). All tests were 

conducted at a flow speed of 0.5 m/s, verified by particle image velocimetry (PIV) 

analysis. 

Excised whisker pool testing 

Additional measurements were taken with an excised vibrissa in a 22,000 salt 

water test pool. The vibrissa was fitted with instrumentation and mounted on a PVC pole 

with a 90 degree bend (Figure 3.4A). The pole mount was dragged through the water, so 

that the body of the pole did not interfere with the signal on the whisker. The mounted 

vibrissa was dragged through the water to simulate a free-stream condition and also 

exposed to hydrodynamic stimuli generated by submerged objects moving through the 

water (Figure 3.4B and C). Hydrodynamic signals were generated using a sphere (6.7 cm 

diameter) on the end of a pole extension (2 cm diameter), as well as a radio-controlled 
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Figure 3.2 Cross-stream view of an instrumented excised vibrissa mounted on the sting 
apparatus inside the water flume. For this image, direction of water flow is from the left 
to right of the page. The accelerometer is positioned at 12% up the length of the whisker 
shaft and the laser is focused on the accelerometer (visible in this photograph as a red dot 
on the center of the accelerometer).   
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Figure 3.3 Down-stream view of an instrumented excised vibrissa mounted on the sting 
apparatus inside the water flume. A metal cylinder is positioned upstream to generate a 
hydrodynamic disturbance. The tip of the whisker is out of focus in this photograph due 
to strong vibrations in the cross-stream direction. For this image, direction of water flow 
is coming out of the page. 
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Figure 3.4 Excised whisker pool testing. (A) The wLogger tag attached to an excised 
whisker on a PVC mount for pool testing. (B) Excised whisker tracking ball condition. 
An instrumented excised whisker moving through the water behind the wake of a 
dragged object. (C) Excised whisker tracking submarine condition. An instrumented 
excised whisker moving through the water behind the wake of a radio controlled 
submarine. These conditions (B and C) simulate hydrodynamic trail following. 

B 

A 

C 
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Figure 3.5 Photographs of the trained harbor seal wearing the wLogger tag. The 
accelerometer is attached to a supraorbital whisker. The main recording unit is fitted to 
the animal’s head by placement inside a pocket of the neoprene headband.  
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Figure 3.6 Photograph of the seal tracking a radio-controlled submarine while wearing 
the wLogger tag. This photograph was obtained from the overhead video camera system 
used to synchronize tag recordings to behavioral events. 
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Figure 3.7 Spectrograms of recordings from excised whisker flume testing. Example 
spectrograms of laser vibrometer recordings from an excised whisker (Whisker) (top row: 
red box) and the same whisker fitted with the tag (Tagged whisker) (bottom row: blue 
box).  Both sample conditions were exposed to identical free-flow and hydrodynamic 
disturbance conditions. For whisker recordings, the laser was focused on the vibrissal 
shaft at 12% up the length of the whisker. For tagged whisker recordings, the 
accelerometer was positioned on the identical point on the vibrissal shaft and the laser 
was focused on the surface of the accelerometer. Color bar indicates relative amplitude in 
terms of dB re: 1 m/s.   
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Figure 3.8 Histograms of -6 dB bandwidth and Q values for the four laser vibrometer 
recordings presented in Figure 3.7. Recordings are from an excised whisker (Whisker) 
(top row: red histograms) and the same whisker fitted with the tag (Tagged whisker) 
(bottom row: blue histograms). The top histogram in each pair (dark shading) shows the 
distribution of the -6 dB bandwidths (Hz) of the largest peak based on a series of FFTs 
with 8 Hz frequency resolution. The bottom histogram in each pair (light shading) shows 
the distribution of Q-values calculated from the same dataset. 
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Figure 3.9 Overlaid power spectra for an excised vibrissa with and without the 
accelerometer in the free-flow and disturbance conditions. Within each condition, the is 
minimal difference in the vibration of the untagged whisker as compared to the tagged 
whisker. This indicates that the attachment of the accelerometer to the whisker had little 
effect on its vibration.   
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the vibrissae, rather than the surface structure, may explain most of the trend observed in 

measured vibration frequency at the flow speed tested. CT scanning and digital cross-

sectioning of the vibrissae confirmed that both undulated and smooth vibrissae are cross-

sectionally flattened. I hypothesize that this shared characteristic between the vibrissal 

types is responsible for trends observed in flow-induced vibrations and may play a key 

role in the specialized aquatic functioning of the vibrissal system.  

