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Abstract 

Electro-Optical System for Anti-Brownian Electrokinetic (ABEL) Trapping In An 

Optofluidic Waveguide 

Author- Anik Duttaroy 

Brownian motion presents a challenge to studying single bio-particles in a fluid. 

Traditionally, single bio-particles are trapped using optical traps, but the high optical 

powers required can damage bio-molecules under long-term study. We have rebuilt 

an electro-optical system that suppresses Brownian motion to trap a single particle. 

The system collects the optical signal of an excited particle in the trapping volume to 

track its location and applies an electrokinetic force via a feedback voltage to drive 

the particle towards an optical equilibrium point. We have achieved trap stiffness 

values of 99 nN/m for a 1 um polystyrene bead. The system uses optical powers three 

orders of magnitude less than optical traps, is cheaper compared to other published 

ABEL traps, and is simple to set up. 

 
 
 

  



 

xix 
 

Acknowledgements 

I want to thank my advisor, Holger Schmidt, for giving me this opportunity, 

providing helpful insight throughout this project and always being supportive. 

I have a high amount of respect for my lab mates and appreciate their encouragement 

and advice. I would like to especially thank Dr. Kaelyn Leake and Felipe Neira who 

were critical partners in building and troubleshooting the optical and electronics set 

ups for this project. 

I want to thank the life-long friends who I have made both in the Applied Optics 

group and in Santa Cruz. We have had lots of good times enjoying northern 

California outdoors and I look forward to our future adventures. 

Lastly, I want to thank my family, who are always encouraging and supportive of my 

endeavors.  

 



 

1 
 

1 Introduction – ABEL trapping 

1.1 ABEL trap project objective 

The Anti-Brownian Electrokinetic (ABEL) trap is a system that confines a single 

particle in a fluid by counteracting the particle’s Brownian motion with an 

electrokinetic force. In 2010, Dr. Sergei Kuhn at the time a post-doc in the Applied 

Optics group at UC Santa Cruz, published the results of an ABEL trap system he 

designed and built which trapped a single 1 um polystyrene bead in a confinement 

length of 400nm for over 1 minute [1]. 

The objective of this thesis project was to revive the ABEL trapping set up built by 

Dr. Kuhn and repeat his experiment consistently. To do this the circuits and optical 

components were analyzed and rebuilt to learn how the system works. This document 

details how the ABEL trap system uses an electro-optical set up to trap a single 

particle in an optofluidic channel. 

This chapter covers the challenge of single molecule study in a fluid, the motivation 

to confine a single bio-particle in a fluid, other ABEL trap systems in literature, and 

results from the rebuilt ABEL trap. 

1.2 Single particle study 

The field of single particle study focuses on the study of bio-particles in the size 

range of 10 nanometer (ex. proteins) to 1 micrometer (ex. bacteria). Instruments for 

life science researcher to study these bio-particles will help uncover new 

understandings of life’s fundamental chemical and biological processes at the cell 

level. Instruments exist that detect bio-molecules, but tools are needed that allow long 
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term, several minutes, study of bio-particles undergoing processes. A long term study 

of a bio-particle requires that the particle be nearly stationary to be probed. 

Brownian motion is the random diffusion of a single particle in a fluid due to the 

presence of temperature. Brownian motion is quantified by the diffusion coefficient 

described by the Stokes-Einstein relation 

 
𝐷 =

𝑘𝑏𝑇
6𝜋𝜋𝜋

 Eq.  1-1 

where 𝑘𝑏, is the Boltzmann constant, T is temperature, 𝜋, viscosity, and 𝜋 is radius of 

the molecule. The diffusion coefficient is directly proportional to temperature and 

inversely proportional to the fluid viscosity and particle size. The Stokes-Einstein 

relation shows that as particles get smaller in size, the diffusion coefficient of the 

particle will increase. 

 
Figure 1.1- A molecule in fluid travels a random path defined as Brownian motion. This motion 

makes a long-term study (minutes) of bio-molecules difficult. 

Since temperature is always present, single molecules to be studied will constantly 

experience Brownian motion. To study a bio-particle over time, Brownian motion 

needs to be neutralized to trap the bio-particle in the fluidic environment. 
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1.2.1 Single molecule trapping techniques 

Several techniques have been developed to trap single molecules in a fluidic medium. 

Optical traps/tweezers use gradient and scattering forces produced by refraction and 

reflection of light to trap particles. In recent years optical traps have incorporated 

near-field techniques to overcome the diffraction limit and use less optical power to 

trap particles tens of nanometers in diameter [2], [3]. Still these techniques require 

three orders more power than the ABEL trapping system developed in this project. 

The high optical powers pose a damage risk to studying bio-molecules over several 

minutes [4]. 

Other methods to trap and study single molecules include surface attachment [5] and 

in the pores of gels [6], [7] but both these techniques require contact with the 

molecule which prevents an in vivo understanding of the molecule. 

1.3 ABEL trapping 

Anti-Brownian motion electrokinetic (ABEL) trapping is a technique that has been 

developed to trap particles using an electric field to counteract the Brownian motion 

of a single particle in a fluid.  

An ABEL trap set up consist of two components, first, a mechanism to track the 

particle location in a fluid and second, a feedback voltage which applies an 

electrokinetic force on the particle to propel it to a target location. 

ABEL traps have three advantages to other trapping techniques. First, the ABEL trap 

doesn’t physically make contact with the trapped particle. The electric field produces 

the force to propel the particle. Second, the ABEL trap uses several orders of 
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magnitude less optical power to probe the particle’s location; this reduces the 

likelihood of optical damage to a bio-molecule. Third, the particle size trapped by 

optical traps is limited by diffraction. The trap strength in the ABEL trap is generated 

by electrokinetic force, so diffraction is not a limiting factor and smaller particles can 

be trapped [8]. 

1.3.1 ABEL traps in literature 

The Moerner group at Stanford [8]–[10] and Shapario group at Univ. of Maryland 

[11] have published successful ABEL trapping results and described their ABEL set 

up. 

Research Group Particle Tracking 
Mechanism Trap Latency Published 

Results 

Moerner and Cohen 
Laser scanning 
trapping region <10usec 

Trapped 1 nm 
fluorophore for 

over 1 sec 

Armani and Shapiro 
Camera and image 

processing algorithm 33usec 

Steered and 
trapped three 5 
um yeast cells 
simultaneously 

for over 5 
minutes 

Table 1-1- Published ABEL trap systems and results. The trap latency is the feedback response 
time of the system. 

1.4 Applied optics group ABEL trap 

We have implemented an ABEL trap that uses optical signals to pin-point a particle’s 

location in the trapping area and applies a feedback voltage to push the particle to an 

optical equilibrium point. 

Our set up doesn’t require a high power laser or a computation intensive image 

processing component as in Dr. Cohen’s and Dr. Armani’s ABEL traps. The brain 
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power of our ABEL trap system are low cost analog and digital ICs (<$100) and a 

single photon avalanche photodiode (SPAPD). In addition, fluorescence studies can 

be performed on a trapped particle with the same features which are used to trap the 

particle. Our ABEL trap set up is illustrated in Figure 1.2. 

