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Abstract A flow visualization technique using dilute

solutions of tobacco mosaic virus (TMV) is described.

Rod-shaped TMV-particles align with shear, an effect that

produces a luminous interference pattern when the TMV

solution is viewed between crossed polarizers. Attractive

features of this technique are that it is both transparent to

the naked eye and benign to fish. We use it here to visualize

the evolution and decay of the flows that they produce. We

also report that dilute solutions of Kalliroscope are mod-

erately birefringent and so may similarly be used for

qualitative in situ flow visualizations.

1 Introduction

For many years, engineers have known that certain fluids

and solids become temporarily birefringent or doubly

refractive (able to refract light in two different directions)

when subjected to shear. This effect is best observed when

the birefringent material is placed between crossed polar-

izers; the transmission of light generates interference fringe

patterns whose intensities are related to the magnitude of

the strain rate of the material (Wayland 1960). Physically,

such birefringence results from stretching, deformation or

orientation of chiral polymer-like chains or suspended

macromolecules (Pih 1980). The effect was used exten-

sively in photoelastic stress analysis in solids, recently

employed by the biolocomotion community to visualize the

forces applied by crawling cockroaches (Full et al. 1995)

and burrowing worms (Dorgan et al. 2005). Maxwell

(1873) developed an analogous technique to visualize fluid

motion, which became the subject of intense study in the

1950s. Here, we report on a plant-virus based birefringent

technique that may ultimately prove useful to workers in

biolocomotion and microfluidics.

Reviews of birefringence from the perspective of a

chemist, fluid mechanician and engineer are given by Cerf

and Scheraga (1952), Peterlin (1976) and Pih (1980),

respectively, and are summarized here. Birefringence was

first used to ascertain the shape of particles in colloidal

suspensions (Diesselhorst and Freundlich 1916). Freundlich

(1926) found that anisotropic particles such as rods or disks

align with their long axis parallel to shear. A solution of such

particles is birefringent if two conditions are satisfied: the

particle’s short axis is shorter than the wavelength of light

and the particle’s refractive index differs from that of the

surrounding solution. Solutions of rods and disks become

birefringent under different lighting conditions: specifically,

for rods, the incident light must be normal to the flow

direction; for disks, the incident light must be parallel to

both the direction of flow and the disk face. Further inves-

tigations showed that many synthetic chemicals are

birefringent, including colloidal suspensions of vanadium

pentoxide (Humphrey 1922), milling dianthrapyrimidine
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yellow solution (Prados and Peebles 1958) and aniline blue

which provides rainbow-colored interference patterns

(Freundlich 1926). While such man-made chemicals are

generally harmful to animals, other naturally-arising com-

pounds, such as tobacco mosaic virus (TMV), provide

unexplored potential for organic flow visualization.

Current techniques that are safe for animals rely on fol-

lowing inert tracer particles, a technique known as digital

particle image velocimetry (DPIV). Here, the fluid is seeded

with micro-particles, and a plane within it is illuminated by a

laser light sheet and tracked by computer in order to infer

particle trajectories and fluid streamlines. This technique has

been successful in visualizing the wakes behind fish (e.g.

Drucker and Lauder 1999; Muller et al. 1997), copepods

(Stamhuis 1995) and birds (Spedding et al. 2003). In addi-

tion to DPIV, there exist more convenient qualitative

techniques that provide immediate results without compu-

tational analysis. Dyes such as fluorescein, ink and thymol

blue (Merzkirch 1974) have been injected into the wakes of

jellyfish (Dabiri et al. 2005), squid (Bartol et al. 2001) and

insects (Hu et al. 2003). Such dye streamers generally are

not well suited for fish, which are notoriously uncooperative.

One alternative was proposed by Rosen (1959), who used a

thin layer of milk to visualize fish wakes, from which some

quantitative information was gleaned (Videler et al. 1999).

