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This is a hands-on workshop in which participants perform one of the eight experiments 
developed to accompany a junior level biophysics course at the Johns Hopkins University. The 
year-long course can also be used as an alternative sequence to the sophomore level waves and 
statistical mechanics courses. The experiments are short and designed to be performed in place 
of one or at most two discussion sections; this particular experiment has participants using a lab 
on a chip to measure molecular diffusion in water, from which a value for Boltzmann’s constant 
can be found. The concepts of Reynolds number and laminar flow, diffusion, viscous drag, and 
Einstein’s relation underlie this experiment. Video capture with a microscope, analysis of the 
image data, least-squares fitting, and using microfludic structures to manipulate molecules are 
some of the techniques utilized. The experiment can be assembled from commercially available 
apparatus and parts. 
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Microfluidics Lab: the Diffusion of Blue Food Coloring in 
Water 
 

Goals: 
• To see how a microfluidic circuit enables the laminar flow of water. 
• To measure the diffusion coefficient for blue food coloring into water. 

Overview: 
You will work with an AHT-1025A T-Sensor Lab Card (see Figure 4) which is a piece of plastic 
about the size of a credit card in which microscopic channels have been carved.  Fluids from 
three reservoirs flow via a tiny channel from each reservoir into a wide (3.98 mm) shallow (100 
microns) channel, where they continue to flow side-by-side for 12.1 cm before entering a waste 
reservoir.  The components of each fluid diffuse into one another at their interface in the middle 
of the channel, and the degree of diffusion depends on the contact time. This contact time, in 
turn, is proportional to how far along the channel the fluids have flowed. In this lab, you’ll fill 
the left and center reservoirs with water and the right with food coloring, creating a water/food 
coloring interface.  The idea is that by photographing (with the camera, on a microscope) the 
interface at successive sites along the channel, and by measuring the light intensity across the 
interface at each site, the amount of diffusion can be calculated by fitting the intensity 
measurement to the appropriate solution for the diffusion equation.  To determine the diffusion 
coefficient D, you will also need to know how long the fluids have been in contact at each 
photographed site.   This can be determined by timing how long it takes the food coloring to 
traverse the full length of the channel; dividing this value into the length of the channel to get the 
flow rate; and measuring and dividing the length separating successive sites by the flow rate. 
You have just two chances to measure the flow rate so pay attention to the instructions!!! 

Theory of the Experiment 
 
Diffusion:  At an interface where one side 
contains no solute and the other side contains 
a concentration c0 of a solute as shown in 
Fig. 1, the solution to Fick’s second law (the 
diffusion equation) for the concentration 
c(x,t) across the interface is 
 

 c(x,t) = 
c0
2  + 

c0
2  erf{

x
4Dt

}  (1) 

    
where D is the diffusion coefficient, t is the elapsed time, and erf(x/x’) is called the error 
function and is encountered in integrating the Gaussian function.  It is defined by  
 

 

€ 

erf (x x ') =
2
π

e−t
2

0

x / x '
∫ dt

€ 

 

 
Figure 1.  Ink (at right) diffusing into water. 
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and has the shape shown in Fig. 2.  This shape and function is sometimes called an S-curve for 
apparent reasons.  You should verify that Equation (1) satisfies the diffusion equation.  4Dt is 
known as the “diffusion length.” 
 
Light Attenuation: 
When light shines through a material, its 
intensity is attenuated exponentially by a 
concentration c of solute as described by 
 
 I(z) = I0 exp{-αz}, (2) 
 
where I0 is the irradiance in the solute free 
region, z is the thickness of the material, 
and α is the attenuation coefficient. Now, α 
is proportional to the absorption index of 
the material, which we assume is directly 
proportional to the concentration c of solute 
in the material.  In this experiment, the thickness z is fixed at 100 microns, but the concentration 
c(x) will vary in the direction perpendicular to the water/food coloring interface.  So we expect 
that 
 

 I(x) = I0 exp{-Ac(x)}, (3) 
 
where A is some constant. Putting these concepts together, we then expect that 
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is a good model for the variation of light intensity across the water/food coloring interface. 
 

