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Abstract: With rapid developments in microscopy methods, highly versatile, robust and affordable implementations are needed
to enable rapid and wide adoption by the biological sciences community. Here we report Squid, a quantitative imaging platform
with a full suite of hardware and software components and configurations for deploying facility-grade widefield microscopes with
advanced features like flat field fluorescence excitation, patterned illumination and tracking microscopy, at a fraction of the cost
of commercial solutions. The open and modular nature (both in hardware and in software) lowers the barrier for deployment, and
importantly, simplifies development, making the system highly configurable and experiments that can run on the system easily
programmable. Developed with the goal of helping translate the rapid advances in the field of microscopy and microscopy-enabled
methods, including those powered by deep learning, we envision Squid will simplify roll-out of microscopy-based applications
- including at point of care and in low resource settings, make adoption of new or otherwise advanced techniques easier, and
significantly increase the available microscope-hours to labs.

1. Introduction

The past few years have witnessed tremendous developments of microscopy hardware systems, software and techniques. These
developments include, to name a few, state of the art yet accessible super-resolution, sSmFRET, all-optical neurophysiology and
light sheet systems [1-39], low-cost microscopes with a variety of applications and demonstrated value in education [40-50],
tracking microscopes that open new dimensions in studying freely behaving organisms [51-54], computational microscopy that
overcome conventional physical limitations by properly combining optics and computation [55-70], computational methods and
software for getting the most out of acquired data using physics and/or prior information/mining underlying structure in the data
through deep learning [66, 68, 71-100], as well software for visualizing the data [101-104]. On another end of the spectrum,
techniques like expansion microscopy [105, 106], spatial transcriptomics [107—113], multiplex protein imaging [114—118] expand
our ways in understanding biology and disease, but at the same time are calling out for significant more microscope-hours. To
fully keep up with and take advantage of these developments and advances, including new applications enabled by artificial
intelligence, the availability of motorized microscopes also need to be drastically expanded, with implications on cost and
footprint for individual systems.

Presently most labs leveraging imaging in their research practice have access to only a handful of microscope systems at any
given time due to cost, development time, and the highly-sought after time in central imaging facilities. This limits the overall
microscopy hours and freedom to implement the latest advances. To best leverage the rapid pace of microscopy development
while also increasing the available microscopy hours for labs, it would be desirable to have an open, modular and relatively
low-cost microscopy platform that has little or no compromise in performance when compared to existing high-end solutions.
Towards this, building on our previous work Octopi [44] and others, we developed Squid, a full suite of modular and open
source hardware components/configurations, and software programs, to implement facility grade widefield microscopes and other
application-specific imaging platforms at a fraction of the cost of commercial solutions ($500-$8k as compared to $50k-$150k).
Our platform has the added benefits of compactness, advanced features such as flat field fluorescence excitation, patterned
illumination, tracking microscopy etc., as well as ease of setup, maintenance and development in both hardware and software.

Up to date, more than 15 Squids have been built with a plethora of applications including live imaging inside incubators,
long term tracking of motile single cells, plate readers for implementing a SARS-CoV-2 multiplex ELISA assay [119], spatial
omics and bringing high-end microscopy techniques to field settings such as ocean going research cruise (R/V Kilo Moana
during the HOT 317 research cruise, Dec 2019). The modularity of our approach and several other recent platforms including
Planktonscope [48], UC2 [?], OpenFlexure Microscope [50], Flexiscope [120], smfBox [23], miCube [8], liteTIRF [2] - highlight
the importance of inter-operability of components and flexibility that is provided to the research users when adopting ever
expanding microscopy techniques. In the rest of this pre-print, we describe the technical features of Squid, present some
characterizations as well as early results demonstrating its capabilities.
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2. Results
2.1. A full suite of hardware building blocks for configuring facility grade microscopes

To simplify development and allow rapid configuration for various applications, we created a full-suite of microscope building
blocks (Figure 1). We chose to use off-the-shelf components and CNC machined parts to optimize for performance, quality
control and ease of assembly. By designing the blocks ground up from these components with the goal of meeting broad
microscopy use needs (but not trying to meet all possible needs), we reduced the cost by a factor of 10 to 50 compared to
commercial counterparts, lowering the cost and access barrier to high performance imaging systems.

The microscope system can be controlled by any computer running Ubuntu (preferred) or Windows, including embedded
computers like the Nvidia Jetson family. An Arduino Due is used for interfacing a control-panel, as well as for low-level
control of motion, illumination, hardware camera triggers and other applications where high timing resolution and accuracy is
necessary. The Arduino Due and the computer communicate through USB-based virtual COM port at 2 Mbit/s. PCB boards are
implemented to allow robust integration of different electronic components. Currently a stackable, modular design is used to
allow sequential development and future expansion of functionalities. Already implemented boards include a processing plane
for interfacing the Arduino Due, a motion plane with 4 TMC2209 Silent Step Stick stepper motor drivers, as well as a board for
the control panel and a board for interfacing the motion plane with encoders and limit switches. Notably, the driver stack can be
used to support any motorized stages that are stepper motor-based. Illumination boards with 6 laser diode drivers (using TI
DACS80508, a 8-channel 16 bit DAC and Wavelength Electronics laser diode drivers) and 6 LED drivers (using TI TPS92200) are
currently being designed (a 8-channel DAC Arduino shield based on TI DAC8568 is also available from [121]). The board will
include SMB interfaces to allow control of other commercial laser and LED engines.

While some of the modules presented in Figure 1 will be described in more detail in the following sections, Figure 2 shows
some example optical configurations that can be implemented. So far we have several implementations based on Figure 2 A, B,
E for a variety of applications ranging from long term imaging, plate reading, multi-color fluorescence imaging of pathology
specimens to tracking microscopy, and are currently bringing online implementations based on Figure2 F and G to extend
high-speed tracking to 3D.

2.2. Python-based software

To supplement the modular hardware suite, we have developed a highly modular, object-oriented, python-based control software
(with code-structuring inspiration from [3], which is based on [140]). The code is divided into drivers (for cameras, microcontroller
and and other devices that may need to interface directly with the computer), core functionalities implemented as controllers
(e.g. camera stream handler, threaded image saver, live controller that controls the current microscope mode and its settings,
configuration manager that manages loading, updating and saving of microscope configurations; core functionalities also include
application specific controllers, e.g. for tracking and for multi point acquisition), widgets that serve as interfaces between the user
and the functionalities, and a top level GUI that instantiates different controllers and widgets and links the objects together. This
approach to software has made it very easy to switch between microscope hardware configurations as well as further expand
functionalities. Figure 3 and Supplementary Video 1 show an example of one graphical user interface.

2.3. Motorized focus block and XY stage

One central piece available from the suite of building blocks is the motorized focus block (Figure 1A), which is constructed with
a ball bearing linear stage with a coupled linear actuator. A piezo stack is optionally inserted between the stage and the shaft of
the linear actuator to allow nm resolution focus adjustment. The use of a Thorlabs lens tube clamp for mounting an optical train
(objective, imaging lens, cameras and necessary adapters for connecting them) makes it easy to quickly switch between different
optical trains without taking apart the assembly, where Thorlabs SM1 lens tube and the associated adapters allow most objectives
to be mounted. For more complex optical trains, the block provides direct mounting of cage cubes (Figure 1B), which decouples
the objective from the rest of the optical train, allowing the objective to be moved for focus adjustment while other components
remain stationary, similar to what’s in commercial microscope bodies. The focus block can be mounted either through a post
mounting clamp to a 1.5" diameter post, or on a machined structure for easily and robustly integrating with longer downstream
optical paths or more sophisticated optical setups.