Another alternative is the Schleiren technique in which a

fish swims through a thermally stratified fluid, disrupting

the stratification of refractive index, whose disturbances are

shown by shadowgraphic projection (McCutchen 1977;

Fiedler and Nottmeyere 1985). TMV provides an advantage

over many of these techniques because, as we show in Sect.

2, it can be safely inhaled by fish and need not be seeded

directly in their path.

The structure of the TMV molecule was deduced using

birefringent techniques, revealing that it is a long cylinder

with length 300 nm and diameter 18 nm (Takahashi and

Rawlins 1933). Bawden et al. (1936) were the first to

demonstrate its potential for safely visualizing the flow

around animals: with photographers, Ramsey and Mus-

pratt, they used TMV to illuminate the boundary layer

around a swimming goldfish. Fritz Goro, Time-Life science

photographer from 1937–1978, also photographed a fish

using TMV and published his pictures in 1941 (reprinted

here in Fig. 1). Neither investigators reported the details of

their technique, which we reverse-engineer in Sect. 2.

Sutera (1960) developed an apparatus to calibrate the TMV

technique, and his results can be applied to study animal-

generated flows.

While it is beyond the scope of this report to use TMV

as a quantitative technique, we briefly describe here how it

can be done (Appendix B, Sutera 1960). Consider a bire-

fringent fluid sandwiched between two crossed polarizing

filters called the polarizer and analyzer respectively

(Fig. 2). The light intensity I1 at the recording plane may

be expressed as

I1 ¼ aI0 sin2ðDh=2Þ sin2 2/ ð1Þ

where I0 is the incoming light intensity, a is the absorption

coefficient through the light path and / the angle between

the plane of initial polarization and the principal vibration

axis of the birefringent fluid. The optical phase difference

of the light exiting the fluid, Dh ¼ 2p d
k Dn where d is the

length of the optical path in the medium, k the wavelength

of light and Dn the difference in indices of refraction of the

birefringent solution (Pih 1980). Equation 1 shows that for

a monochromatic light source, there are two conditions that

extinguish light, causing I1 to be zero. First, when Dh/(2p)

= 0,1, 2,..., dark fringes called isochromatics are produced.

Second, when / is 0 or p/2, dark fringe lines called iso-

clines are produced.

The amount of birefringence of the fluid, Dn, is given by

orientation theory for rod-shaped particles (Wayland

1960):

Dn ¼ 4p
15

G

n

cEb

D
1� E2
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35
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where G is the optical anisotropy factor for the particles, n

the mean index of refraction of the solution, c the volume

concentration of the particles, b ¼ a2
1
�a2

2

a2
1
þa2

2

the shape factor of

the particles where a1 is the rod length and a2 its diameter,

D the rotary diffusion constant for Brownian motion, E the

magnitude of the principal strain rate and K0 the angle

between the principal strain rate axis and the streamline

direction at the point of observation.

The position of the isoclines also gives information

about the flow. Specifically, birefringence causes the iso-

clines to be phase shifted from the crossed axes of the

polarizers by any angle v

Fig. 1 The luminous wake of a fish swimming in a bowl of TMV

solution, photographed by Fritz Goro (Goreau et al. 1993), whose

methods were never published. Goro likely used three lights, red,

yellow and blue to create the three wavelengths of light visible in the

wake. The magnitude of the light intensity is related to the magnitude

of the shear rate (Wayland 1960). The purple boundary layer

adjoining the fish indicates a high degree of shear. Photo courtesy of

T. Goreau
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where cs = 2E sin2K0 is the shear rate parallel to the

streamline. The theory (1)–(3) has been confirmed exper-

imentally by Sutera (1960). In addition, a number of

investigators have proposed theories allowing them to use

birefringent data to gather quantitative information. Binnie

(1945) used the birefringent solution benzopurpurin as a

turbulence indicator in pipe flow: he finds that the greatest

chromatic intensity appears at Reynolds numbers 1,970–

2,900. Pindera and Krishnamurthy (1978) used lasers to

determine the properties of a birefringent fluid. Prados and

Peebles (1958) characterized the laminar flow around a

cylinder, and Alcock and Sadron (1935) the flow between

pairs of plates and between rotating cylinders. These

studies show that birefringent fluids can be used in a

quantitative manner. We now turn to a relatively new

application of TMV, its use in visualizing animal-generated

flows.