 
Figure 1.2 – Diagram of ABEL set up.  The dashed red line represents the two optical paths 

which alternatively excite the ABEL trapping region on the chip.  

The set up consists of three parts. First, the optical components- the HeNe laser, 

chopper wheel, ABEL chip and SPAPD. Second, the electronics which includes the 

ABEL trap circuit and the electrodes which apply the voltage to the reservoirs. Third, 

the monitoring hardware which includes the camera and LabVIEW hardware and 

software which records data during an ABEL experiment. The ABEL trap can 

function with just the optical components, SPAPD, and circuit. The LabVIEW 

components and camera make up the periphery to record video and electrical signals; 

they play no role in trapping a particle. 

The ABEL chip will be discussed in more detail in chapter 2. The components and 

roles of the ABEL trap circuit will be discussed chapter 3; a list of the component part 
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numbers and circuit diagrams can be found in the Appendix. The LabVIEW code to 

sync recording during the ABEL experiment will be discussed in chapter 4. 

The chopper, MC1000 from Thorlabs, consists of a controller unit and optical head 

(blades). The SP-APD is from Perkin-Elmer model number SPCM-AQR-14-FC. The 

12mW HeNe laser is from Research Electro-optical Inc. Newport F-SV single mode 

fiber is used to couple light into the ABEL chip and Thorlabs FG105LCA multimode 

fiber is used to collect light from the chip. The camera hardware model is a Luca 

S658M and the software to record video from the camera is Andor Solis Imaging 

Software. 

1.5  Summary of Results 

Once we rebuilt the ABEL trap circuit to understand how the circuit works we 

successfully trapped a single 1 um polystyrene bead (Invitrogen FluoSpheres) in 

several different experiments. In Dr. Kuhn’s 1um experiments, he trapped a 1um bead 

for over 1 minute with a trap stiffness of 90nN/m [1]. We achieved the same trap 

stiffness, but failed to reach the same trapping time length. Our trapping time was 

limited by free floating beads interfering with the trapped bead. The free beads were 

present because damage to the optofluidic channel near the ABEL trapping volume 

required the outlet reservoir be placed nearby. 

Normalized for power and bead volume, our ABEL trap achieved a trap stiffness of 

two orders of magnitude greater than near-field optical traps [3], [12]. We used 

optical powers in the range of 100 uW which was three orders of magnitude less than 

Dr. Cohen’s ABEL trap [13].  
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In our trapping experiments we used optical powers in the range of 100uW at the 

fiber tip, while Sergei used powers in the range of only 1uW. In our first successful 

ABEL trapping experiment, the counter ICs in the ABEL trap circuit reached the 

minimum rail which is not an ideal scenario for the system because photon counts 

were being ignored. Future improvements to the ABEL trap system will require using 

less power, since Sergei was able to trap with 100x less power compared to us, or a 

new circuit with a larger counter range. 
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2 ABEL trapping device 

This section discusses the optical components in the ABEL trapping set up, the wave 

interference physics of the waveguides on the ABEL trap device, and the optical 

illumination pattern in the ABEL trapping volume. The components of the ABEL 

trapping set up covered in this section are highlighted in Figure 2.1. 

 
Figure 2.1 - ABEL trapping set up. The components of the set up discussed in this section are 

highlighted. 

2.1 Optical components of ABEL trapping setup 

The central component to the ABEL trapping set up is the ABEL trapping device. 

The device which is described in more detail in later in the chapter is the platform on 

which the ABEL trapping of a bead is demonstrated. Several components are 

necessary to get light from the HeNe laser source to the ABEL trapping device. 

A 60/40 beam splitter divides the HeNe output beam into two optical paths. Both 

paths are sent through a chopper wheel and one of the split optical paths requires a 

mirror to achieve this. The chopper wheel is positioned such that the two beams are 

180o out of phase. 
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The beams are coupled into single mode fiber (Newport F-SV) via lens. The fiber is 

positioned to couple the beams into the ABEL trapping device. Emitted optical 

signals from the chip are collected by a multimode fiber, Thorlabs FG105LCA, and 

sent to the SPAPD. 

2.2 Index vs interference guided waveguides 

Typical optical waveguides, such as telecommunication fiber, guide light by index 

guiding. This is based on the physics of a core material of refractive index, ncore, 

surrounded by a cladding material with refractive index ncladding, where ncore > ncladding 

and light waves in the core traveling at the critical angle (or greater), sin𝜃𝑐 =

𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑛𝑐𝑐𝑐𝑐

. The light wave striking the core-cladding boundary experience total internal 

reflection (TIR) and propagate through the core layer.  

A drawback of TIR for single molecule studies is the requirement of ncore>ncladding to 

guide light in the core without loss into the cladding. Single molecule studies with 

biological specimens involve mediums with index of refractions ~1.33 (water). The 

challenge is finding cladding materials with n<1.33. Low index claddings which can 

be filled with biological mediums do exist, such as nanoporous films [14] or Teflon 

AF. These devices are limited by large core diameter requirements (>50um) and 

incompatible with microfabrication techniques to be integrated with other optical 

devices. These limitations are not present in interference waveguides designed and 

developed by our research group at UC Santa Cruz [15]. 
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An alternative to guiding light by index guiding is interference guiding, which uses 

wave interference to guide light waves in a lower index core surrounded by a higher 

refractive index cladding layers, ncore<ncladding. 

Interference guiding provides several advantages compared to index guiding. It 

provides the ability to work with low refractive index biological solutions as the core 

material of the waveguide, these structures can be easily fabricated, and both optical 

and fluidic elements can be integrated on a single planar platform [15]. 

2.3 ARROW waveguides 

Antiresonant reflecting optical waveguides (ARROW) are low-loss interference based 

waveguide first proposed by Duguay [16]. A lower refractive index core is 

surrounded by higher refractive index cladding layers. The thickness of each cladding 

layer is defined to act as a Fabry Perot reflector, ensuring a specific wavelength 

remains confined in the core while other wavelengths are transmitted through the 

cladding layers. The transmission and reflection versus wavelengths is illustrated for 

a Fabry Perot cavity in Figure 2.2. 
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Figure 2.2- Transmission and reflection vs wavelength in a Fabry Perot cavity. The ARROW 
layers are designed such that specific wavelengths confine light to the core through reflection. 
Other wavelengths are transmitted out of the core into the cladding layers, where the resulting 

roundtrip odd phase shift produces destructive interference. 
The antiresonant condition, illustrated in Figure 2.3, is defined as the light ray 

refracted from the lower refractive index core into the higher refractive index 

cladding, 𝑘𝑡 = 2𝜋
𝜆
𝑛𝑐  , having an odd roundtrip phase shift as shown in Eq. 2.3.1. 

Φ𝑅𝑅 = 2𝑡𝑖𝑘𝑅 + Φ𝑟 = 𝑚𝜋;  𝑚 = (2𝑁 − 1)      Eq. 2.3.1 

where 𝑁 = 1,2,3 …, 𝑡𝑖 is the thickness of ith cladding layer,  Φ𝑟 is the total phase 

shift from the reflections at the interfaces with the two adjacent layers [15]. 