Characterization of the motorized focus block shows sub-200 nm resolution with 1/8-microstepping and good open-loop
repeatability (Supplementary Figure 1A-H). We note that when doing z-stack in open-loop, to achieve good repeatability and
uniform step size allowed by the mechanics, a back-and-forth maneuver is needed to counteract mechanical backlash in the linear
actuator (Figure 11-L), which is present despite the actuator being spring-loaded by the linear stage. We also found that due to the
mechanical backlash and limitation of lead screw accuracy, rotary encoders have very limited utility in this application (Figure
1A-K). To support closed-loop positioning for improved accuracy and repeatability, we’re currently integrating an optical encoder
that supports 5 nm resolution and can be used for homing purpose (Supplementary Figure 2). In the characterization experiments,
we also show that the focus stage can move at speed of at least 5 Hz with 180 um peak-to-peak amplitude (sinusoidal) when
driven by the linear actuator and 30 Hz with 2.5 um peak-to-peak amplitude (sinusoidal) when driven by the piezo stack (limited
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Fig. 1. Squid hardware. (A) Motorized focus block (B) Motorized focus block with two cage cubes mounted (C) 28 mm x 28 mm motorized
XY stage (D) 140 mm x 80 mm travel motorized XY stage with a well plate adapter (E) A typical image formation assembly with an industrial
camera and a machine vision imaging lens (F) Flat field laser epi-illumination module (G) Flat field LED epi-illumination module (H) LED
matrix trans-illuminator (I) Control panel with an analog joystick, a focusing knob, a toggle switch and two rotary potentiometers. Currently the
toggle switch is used for enable tracking (when implementing tracking microscopy) and one of the potentiometers is used to adjust the XY stage
max speed. (J) Driver stack (shown also a Jetson Nano for running the microscopes in place of a laptop or desktop computer) (K) One example
configuration: upright microscope for reading a 96-well plate (termed Nautilus from here on-wards, see also [119]) (L) Second example
configuration: multi-color flat field epifluorescence microscope with simultaneous transmitted light channel (e.g. for tracking microscopy).
Various other configurations are described throughout the paper.

by the travel of the piezo stack; a longer piezo stack with larger travel, e.g. Thorlabs PK2FSF1 that has 220 um free stroke,
can be used if necessary). For applications where faster scanning or scanning a larger range is needed, remote focusing with a
tunable lens or a higher speed stage is more suitable [141]. We also measured z-drift over more than 30 hours and found the
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Fig. 2. Example microscope configurations. (A) The simplest, single-camera configuration, which may be used for fluorescence with
oblique angle illumination [40,44] or waveguide illumination. (B) A single camera configuration with epifluorescence illumination. By using
multiband filters and dichroics or a color camera [44], multicolor fluorescence microscopy can be achieved. The same camera is also used for
non-fluorescence contrasts. (C) A single camera configuration with both epifluorescence illumination and a reflection-based focus stabilization
system (e.g. [3,7,122,123]). The second dichroic filter can be a 775 nm short pass dichroic. Alternatively, if bead fiducials can be introduced,
the laser can be replaced with an IR LED above the sample to limit the drift to below 1 nm across all three dimensions [124—127]. (D) Another
camera is added so that two or more fluorophores can be imaged at the same time [128—131]. Depending on fluorophores, filters and dichroics,
either one or two lasers can be on for simultaneous multicolor fluorescence. (E) A two camera configuration with epifluorescence, where one
camera is for tracking with IR illumination. (F) A three camera configuration with two cameras for both in plane and focus tracking. A mirror
that divides the aperture into two cameras is used to manifest defocus as image shift. (G) A three camera configuration where one camera is
used with an electrically tunable lens for volumetric imaging and focus tracking. For the arm with electrically tunable lens, a 4f system can be
used to place the tunable lens at the imaged back focal plane of the objective so that there’s no magnification change when focus is swept.
Alternatively, a z-splitter may be used to trade off FOV or spatial resolution with temporal resolution with one [124, 132—134] or multiple
cameras [135-139]. Note all configurations can be upright, inverted, or horizontal for vertical tracking microscopy [54].

likely temperature-correlated drift to be < 1um.
A motorized XY stage with 28 mm x 28 mm travel is constructed similarly to the z-axis stage (Figure 1C). Currently we’re
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Fig. 3. An example graphical user interface for the microscope. Using this GUI, user can set camera and illumination
parameters for different configurations, move the sample, adjust focus, and control multi-point, multi-configuration
acquisitions.

using a NEMA-8 linear actuator with 5 um full step size, which allows max speed of about 10 mm/s. The max speed may be
increased to 120 mm/s by switching to larger NEMA 11 or 14 linear actuator, reducing the spring constant of the springs in
the ball bearing XY stage, increasing the drive current of the linear actuator or a combination of these. A sample holder was
designed for mounting standard glass slides, cover slips and petri dishes. This module can be directly mounted on a 1.5" post,
which in the inverted configuration, can be the same post used for the focus block.

For applications that requires larger travel, we have made use of linear guide rails-based, ball screw driven motorized stages
(Figure 1D) and lower cost lead screw driven motorized stages [54]. We did find parallelism performance issue for the ball screw
driven stage employing a NEMA 8 stepper motor and in future revisions we will use stages with cross roller bearings.

Given the unique construction of the microscope (Figure 1K-L) - including the way lenses and cameras are mounted (Figure
1E; also discussed in the next section), and that the microscope may not sit on an optical table, we set out to characterize the
stability of the system and its immunity to vibrations, if any. We did so by imaging single or clusters of 83 nm diameter YG
fluorescent beads (Polysciences, cat# 17150-10) with a 60x/1.49 NA objective. When the breadboard sits directly on a table, we
did observe oscillation at around 60 Hz with peak to peak amplitude of around 40 nm (Figure 4 A,B). Adding 4 sorbothane feet
(Thorlabs AV3) underneath the breadboard effectively suppressed the oscillation (Figure 4 B,C).