Part I:  Data Collection 
 
Camera and Calibration Preparation:  Turn the microscope on, and select the 4X objective.  
We will use 4X magnification for this entire experiment.  Make sure the condenser mask ring is 
set to “A” (i.e. brightfield microscopy).  Place the Motic calibration slide on the microscope 
stage, and looking through the eyepiece, focus the microscope on the cross-shaped scale at the 
center of the calibration slide.  Adjust the illumination.  It should be comfortable to view the 
scale with your eye.  Slide the microscope’s eyepiece/camera switch to the camera position.  
(Unplug, and then replug, the USB camera/computer if the camera doesn’t show up after 
following the instructions below.)  Start up the Motic Images Plus 2.0 software.  Go to File ! 
Setting and set the following parameters: 
 File Name = Capture + Serial Number + .tiff 
 Every 2 Seconds capture one image 
 Maximum Capture images:  10 
 Image Size:  Auto 
 Checkbox checked:  Using current date and time as file names 
 Capture Source Select:  MC1001/MC2002 

 
Figure 2.  Error Function erf(x/x’) as a function of x, 

for x’=1, x’=10, and x’=20. 
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Click OK.  Go to File !  Capture Window.  The right window displays a real-time image of 
your sample.  If it appears all white or all black, click the Auto Exposure button on the settings 
side of the capture window.  You should see a slightly out-of-focus cross.  Adjust the microscope 
focus until the image is sharp.  Set  
 Capture Size to 1600 x 1200. 
 Fit To Window checkbox should be checked   
 Keep Ratio checkbox should be checked. 
Position the scale in the center of your screen.  When all is in position and focused, click once on 
the Capture icon. Note that it blinks and takes about 1 second to take the photo.  Verify that the 
photo was taken by minimizing the Capture Window.  You should see the photo in the upper 
right corner of the Motic Images Plus 2.0 ML Software.  Maximize the Capture window.   
 
Microscope preparation:  Switch back to eyepiece view, remove the calibration slide and 
place your fluid circuit card in its place.  Focus onto an edge of the main channel.  Adjust the 
illumination until it’s just a bit brighter than you’re comfortable with.  Switch to the camera 
view, and open up the Capture window.  Set up Kohler illumination:  Close the lamp aperture 
diaphragm, and move the condenser until the lamp aperture diaphragm is in focus. Reopen the 
lamp diaphragm aperture until it extends beyond your field of view.  Focus on the edge again, 
and close the condenser aperture (its control lever sticks out from beneath the microscope stage, 
right below the brightfield “A” mark) most of the way, until the edge appears sharp and the 
lighting appears uniform in intensity on both sides of the edge.  Click Auto Exposure, and make 
sure you observe the edge on the computer display.  Remove the card from the microscope stage. 
  
Sample preparation and measurement of the flow rate:  In this section, you’re going to 
mark the sites at which you’re going to photograph the interface and you’re going to measure the 
flow rate.  Get a watch or stopwatch with a second hand and make sure you know how to use it.  
Perform the following steps. 
 
1.  Lay this paper flat on the lab bench, and place the microfluidic card directly on top of this 
template: 
  

  
 

Figure 3:  AHA-1025A Microfluidic Card.  The three teardrop shaped holes at upper 
right at are the reservoirs.  Fluids flow from these through the tiny inlet channels into the 
main channel, and flow 12.1 cm into the waste reservoir.  Marks are made at 0.5,  1.0,  
4.0,  4.5,  5.0,  8.0, 8.5,  9.0,  11.75,  and 12.0 cm along the main channel 
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2.  With the permanent marker, make a tiny mark between the arrow and the edge of the main 
channel at each of the ten sites on the template.  You will be photographing the channel at these 
sites.  The numbers denote the distance, in centimeters, from the junction where the inlet 
channels converge. 
 