 
Figure 2.3 – Light propagation in core with adjacent ARROW cladding layers.  ARROW 

cladding layers, n1 and n2, and lower index core, nc < n1, n2. The wavevector kc is composed of 
two components kT, the transverse component in the y directions, and β, the propagation 

constant in the z direction along the waveguide. The substrate in our ARROW devices is silicon. 
The intensity plot illustrates that the light is confined in the core and decays into the cladding 

layers.  
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Eq. 2.3.2 solves for 𝑡𝑖- 

 
𝑡𝑖 =

𝜆
4𝑛𝑖

(2𝑁 − 1)[1 −
𝑛𝑐2

𝑛𝑖2
+

𝜆2

4𝑛𝑖2𝑑𝑐2
]−0.5 Eq.  2-1 

where 𝜆 is the wavelength. The values associated with the wavelengths and refractive 

indices of the ARROW layers in the ABEL devices are λ = 633nm, dc=5um, nc=1.33, 

nSiO2=1.475, nSiN=2.05, nTa2O5=2.28. The calculated thicknesses are 247nm for SiO2, 

101nm for SiN, and 85nm for Ta2O5. 

2.3.1 Loss in ARROW  

ARROWS are lossy waveguides. For x polarized light, vertical guiding is transverse 

electric (TE) and horizontal guiding is transverse magnetic (TM), shown in Figure 

2.4. The TE and TM components are reversed for y polarized light. 

 
Figure 2.4 - Illustration of x polarized light in ARROW device with TE and TM modes. 

The minimum loss can be defined for the transverse electric (TE) and transverse 

magnetic (TM) modes [17] 

𝛼𝑅𝑇 =  �𝑛2
2−𝑛𝑐2

𝑛12−𝑛𝑐2
�
𝑁
2 𝛼0  𝛼𝑅𝑇 =  �𝑛1

𝑛2
�
2𝑁
�𝑛1

2

𝑛𝑐2
� 𝛼𝑅𝑇  𝛼0 = 𝜆𝐷

2(𝑚+1)2

𝑛𝑐𝑑𝑐3�𝑛12−𝑛𝑐2
 

where m is the mode order, m = 0,1,2, 3,…, N is the number of ARROW layers and 

nc<n2<n1. From the loss equations, we can see that the loss is polarization dependent 
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and increasing the number of ARROW layers will decrease loss. Typical values for 

the ARROW stack up on the ABEL device is nc=1.33, n1=2.28(Ta205), 

n2=1.475(SiO2), λD=0.633 um, m = 0, dc=12um, and N=6. The typical calculated 

loss values are 𝛼𝑅𝑇 = 0.0016𝑐𝑚−1 and 𝛼𝑅𝑇 =  0.85𝑐𝑚−1. 

TM loss is greater than TE loss, therefore to better confine the TM mode, the 

ARROW devices have an aspect ratio<1. The current core design is 12 um wide by 5 

um tall. 

2.4 ARROWs on ABEL trap device 

The ABEL trapping device contains a network of two types of ARROW waveguides, 

solid-core (SC-ARROW) and hollow-core (HC-ARROW), to excite, flow analytes, 

and collect emission signals from the ABEL trapping device. The device easily fits on 

a quarter, shown in Figure 2.5. The device is fabricated by our collaborators at BYU 

and the fabrication details are listed in several publications including [18]. 

 
Figure 2.5- ABEL trapping device illustration. (A) ABEL trapping device schematic on quarter 

to show relative size (B) Diagram of ABEL ARROW device. The green features are SC-ARROW 
structures and the blue feature is the HC-ARROW structure with part of the top structure open 
to illustrate particles flowing through the fluidic channel from the reservoirs. (C) and (D) Mode 

images overlaid on SEM images of the collection solid-core and hollow-core cross sections 
respectively; SEMS of SC-ARROW and HC-ARROW [1]. The SC-ARROW and HC-ARROW 

are both designed to be 4mm in length in the current design. 
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2.4.1 HC-ARROW on ABEL trap device 

The hollow-core waveguide has dual functionality- 

1) flow particle to the trapping volume  

2) guide particle emissions from the trapping volume to the collection SC-

ARROW 

The stack up thicknesses of the HC-ARROW layers and illustrations of the cross 

sections for the ABEL device used in this project is shown Table 2-1 and Figure 2.6. 

 
Table 2-1- The layer materials and thickness of the HC waveguide [18]. Light is guided in the 

core. 

 
Figure 2.6- Illustration of cross sections of ABEL trap device HC-ARROW. The light is guided 

in the core by the antiresonance condition on all four sides. Fabricating a single Si02 layer on the 
top and sidewalls of the core was found to improve transmission between the HC-ARROW and 
SC-ARROWs and eliminate the fabrication problems associated with depositing a multi-layer 

ARROW on the top and sidewalls of the core [19]. 
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2.4.2 SC-ARROW on ABEL trap device 

SC-ARROWs provide the capability to couple laser light into the ABEL trap device 

to excite a particle and collect particle emissions light from the trapping volume. 

The SC-ARROWs guide light in the top SiO2 layer using index guiding, on the top 

and sides with air, and ARROW layers below the guiding layer, illustrated in Figure 

2.7. The stack up thicknesses of layers is shown in Table 2-2. 

 
Figure 2.7 - Illustration of the SC waveguide cross sections. Light is guided in the top SiO2 layer 

by index guiding on the top and sides and ARROW layers on the bottom. 

 
Table 2-2- Layer materials and thickness in SC waveguide. The light is guided in the top SiO2 

layer. 
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2.5 Illumination pattern in ABEL trapping device 

The ABEL trapping volume consists of two SC-ARROWs, which start at opposite 

ends of the device, and intersect with a HC-ARROW in the center of the chip. The 

two SC-ARROWs, each 4um wide, are offset from each other by 2 um from the 

center of the waveguide, shown in Figure 2.8. 

 
Figure 2.8 – ABEL trapping volume. (A) Illustration of ABEL trapping volume on ABEL device. 
The offset SC-ARROWs intersect at the HC-ARROW. The white dashed lines indicate overlap 
region of the two offset SC-ARROW structures. (B) Image of excited one micron bead in ABEL 

trapping volume on device AT2 7. 

A 2 um overlap is present between the two SC-ARROWs design which provides two 

design benefits- 

1) A fluorescence study can be performed on a particle excited in this overlap 

volume by either solid-core waveguide. 

2) An illumination pattern is produced across the trapping volume which will 

allow the particle location in the trapping volume to be located; essentially 

this provides a GPS signal of the particle’s location which is deciphered by 

the ABEL trapping circuit. 
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2.5.1 Illumination pattern of ABEL trapping volume 

Two offset solid-cores intersect with the hollow-core to illuminate the trapping 

volume. The two solid-cores alternatively excite the trapped particle and we refer to 

the two optical paths as Path1 and Path2, shown in Figure 2.9. The difference in 

photon counts between Path1 and Path2 determines the particles location in the 

trapping volume. As a note, the powers of Path1 and Path2 in the hollow core must be 

balanced for this. 