2.4. Imaging Lens and Camera Assembly

Another building block extensively used in different configurations is the imaging lens + camera assembly, which consists of
a machine vision lens and an industrial camera. The industrial cameras uses the latest generations of CMOS sensors with
convenient USB3, GigE or MIPI interfaces. A wide range of sensors with different number of pixels, pixel size, frame rate,
shutter (rolling vs global) can be selected based on applications. The smaller pixel size allows use of lens of shorter focal
length (50 mm or 75 mm as compared to 165 mm - 200 mm) for image formation, making the system more compact. While
commercial tube lenses at these focal length does not currently exist, high resolution (5 MP-20 MP) machine vision lenses
properly corrected for different aberrations are available at relative low cost ($100-$500). To compare the performance of our
imaging lens + camera assembly with its counterpart in commercial setups, we imaged the same region of cells with labeled
cDNA amplicons with a f = 200 mm tube lens that’s part of a Nikon Ti2 microscope + a Prime 95B sCMOS camera (2.6 MP, 11
um pixel size) and a f = 50 mm machine vision lens (HIKROBOT MVL-HF5028M-6MP) with an industrial camera (Daheng
Imaging MER-1220-32U3M) using Sony IMX226 (12 MP, 1.85 um pixel size), using the same exposure time. For the Prime 95B,
an additional 1.5X magnification is used so that the objective side pixel size is similar to that of the Sony IMX226 (122 nm vs 127
nm). For the Sony IMX226, a 4f system is used to bring the back focal plane of the objective outside the microscope body so that
the f = 50 mm imaging lens can be used. Figure 5 shows that an industrial CMOS camera paired with a high resolution imaging
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Fig. 4. Stability of the system. (A) Time trace of the centroid of a cluster of beads (camera sensor: On Semiconductor Python 300, exposure
time: 1 ms). Inset: image of the cluster of beads used for localization. (B) Fourier Transform of the time trace of the centroid (along x),
showing a dominant peak at around 60 Hz when AV3 Sorbothane feet are not used. This peak and other peaks are effectively surprised after
AV3 Sorbothane feet are added. (C) Time trace of the centroid of a single bead (camera sensor: Sony IMX226, exposure time: 50 ms). Inset:
image of the bead used for localization). The drift over a minute in this particular measurement is within 20 nm, which is comparable to the
reported drift on a Nikon Ti with perfect focus after 30 min equilibration [2].

lens can deliver results as good as from the much more expensive commercial counterparts (see [19, 88, 125,135, 142—-144] for
more studies comparing the use of an industrial CMOS sensor vs the use of an sSCMOS or EMCCD).

A Prime 95B + Ti 2 tube lens w/1.5x B Sony IMX226 + 50 mm imaging lens

Fig. 5. Comparing one of our image formation assembly ((HIKROBOT MVL-HF5028M-6MP + Daheng Imaging
MER-1220-32U3M) with its counterpart in Nikon Ti2 with a Prime 95B camera. The contrasts are linearly adjusted
for better comparison. Note that in our latest implementations we use HIKROBOT’s newer 50 mm machine vision
lens (MVL-HF5024M-10MP) that has a larger aperture and better supports small pixel size.

The wide range of available industrial CMOS sensors makes it possible to choose a camera with a suitable sensor for a given
imaging experiment. For example, we used a camera with an On Semiconductor Python 300 sensor supporting 860 fps with a
100x/1.25 oil objective to image three different ultrafast events in Vorticella sp. (Figure 6, Supplementary Video 2). The same
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camera and other global shutter CMOS cameras with selectable ROI (e.g. IMX250) can be used for high speed volumetric
imaging or focus tracking when combined with a tunable lens. In another setup, we took advantage of the Sony IMX250MZR
sensor with integrated polarizers on top of pixels to perform single shot polarization imaging (Supplementary Figure 4), which
would otherwise require a more complex setup [145, 146]. This same polarization camera can be used for volumetric imaging of
intrinsic density, anisotropy, and 3D orientation of cell and tissue components [66, 67].
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Fig. 6. Demonstration of high speed imaging with an On Semiconductor Python 300 CMOS sensor using Vorticella sp. as an example. (A)-(D)
Ciliary beat frequency estimation by identification of dominant frequency in the time series data (0.58s, 500 frames, 860 fps) of the minimum
pixel intensity value in the selected box. The observed frequency of 41.5 Hz at 25°C is close to previously reported value of 40 Hz [147].
(E)-(H) Metachronal wave speed estimation for the collective motion of oral cilia using time series data (0.58s, 500 frames, 860 fps) from
position of pixel intensity minima measured along the annotated line. The projected speed is 341 um/s xx = 1071 um/s, which is close to
previously reported value of ~1000 um/s [147,148]. (I)-(L) Stalk myoneme contraction speed calculation from a time series (single event over
5 frames) of pixel intensity maxima position measured along the annotated line. Images shown here are denoised by FFDNet [149]. Raw
images can be found in Supplementary Figure 3.

2.5. LED array llluminator

To allow programmatically controlled illumination (not only intensity but also NA and angles) [57] and fast single or two-shot
autofocus [150], we implemented an illuminator consisting of an 8x8 programmable LED array and a condenser with a diffuser
surface (Figure 1 H, Figure 7). This illuminator and its variations (e.g. LED matrix with more LEDs, LED ring) may be used to
enable techniques including quantitative phase imaging, intensity diffraction tomography and Fourier ptychographic microscopy.
Other illumination modules that have been used in these applications can also be adopted [57,61,69, 151, 152]. We are further
incorporating an LCD-TFT display for finer control of the illumination, which can be used in recently developed techniques in
quantitative phase imaging [59,67].

2.6. Multicolor Epifluorescence lllumination and Patterned lllumination

Multicolor flat-field epifluorescence illumination is desirable in many applications. To make this feature more readily accessible,
building on top of others’ work [18, 153, 154], we have developed an easy-to-integrate flat field launch using square core
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Fig. 7. Imaging with a LED matrix illuminator. (A-C) Differential Phase Contrast of culture of human conjunctival epithelial cells. Compared
to bright field (D), the contrast is significantly improved. (C) also compares the DPC result from raw images and images denoised with FFDNet.
(E-H) Fast two-frame autofocus. The amount of defocus (including the sign) can be calculated from the pixel shift of a pair of images with
opposite halves of the LED turned on [150].

multimode fiber (Figure 1 F and Figure 8 A inset) and a low-cost (about $1000), compact and alignment-free multi-color laser
engine (Figure 8 A). Because the magnified image of square fiber core (formed by the 80x objective) is imaged into the infinity
space of the imaging objective, translation of the objective or switching objectives would not affect the image of the fiber (the
illumination profile) in the object plane. By adding a translation module, TIRF and HILO (highly inclined and laminated optical
sheet) [155] illumination can be achieved.

Using 105 ym multimode fiber pigtailed laser diodes in our laser engine and a quad band filter set, we are able to get 43.3
mW of 638 nm, 12.4 mW of 488 nm and 10.3 mW of 405 nm excitation at the object plane of a Nikon 20x/0.75 apochromatic
objective (for the second laser engine we constructed, we're able to get 60.6 mW of 638 nm, 23.6 mW of 488 nm and 20.3 mW of
405 nm after a 4x achromatic objective, and 58.9 mW of 638 nm, 19.5 mW of 488 nm and 12.8 mW of 405 nm after a 10x
achromatic objective). To increase the laser power, besides choosing laser diodes with higher output power (e.g. a 700 mW laser
diode at 638 nm is readily available from the same supplier), additional laser diodes can also be added. As for 561 nm, we have
evaluated a compact, frequency doubled quantum dot laser from QDLaser with up to 15 mW output in single mode fiber (versions
with 25 mW output using a multimode fiber and 50 mW free space output also available), which can be directly modulated up to
100 MHz - an advantage over diode pump solid state (DPSS) lasers frequently used at this wavelength. We have also recently
identified a lower cost ($ 1200), 150 mW fiber-coupled Nd:YVO4 DPSS laser with PPLN intracavity frequency doubling and will
be evaluating it soon. Currently, speckle reduction is implemented with shaking an inserted section of multimode fiber with a
coin vibrator (15000 rpm), which performs well (Figure 8 B-E) but can also be further improved, especially for the more coherent
561 nm line. As an example application, we imaged two CODEX-processed samples (Figure 8 F-G, Supplementary Video 3),
where z-stacks (17 planes, 1.5 ym spacing) were taken and the results are deconvolved with an unmatched back projector [77].

