







Material and Flow Characterization of Pinniped Vibrissae

Lamyaa El-Gabry
The American University in Cairo, New Cairo, Egypt 11511


Phillip Poinsatte, Douglas Thurman, Vikram Shyam
NASA Glenn Research Center, Cleveland, OH 44135

Abstract

[bookmark: _GoBack]              Seals, sea lions, and other carnivorous aquatic animals are equipped with whiskers or “vibrissae” used to detect prey from the wake they leave behind. The vibrissae have undulations along their length that may be responsible for the reduction in drag and vortex that has been observed. In this study, vibrissae of harbor seal, elephant seal, and California sea lion are characterized in terms of their overall geometry and surface roughness using optical microscopes for extended depth of focus imaging. Large scale models with similar undulations are tested in a wind tunnel using Particle Image Velocimetry (PIV) to study the flow field in the wake of the various types of whiskers. Results are compared to measured flow behind a cylinder and an ellipse of similar scale to the whisker model. 
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I. Introduction

Vibrissae, also known as whiskers, are hairs found in most mammals. They are usually found around the snout and above the eyes and are longer and stiffer than body hair found on the legs or arms or other parts of the body. Mammals having vibrissae include land based animals such as cats and rats as well as aquatic mammals. Pinniped are a group of aquatic mammals including seals, sea lions, and walruses; their bodies are shaped like torpedoes which help them move swiftly underwater. Pinniped vibrissae function as haptic systems (active touch) as well as sensing water movement. A sea lion balancing a ball at an aquarium show does so with the help of its whiskers which act as fingers manipulating the ball so that it stays balanced; this is an example of how whiskers are used in haptic systems. Pinniped also use their vibrissae to track hydrodynamic trails without any optical or acoustical information. Experiments have shown that these mammals are able to detect objects under water at distances beyond what they can see or hear. This skill is essential for sea mammals that live in dark murky waters where they cannot see their prey. As the seal swims, it moves it head occasionally from side to side in order to using its whiskers to detect the hydrodynamic trail of its prey. Some seals are able to detect water velocities as low as 245 m/s [1] using their whiskers.

One of the remarkable features of pinniped vibrissae is that they are able to suppress their own wake. It is a well known fact that dragging an object in water produces a vortex street. Flow behind a cylinder creates a wake with a distinct vortex shedding pattern and frequency (Karman vortex street); the vortex frequency may induce vibration. The pinniped vibrissae however seem to suppress their own wake which enables them to be effective in detecting wakes left by their prey without interference from their own whiskers (i.e. the whiskers have a high signal to noise ratio for prey detection). A study of the harbor seal vibrissa morphology showed that the whisker has an undulated surface structure that is responsible for changing the vortex street behind the whisker and reducing vortex-induced vibration [2]. Numerical and experimental studies of the harbor seal whisker showed reductions in drag of approx. 90% compared to a circular cylinder [3].

Not all pinniped vibrissae have undulated surface structure like the harbor seal; the sea lion for example has a smooth whisker without any undulations. The pinniped vibrissae however all appear to have flattened whiskers. Murphy et al. [4] measured the vibration along the whisker shaft from undulated vibrissae of the harbor seal and elephant seal and the smooth vibrissae of the California sea lion. The measurements were made at three orientations to the water flow. Results showed that angle of orientation had a greater influence on vibration than the level of undulation. 
II. Objective

There are two primary research objectives that this study aims to address. The first is to understand and quantify the surface structure of the vibrissae of the harbor seal, elephant seal, and California sea lion (this includes the cross sectional area and the pitch of the undulations of the whisker). In addition, the surface roughness characteristics are measured using extended depth of focus imaging at high magnification. The second research objective is to understand how the whisker structure effects the wake pattern behind the whisker in wind tunnel tests using particle image velocimetry to measure wake velocity. Experimental data is collected for the wake behind a cylinder, ellipse, and whisker models of the harbor seal, elephant seal, and California sea lion.	

III. Materials and Methods

A. Microscope imaging
To measure the dimensions of the seal whisker an optical microscope was used. The whisker is allowed to lay freely on the surface for the case of imaging the flat wide side of the whisker. To measure dimensions of the narrow side; the whisker is mounted at one end using clay so as to not strain the whisker during imaging.  Measurements are made of the cross-sectional area at the min and max thickness and the pitch of the undulations for both orientations of the whisker. Additionally, the angle of orientation for the max and min areas is measured for comparison with data on the harbor seal structure [2]. These macro-scale measurements were made for the harbor seal, elephant seal, and California sea lion whiskers. 