2 Experiments

We filled the apparatus in Fig. 2 with TMV solution to

visualize the flows generated by black neon tetra fish

(Figs. 3, 4, 5, 6, 7), jets (Fig. 8) and rising bubbles (Fig. 9)

generated by a syringe. The apparatus was housed in a

darkened room, with lighting provided by a 250 W tung-

sten–halogen lamp (Vision Research, Inc., North Star)

reflected off a white sheet of paper. The birefringent fluid

was sandwiched between two crossed linear polarizers

(polarizing film, 40 by 30 cm by Edmund Industrial

Optics; Techspec polarizing lens 58 and 37 mm by Crystal

Vision). The color of the fluid, as observed by the polarizer

farthest from the light source, was recorded by a digital

video recorder (Sony, DCR-TRV950) and digital still

camera (Sony, DSC-F707). We obtained side views using a

glass tank (length 30 cm, span 1.5 cm, water depth 10 cm,

Fig. 2a) and top views using a petri dish (diameter 14 cm,

depth 2 cm, Fig. 2b) filled with the TMV solution

(Fig. 2b).

Black neon tetra, common tropical fish, were obtained

from our local pet store in New York and housed together

in a filtered, oxygenated, heated aquarium under a 12 h

light cycle. Fish housing and experiments were approved

by the NYU committee on animal welfare (protocol num-

ber 07-1289). While the plant virus TMV has never been

reported to infect animal hosts, we took precautions

by immersing the fish in a low concentration of TMV

(18 parts/million) for a short duration (min/trial). At the

conclusion of the experiments, the fish appeared unaffected

by the TMV solution and continued in good health until the

end of their natural lives nearly a year later.

The preparation of TMV for use in flow visualization is

described by Boedtker and Simmons (1958). Our TMV

Fig. 2 The experimental

apparatus. A dilute suspension

of TMV is illuminated with

polarized light, and viewed

through a crossed polarizer. The

arrangement for viewing (a)

from the side, and (b) from

above

Fig. 3 A black neon tetra fish flaps its fins in a TMV solution. The

luminous areas are indicative of the fluid shear generated by its fins

and inhalation by its mouth. Scale bar 1 cm
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solution, obtained by juicing TMV-infected tobacco leaves,

was donated by Deutsche Sammlung von Mikroorganis-

men und Zellkulturen (DSMZ). This solution was diluted

to a concentration 0.4 ± 0.05 mg/mL using tap water and

stored at 5�C. The solution was warmed to the fish’s body

temperature of 27�C before experiments. This particular

dilution of TMV was optimal for flow visualization using

our experimental apparatus: further dilutions provided

insufficient contrast to visualize flow, while higher

concentrations substantially increased the fluid viscosity

and so altered the dynamics of the fish. TMV has been

studied previously for its non-Newtonian properties (Wada

1954); the viscosity of TMV as a function of concentration

has also been described in detail by Welsh (1955), who

found that its viscosity decreases as the solution settles. To

reduce the effects of settling, the TMV solution was shaken

by hand and cleansed between experiments by passing the

solution through filter paper. Following these procedures

for our 0.4 ± 0.05 mg/m TMV solution, we measured a

dynamic viscosity m of 1.89 cS.

We observed top and side views of the fish, visualizing

the surrounding flows by observing the colors of the TMV

solution. The fish had a characteristic length L of 3 cm and

body speeds U of 2–5 body lengths/s. It generated flows

characterized by a Reynolds numbers of Re = UL/

m = 950-1,500 and a Strouhal number of St = 2Af/U

= 0.5-0.7 where A is the tail-flap amplitude and f its fre-

quency. In interpreting our observations, we note that TMV

provides a cumulative picture of the flow, averaged over

the depth of the fluid along the line of sight. Generally,

white regions indicate both a higher shear rate and Rey-

nolds number than dark blue regions (Sutera 1960; Binnie

1945). Our experiments with the fish indicate that in shear

layers, the TMV solution changes color from black to

bluish-grey at a Reynolds number of 250 and saturates at

white at a Reynolds number of 1,600.