We note that using the laser engine and flat field launch, HiLo microscopy [156, 157] can be readily applied, although the
requirement of speckle being fully developed for the speckle image will limit the imaging speed for multicolor acquisition as
the laser diodes are currently switched on/off directly. To break this limit without requiring expensive electrical or acoustic
modulators (or requiring the lasers to be free-space coupled so that mechanical shutters can be used), additional dichroic beam
splitter and detection paths can be added so that multiple lasers can remain on at the same time. For applications requiring single
spatial mode (e.g. light sheet generation), single mode pigtailed laser diodes or modules and single mode fiber combiners are
also readily available.

As an alternative to laser-based illumination, we have also implemented LED-based flat field illumination (Figure 9). Because
of the large étendue of LED source, only a small fraction of optical power will be delivered to the object plane. Using a Thorlabs
M405D2 at 1.2A driving current, which results in > 1.5 W emitted optical power, we’re able to get 64 mW at the object plane
after a 10x/0.25 NA objective, for illuminated area of 1.65mm x 1.65mm. Multiple LEDs can be combined with light delivered
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Fig. 8. Flat field multicolor laser epifluorescence illumination. (A) Photo of the laser engine and flat field launch. 1: three multimode fiber
pigtailed laser diodes (405 nm, 488 nm and 638 nm) mounted in a custom machined copper block attached to a Jetson Nano heatsink, 2: 561
nm fiber pigtailed laser module from QDLaser, 3: fiber combiner, 4: fiber-shaking speckle reducer, 5: 150 um square core fiber, 6: flat field
launch consisting of an 80x metallurgical objective and a 40 mm Hastings triplet. If square core fibers with larger core sizes are used, an
objective with lower magnification or an achromatic lens may be used. (B-E) Illumination profile measured with highly concentrated thin
fluorescent film (Materials and Methods) (F-G) Max intensity projection of z-stacks (17 planes, 1.5 um spacing) of a CODEX-processed tonsil
sample and tissue core (blue channel: nucleus stained by Hoechst, green channel: autofluorescence, yellow channel: CD45 stained by Cy3 , red
channel: CD34 stained by Cy5). Deconvolution is done with an unmatched back projector [77]

to the microscope in free space or through a liquid light guide (many customizable off-the-shelf solutions are already available,
e.g. from Prizmatix and bluebox optics). Higher power LEDs (>10W optical power at the LED) widely used in 3D printing and
projectors are available at low cost, and can be used if appropriate heat sink is implemented.

Further more, using the configuration in Figure 2B, we demonstrated patterned illumination with a DLP projector (Figure
10), which, along with its LCoS alternatives, may be used to perform targeted photo-stimulation [24-27, 158] and structured
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Fig. 9. Flat field LED epifluorescence illumination. (A) Photo of the setup. The LED is collimated with an aspheric condenser (Thorlabs
ACL25416U-A). A 75 mm achromatic lens (Thorlabs AC254-075-AB) is inserted in the optical train in the 4f configuration with the objective
lens. A square aperture is placed at the plane conjugate to the object plane as a field stop. Insets show photo of the square illuminated spot and
the measured profile. (B) Fluorescence from a prepared tissue section with 405 nm excitation imaged with a 10x/0.25 objective and a color
camera.

illumination for optical sectioning and/or super resolution [19,21,25,52,137,159, 160]. Alternatively, lasers may be used in
place of the LED for higher efficiency or for coherent SIM [20, 161-164]. In applications where laser lines at 450 nm, 520 nm
and 640 nm suffice, RGB laser projectors may be used for compact integration.

2.7. Tracking Microscopy

Conventional, fixed field-of-view (FOV) microscopy techniques are not suitable for studying live, highly motile, suspended
organisms capable of complex and fast movements. To image these cells during unrestrained behavior, one is forced to sacrifice
optical resolution to gain a larger FOV. Tracking microscopy is a valuable method that solves this challenge by continuously
re-positioning the sample stage or imaging system to keep the tracked organism within the microscope FOV. This allows one
to obtain sub-micron resolution images of an organism while allowing unrestrained behavior over scales much larger than the
organism’s size [51-54, 165]. By incorporating software elements we had previously developed [54], we imparted our Squid’s
with tracking capabilities. Since the software was written in python, it is straightforward for us to integrate state-of-the-art deep
learning-based computer vision trackers [166] to allow fast, robust tracking even in complex and crowded environments.

We demonstrate tracking microscopy with Squid by measuring tracks of organisms over a wide range of sizes (10 um to
1000um) and diverse behaviors. In particular, we tracked small flagellates such as Chlamydomonas, fast-swimming ciliates
including T. pyriformis, Didinium sp. and the giant ciliate S. ambiguum (Figure 11, Supplementary Video 4). In all cases
across diverse sizes, shapes and behaviors of the organisms, we demonstrate successful tracking and obtained trajectories at high
spatio-temporal resolution while concurrently obtaining high-resolution dark-field images. While dark-field is the imaging mode
shown here, it is possible to combine tracking with any of the microscope configurations described in previous sections.

We further characterized the tracking performance in the experiments by calculating the distribution of tracking errors over
thousands of images. The distributions (Figure 12 B-E) show that even during complex, fast swimming behaviors the tracking
error remains well within the microscope FOV indicating successful tracking. Further, we demonstrate the robustness of the
tracking system in complex, crowded environments by tracking a single 7. pyriformis cell in a dense culture. Figure 12 F, G and
H show the remarkable performance of the combination of both hardware and software tracking systems that are able to follow
the given cell of interest in a highly-crowded environment despite multiple crossing and occlusions by cells of similar size, shape
and swimming behaviors.

3. Discussion

In this preprint we described Squid - a modular platform for widefield research grade microscopes that are affordable - and
present some of its technical capabilities and flexibility by demonstrating a wide variety of configurations. We also document
the construction on our website at https://www.squid-imaging.org. With its high modularity, components of its
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Fig. 10. Patterned illumination with a DLP projector. (A) Photo of the setup. The projection lens is replaced with a f = 180 mm tube lens
(Olympus SWTLU-C). A 20x/0.75NA objective is used. A mirror at the object plane is used for the pattern measurement (B) An example of
projected pattern. (C) Projected red and green stripes imaged with a monochrome sensor. (D) Measured (blue dots) and fitted (red lines)
illumination profile with different stripe spatial frequencies). (E) Achieved contrast as a function of spatial frequency in the object plane.

hardware and software may be either built/used as is or integrated into existing solutions. While we provide a full suite of modules
for a wide range of applications, users can also take advantage of other open source modules or commercially available products
(motorized stages, lasers, LED engines etc.). The presented mechanical construction of Squid assumes use of compact and light
weight industrial CMOS cameras, which have satisfactory performances in many applications [19, 125, 135, 137, 142-144] and
can be further enhanced by generic denoising [149] or automatic correction of CMOS-related noises [88]. In applications where
bulkier EMCCD or sCMOS camera are desirable or must be used (for example when the speed of the CMOS rolling shutter
needs to be controlled to synchronize camera exposure with light sheet movement [30,31, 167, 168]), additional CNC machined
parts can be designed to provide needed alignment aid and mechanical support.