3.  Place your microfluidics card flat on the laboratory bench on top of a blank sheet of white 
paper. 
 
4.  Fill a transfer pipette with water. 
 

 
4.  Refer to Fig. 4.  Place the pipette tip inside the left reservoir.  Fill the reservoir slowly and 
carefully to avoid air bubbles.  It holds 300 µl.  Wait until the fluid has been aspirated by 
capillary action completely out of this reservoir and through the channels to the other two 
reservoirs as well as to the waste reservoir, as indicated by the arrows in Figure 4, before going 
to the next step.    
 
5.  Refill the transfer pipette with water. 
 
6.  Place the pipette tip inside the middle reservoir, and fill the reservoir.  
 
7.  Place the pipette tip inside the right reservoir, and place only a drop or two of water inside the 
hole at the bottom of the reservoir. 
 
8.  Fill another transfer pipette with blue food coloring.   Your partner should have the stopwatch 
ready.  
 
9.  Read carefully before executing:  Carefully fill the right reservoir with the food coloring.  
Your partner is to watch for the fluid to flow into the channel.  As soon as the fluid appears at the 
junction of the three inlet channels, start the stopwatch, and time how long it takes the fluid to 
reach the waste reservoir at the end of the channel.  Record this time.  
 

 
Figure 4. 

Fill this reservoir 
with water first 

Wait until water 
has flowed to 
these three 
points before 
filling the middle 
and outer 
reservoirs 
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Stop now to marvel at this stately, orderly, laminar flow so different from the behavior of the 
water seen by our eyes in everyday life.  Notice how regular the flow, and how the boundary 
between the water and the food coloring gradually broadens as the flow progresses down the 
tube. This stately orderly flow is how blood flows through your capillaries and veins. 
 
10.  As soon as the fluid flow reaches a steady state—no more than 10-20 seconds, use your 
pipettes to top off—without overflowing—the reservoirs.  You can keep the fluid flowing for 
quite a long time by continually topping off the reservoirs. 
 
Photography:   
11.  Place the card on the microscope stage using the stage clip to hold it in place.  Using the 
camera, focus the microscope on the water/food coloring interface adjacent to your first mark, 
i.e. the mark nearest the three inlet junctions.  Focus so that the junction is at the center of your 
field of view.  The illumination should be such that the white area isn’t too washed out, and the 
blue area isn’t too dark (i.e. you should be able to see very faintly through the blue food 
coloring).  You may press the Auto Exposure button if necessary.  
 
12.  Press the “Capture” button in the Capture Window Settings area to photograph the flow.  
 
13.  Translate the microscope stage so that your second marked site is under the microscope.  
Again, center the water/food coloring junction in the window.  You shouldn’t need to make any 
focus or illumination adjustments.  Press the “Capture” button to photograph this junction. 
 
14.  Repeat, until the water/food color junctions at all ten sites have been photographed. 
 
15.  Close the capture window and verify that the calibration and the ten fluid flow photographs 
have been made.  They should appear at right in the Motic Images Plus 2.0 ML software.  Close 
the Motic Images Plus 2.0 ML software.  Remove your T-Sensor Lab Card, turn off the 
microscope, and cover it with its cover.   
 
16.  At this point, you may wish to re-time the flow rate.  Refill left and right reservoirs with 
water and blue food coloring respectively.  Now, using a pipette filled with red food coloring, 
top off the middle reservoir and time how long it takes the red color to flow from the junction to 
the waste reservoir.  Decide what value you will use for the flow duration if this measurement is 
different from your first measurement. 
 
The images are stored in 
C:\Documents and Settings\Wireless\Application Data\Motic\Motic Images Plus 2.0\Capture 
Folder.  I recommend that copy this folder to your desktop for convenience.  Upload a copy of 
the images to a USB flash drive or a server somewhere for safekeeping.  This is your raw data.   
 
 
Part II:  Selecting data for the fit (with ImageJ): 
 
Click on the ImageJ icon to start the program.  Click on File !  Open.  In the Open Image 
Sequence pop-up box, navigate to the folder containing your images, click on the first image of 
your sequence (this will be the calibration image), and click Open.  This will be the calibration 

slide.  Use the magnifying glass ( ) and the scrolling tool ( ) to center the scale on your 
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screen.  It should run almost the full length of the screen and be fully visible.  You can also 
enlarge the display window, too. 
 