In Fig. 3, the fish ‘‘hovers’’ underwater by flapping its

fins to transfer momentum downward, generating a lumi-

nous wake of vortices. In addition, inhalation by the fish

Fig. 4 The shear layer generated by a fish accelerating from rest. As

the fish on the right accelerates in the direction of the arrow, it is

adjoined by a luminescent boundary layer, marked by the dotted lines,

indicative of the intense local shear. The fish on the left has a dark
outline, consistent with its stationary state. Scale bar 1 cm

Fig. 5 The generation of a single vortex by a fish’s tail. (b–f) The

vortex appears as a coherent 1-cm diameter white spot crossed by dark
fringes. These isoclines, a characteristic of birefringent techniques,

result from the extinction of light by the crossed linear polarizers.

Time between frames, 1/30 s. Scale bar 1 cm
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generates a suction flow, which appears as a glowing white

cone. When moving forward, the fish flaps its tail fin to

propel itself using a carangiform mode of undulatory pro-

pulsion. As the fish accelerates from rest, it generates a

luminous silhouette indicative of the high degree of shear

in its boundary layer (Figs. 1, 4, 5, 6b). Since no light strip

appears when the fish is static (Fig. 4) we infer that the

light strip is not generated by refraction from the fish

scales, but is instead indicative of a shear layer in the fluid.

To gain speed, the fish flaps its tail to generate a single

vortex, visible as a coherent white spot (Fig. 5). Centered

on the vortex are dark bands, isoclines marking the

extinction of light by the crossed polarizers (Fig. 5b’,

Zocher 1921). A series of vortices appears as a reverse

Karman vortex street, consisting of regions of high vor-

ticity alternating in sign on either side of the fish’s

trajectory (Fig. 6, Videler et al. 2004). The supplementary

video shows the generation of these vortices in real time.

The fish’s wake appears different at high speeds: it is tri-

angular and turbulent, as shown in Fig. 7. We note that this

wake structure is reminiscent of that created by a point

source of momentum; here, the momentum is provided by

the fish’s driving strokes. To stop, the fish extends its

pectoral fins and blows a vortex ring (Fig. 7a), a behavior

first reported by McCutchen (1977). These figures dem-

onstrate the versatility of qualitative TMV visualizations.

While the sign or direction of the shear cannot be discerned

without the technical methods applied by Sutera (1960),

their relative magnitude can be discerned by the intensity

of light observed.

We note that flows may also be visualized to some

extent using a low dilution (10-4 mg/mL) of Kalliroscope

that may be briefly tolerated by fish (Fig. 7b). Kalliroscope

has a lower optical activity than TMV, as seen by the lower

range of light intensity, making the vortex structure and

boundary layers less apparent. We thus recommend TMV

over Kalliroscope techniques.

We also visualized simple two-dimensional flows in a

thin glass tank (length 30 cm, depth 10 cm, span 0.3 cm).

In Fig. 8a, a syringe was used to produce suction, gener-

ating a radially symmetric region of high shear near the

syringe tip. When a stream of TMV solution is forced back

out of the syringe at low speeds (15 cm/s, Re = 80), we

observe a coherent jet with the same diameter as the syr-

inge (Fig. 8b). This jet appears white, reflecting its high

shear rate relative to the quiescent background fluid. As the

flow rate is increased to 30 cm/s (Re = 160), the jet grows

turbulent (Fig. 8c) and generates regions of shear a few cm

lateral to the main flow. TMV works equally well to reveal

the stress fields generated by rising bubbles (Fig. 9a–c).

TMV shows that bubbles of diameter 3 mm zig-zag as they

rise, while smaller bubbles rise vertically (Fig. 9d).