Squid provides a framework and the set of components for users to implement microscopes that can be tailored to specific
applications with reduced budget, effort and turnaround time. With starting cost of less than $2000 (Supplementary Table 1),
which includes full motorization and may be further reduced through optimization, the microscope can deliver functionalities
and performances of commercial options that are 10 to 50 times more expensive. The developed motorized XY ($500) and Z
stages ($300-$700 depending on encoder option), fiber coupled laser engine ($1000 for 405 nm + 488 nm + 638 nm, starting
at $2000 for 405 nm + 488 nm + 561 nm + 638 nm) and tested lens and camera options (starting at $420 for a 12 MP CMOS
camera and a 10 MP rated =50 mm lens) also provide considerable cost reductions for home-builders. Beyond cost saving, high
performance and versatility that have been described, Squid is designed to be easy to assemble - even the most sophisticated
implementation reported in this preprint can be put together from individual parts and brought online within a single day. The
constructed microscope has a small footprint, does not require an optical table to operate, and can be easily transported not only
within labs but also to field sites. The open nature and standard interfaces also simplifies future expansion. Because the user has
full control of the Arduino-based firmware and Python-based software, it’s straightforward to further customize the system and
include additional functionalities. These attributes of Squid make it an ideal candidate for greatly increasing the accessibility
of high performance research microscope as well as for rapid dissemination and adoption of wide ranging new developments
in microscopy and microscopy-based techniques and otherwise advanced features that would require additional premiums in
commercial solutions.
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Fig. 11. Demonstration of tracking microscopy using Squid for a wide range of organisms spanning Chlamydomonas sp. (size 10 um), T.
pyriformis (100 um), Didinium sp. (300 um) and S. ambiguum (1000 um). (A) Measured track of Chlamydomonas sp. and (C), (F) and (I)
show the measured tracks for single organisms over the scale of the chamber (diameter 20 mm) for T. pyriformis (organisms, tracks n = 24),
Didinium sp. (organisms, tracks n = 6) and S. ambiguum (organisms, tracks n = 10), respectively. (D), (G) and (J) show zoomed-in track
segments over a 2 mm scale, demonstrating the fine-resolution made possible by the combination of software+hardware tracking. (B), (E), (H)
and (K) Snapshots of Darkfield images that show the organism being tracked with micron-scale resolution.

Materials and Methods
Microscope Hardware Components

While 3D printing has been widely taken advantage of in democratizing open source tools [47,49, 50], for custom parts we
deliberately choose to use CNC machining, which often requires parts to be ordered from vendors but offers exceptional
mechanical properties, tight tolerances at price point not much more expensive than 3D printing, esp at qty greater than 5. We
use Thorlabs cage and lens tube systems so that users can take advantage of their wide selection of off-the-shelf components and
build the microscope with as little need in alignment as possible.

Bill of Materials (Supplementary Table 1-3) and 3D CAD files can be accessed on our website (https://www.
squid-imaging.org).

Software

The firmware that currently runs on an Arduino Due is developed with the Arduino IDE, using libraries including TMCStepper,
AccelStepper, DueTimer and Adafruit_DotStar. In a future version, stepper control will be moved to hardware using stepper
controller ICs (Trinamic TMC4361A). The software that runs on the host computer is written in Python and uses libraries including
pyqtS/pyside2, pyqtgraph and opencv. A microcontroller class is implemented in microcontroller.py to handle communications with
the Arduino Due. Controllers are implemented in core.py. Widgets that wrap around the controllers for the graphical user interface
are implemented in widgets.py. Different objects that together constitute the control program are instantiated and connected in
gui.py. Software (firmware included) can be found at https://github.com/hongquanli/octopi-research.

Flat field laser illumination profile measurements

The illumination profile at the sample is measured using highly concentrated fluorescent dye samples [169], as previously
described [170]. For 488 nm, 561 nm and 638 nm, we used Fluorescein Sodium Salt (FSS) (Sigma Aldrich 46970, for 488 nm
excitation) and Acid Blue 9 (AB) (Tokyo Chemical Industry America, 3844-45-9, for 561 nm and 638 nm excitation). 0.9g of FSS
and 0.7g of AB were dissolved in 1 ml of deionised water each to prepare separate stocks in eppendorf tubes. The eppendorfs
were first vortexed and then left in an ultrasonic water bath overnight to let the smaller particles of the dyes dissolve completely.
The next day, a 40 uL droplet was placed on a 25 mm by 40 mm coverslip and then gently covered with a 25 mm by 25 mm
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Fig. 12. Preliminary tracking microscopy performance characterization. (A) The tracking error is used as a metric for quantifying tracking
performance. (B)-(E) Cumulative probabilities of tracking error for Chlamydomonas sp. (calculated over 1893 images), T. pyriformis (calculated
over 13331 images), Didinium sp. (calculated over images 18427 images) and S. ambiguum (calculated over 10730 images), respectively.
(F)-(H). We used a dense culture of T. pyriformis to demonstrate robust software+hardware tracking in complex, crowded environments with
many similar objects. The cell being tracked is shown within the green box while other cells are shown within red boxes. The snapshots in (F),
(G), (H) demonstrate that the software+hardware tracking is able to keep tracking the cell of interest even during multiple cell-cell crossings as
well as rapid changes in cell behaviors (not shown).

coverslip. The edges of the coverslip were sealed with nailpolish resin to prevent any evaporation of the solvent. For 405 nm, we
used undiluted 10 mg/ml Hochest 33342 solution in water (Invitrogen H3570).
Patterned illumination with a DLP projector

For pattern projection we used an EKB DLP E4750RGBLC Light Control evaluation module (DPM-E4750RGBHBLCOX), with
an ND = 6 absorptive filter (Thorlabs NE60A-A), and a 50:50 beam splitter (Chroma 21014-UF2). For projection with certain
wavelengths, we will be using a variant from EKB with fiberlight guide coupling (EKB DPM-E4750LCFCSOXLLG).

CODEX samples

The tonsil samples were obtained from Stanford Pathology and were fully de-identified, thus the study was exempt from ethics
approval (no human subjects research). The TMA was obtained from another study [171].
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3D Deconvolution for CODEX samples

Deconvolution was done using MATLAB programs provided with [77]. Point spread functions were generated using FIJI plugin
PSF Generator using the Richard & Wolf 3D Optical Model [172].

High speed imaging experiments

Vorticella sp. samples were collected from debris clusters growing along with the Didinium sp. cultures obtained from Carolina
biological supply for the tracking experiments. The clusters were isolated from the debris using pipetting and then enclosed into
a coverslip chamber (20 mm diameter, 0.12 mm depth) constructed using a coverslip spacer (Grace Biolabs).