 
 
Calibration:   

Click on the line selection tool  from the ImageJ toolbar, click-hold on the center of the left- 
or right-most scale tick, drag to the center of the scale tick on the other side of your photo, and 
let go.  Select Analyze !  Set Scale from the menu, and enter the Known Distance.  (Recall each 
scale tick is separated by 10 microns; the full length is 1000 microns).  Enter “microns” as the 
unit of length, and check the “Global” checkbox so that this scale applies to subsequent images.  
Record the Distance in Pixels, your Known Distance, and the Scale in your lab write-up.   Zoom 
back out, so that the entire photograph is displayed in the ImageJ window. 

Selecting the Diffusion Profile: 
Select File !  Open Next.  The food coloring/water interface should appear vertical in the 
photograph.  If it is not, use Image !  Rotate !  Arbitrarily… to rotate the image into position.   
Don’t waste a lot of time, though, in getting the interface exactly vertical.   Use the rectangular 

selection tool  to select a sliver of the photograph, perhaps 1000 or more microns wide (x-
direction) by 50 microns or so high (y-direction), centered on the interface.  Click on Analyze !  
Plot Profile, and you should see something like 
 

 . 
 
This is a plot of the intensity across the interface, where the intensity has been averaged in the 
direction parallel to the interface.  Click the Save… button at the bottom of this graph, and give 
the file a descriptive name (e.g. profile05) so that you’ll remember that this is the profile from 
the first mark at 0.5 cm.  It’s okay to save this in the same directory where the images are stored. 
 
Close the Plot Profile window, go to File !  Open Next, select another sliver, and repeat the 
steps above until you’ve collected the plot profile for all ten interfaces.  You may quit ImageJ 
when you’re done.  It’s a good idea to backup your plot profile data to a CD or off-site location.  
 
 
Part III:  Extracting the Diffusion Coefficient 
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Click on the Diff_Fit_Program icon on your desktop to open a custom made fitting routine.  
Click LOAD DATA FROM FILE and navigate to where you saved your first profile data, 
select the data, and click Open.  You should see the profile data in the graph at right.   
 
The fitting routine fits to an equation of the form  
 
 

 Y = a * erf
)*
+

,-
.x-b

c  + d,  (5)  

 
where a, b, c, and d are the coefficients sought by the fitting routine.  Look at Equation 4.  
Taking the natural logarithm of equation 4, we get 
 

   Ln (I)  = Ln (I0)  - A
)
*
+

,
-
.c0

2  + 
c0
2  erf [

x
4Dt

]  . (6) 

 
Hence, data in the form of Ln(I) versus x can be fit to the to Equation (5).  Equations 4 (and 6) 
assume that the mid-point of the interface is at x=0; since this is not the case, (x-b) is used in the 
routine (5), where b is the center of the interface.  Comparing equations (5) and (6), you should 
see that the parameter c will be equal to 4Dt  provided that all assumptions (explicit and 
implicit) hold. 
 
Look at your graph and note the range of the Y-Data.  Click TAKE LN OF Y.  Your data should 
reappear, but “logarithmed,” and the Y-range should now be much smaller.  Now Click DO LM 
NONLINEAR fit to fit the data. This is a non-linear fitting routine, using an algorithm called 
Levenberg-Marquardt, and it requires initial guesses for a, b, c, and d that are already pretty close 
to the best-fit values for the routine to work.  You should see a red line that represents the best 
fit.  If it doesn’t look like a good fit, you need to insert better choices for a, b, c, and d than the 
default values.  Do so, and click DO MANUAL FIT to see the results.  Continue to adjust a, b, c, 
and d, clicking DO MANUAL FIT to see the results, until your red fit curve looks like a decent 
fit.  You should now be able to click DO LM NONLINEAR fit and get good results.  Record in a 
table the value for c, along with the distance of the interface from the channel origin (Use 
Microsoft Excel for this).  Repeat this process for all of your data, recording the resulting values 
for c along with site position.  Click STOP PROGRAM and close the fitting program when 
you’re done. 
 