3 Discussion

Before the digital age, the determination of flows and stress

fields was accomplished with birefringent fluids and solids.

These optical techniques have been all but been replaced by

Fig. 6 The reverse Karman vortex wake generated by a fish

swimming from left to right. a Side view; b top view. The most

recent vortices appear as coherent white spots; older vortices have

slowed and decreased in their luminosity. Scale bar 1 cm

Fig. 7 Turbulent wakes generated by a fish decelerating in (a) TMV

and (b) Kalliroscope solutions. (a) Top view in TMV shows a conical

turbulent wake. To stop, the fish extends its pectoral fins and exhales a

vortex ring. (b) In Kalliroscope solution between crossed polarizers, a

turbulent wake is again evident. Scale bar 1 cm
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differential methods like DPIV, which characterizes the flow

using positional differences between tracer particles. DPIV,

while effective, has limitations. It is expensive computa-

tionally and its sensitivity is limited by the minimum motion

that can be detected, which is a function of the illumination,

brightness of the particle reflection and speed of the camera.

We have shown that birefringent techniques like TMV,

while qualitative, are attractive for several reasons.

First, organically derived TMV is safe for use with

animals, making it appropriate for bio-fluid applications.

Moreover, the fluid is transparent when viewed with the

naked eye, allowing one to simultaneously record the

motion of the creature and the flows it generates. Another

advantage of TMV is its nanometer-size, making it

attractive for microfluidic applications (Stone et al. 2004;

Squires and Quake 2005). The TMV particles, 100 nm in

length, are 102-103 times smaller than the average-sized

tracer particle used in DPIV. Moreover, only a low con-

centration is needed (18 parts per million) to generate

continuous flow field data.

TMV may find application in situations where DPIV

provides insufficient resolution, specifically in areas of

Fig. 8 A sink (a) and a source (b, c) generated by a 1-mm-diameter

syringe inserted into a tank of dilute TMV solution. (a) The white
arrows denote the direction of the flow. (b) At low speeds (15 cm/s),

the jet remains laminar; (c), at high speeds (30 cm/s), the jet grows

turbulent. Scale bar 1 cm

Fig. 9 Bubbles in a TMV solution bound in a thin gap. In (a–c), a

large bubble is ejected from a syringe, approaching the form of a

spherical cap before surfacing. Time between frames, 1/10 s. (d) The

trajectory of rising bubbles is visualized by TMV and marked by the

arrows. Large bubbles (3-mm diameter) follow a zig-zag path,

leaving a Karman vortex street in their wake, while smaller bubbles

rise vertically. Scale bar 1 cm
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extremely rapid, small scale, or spatially variable flow. We

have shown that TMV can visualize flows on scales less

than 1 mm, such as the rising of microbubbles or the suction

flows into a fish’s mouth. TMV methods might also com-

plement work on the boundary layers around fish (Andersen

2001), flagellar swimming, the motion of dinoflagellates or

food capture by copepod zooplankton (J. R. Strickler, pers.

comm.). A recent paper used DPIV to visualize flow around

models of swift wings in a flume at different Reynolds

numbers and angles of attack, and revealed that lift, drag,

and mobility were related to whether leading edge vortices

were attached or separated (Videler et al. 2004). This sys-

tem could be more directly imaged with TMV flow

visualizations, as parameters are continuously altered to

identify transition thresholds. Finally, high-speed cinema-

tography could be used in conjunction with TMV to study

the evolution and decay of short-lived vortices and their

effects on propulsion, prey tracking, and prey capture.

TMV flow visualization techniques have the potential to

provide a wealth of new imagery revealing subtle details of

fluid flow patterns heretofore invisible or poorly visualized,

which may shed valuable light on many biological prob-

lems including mechanisms of swimming, changes in

modes of swimming, prey tracking, chemotaxis, prey

capture, feeding in both motile and sessile marine organ-

isms, and interactions between schooling organisms.
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