A particle with a higher photon count in Path1 relative to Path2 is located closer to 

the Path1 waveguide, the black region of the trapping volume in Figure 2.9. A 

particle with equal photon counts from Path1 and Path2 is located in the equilibrium 

point of the trap, the yellow region of the trapping volume. Lastly, a particle with 

higher photon counts from Path2 relative to Path1 is located closer to the Path2 

waveguide, the red region of the trapping volume. 

  
Figure 2.9- Illustration of the illumination pattern in the ABEL trapping volume. Two opposing 

and offset waveguides each produce a Gaussian-like excitation in the ABEL trap. The two 
excitation waveguides are referred to as Path1 and Path2. The two Gaussian-like profiles 

produce an illumination pattern with three distinct regions, here illustrated in black, yellow, and 
red. The black and red regions indicate higher excitation of the particle from the respective 

paths, while the yellow region indicates approximately equal excitation from both paths. 

The measured illumination pattern for an ABEL trap device, AT2 7 (annealed), is 

shown in Figure 2.10D. The illumination pattern was measured by filling the HC-
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ARROW with Cy5 (2µM) dye and capturing images of the excited dye at the trapping 

volume from above.  

 
Figure 2.10 – Illumination pattern of an ABEL trap device (top view of ABEL trapping volume). 
(A) Path1 exciting the ABEL trapping volume. The horizontal white lines outline the excitation 
waveguide position. The vertical white lines outline the HC-ARROW filled with Cy5 dye. (B) 

Path2 exciting the ABEL trapping volume. (C) Path1 and Path2 both exciting the ABEL 
trapping volume. (D) Plots of the intensity value along the vertical white dashed line of the HC-
ARROW. Path1 and Path 2 each produce a Gaussian-like pattern in the ABEL trap. The plot of 
path1andpath2 exciting the ABEL trap volume shows two peaks with a dip, this designates the 

region where both waveguides can equally excite a particle. The path1- path2 (offset) trace shows 
where along the trapping volume each path excites the particle. Path1-path2 is offset by 2.8x104 

counts, to raise the trace up into the pixel value counts of the individual paths. 

The approximate FWHM of the path1 and path 2 traces are ~4µm. The length of the 

ABEL trap where both path1 and path2 overlap is designed to be 2um and the 

distance between the path1 and path2 peaks is ~4um in the plot. The larger overlap 

region in the fluorescent profile is due to the dispersion of the excitation light from 

the SC-ARROW.  

The dip present in the path1andpath2 trace in the fluorescent profile indicates that a 

region in the illumination pattern exists where both path1 and path2 each excite the 
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particle. This is also indicated by the path1-path2(offset) trace, which is the calculated 

difference between path1 and path2 intensities. The difference indicates the location 

path1 and path2 both equally excite a particle in the trapping volume, known as the 

equilibrium point; this is the zero point on the x axis. The path1-path2 trace is offset 

by 2.8x104 counts to raise the trace into the same value range as the individual peaks. 
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3 ABEL Trapping Circuit 

This section discusses the ABEL trapping circuit, the chopper, and SPAPD involved 

in the ABEL trapping set up, shown in Figure 3.1. The illumination pattern in the 

ABEL trapping device provides key information for the trapping circuit, so it will be 

briefly reviewed. 

 
Figure 3.1-ABEL trapping set up highlighting the chopper, ABEL trap circuit and APD which 

are covered in this section. 

The order of the topics in this section is: 

• The ABEL trapping circuit process to translate an optical signal of a 

particle into a feedback voltage to trap the particle. 

• The breakdown of the ABEL trapping circuit into three smaller circuits-

the clock circuit, DAC circuit, and feedback circuit. The role of specific 

ICs and integrations of the three circuits together will also be discussed. 

• First principle calculations proving the ABEL trapping circuit has a 

response time capable of trapping a one micron polystyrene bead 

undergoing Brownian motion in the trapping volume, the maximum bead 

flow velocity that can be trapped, and the smallest particle size that can be 

trapped in the current design.  
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3.1 ABEL trapping circuit overview 

Two offset and opposing waveguides excite a fluorescent particle alternatively by a 

chopper in the ABEL trapping volume, Figure 3.2a. The modulated particle emission 

signal is collected by an SPAPD. The chopper and emission signal can be synced in 

time to measure the excitation from each waveguide.  

The difference in photon counts of the two waveguides provides the magnitude and 

direction of the particle’s drift from the equilibrium point of the trap, Figure 3.2b. The 

equilibrium point is the location in the trap where the bead is excited equally by both 

waveguides. 

A feedback voltage, based on the photon counts difference, is applied to the trap 

volume to drive the particle to the equilibrium point by an electrokinetic force, Figure 

3.2c. The current design is a one dimensional trap so the particle is only trapped along 

one axis in the trapping volume. 

 
Figure 3.2- Illustration of ABEL trapping region on ABEL trapping device. (a) Particle 

alternatively excited by two opposing and offset waveguides in the ABEL trapping volume. (b) 
The location of the particle is determined relative to the equilibrium point, denoted by cross hair. 

(c) The circuit applies a feedback voltage on the particle to push the particle towards the 
equilibrium point. 
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3.2 Electrical output signals from optical components in ABEL trap set up 

The electrical signals output by the chopper and APD are critical to the ABEL 

trapping circuit.  

The chopper module controls the excitation rate of the two waveguides that illuminate 

the ABEL trapping volume. The chopper produces a square wave with a high half 

period and low half period to indicate the excitation of each waveguide; one 

waveguide is excited in the high half period and the other waveguide is excited in the 

low half period, this is shown in Figure 3.3. 

The chopper dictates the excitation of each waveguide so it can be used as a reference 

to link the SPAPD photon signal of a particle in the trapping volume and the 

excitation waveguide. An example of an SPAPD photon pulse is shown in Figure 3.4. 

 
Figure 3.3 – Oscilloscope measurement of the square wave generated by a signal generator which 

drives the chopper, two photodiodes measuring waveguide alternative excitation, and signal 
generated photons pulses. The chopper signal is used by the circuit to link the photon pulses to 

one of the two excitation waveguides. The waveguides are alternatively excited through the 
chopper, here two photodiodes are used to measure the excitation of the two waveguides. The 

chopper high half period is correlated with the first waveguides, and the chopper low half period 
is correlated with the second waveguide. Therefore as photons are collected, the circuit can 

discern which waveguide produced the excitation. 
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Figure 3.4- Oscilloscope measurement of photon from SPAPD. When the SPAPD detects a 

photon a TTL pulse with width ~20ns is output by the APD. A dead time of ~50ns follows the 
TTL pulse. Therefore the maximum rate of photon pulses is every 80ns or 12.5 MHz. 
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3.2.1 A review- illumination pattern and optical signal 

To help understand the upcoming section on the ABEL trap circuit process to convert 

an optical signal, photon counts, into a feedback voltage, this section highlights the 

key point of the illumination pattern in the ABEL trap discussed in the ABEL device 

section in chapter 2. 

The illumination pattern in the ABEL trap volume is produced by two opposing and 

offset waveguides which alternatively illuminate the trap volume. We refer to the two 

optical paths as Path1 and Path2. 