Tracking experiments

All tracking experiments were done in chambers 20 mm in diameter and 0.12 mm deep constructed using cover slip spacers
(Grace Biolabs). Organisms were obtained from Carolina biological supply and were stored at room temperature (22 C) under
white light for 3 days after shipping. Cultures were diluted in spring water 30 mins prior to tracking experiments. Tracking
experiments were performed using a gaming laptop (MSI GE65 9SF Raider-051 with Intel i7-9750H CPU, Nvidia RTX 2070
GPU, 2 x 8 GB 2666 MHz DDR4 RAM and a Samsung 1TB 970 EVO Plus NVMe M.2 SSD). The Graphics card allow use of
fast neural-network based trackers such as DaSiamRPN [173], which allowed tracking at 200 Hz.
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Supplementary Figure 1. Focus stage characterization with a chromatic confocal sensor. (A) 20-step z-scan with step size of 1, 2, 4, 8, 16, 32,
64 microsteps (with 8-microstepping), corresponding to nominal step size of 188 nm, 376 nm, 752 nm, 1.5 ym, 3 um, 6 ym, 12 um. (B-H)
Zoomed-in view of (A). (I) Zoomed-in view of the "back-and-forth" maneuver (80 microsteps) to reduce the effect of mechanical backlash.
(J-K) When the "back-and-forth" maneuver is not performed, unidirectional repeatability is worse and the first few steps are smaller. (L) The
step size is relatively uniform when the stage is actuated by the piezo stack, suggesting that the mechanical backlash is in the linear actuator
rather than the ball bearing stage. (M) Scanning with the linear actuator at 5 Hz with peak-to-peak amplitude of 180um (N) Scanning with the
piezo stack at 30 Hz with peak-to-peak amplitude of 2.5um (O) Z-drift measurement over 30 hours.
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Supplementary Figure 2. Motorized z-stage with an integrated optical encoder (perspective and front view). The tape and encoder are mounted
on CNC machined adapters that are attached to the stage.
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Supplementary Figure 3. Comparisons of images from Figure 6 (On Semiconductor Python 300 CMOS sensor, LED matrix illumination, 20
us exposure time) before and after FFDNet denoising. FFDNet denoising effectively reduced noise and at the same time preserved details. We
found the same denoising also worked well with images from fluorescence microscopy using color CMOS sensors [44].
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Supplementary Figure 4. Single-shot polarization imaging with Sony IMX250MZR of Copepod (A) and Forminefera (B). The images were
collected while we were on board R/V Kilo Moana during the HOT-317 cruise (Dec 18-22, 2019) (Supplementary Figure 5).
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Supplementary Figure 5. Three Squid microscopes in a Pelican Air 1535 carry-on case.
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Description Vendor Part Number / File for CNC machining Qty Unit Price Vendor Contact Image Reference
Motorized Focus Assembly
ball bearing linear stage, stainless steel, +6.5mm dg-sl LBX40-C (product page) 1 $61.14 https://seln.taobac
adapter for mounting SM1TC to LBX40-C XTJ-tech adapter_LBX40_SM1TC(thick)_v2.zip 1 $25.00 katie@xtj-tech.cor
adapter for mounting LBX40-C to C1511 XTJ-tech adapter LBX40_C1511_v3.zip 1 $25.00
adapter for mounting 21H4U to LBX40-C XTJ-tech adapter LBX40_ 21H4U_v3.stp 1 $55.00
size 8 captive linear actuator, 6e-5 in/step Haydon kerk ~ 21H4U-2.5-A98 v1 (based on 21H4U-2.5-907 1 $130.45
optional piezo stack actuator, 11.2 um travel (no load) Thorlabs PK2FMP2 0 $62.25
optional amplified piezo actuator, 220 um travel (no loac Thorlasb PK2FSF1 0 $366.83
optional amplified piezo actuator, 420 um travel (no loac Thorlasb PK2FVF1 0 $480.46
Clamp for SM1 Lens Tubes Thorlabs SM1TC 1 $45.72
SM1 Lens Tube, 0.3" threaded depth Thorlabs SM1L03 1 $12.52
SM1 adapter for Objectives with RMS thread (Olympus, Thorlabs SM1A3 1 $18.50
SM1 adapter for Nikon Objectives Thorlabs SM1A12 0 $21.86
Total: $312.19
Motorized Focus Assembly Optical Encoder Addon (optional)
Optira Incremental, 5V Input, 5nm Resolution Celera Motion  PIA-0005-A1-05-A 1 RFQ (we're https://www.celere
Optira Tape Scale, 20um w/Center Index, 30mm Long Celera Motion 124-40030-B-I 1 RFQ (we're https://www.celere
adapter for mouting the optira Pl encoder to LBX40-C  XTJ-tech adapter_LBX40_Optira Pl.zip 1 $15.00 l&
adapter for mouting the optira tape to LBX40-C XTJ-tech adapter LBX40_Optira Pl tape 30mm.stp 1 $15.00

(Total: <$400)
Cage Cube Addon for Epifluorescence/Patterned lllumination/Active Drift Correction/3D Focus Tracking etc. (optional)

mounting adapter for CM1-DCH XTJ-tech adapter CM1-DCH_v2.zip 1 $30.00
Cage Cube for Rectangular Optics Thorlabs CM1-DCH 1 $175.31
Cage Cube Connector for additional CM1-DCH Thorlabs CM1-CC 0 $48.70
additional cage cubes Thorlabs CM1-DCH 0 $175.31
(Total: $205.31)
"Microscope Body" (may be replaced by custom machined blocks)
@1.5" Post Mounting Clamp, 2.50" x 2.50" Thorlabs C1511 1 $71.57
@1.5" Mounting Post, 1/4"-20 Taps, L = 8" (other length Thorlabs P8 1 $59.79
Studded Pedestal Base Adapter, 1/4"-20 Thread Thorlabs PB4 1 $13.74
Clamping Fork for @1.5" Pedestal Post or Post Pedesta Thorlabs PF175B 1 $17.00
Aluminum Breadboard 6" x 6" x 1/2", 1/4"-20 Taps (othe Thorlabs MB6 1 $51.48
©18.0 mm Sorbothane Feet, Adhesive Mounting Surfac Thorlabs AV3 1 $19.91
Total: $233.49
Imaging Lens and Camera Assembly (lens with diffraction limited performance may be designed and manufactured)
USB3 camera, Sony IMX 226, 1.85 um, 12 MP, 32 fps Daheng MER-1220-32U3M 1 $260.00  kongsy@daheng-
USB3 camera, Sony IMX 178, 2.4 um, 6.3 MP, 60 fps  Daheng MER-630-60U3M 0 $214.00
USB3 camera, Sony IMX 273, 3.45 um, 1.6 MP, 227 fps Daheng MER-160-227U3M 0 $249.00
USB3 camera, On Semi Python 300, 4.8 um, 0.3 MP, 8¢ Daheng MER-031-860U3M 0 $286.00
USB3 camera, Sony IMX 250, 3.45 um, 5 MP, 79 fps, gl Daheng MER2-502-79U3M 0 $758.00
USB3 camera, Sony IMX 250, polarization Daheng MER-502-79U3M-POL 0 $2,167.00
MIPI camera, Sony IMX477, 1.55 um, 12 MP, 30 fps Raspberry Pi HQ Camera 0 $50.00
f =50 mm machine vision lens (1/1.8", f2.4, 10 MP ratec HIKROBOT MVL-HF5024M-10MP (distributor link, MTF) 1 $136.00
f =75 mm machine vision Ines (2/3", f2.0, 5 MP rated) Azure AZURE-7520M5M (MTF) 0 $245.00 sales11@azureph
M27 ext - SM1 int adapter for MVL-HF5024M-10MP Thorlabs SM1A35 1 $21.86
SM1 ext - M40.5 ext adapter for AZURE-7520M5M (for « XTJ-tech adapter_M40.5 ext_SM1 ext.zip 0 $20.00
M27 ext - SM1 ext adapter for MVL-HF5024M-10MP (fo XTJ-tech adapter_M27 ext_SM1 ext.zip 0 $20.00
SM1 Locking Ring w/ Slots for Spanner Wrench (for cag Thorlabs SM1NT1 0 $18.18
Total: $417.86
30 mm x 30 mm travel motorized stage
cross roller bearing linear stage, aluminum, +12.5mm  dg-s| LY80-CB (product page) 1 $168.00  https://seln.taobac
size 8 captive linear actuator Nanotec LGA201S06-B-TDBA-038 2 $152.00  https://us.nanotec
adapter for mounting linear actuator to LY80-CB XTJ-tech adapter_LY80-CB_LGAZ20.stp 2 $25.00
adapter for mounting LY80-CB to 1.5" post XTJ-tech adapter LY80-CB_post v2.zip 1 $20.00
glass slide/petridish holder (MIC-6 Al) XTJ-tech sample holder_v2.1.stp 1 $35.00
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Total: $577.00
Alternative 140 mm x (up to) 140 mm stage (being redesigned for better parallesim and straightness by using cross roller bearings)