 The sensitivity of the vibrissal system was investigated using behavioral measures 

with a trained harbor seal.  Absolute thresholds for directly coupled stimuli were 

measured and demonstrated that the vibrissal system of the seal was sensitive to 

vibrations across a range of frequencies from at least 10 to 1000 Hz. Interestingly, the 

thresholds collected for the seal were similar to the absolute sensitivity measures obtained 

in the same set-up for the human thumb. The similarities in the performance of a seal 

using its vibrissae and humans using their thumb demonstrates good tactile sensitivity for 

these structurally different mechanoreceptive systems.  

 This study reports better sensitivity for the vibrissal system of the harbor seal than 

previous in-air measures (Mills and Renouf, 1986;Renouf, 1979) and agrees more closely 

with measures of underwater sensitivity for this species (Dehnhardt et al., 1998). The 

present study identifies a frequency of best vibrotactile sensitivity of 80 Hz. This 

frequency is much lower than that reported in the prior in-air studies and is within the 

natural frequency range of hydrodynamic stimuli to which the vibrissae are most likely 

specialized (Bleckmann, 1994). Furthermore, the range of frequencies to which the 

trained seal was highly sensitive overlap with the frequencies of flow-induced vibrations 

of vibrissae measured in the first portion of this study.  



123 
 

 In the final component of this research, an animal-borne tag was developed and 

used to investigate the vibrational signals that are received by the vibrissae during active 

swimming and hydrodynamic detection. This study introduced a novel tagging device, 

wLogger, that utilized an accelerometer fixed to the base of a whisker to collect in situ 

measurements of whisker vibration. Prototype testing of this system demonstrated the 

feasibility of this approach. Laboratory experiments with excised vibrissae in a water 

flume demonstrated that the tag unit could effectively record vibrations without 

hampering the natural movement of the whisker. In addition, the wLogger tag 

successfully measured vibrations from the supraorbital vibrissae of a harbor seal during 

active swimming and hydrodynamic detection. Live animal testing, along with recordings 

from excised vibrissae, revealed that interaction with hydrodynamic disturbances 

disrupted the vibrational signal received by the whisker. When exposed to a 

hydrodynamic signal, whisker vibrations increased in bandwidth, spreading energy across 

a wider range of frequencies. This finding suggests that modulation of the vibrational 

signal may play a key role in the detection of hydrodynamic stimuli by the seal. 

 The results of this dissertation research provide insight into the functioning of the 

vibrissal system of harbor seals and other pinnipeds. By investigating the vibrissal system 

from the focal points of structure, sensitivity, and received signals, we begin to develop a 

more comprehensive understanding this sensory modality. The present research 

demonstrated that seal whiskers vibrate when moved through the water, and that the 

vibrational signal on the whisker is complex. In addition, the characteristics of this 

vibrational signal are influenced both by the structure of the vibrissa itself and by 

interactions with stimuli in the environment. The data demonstrate that seals can detect 
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vibrations. Furthermore, the natural vibrations of the whiskers are within the detectable 

range of the seal. Integrating these findings begins to bridge the gap in understanding of 

what is received by the sensors and what is perceived by the seal. In addition, it provides 

insights into how the morphology of the vibrissal system in pinnipeds may be adapted for 

aquatic functioning in these amphibious animals.  

 This research provides groundwork for future avenues of investigation.  The tag 

instrumentation designed for this research will facilitate continued exploration of the 

vibrissal system under more complex and biologically relevant stimulus conditions. This 

instrumentation will allow for field measurements on free swimming animals in order to 

characterize the whisker signal across the vibrissal array in naturally occurring 

hydrodynamic flow fields. Continued data collection in this area can aid in the 

characterization of the vibrissal system and enhance understanding the underlying 

functioning of these advanced biological sensors.  
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Appendix A: Use of animal and human subjects 

 
 

 

Animal research was authorized under National Marine Fisheries Service permit 14535 

and conducted with the approval of the Institutional Animal Care and Use Committee at 

UCSC. The use of marine mammal samples was authorized under the National Marine 

Fisheries Service, letter of authorization to C. Murphy. Research with human subjects 

was conducted under a Category 2 exemption by the UCSC Internal Review Board.   

 