A particle in the trapping volume will be excited by both Path1 and Path2. The 

particles location can be discerned from the difference in photon counts between 

Path1 and Path2. A particle with a higher photon count in Path1 relative to Path2 is 

located closer to the Path1 waveguide, the black region of the trapping volume in 

Figure 3.5. A particle with equal photon counts from Path1 and Path2 is located in the 

equilibrium point of the trap, the yellow region of the trapping volume in Figure 3.5. 

Lastly, a particle with higher photon counts from Path2 relative to Path1 is located 

closer to the Path2 waveguide, the red region of the trapping volume in Figure 3.5. A 

measured illumination pattern for an ABEL device, AT2 7(annealed), is shown in 

Figure 3.6. 
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Figure 3.5- Illustration of illumination pattern in ABEL device. Two opposing and offset 

waveguides each produce a Gaussian-like excitation in the ABEL trapping volume. The two 
excitation waveguides are referred to as Path1 and Path2. The two Gaussian-like profiles 

produce an illumination pattern with three distinct regions, here illustrated in black, yellow, and 
red. The black and red regions indicate higher excitation of the particle from the respective 

paths, while the yellow region indicates approximately equal excitation from both paths. 

 
Figure 3.6 –Illumination pattern of an ABEL trap device. (A) Path1 exciting the ABEL trapping 
volume. The vertical white line outlines the excitation waveguide position. The horizontal white 
line outline the optofluidic waveguide filled with Cy5 dye. (B) Path2 exciting the ABEL trapping 
volume. (C) Path1 and Path2 both exciting the ABEL trapping volume. (D) Plots of the intensity 

value along the white dashed line down the optofluidic waveguide. Path1 and Path 2 each 
produce a Gaussian-like pattern in the ABEL trap. The combined plot of both Path1 and Path2 

(black trace) exciting the ABEL trap volume shows two peaks with a dip, this designates the 
region where both waveguides can equally excite a particle. The path1- path2 (offset) trace shows 

where along the trapping volume each path excites the particle. Path1-Path2 is offset by 2.8E4 
counts, to raise the trace up into the pixel value counts of the individual paths. 

Figure 3.7 summarizes the particle location in the trap and the corresponding optical 

signal relative to the chopper. 
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Figure 3.7- Three examples (A, B, or C) for a particle in the ABEL trapping region and the 

corresponding photon signal relative to the chopper signal. In scenario A, the particle is located 
closer to the path1 waveguide, therefore the excitation from Path1 produces photon counts which 
are correlated with the chopper high half period. In scenario B, the particle is excited by both the 

waveguides, this is reflected by the photon pulses present on both the chopper high and low 
period. In scenario C, the particle is located closer to the path2 waveguide and produces photon 

pulses on the chopper low period. 

3.3 ABEL trap Circuit- Converting a Particle’s Optical Signal to a Feedback 

Voltage 

The process of converting the optical signal from the trapped particle into a feedback 

voltage to propel the particle towards the trap equilibrium point is the job of the 

ABEL trap circuit. The steps are as follows and the complete process is illustrated for 

three scenarios of difference particle locations in Figure 3.8- 

1) As mentioned in the previous section reviewing the illumination pattern in the 

ABEL trap, two offset, opposing and alternatively exciting waveguides illuminate 
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the trapping volume via the chopper. In our ABEL trapping experiments the 

chopper was run at 1 kHz. 

2) An SPAPD collects the photons from the particle in the trapping volume. 

3) An 8-bit counter (two 4-bit counter ICs in a cascade configuration) counts the 

photons detected by the SPAPD. When the chopper is in the high half period 

(Path1 in Figure 3.8), the counter counts up and when the chopper signal is in the 

low half period (Path2 in Figure 3.8), the counter counts down. At the end of 

chopper period, the final count value will be the difference in counts between 

Path1 and Path2. The 8 bit counter is set to start at a mid-point value of 128 

counts at the beginning of each chopper cycle, and count up/down in the range of 

0-255 counts. 

4) At the beginning of the following chopper period, the final count value is 

translated by the DAC IC into a voltage. The DAC IC voltage is output to the 

feedback board where it can be DC offset and amplified to apply a feedback 

voltage to the fluidic channel.  
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Figure 3.8- Illustration of three scenarios (A, B, or C) for a particle in the ABEL trapping region 

and the expected photon counts of the chopper, counter IC value, DAC IC voltage output, and 
electrode voltage. The counter ICs counts up when photons are present in high half-period of the 
chopper, and counts downs when photons are present in the low half-period of the chopper. The 

difference in counts between the chopper half periods determines the DAC IC voltage output. 
The DAC IC voltage can be amplified and DC offset before being output by the electrodes into 
the trapping volume in the following chopper period. It should be noted, that if the excitation 

power is too high on either path1 or path2, the counter will stop counting at the max/min counts. 
A maxed/mined counter results in photons being ignored, which means the calculated difference 

is not accurate. Therefore if the counter does saturate during an experiment, the excitation 
power has to be reduced. 
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3.4 ABEL trapping circuit- clock, DAC, and feedback circuits 

The ABEL circuit can be broken down into three circuits which work in a stepwise 

process. As a note, be careful to note the DAC circuit vs the DAC IC when reading. 

The DAC circuit contains several ICs including the DAC IC. The three circuits are 

called the clock, DAC, and feedback circuit. 

3.4.1 Clock circuit 

 
Figure 3.9 - Fabricated clock circuit 

The clock circuit has three roles at the beginning of each chopper period- 

-establish a time window to trigger the writing to the memory unit of the DAC 

IC and reset the counter ICs 

-trigger memory writing in the DAC IC with a TTL pulse to the WR’1 and 

WR’2 pins 

-reset the counter ICs with a TTL pulse to the LOAD’ pin 

The clock circuit receives the APD and chopper signals as inputs and outputs TTL 

pulses WR’1, LOAD’, and WR’2. The three TTL pulses are triggers to process the 

total counter value through the DAC IC memory and reset the counter ICs on the 

DAC circuit at the beginning of each chopper period.  The APD and inverted chopper 
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signal is also passed on to the DAC circuit. The flow diagram of the signals and ICs 

in the clock circuit is diagramed in Figure 3.10. 

 
Figure 3.10-Flow diagram of input, output and IC functions in clock circuit. 

An initial NAND operation is performed on the input chopper signal, 1kHz, to 

produce an inverted and delayed chopper signal. A final NAND operation is 

performed on this inverted and delayed chopper signal versus the original chopper 

signal to produces a falling edge at the beginning of each chopper period, shown in 

Figure 3.11. The start of each chopper period is the rising edge. 

 
Figure 3.11- Oscilloscope measurement of NAND IC processing chopper signal on clock circuit. 

The NAND IC inverts and delays the input chopper signal. The beginning of every chopper 
period is indicated by a falling edge which is the result of a NAND operation of the input chopper 

signal and a delayed and inverted chopper signal. 
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The flip flop detects the falling edge and activates the decade counter and 555 timer. 

The Q’2 pin on the flip flop IC goes LOW for ~30 usecs, shown in Figure 3.12, it is 

in this time window the memory in the DAC IC is triggered and the counters are reset 

on the DAC circuit. 

