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Overview

• Image formation 

• Beads and spherical aberration

• Adapting existing systems - Super fast 
acquisition

• Bespoke microscope example - DeepSIM

• Bespoke microscope design - pro’s and 
cons



What is a microscope 
image

• The microscope produces a magnified, but 
also distorted, image

• Record the light intensity on a camera.



Microscopic imaging in 
mathematical terms. 

• Take your sample

• Multiple it at every point by the imaging 
process in the microscope (convolve the 
PSF with the object).

• Produce the image.



The most important 
things to think about.

Contrast :- What is the difference between what you 
want to see and everything else?

Resolution :- How small things can you see?

Nothing else



Objective lens

Specimen

2θ

• No lens has perfect 
resolution, even in theory

• Resolution depends on 
the angle (θ) of the cone 
of light that the objective 
can collect from the 
specimen.

• Rule of thumb: 
Resolution limit ~ λ/2

Microscope Resolution



Resolution: A technical definition,

 the Rayleigh Criterion 

D

D=1.22 λ/(NAobj+NAcond)

D, the distance of two 
closest points that can be 

distinguished

Epi-Fluorescence: NAcond = Naobj 
 so D=1.22λ/2NA



The Point Spread 
Function - PSF

• The image of an infinitely small point.

• Limited by resolution

• 3D structure also very important.



Image quality- the problem of "out-of-focus light"
point spread function and airy rings

Sample object:  a "sub-
resolution" 

fluorescent bead



Theoretical and measured PSF
Orthogonal views

Generated PSF
Real PSF



90 microns 
    thick

Surface of slide

Surface of cover slip

Bead slide 

Tetraspeck beads: chromatic registration 
DAPI/FITC/Rhodamine/Cy5

Beads (PS Spec): Single fluorochrome
Brighter -better for generating
point spread functions for deconvolution

Inspec Intensity beads: Measure dynamic range
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Affects of deep imaging (90µm) and collar settings 
on spherical aberration and psf of 60X/NA1.2w
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10 µm

0 µm

coverslip

170 nm beads
RI oil 1.512
RI medium 1.40
Gamma 0.3

Spherical aberration dependent on wavelength, depth, RI 

z-depth



Adapting Existing Systems - 
Super Fast Acquisition (FastZ)

• Ramp the Z position instead of stepping it

• Take images as fast as possible during ramp

• Delay between stacks to allow stage to 
return to initial position



Coventional widefield 
Z stack
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Coventional Z stack
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Ramp Z stack
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Comparison: 
 FastZ to normal
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Speed increases

• Depends on stack height, image size, 
exposure time.

• Test sample, 512x512 pixel images, 1 ms 
exposure 20 Z slices of 200 nm.

• Conventional cycle time = 575 ms

• FastZ cycle time = 109 ms



FastZ - Results

Me31B-GFP Drosophila oocyte
25-slices, 8 stacks/s - 200 frames/s



Bespoke Microscope 
Example - DeepSIM

• Live fluorescence imaging  

• Simultaneous electro-physiology 

• Rapid Z stacks, with minimal sample disruption 

• Deeper imaging utilising Adaptive Optics (AO)



Live imaging

Upright microscope Fast imaging



Fast Z movement issues



AO - Remote Focus 



AO - Aberration correction



Start with simple design

grating

polarization
rotator

C5L

6LL

CLL C75

DMC75C75C75

6LL

CLL micron fibre

Notes

The design shows defocussing of light from a CLL micron fibre by a C5Lmm lens~  For 
direct launchS the C5Lmm lens may be replaced with a telescope to expand the 
incident beam~  Prior to this telescopeS each beam should be treated so that they 
all share a similar diameter~  )The Zemax design shows semi-diameters of around 
7~5mm at both the C5Lmm achromat and the grating~I

Immediately prior to the gratingS the beam is focused at infinity~  This region can 
be extended to allow more space for flip mirrors to auxilliary paths~

The Lth-order is also infinity focused in several regions after the gratingS but 
component separations can not be adjusted hereS as changes to the path of the Cst-
order beams will affect the formation of the SIM pattern~

Auxilliary paths can merge between the polarisation rotator and the first C75mm 
achromat~ A 7mm diameter parallel beam inserted here will yield a ~45 micron spot 
in the object plane~

 

Lenses

CLLmm  ThorLabs  AC654-CLL
C5Lmm  ThorLabs  AC654-C5L
C75mm  Newport   PACL6C
6LLmm  ThorLabs  AC654-6LL

detector



Add complexity



DeepSIM

• System built and working for WF and SIM with 
Adaptive Optics 

• Starting real biological experiments



2 channel live imaging



DeepSIM AO images
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Bespoke 
Microscopes

Why bother?

Specific applications -better than commercial 
microscopes 

Flexibility 

Cost



Bespoke 
Microscopes

Why NOT to bother?

•Salary of physicist/engineer required 

•Long building time required (it’s hard) 

•Not supported by a company  
(repairs are costly and lengthy) 

•Not always easy to use by biologists



Example of Bespoke Microscopes
DeepSIM microscope  
Designed and built by John Sedat, Antonia Göhler, Mick 
Phillips, Ian Dobbie and Mantas Zurauskas, Micron 
Oxford 

Live PALM microscope  
Designed and built by Stephan Uphoff and Achillefs 
Kapanidis, Micron Oxford 

WOSM  
Designed and built by Nick Carter and Rob Cross, 
Warwick University 

Openspim  
Designed and built by Pavel Tamacek and his team at 
Dresden MPI 

CryoSIM microscope  
Designed and built by Mick Phillips and Ian Dobbie at 
Diamond Light Source



Software options

• Lab view 

• Micromanager 

• DIY: SDKs - C++, Python, Visual basic



Lab view example

• Lab view 

• Micromanager 

• DIY: SDKs - C++, Python, Visual basic



Micromanager
http://valelab.ucsf.edu/~MM/MMwiki/

http://valelab.ucsf.edu/~MM/MMwiki/


Cockpit & microscope



Some rules of thumb

• Clean and dust free environment 

• Oscilloscope and soldering iron - you will need 
them! 

• Good tools and spare parts 

• Important to think about user interface 

• Important to think about continuity of the 
project and workflow of experiments 

• Important to think about data storage and analysis



Justification for Bespoke 
Systems

• Often necessary for specific specialised 
problems. 

• Easily optimised for several 
parameters, speed, sensitivity etc... 

• Can provide extremely flexible systems
BUT think hard as it is likely to be harder, 
longer and more expensive than at first 
thought.



How expensive is it?

Building costs  
Hardware ~£100-250k 
Salaries 1-3 years (~£50-£150) 
Total cost ~£150-350k

Commercial  OMX system ~£400k



Summary

• Recap on image formation

• Fluorescent beads showing aberrations

• Examples of bespoke development

• Bespoke microscope building projects pro’s 
and cons.