In order to measure the surface roughness characteristics, a higher magnification is needed. At high magnification, it is not possible to capture in a single focused image, the entire surface with its large curvature and depth variation. Therefore, the extended depth of field technique is used to generate a single in-focus image from a range of images of the specimen's surface. A Nikon Eclipse MA200 inverted microscope is used along with software to take micrographs at different focal positions along the optical axis and then through an algorithm that involves identifying in-focus particles at each location, a topographic map is obtained of the entire surface in the field of view. The surface can then be analyzed and an estimate of the surface roughness may be obtained from a line plot of the surface depth along a particular line on the surface. 

B. Wind tunnel testing
Large-scale models of the seal whisker geometry were generated using a 3D printer from a CAD model of a characteristic mid-section of whisker geometry for the harbor seal, elephant seal, and California sea lion. In addition, two models of elliptical cross section and a cylindrical model were tested for reference comparisons. The model was placed in a wind tunnel that is 8 ft x 8 ft in cross section. Each model was tested at two free-stream velocities. The velocity ranged from 20 to 60 ft/s depending on the model. Particle image velocimetry (PIV) is used to measure the velocity field at various downstream planes. Data is collected at planes of ¼-inch spacing in the flow direction starting from as close as 0.5-inch downstream from the model to the end of the test section window (about 7.5 inches from the model). Table 1 shows the geometry and test conditions for each of the models tested.

Table 1 Model chord and flow speed conditions
	
	Harbor seal
	Elephant seal
	Sea lion
	Ellipse 1
	Ellipse 2
	Cylinder

	Chord [inch]
	0.76
	0.88
	0.98
	0.76
	0.88
	0.76

	V1 [ft/s]
	30
	26
	23
	30
	30
	26

	V2 [ft/s]
	60
	52
	46
	60
	60
	52



IV. Results & Discussion

A. Pinniped vibrissae structure
In this section of the report, the macro-scale images of the seal whiskers are presented. It is from these images that the dimensions in Table 2 are obtained. Figure 1 shows the dimensions that are tabulated in Table 2; they include the max and min area of the major axis, the pitch at the major axis and the major axis lean angle. Similar dimensions are obtained for the minor axis of each whisker.

[image: ]
Figure 1 Whisker major axis dimensions (annotated Ref [4])
Looking at the whisker geometry reveals some variation along the length of the whisker. At the root of the whisker, the structure is thicker in cross section with a defined elliptical area whereas towards the tip, the whisker is thinner and appears to come to a single point. Furthermore, the whiskers for any one seal specimen have significant variation in length and thickness making it difficult to come up with a single set of dimensions that represents vibrissae of all species of pinnipid. Therefore, in this study, we consider the middle third region of the whisker and use this investigation as a probe into the whisker morphology with some quantification attempted; however, we understand that this quantification is by no means universal and may not be valid for the entire length of the whisker. The following section includes images of the major and minor axis for each whisker that was viewed under the microscope.

(a) Harbor seal:

A harbor seal whisker from three different harbor seals were viewed under a microscope at a magnification of 15X; for each whisker, an image is taken of the major axis and another of the minor axis. The images are shown in Figures 2 through 4; the first image “a” is of the major axis and the second “b” is the minor axis. 

[image: ]
Figure 2a Harbor seal HS-2343 major axis, 10 mil/div

[image: ]
Figure 2b Harbor seal HS-2343 minor axis, 10 mil/div

[image: ]
Figure 3a Harbor seal HS-2347 major axis, 10 mil/div
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Figure 3b Harbor seal HS-2347 minor axis, 10 mil/div
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Figure 4a Harbor seal HS-2373 major axis, 10 mil/div
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Figure 4b Harbor seal HS-2373 minor axis, 10 mil/div
Looking at the images in Figures 2 through 4 it is clear that there are some variations in pitch and and angle. Figure 5 is another image of harbor seal HS-2373 whisker major axis at higher magnification with the dimensions annotated directly on the figure; the first undulation has a peak diameter is 40 mil and min diameter of 28 mils; the peaks of the first undulation are aligned and so the angle of the major axis is 0 degrees. The distance between the first and second undulation is 139 mils. The second undulation has a peak diameter of 40 mils and the peaks are not on top of one another; there is an angle of 22 degrees between the peaks. Figure 6 shows the details of how the angle for one of the harbor seal whisker undulations is calculated as an example.
	