1 motorized translation stage, 80 mm travel Kgg-robot SSMDB20-R02-080L (being replaced by altern: 1 $250-800, depending on optio
2 motorized translation stage, 140 mm travel Kgg-robot MVD30-RE18-200L (being replaced by altern: 1 $250-800, depending on optio
3 magnetic encoder (optional) RLS RLC2ICA13BB00A0O 2 $79.30
4 magnetic scale, 140 mm long, with center reference (op RLS MS05BM140AM070 2 $23.09
5  magnetic field viewer RLS MMO0001 0 $13.02
6  well plate holder (MIC-6 Al) XTJ-tech (being revised) 1 $80.00
7  well plate format glass slide holder (4 slots) XTJ-tech (being revised) 0 $18.00

(Total: $400-$2000, depending on options)
Alternative off-the-shelf 80 mm x 60 mm or 110 mm x 75 mm stage (list prices are after academic discount; we will be testing these stages soon)

1 80 mm x 60 mm travel stepper stage, max speed 50 mn Heidstar HDS-UH-XY8060SN (datasheet) 0 RFQ http://en.heidstar.c

110 mm x 75 mm travel stepper stage, max speed 50 m Heidstar HDS-IH-XY75110SN (datasheet) 1 $1,251.00
2 well plate mounting adapter for HDS-IH-XY75110SN  Heidstar HDS-SH-75110-IW 1 $72.00
glass slide mounting adapter for HDS-IH-XY75110SN  Heidstar HDS-SH-75110-1S1 0 $85.00
3  MDR 36 pin cable Heidstar Cable 1 $30.00
4 MDR 36 pin breakout board Winford Engine: BRKDDMC36F-R-FT 1 $35.00

(Total: $1388.00)
LED matrix illuminator (listed are parts used in the current implementation. The LED matrix will be replaced by a custom made one to simplify mounting and electrical connection)

1 APA102-2020 8x8 RGB LED Grid Adafruit 3444 (to be replaced with custom made boarc 1 $24.95
2  Cage Plate, for mounting the LED matrix Thorlabs CP37 1 $19.91
3 Cage Plate, for condenser Thorlabs CP33 1 $16.89
4 Aspheric Condenser Lens w/ Diffuser, @25 mm, f=20.1 | Thorlabs ACL2520U-DG6-A 1 $30.84
5 Cage Rods 1" (pack of 4), for connecting the assembly Thorlabs ER1-P4 1 $19.77
(Total: $112.36)
LED ring illuminator for dark field imaging (used for tracking microscopy)

1 850 nm ring LED (940 nm also available), angled, ID 50 Guangzhou Ligl HA5067-850nm 1 $60.00 1257503198@qq.
white ring LED (other colors available), angled, ID 50 mi Guangzhou Ligl LED-A5067 0 $40.00
white ring LED (other colors available), angled, ID 40 mi Guangzhou Ligl LED-A4090 0 $46.00

2 50 mm ID LED ring mounting adapter (a camera can be XTJ-tech adapter_50 mm LED ring_camera.zip 0 $30.00

3

(Total: $60.00)
LED epifluore illumi (optional)

1 405 nm, 1000 mW (Min) Mounted LED, 1000 mA Thorlabs M405L4 1 $233.40
405 nm, 1500 mW (Min) LED on MCPCB, 1400 mA (hig Thorlabs M405D2 0 $202.35
405 nm, 4000 mW (Min) LED on MCPCB, 6000 mA (prc Luminus CBT-39-UV 0 $116.08

2 Adjustable Lens Tube, for condenser Thorlabs SM1V05 1 $31.16

3 Aspheric Condenser Lens, @1", f=16 mm, NA=0.79, AR Thorlabs ACL25416U-A 1 $29.22

4 SM1 Coupler, External Threads, 0.5" Long (also as reta Thorlabs SM1T2 1 $21.54

5 SM1 Slotted Lens Tube, 3" Thread Depth Thorlabs SM1L30C 1 $71.96

6 laser cut square aperture 6.68 mm x 6.68 mm opening Thorlabs - 1 $0.00

7  Adjustable Lens Tube for the second lens Thorlabs SM1V05 1 $31.16

8 =75 mm achromatic lens (may be replaced with plano: Thorlabs AC254-075-AB 0 $103.00

9 =75 mm achromatic lens (may be replaced with plano-convex) LA1608-A 1 $34.36

(Total: $452.80)
Obijective (listed are objectives that we have used or plan to use)
10x/0.3 (0.17 coverslip correction) Plan Fluor 12.4 mm \ Boli Optics FM13013331 (product page) 1 $183.98
4x/0.13 (0.17 coverslip correction) Plan Fluor WD 16.3m Boli Optics FM13013231 0 $88.98
40x/0.75 (0.17 coverslip correction) Plan Fluor WD 0.35 Boli Optics FM13013531 0 $302.98
100x/1.3 (0.17 coverslip correction) Plan Fluor 0.13mm Boli Optics FM13013831 0 $597.98
5x/0.13 LM Plan (metallurgical) 21.03 mm WD Boli Optics FMO03023231 0 $146.98
10x/0.25 LM Plan (metallurgical) 17.7 mm WD Boli Optics FMO03023331 0 $165.98
20x/0.4 LM Plan (metallurgical) 9.33 mm WD Boli Optics FMO03023431 0 $198.98
4x/0.13 LWD Plan (1.1 mm) WD 11.98 mm Boli Optics BM03033231 0 $89.98
10x/0.25 LWD Plan (1.1 mm) WD 9.5 mm Boli Optics BM03033331 0 $138.98
20x/0.4 LWD Plan (1.1 mm) WD 7.97 mm Boli Optics BM03033431 0 $199.98
4x/0.13 LWD Plan Fluor (1.2 mm) WD 19.72 mm Boli Optics FM06023241 0 $249.98
4x/0.13 LWD Plan Fluor (1.2 mm) WD 8.31 mm Boli Optics FM06023341 0 $358.98
10x/0.3 LWD Plan Fluor (1.2 mm) WD 7.11 mm Boli Optics FM06023441 0 $447.98
20x/0.75 CFI Plan Apo WD 1 mm Nikon MRDO00205 0 RFQ
Other accessories
Olympus f = 180 mm tube lens, used in the DLP demo; Olympus/Edmu SWTLU-C/#36-401 0 $399.00
SM2 adapter for Olympus f = 180 mm tube lens XTJ-tech adapter SWTLU-C - SM2.zip 0 $30.00
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Description Vendor Part Number
Laser engine
405 nm fiber coupled laser diode (105 um