You’re now in position to extract the diffusion coefficient.  Calculate the flow rate, and convert 
the site positions into the ten corresponding temporal values ti.  With an experimentally 
determined value for 4Dt  for each of these times ti, what will the slope of a plot of c2 versus t 
give you?  To make this plot, you might calculate c2 (i.e. 4Dt) in Excel, copy and paste the 
columns for t and for 4Dt into Logger Pro, and fit to a straight line.  Use Analyze ! Curve Fit, 
and define the function mx+b; this will give you uncertainties for both m and b instead of a 
correlation coefficient.  From this you should obtain a value for D.  [I got D = 294  ± 20 µm2/s 
with an intercept of exactly zero] 
 
The blue food coloring used here is composed of Brilliant Blue FCF molecules, 
C37H34N2Na2,O9S3, molecular weight 789.9 g/mole, dissolved in deionized, distilled water.  
Knowing the molecular weight, and assuming the molecules have a density equal to that of 
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water, calculate a value for D for these molecules using the Einstein relation, ζD = kBT, and the 
viscous drag coefficient for a sphere ζ = 6πηa.  How does this compare to your experimentally 
measured value for D?  [my DEinstein = 354 µm2/s for Blue FCF] 
 
You may keep the microfluidics card if you like—plastic bags are available for you to carry them 
in.  Otherwise they can be discarded in the red bag wastebaskets. 



!
!
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Microfluidics Lab: the Diffusion of Blue Food Coloring in Water 
 

Equipment List 
 
1 Microfluidics Circuit Card 
Make your own using Kevin Seale’s recipe, or: 
AccessTM T-sensor Card AHT-1025A;  Package of 20 cards for $300. 
Available from Micronics, Inc., http://www.micronics.net, phone: 425-895-9197  
 
1 2 oz jar with Blue Food Coloring 
We made our own mix: 20g Brilliant Blue FCF (i.e. FD&C Blue #1) per liter of water. 
Molecular formula:  C37H34N2Na2,O9S3; Molecular Weight: 789.9.  Comes as a granular powder. 
Spectrum Chemicals, cat. no. FD110-100GM, $108 for 100 g, http://www.spectrumchemicals.com 
 
1 2oz jar with Red Food Coloring 
We used McCormick’s red food coloring from the grocery store. 
 
1 100 ml beaker distilled water 
Tap water is probably fine; distilled water cleanly defines the experimental conditions) 
 
3 Transfer Pipettes  
Almost any kind of transfer pipette or eye dropper will do.  
 
1 Permanent Ink Pen 
 
1 Sheet white paper 
 
2 Sheets paper towls 
 
1 Stopwatch 
 
1 Tray, for containing spills 
 
1 Microscope with 40X magnification equipped with camera 
It is important to have uniform illumination across the sample, although in principle a non-uniform 
background can be subtracted from the data. Probably almost any "digital microscope" can be used. 
Our equipment (purchased in the dark ages) is a Nikon E200 microscope with trinocular head and Motic 
MC2000 camera attached.  Cost roughtly $5000 new, but today a $500 (or less) setup can do the job. 
 
1 Calibration Slide: 
Our Motic calibration slide came with the Motic camera. 
 
1 Computer, with software installed. 
 
Camera Image Capture Software 
Usually comes with the camera.  We use Motic Images Plus 2.0 ML 
 
Image Analysis Software: 



Used to extract the light intensity profile across the photograph. 
Many are available.  We use ImageJ, which is widely used in the field of medicine and is available for 
free fron the NIH.  This is simple but very powerful software with plug-ins that extend its capabilities 
greatly. 
http://rsbweb.nih.gov/ij/ 
 
Nonlinear Least Squares Fitting Routine  
The difficulty is finding software that will fit to the error function.  Vernier's Logger Pro, for example, 
doesn't have the error function defined inside it.  We used LabVIEW, primarily because the auther 
happens to know it. The software routine (Diff_Fit_Program) is available for free from Steve Wonnell 
 
A spreadsheet program of some kind, to tabulate and manipulate the data. 
We use Microsoft Excel. 
 
A program to plot and do a linear fit to the data. 
We use Logger Pro. 
 

 
 