[image: ]
Figure 5 Harbor seal HS-2373 major axis at higher magnification annotated
[image: ]
Figure 6 Harbor seal whisker major axis angle measurement
(b) Elephant seal: 

Similarly, an elephant seal whisker from three different elephant seals were imaged using a microscope and camera. The images are shown in Figures 7 through 9; the first image “a” is of the major axis and the second “b” is the minor axis. 

[image: ]
Figure 7a Elephant seal ES-3527 major axis, 10 mil/div
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Figure 7b Elephant seal ES-3527 minor axis
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Figure 8a Elephant seal ES-3600 major axis, 10 mil/div
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Figure 8b Elephant seal ES-3600 minor axis, 10 mil/div
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Figure 9a Elephant seal ES-2628 major axis, 10 mil/div
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Figure 9b Elephant seal ES-3628 minor axis, 10 mil/div
Like the harbor seal, the elephant seal whisker also showed variation in geometric parameters along its length. Figure 10 is an image of higher magnification annotated to show the variability in one of the elephant seal whisker specimens (ES-3527). The figure shows three undulations; the distance between the first and second is 179 mils and that between the second and third is 167 mils. The first peak shows a zero-degree angle (i.e. the top and bottom are aligned); the second shows a 27 degree angle and the third a 30 degree angle. The max thickness of the three peaks are 54, 48, and 48 mils (from left to right). The min thickness is 38 mils for both sections. This shows the level of variability in just one section of one whisker of one elephant seal. 

[image: ]
Figure 10 Elephant seal ES-3527 major axis at higher magnification annotated

(c) California sea lion: 

Images of three California sea lion whiskers were taken with an optical light microscope. The sea lion whiskers did not appear to have any undulations. They did appear to be flattened so one could identify a major and minor axis for the elliptical cross section of the whisker shaft. Figures 11 through 13 show images of the major and minor axes of three California sea lion whisker specimens.

[image: ]
Figure 11a California sea lion CSL-10807 major axis, 10 mil/div
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Figure 11b California sea lion CSL-10807 minor axis, 10 mil/div
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Figure 12a California sea lion CSL-10814 major axis, 10 mil/div
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Figure 12b California sea lion CSL-10814 minor axis, 10 mil/div
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Figure 13a California sea lion CSL-10817 major axis, 10 mil/div
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Figure 13b California sea lion CSL-10817 minor axis, 10 mil/div
As alluded to previously in this report, the dimensions of the whiskers are highly variable, even within the same whisker. The values in Table 2 were obtained using a measuring tool in the microscope imaging software and were based on a single region (preferably in the middle third of the whisker) or where the whisker showed the least curvature so that it was possible to measure a pitch without straining the whisker to straighten it. In the case of the California sea lion, the whisker was fairly straight but it was pointed (i.e. there was a sharp decrease in cross sectional area from root to tip) so the value in the table is at a region somewhere in the middle third. With whiskers being as varied as they are, there is no universal whisker shaft thickness or perhaps it may be best to carry out an extensive statistical analysis of many more specimens to reach some dimensionless parameters that would best describe the geometry in a more universal way (if one exists).

Table 2 Seal whisker dimensions
	
	Major axis, “a”
	Minor axis, “b”

	
	Pitch 
[mil]
	Max width [mil]
	Min width [mil]
	Angle [deg]
	Pitch 
[mil]
	Max width [mil]
	Min width [mil]
	Angle [deg]

	HS-2373
	122
	34
	24
	0
	134
	14
	11
	

	HS-2347
	148
	38
	25
	16
	138
	15
	11
	

	HS-2343
	150
	44
	33
	0
	125
	22
	17
	

	
	
	
	
	
	
	
	
	

	ES-3527
	176
	52
	42
	28
	
	
	
	

	ES-3628
	176
	48
	38
	18
	180
	35
	25
	

	ES-3600
	116
	32
	26
	0
	100
	20
	12
	

	
	
	
	
	
	
	
	
	