 
Figure 3.12- Oscilloscope measurement of chopper, NAND IC and flip flop IC on clock circuit. 
(a) Chopper at 1KHz, NAND falling edge, and flip-flop IC Q’2 pin demonstrating the detection 
of the falling edge. (b) A zoomed in view of the beginning of the chopper period. In the first ~30 

usec of each chopper period, the clock circuit triggers the WR’1, LOAD’, and WR’2 TTL signals 
to set up the DAC circuit for the period. This leaves a ~970 time window when photons from a 

particle in the ABEL trapping volume are counted. 

The decade counter generates 10 TTL pulses at the rate specified by the 555 timer, in 

the current configuration a pulse is generated every 3 usec. Three of the TTL pulses 

generated are inverted and output to the DAC circuit. Figure 3.13 shows one of the 

decade counter pulses generated, the WR’1 pulse from the Q4 pin. The pin to pin 

configuration of the decade counter outputs and DAC circuit inputs are summarized 

in Table 3. 
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Figure 3.13- Oscilloscope measurement of chopper, flip flop IC, and decade counter IC on clock 
circuit. (a) Chopper, flip flop IC Q’2 pin and decade counter IC output. The LOW Q’2 output 
activates the decade counter to produce 10 TTL pulses every ~3 secs. (b) A closer look at the 
beginning of the chopper period, the pulse measured here is the WR’2 TTL pulse sent to the 

DAC circuit. 

Decade counter 

output 

DAC IC 

component input 

Purpose of signal 

Q1 WR’1 on DAC IC Write total count bit value from previous 

chopper period into DAC IC memory 

Q2 LOAD’ pins on 

counter ICs 

Reset the counter IC value to 128 counts 

Q4 WR’2 on DAC IC Write DAC IC voltage output based on the 

total counts bit value saved in memory via the 

WR’1 trigger 

Table 3-Decade counter IC TTL outputs to DAC circuit components. 

Lastly, a NAND IC passes the inverted APD signal to the DAC circuit. The decade 

counter pauses counting when the three TTL pulses are produced by the decade 

counter. 
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3.4.2 DAC circuit 

 
Figure 3.14- Fabricated DAC circuit 

The DAC circuit has two functions, both illustrated in Figure 3.15: 

-Count the emitted photons from a particle in the trapping volume. 

-At the beginning of each chopper period, convert the total counts from the 

previous chopper period into a voltage output via the DAC IC. This voltage 

output is sent to the feedback circuit and applied in the current chopper period. 

The DAC IC is triggered by the TTL signals WR’1 and WR’2 from the clock 

circuit. 

 
Figure 3.15-Illustration of photon counts relative to chopper signal and the expected response of 
the counter and DAC ICs. The counter ICs count the photon signals detected by the SPAPD in a 
chopper period. At the beginning of the next chopper period the total photon count is converted 

to a voltage via the DAC IC. 

The DAC circuit has five inputs from the clock circuit and one output to the feedback 

circuit, shown in Figure 3.16. 
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Figure 3.16- Flow diagram of signals in DAC circuit and the role of each component. 

 
Two 4-bit counter ICs are set up in a cascade configuration to form an 8-bit counter 

configuration with a total count range from 0-255 counts. The cascade configuration 

requires one counter to be the least significant bit (LSB) and the other to be the most 

significant bit (MSB). In increments of 1 MSB count the LSB counts up to 16, at 

which point it loops back to count another 16 and the MSB increases by 1 count. 255 

counts total maxes out both the MSB and LSB. At the beginning of each chopper 

period, the LOAD’ signal from the clock circuit resets the counter to 128. When the 

chopper signal is HIGH, the counter counts up, and when the chopper signal is LOW, 

the counter counts down. 

The DAC IC converts the total counts from the previous chopper period into a 

voltage, DAC IC Vout. The voltage output is calculated by 

 
𝑉𝑜𝑜𝑡 =

𝐷
256

(𝑉𝑚𝑚𝑚 − 𝑉𝑚𝑖𝑛) +
255
256

𝑉𝑚𝑖𝑛 Eq.  3-1 
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where D is the counter value and the voltages Vmin/Vmax are supplied to the DAC 

IC. In the current configuration the values are Vmax=5.1V and Vmin = 1.2 V and the 

counters to DAC IV voltage conversion is plotted in Figure 3.1. 

 
Figure 3.17- Plot of counter IC count value vs DAC IC voltage output. The DAC IC voltage out, 
Vout, is linearly proportional to the final value of the counter ICs at the end of a chopper period. 

The NAND IC is a logic component that holds the counter ICs at the maximum (255 

counts) or minimum (0 counts) value, if those values are reached in a chopper half-

period. Without the NAND, the counter ICs would roll over when the max/min 

counts is reached, and the final count value would be inaccurate. If the counter does 

reach the max/min value, this means the optical signal of the trapped particle is 

saturating the counter within a half-period of the chopper. 
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3.4.3 Feedback circuit 

 
Figure 3.18 - Fabricated feedback circuit 

The output of the DAC circuit, DAC voltage out, is input into the feedback circuit 

where a DC offset can be applied and the input can be amplified, up to +12 V, with 

two separate potentiometers (gain and offset in Figure 3.19). 

The ratio of the magnitude of the electrode voltages is always 2:1, this is set by the 

gain op amp before the switch. The output of the feedback circuit is two voltages of 

opposing polarities. Therefore if electrode A is at +12V then electrode B is at -6V. 

This means the channel voltage, electrode A-B, has a range of -18 V< channel voltage 

< +18V. 

The voltages are applied into the fluidic channel of the ABEL trap device via 

Ag/AgCl electrodes. The purpose of this feedback voltage is to apply an 

electrokinectic force on the particle to drive it to the trap equilibrium point. 
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Figure 3.19- Flow diagram of input and output signals in the feedback circuit. The output is two 

voltages of opposing polarities and a magnitude ratio of 2:1. The maximum output of the 
electrodes is +12V. The switch allows the user to flip the polarity between the two electrodes. 

 
Figure 3.20- ABEL trapping device and electrodes from feedback circuit. The output of the 
feedback circuit is applied to the optofluidic channel through Ag/AgCl electrodes into the 

reservoirs on the ABEL trap device. 

3.4.4 ABEL trap circuit box 

The clock, DAC, and feedback circuits are contained in a metal box to protect the 

circuits and keep the wiring organized. The offset potentiometer, gain potentiometer, 

and the polarity switch of the feedback circuit are accessible from the top cover of the 

ABEL box, shown in Figure 3.21a. A red LED is present to turn on when the counter 

IC is at the maximum or minimum. Inside the ABEL trap box the three circuits are 

contained. The box is powered by an AC to DC converter which plugs into the side of 

the ABEL box (not shown). Four BNC connectors on the side of the ABEL box serve 

as input/output – the DAC IC output, AWP output, chopper input, and APD input. 

The AWP output is an artifact from Sergei’s design to probe the voltage on the 
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feedback circuit; we haven’t used it. The side of the ABEL box also contains the 

electrode output, V+ and V-, shown in Figure 3.21C. 