105 um

150 mW  Shenzhen Guangch GCF-405-150-105um-FC/PC

488 nm fiber coupled laser diode 55 mW Shenzhen Guangch GCF-488-55-105um-FC/PC

638 nm fiber coupled laser diode (105 um) 180 mW  Shenzhen Guangch GCF-638-180-105um-FC/PC
638 nm fiber coupled laser diode (105 um) 700 mW  Shenzhen Guangch GCF-638-700-105um-FC/PC
laser diode mount XTJ-tech 8 mm laser mount 4 pos.zip
heatsink adapter XTJ-tech B82 laser mount.zip

2-56 brass-tip set screws (pack of 10) McMaster-Carr 90669A074

M2.5 x 0.45 mm set screw 4 mm Long (pack of 10) McMaster-Carr 90251A154

M2.5 x 0.45 mm standoffs, 20 mm long McMaster-Carr 94868A175

laser heat sink DigiKey 1597-114992049-ND

FC/PC to FC/PC Quadruple L-Bracket Mating Sleeve Thorlabs ADAFCB5

4x1 fiber combiner (105 um in, 200 um out, FC/PC, 0.3 Lfiber LFFC-105-200-S-L3-FP
FC/PC to FC/PC L-Bracket Mating Sleeve Thorlabs ADAFCB1

200 um core TECS hard-clad fiber 5 m (there may be t Thorlabs FG200UCC-CUSTOM (5 m, FC/PC)
FC/PC to SMA Single L-Bracket Mating Sleeve Thorlabs ADAFCSMAB1

15000 rpm coin vibrator (there may be better alternativi DigiKey W0825AB001G

Heatsink for coin vibrator DigiKey FIT0556

Total: $1,098.97
Flat field launch

Square-Core Fiber Patch Cable, 150 ym x 150 um Cor Thorlabs M102L05

XYZ Translation Mount for @1/2" Optics Thorlabs CXYZ05

SMOS5 retaining ring (qty 2) Thorlabs SMO5RR

SMO05 SMA Fiber Adapter Plate Thorlabs SMO05SMA

Cage rods Thorlabs ER3-P4

Cage plate Thorlabs CP08

0.3" SM1 lens tube Thorlabs SM1L03

SM1-RMS adapter Thorlabs SM1A3

80x 0.9mm WD objective (for fiber-free space coupling’ BoliOptics MT03023731 (product page)

1" SM1 lens tube Thorlabs SM1L10

SM1 lens tube coupler (flexture sleeve) Thorlabs SM1CPL10

mounted f = 40 mm Hastings triplet Thorlabs TRH254-040-A-ML
Total: $1,021.76

Filter set

405/488/561/640 filter set Chroma 89901v2-UF2

Total: $1,575.00
Dichroic and filter mounts
30 mm Cage Cube with Dichroic Filter Mount Thorlabs CM1-DCH
0.3" SM1 lens tube (qty 2) Thorlabs SM1L03
Total: $200.35
561 nm laser option 1 - PPLN SHG quantum dot laser module, modulatable up to 100 MHz

561nm laser module, 25 mW, 105 um FC/PC QDLaser QLD0561-6125-22 (datasheet)
561nm laser module, 5 mW, SM FC/APC QDLaser QLD0561-6115-33 (datasheet)
561 nm laser option 2 - DPSS PPLN intracavity SHG (to be evaluated)

561nm laser module, 105 um fiber coupled Shalom EO 2093-008-105-FC/PC

Qty Unit Price Vendor Contact Image Reference
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$105.00  peter@micost-optote
$75.00

$75.00

$105.00

$22.00 katie@xtj-tech.com
$22.00

$14.46

$13.37

$1.32

$25.40

$106.09

$380.00  sales@lfiber.com
$34.63

$148.58

$67.63

$4.04

$0.49

$132.61

$353.86

$8.24 *
$30.30

$25.83

$20.99

$12.52

$18.50

$265.98  sales@bolioptics.con
$14.68

$36.79

$101.46

$1,575

$175.31
$25.04

$5,600.00 info@qdlaser.com
$6,000.00

$1,220 sales@shalomeo.com
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Description Vendor
Control Panel

analoy joystick (HE1, 2 Axis Low Profile Locked Z, 1 Bt Ruffy Controls

pre-crimped jumper for joystick Digi-Key
connector socket for joystick cable assembly Digi-Key
(PCBA) SMD header for joystick cable assembly Digi-Key
rotary encoder (magnetic) for focus adjustment Digi-Key
knob for focus adjustment Digi-Key
cable assembly for rotary encoder Digi-Key
(PCBA) SMD header for rotary encoder Digi-Key
(PCBA) rotary potentiometer Digi-Key
knob for rotary potentiometer Digi-Key
toggle switch with LED indicator Digi-Key
quick-connector contact for the toggle switch Digi-Key
(PCBA) SMD header for toggle switch Digi-Key
plug for toggle switch Digi-Key

(PCBA) 12 pin picolock SMD header for driver stack co Digi-Key
(PCBA) 4 pin picolock SMD header for driver stack con Digi-Key
12 pin picklock cable assembly Digi-Key
4 pin picklock cable assembly
5V step-up Pololu
aluminum enclosure polycase
McMaster-Carr

Digi-Key

thread-forming screws for the case
(PCBA) 0805 resistor 49.9
(PCBA) 0805 resistor 10k
(PCBA) 0805 resistor 20k
Total: $228.94

Part Number

HE1-61-S-D-1-BK
H3BBG-10106-B4
DF11-12DS-2C
DF11C-12DP-2V(57)
EMS22Q31-828-LS4
KLN1250B1/4
AOBKROBKR26E102B
B6B-PH-SM4-TB(LF)(SN)
PCW1J-C24-BAB103L
OEDA-63-4-5
M2112TFW02
61454-1

1778719

1704857
5040501291
5040500491
151321206
151320406

2564

al-77p

93878A148

Qty Unit Price Vendor Contact
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Image Reference

$135.00
$0.77
$0.25
$2.11
$31.96
$18.16
$1.16
$0.77
$5.37
$7,74
$11.96
$0.28
$1.28
$1.42
$1.76
$0.85
$7.28
$3.64
$4.49
$14.26

http://ruffycontrols.co
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