	CSL-10807
	N/A
	40
	N/A
	N/A
	25
	N/A

	CSL-10814
	N/A
	27
	N/A
	N/A
	12
	N/A

	CSL-10817
	N/A
	44
	N/A
	N/A
	27
	N/A




B. Pinniped vibrissae surface roughness
This section presents images obtained using extended depth of focus imaging at high magnification for three whiskers. For each whisker a composite image is generated as described in the methodology section and from that composite image, a line of Z-profile data is obtained which will be the basis of a roughness estimate. Figure 14 shows the results for the harbor seal whisker (HS-2373), figure 15 is for the elephant seal (ES-3628) and figure 16 is for the California sea lion (CSL-10817)

(a) Harbor seal:

[image: ]
Figure 14a Harbor seal composite surface image
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Figure 14b Harbor Seal Z-profile



(b) Elephant seal:

[image: ]
Figure 15a Elephant seal composite surface image
[image: ]
Figure 15b Elephant seal Z-profile



(c) California sea lion:

[image: ]
Figure 16a California sea lion composite surface image
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Figure 16b California sea lion Z-profile


C. Wind tunnel test results
Particle image velocimetry has several advantages over other velocity measurement techniques such as hot wire anemometry. One advantage is that it is non-intrusive so there is no probe in the flowfield potentially causing local variations in flow due to the probe/sensor. PIV also gives detailed results at a given plane in a matter of seconds without the need for traversing an instrument within the plane which would yield a finite number of discrete points. 

Figure 17 shows an image of the wind tunnel used in the testing with a laser light sheet illuminating olive oil particles used to seed the flow. This image was taken as part of another test in the same wind tunnel and so it does not show the seal whisker model; photographing a high intensity laser sheet can damage the optics (the white blotches in the image below are a result of this damage). Therefore, it was not deemed necessary to take another photograph specific to this setup because this image is for demonstration purposes only.
	
[image: ]
Figure 17 Laser light sheet illuminating olive oil seed particles [photo courtesy of M. Wernet]
Figure 18 shows the various geometric models that were evaluated in this study. They include the harbor seal whisker geometry, elephant seal whisker, and the California sea lion whisker. The three whiskers are essentially elliptical in cross-section; therefore, for reference, an elliptical model was also tested of similar geometry to the harbor seal whisker. A cylinder was also tested for validation and comparison purposes. There is some uncertainty as to the best way to non-dimensionalize the geometric parameters and results; therefore, two ellipses were evaluated that are scaled versions of one another at different wind tunnel speeds to help determine the most appropriate scaling parameters. In all, six geometries were evaluated each at two flow speeds. 

[image: ]
Figure 18 Models for wind tunnel testing
The PIV results that will be shown in the coming figures are preliminary results for the harbor seal only. There is work in progress on refining and selecting the best algorithm for post-processing the results and performing the vector field calculations. The final results will be part of a NASA TM / ASME conference paper. 

Figure 19 shows the non-dimensional velocity field in the wake of the harbor seal whisker model at five downstream locations. The green object in the image is the seal whisker body itself and the intent in future images is to mask the body from the vector field calculation. Using Tecplot (or any similar data processing software), we can take the five planes and cut through them and interpolate the results to yield a plane that cuts across the centerline of the seal whisker model as shown in Figure 20.
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Figure 19 Harbor seal dimensionless velocity field at five downstream planes
[image: ]
Figure 20 Using PIV results to interpolate along the centerline
V. Conclusions:

Microscope imaging has been used to characterize the overall geometry of the harbor seal, elephant seal, and California sea lion whiskers as well as the surface roughness characteristic obtained from a composite image using depth of field focus algorithms. The harbor seal and elephant seal whiskers show undulations that are varying along the length of the whisker as well as varying between whiskers of the same seal species. The surface roughness is also varying and the curvature makes quantifying a roughness parameter that is accurate for an area of more than a few nanometers a challenge.  

Particle image velocimetry (PIV) was used the measure the flow field in the wake of six geometries including a cylinder, two ellipses, a harbor seal model, an elephant seal model, and a California sea lion model. For each model, two wind tunnel speeds were tested. Particle images were taken at several planes downstream of the model as close as 0.5 inch and going out to 7.5 inch downstream from the model. Preliminary results for the harbor seal were presented showing the extent of the wake; however, work is ongoing on the post-processing algorithm to most accurately calculate the vector field for this data. 
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