 
Figure 3.21 – ABEL trap box with circuits inside. (A) ABEL trap box top contains the offset 
potentiometer, gain potentiometer, a switch to flip the electrode polarity, and a red LED to 

indicate the counter IC at the max/min. (B) Inside the ABEL trap box is the three circuits and 
the wiring between the circuits. (C) Three BNC jacks interface the ABEL trap circuits with the 

APD, Chopper, and LabView (DAC Output). The AWP port is an artifact from Sergei’s original 
design, we have not used it. The electrode output is between the BNC connectors, V- and V+. 
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3.5 ABEL trap circuit performance 

This section discusses the response time of the ABEL trapping circuit to a diffusing 

1um particle, the maximum bead flow velocity that can be trapped, and the particle 

size limit of the ABEL trap. 

3.5.1 Response time of ABEL trapping circuit 

The response time of the ABEL trapping circuit is the time the system needs to 

identify the trapped particles location and apply a feedback voltage to drive the 

particle to the trap center. This response time must be shorter than the time it takes for 

the particle to diffuse out or flow through the trapping volume 

In the current configuration, the chopper at 1 kHz, sets the response time of the 

ABEL trapping circuit. The ICs in the ABEL trap circuit all respond in the tens of 

nanoseconds. The SPAPD requires a minimum of ~80ns per photon pulse (12.5MHz). 

The total number of photons is counted in a chopper period, which identifies the 

particle location in the trapping volume, and the corresponding feedback voltage is 

applied at the beginning of the next chopper period. When the chopper is run at 1 

kHz, the circuit applies a feedback voltage to the particle every 1 millisecond, this is 

the ABEL trap circuit response time and is illustrated in Figure 3.22. 
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Figure 3.22- Chopper period and electrodes applying feedback voltage. The response time of the 
ABEL trap circuit is based on the period of the chopper.  The ABEL circuit applies a feedback 

voltage at the beginning of each chopper cycle, based on the total photon count from the previous 
chopper cycle. 

3.5.2 Escape velocity diffusing 1um bead 

To trap a one micron bead undergoing Brownian motion, the ABEL trap circuit 

response time must be fast enough to prevent the bead from diffusing out of the trap. 

The dimensions of a 1 µm bead at the center of the ABEL trap are shown in Figure 

3.23. 

 
Figure 3.23- Illustration of 1 micron polystrene bead at the center of the ABEL trapping volume. 
The bead will have to travel 3.5 um to escape the trapping volume. The ABEL circuit must have 

a response time fast enough to prevent the bead from diffusing out of the trapping volume. 

The diffusion coefficient of a particle due to Brownian motion is, 

 
𝐷 =

𝑘𝑏 ∗ 𝑇
6𝜋𝜋𝜋

 Eq.  3-2 

where 𝑘𝑏 =  1.38 × 1023 𝑚
2𝑘𝑘
𝑠2𝐾

 is the Boltzman constant, 𝑇 = 293 𝐾 is the 

temperature, 𝜋 = 1 × 10−3 (𝑘𝑘)𝑚𝐾
𝑠2

∗ 𝑠
𝑚2 is the viscosity, 𝜋 = 0.5 𝑢𝑚 is the radius of 

the particle. For the 1 micron diameter bead, D=0.43 um2/s. The minimum length that 
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the bead must travel to escape the trapping center is ℓ =3.5um. Knowing D and ℓ, 

allows us to solve for the escape velocity of the bead due to Brownian motion 

 𝑉𝑚𝑚𝑚 ≥  
𝐷
ℓ

 Eq.  3-3 

Given the values of D and ℓ, 𝑉𝑚𝑚𝑚 > 0.12 um/s. Therefore it takes 𝑡ℓ = ℓ
𝑉𝑚𝑐𝑚

 = ~3.6 

secs for the bead at 𝑉𝑚𝑚𝑚 to travel the distance ℓ out of the trap center. The response 

time of the ABEL trap (chopper=1kHz) is 𝑡𝑓𝑓𝑓𝑑𝑏𝑚𝑐𝑘 = 1 × 10−3 sec. 

𝑡𝑓𝑓𝑓𝑑𝑏𝑚𝑐𝑘<𝑡ℓ this means the ABEL trap feedback is applied faster than the time it 

takes a 1 micron bead to escape the trap center. 

3.5.3 Maximum bead flow velocity 

In a typical ABEL experiment, the beads we were attempting to trap were flowing 

through the ABEL trap volume. We can calculate the flow speed of a 1 um bead 

flowing through the ABEL trapping volume before the ABEL trapping circuit can 

respond, illustrated in Figure 3.24. The ABEL trap length is 6 um and the ABEL trap 

circuit applies a feedback voltage every 1 msecs. Therefore a bead with a flow 

velocity >6mm/s will flow past the trapping volume before the ABEL trap circuit can 

respond to its presence. In our 3-7-15 trapping experiment we trapped beads flowing 

at up to 14um/sec. 
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Figure 3.24 - Illustration of bead flowing through trapping volume. The maximum flow speed of 
a 1um bead through the trap volume can be >6 mm/s at which point the ABEL trap circuit can’t 

respond fast enough. 

3.5.4 Trapping Relation- Bandwidth Versus Particle size 

As mentioned in the ABEL trap circuit response time section above, the time duration 

for the ABEL trap to apply a feedback voltage to a particle in the trapping volume is 

set by the chopper frequency. In the current set up the chopper is run at a frequency of 

1 kHz. In this section we calculate the smallest size particle that can be captured with 

a 1 kHz chopper as well as plot the relation of frequency vs particle size. 

The mean square displacement relation 

 〈𝑑2〉 = 2𝐷𝑡 Eq.  3-4 

is the area of a diffusing particle in a finite time period where D is the diffusion 

coefficient and t is the time period[9]. We will replace the 〈𝑑2〉 term with  𝑑𝑟
2 to 

define the area a particle can diffuse between response times of the ABEL trap 

circuit. In the current ABEL trapping volume, 𝑑𝑟 = 6𝑢𝑚, the length of the ABEL 

trapping volume. The modified mean square displacement relation solving for 

frequency is 

 1
𝑡𝑟

=
2𝐷
𝑑𝑟

2 =
2𝑘𝐵𝑇

6𝜋𝜋𝜋𝑑𝑟
2 Eq.  3-5 
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This equation relates the feedback frequency to the diffusion coefficient and trapping 

area[9]. From Eq.  3-5 the smallest particle that can be trapped in the current ABEL 

device design with a 1 kHz chopper is 11 picometers. The relation of feedback 

frequency and particle size is plotted in Figure 3.25. Relatively low feedback 

frequencies (<25 Hz or 40 msec) are required to trap down to particle sizes of 1 nm. 

 
Figure 3.25 – Plot of particle size and the required feedback response frequency. To trap 

particles in the range of nanometers the ABEL trapping circuit has to apply a feedback response 
at 25Hz or every 40 secs.  
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4 LabVIEW Programs for ABEL Trap Set Up 

Two LabVIEW programs were written for this project, the first to sync and record 

data during an ABEL trapping experiment. The second, to test the DAC circuit to 

ensure it functions correctly. 

4.1 Sync and record ABEL trapping data program  

The purpose of this LabVIEW program, ABEL_Record_and_Sync.vi, is to sync and 

record the data from components of the ABEL trap set up during a trapping 

experiment. The components involved are highlighted in Figure 4.1. 

The program syncs the recording start time of the camera, SPAPD, and ABEL trap 

circuit signal. The synced data is viewed after the experiment to understand the 

ABEL trap circuit response. 

 
Figure 4.1-Components of ABEL trapping set up involved with LabVIEW syncing and recording 

program. 

 

  



 

45 
 

Before discussing the details of the program interface and output, the hardware set up 

for the components to function with LabVIEW control will be covered. 

LabVIEW DAQ 2110 BNC breakout board - The BNC break out board acts a 

liaison between the PCI 6281 DAC in the desktop and the ABEL trapping set 

up components through BNC cables. The BNC lines from this box connect to 

the camera, SPAPD sync box, and the ABEL trap circuit (both electrodes and 

DAC IC Vout). 

Andor CCD Camera- The camera software configuration is set to Ext Trig and 

a BNC line (P1.0) on the LabVIEW DAQ BNC board is connected to the Ext 

Trig pin. 

SPAPD- A BNC line (P2.4) on the LabVIEW DAQ BNC board is connected 

to the SPAPD sync box and is output via Pin 1 of an RS-232 connector to the 

Time harp data acquisition hardware. 

ABEL trap circuit- The three electrical signals recorded from the ABEL trap 

circuit are the DAC IC voltage out and both electrodes which are applied to 

the ABEL device optofluidic channel. 
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The front panel of the program is shown in Figure 4.2 and details of the buttons and 

icons in the front panel are described below. 

 
Figure 4.2 - Front panel of syncing and recording LabVIEW program for ABEL trapping 

experiment. 

 

The two sync controls present are the camera sync line button and record data button. 

These are Boolean values. When the camera sync line button is pressed, a TTL pulse 

is sent to the EXT Trig pin on the Andor camera, which allows the user to focus the 

camera on the ABEL trapping volume. 
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Once the camera is focused, an ABEL trapping experiment can be performed when 

the record data button is pressed (true). This sets in motion three events 

simultaneously- 

1) a TTL pulse is produced to start the recording from the camera 

2) a falling edge is produced to start the APD recording 

3) the recording of the DAC IC and both electrodes voltages begins 

While an ABEL trapping experiment is being recorded the voltages are displayed in 

real time on the waveform chart. The voltages provide important information about 

the status of the ABEL trapping circuit. 

Two DAC IC indicators, the DAC meter and DAC indicator visually present the DAC 

IC voltage measured in real-time. The DAC meter shows the DAC IC voltage 

between 1.1-5.1V, and if the DAC IC voltage reaches its maximum/minimum the 

DAC indicator lights up. This indicates the input powers are too high and the photon 

pulses are saturating the counter ICs. If this occurs, the excitation powers should be 

reduced to prevent photon pulses from being ignored by the counter. Future iterations 

of the ABEL trap circuit should have a higher bit counter to prevent the counter from 

reaching the max/min rails. 

To stop recording, the record data button is set back to false. A text file is created 

with timestamps and the electrical data. A MATLAB code, 

ABEL_SigGen_plot_code_v5.m, has been written to parse the data and plot the 

recorded data; Figure 4.3 shows an example of the plotted signals. 
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Figure 4.3 - Video image and electrical signals from ABEL trapping experiment. The LabVIEW 
program syncs the start time of the camera, SPAPD, and ABEL trap circuit voltages. At 83 secs 
the bead escapes the trapping volume so the fluorescence signal goes to zero, the DAC IC output 

goes to the value of 3.15V, and the electrode value goes to zero. 
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4.2 DAC circuit testing program 

To ensure that the DAC circuit is functioning correctly, the program 

Standalone_DAC_circuit_test rev2_8.vi was created to mimic the clock circuit TTL 

inputs into the DAC circuit, the front panel of the program is shown in Figure 4.4. 

 
Figure 4.4 - Front panel of DAC circuit testing program. 

 

The Pin1-Pin5 buttons produce TTL pulses to mimic the inputs the DAC circuit 

receives from the clock circuit. The hardware set up to use this program requires the 

output from the LabVIEW BNC breakout board digital outputs are connected to the 

input pins on the DAC circuit. The order of operations is the same process the ABEL 

trap circuit performs during an actual trapping attempt and is as follows- 

1) Set the chopper state with pin 5. This determines if the counter ICs count up or 

down. 



 

50 
 

2) Produce photon pulses via pin 2. Each pulse should be registered by the counter 

IC, which counts up or down. The counter IC pins can be physically probed to 

confirm this. The APD counter icon provides a visual for the count number and can 

be reset via the APD count reset button. 

3) A TTL pulse from pin 1, MR1, writes the counts to the DAC memory. 

4) A TTL pulse via the LOAD button, pin 4, resets the counter ICs. 

5) A TTL pulse from pin 3, MR2, writes the counts stored in memory as an analog 

voltage out. This is the DAC IC voltage output. 

The entire sequence can be recorded when the record data button is set to true. The 

input signal graph displays the state of each pin and the DAC IC voltage graph 

displays the measured voltage in real time. An example of the recorded data is shown 

in Figure 4.5. The photon pulse count conversion to DAC IC voltage is discussed in 

chapter 3 – the ABEL trap circuit. This program can be used to confirm if the DAC 

circuit is producing the correct DAC IC output voltage based on the number of 

photon pulses input. 
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Figure 4.5 - Recorded signals from DAC circuit testing program. The first five signals are the 

input signals generated by the LabVIEW program. The DAC IC voltage output is calculated by 
Eq. 3-1 in chapter 3-the ABEL trap circuit. Here 10 photon pulses are produced and the correct 
expect DAC IC voltage output of 2.99V is measured. An additional check here is that the ~3.15V 

measured on the DAC IC Vout is the expected output when the counter is set to its midpoint 
value of 128 counts. 
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5 Results and Discussion 

We demonstrated a working ABEL trap on multiple instances with 1um polystyrene 

beads (Invitrogen Fluorospheres). In this chapter the following topics will be 

discussed, the experimental procedure, the trapping results from experiments on 3-7-

15 and 5-27-15; Table 5-1 and Table 5-2 in section 5.3 summarize the results. The 

trajectory, histograms, and electrical data from each individual trapped bead will be 

presented. Videos of the trapping results are provided as supplementary video files 

S1, S1, and S3. This is followed by a discussion comparing our ABEL trap 

performance to literature. Lastly, some improvements to the ABEL trap set up will be 

recommended. 

5.1 Experimental procedure 

We developed a procedure for an ABEL trapping experiment. First, to prepare for the 

experiment several key components were set up- 

1) The SPAPD coupling stage is a component between the collection fiber and 

SPAPD that filters out the 633 nm excitation with a notch filter. The stage consists of 

two Thorlabs PAFA-X-4-A fiberport collimators facing each other on a small optical 

breadboard. We have found a coupling efficiency of ~60% between the two fiberports 

ensures the SPAPD can detect a 1 um bead emission successfully. 

2) The powers of the excitation fibers, Path1 and Path2, are set to values that balance 

the powers in the trapping volume. The powers are determined when the trapping 

volume is optically characterized; Figure 2.12 in chapter 2.5.1 shows the optical 

characterization plot of chip AT2 7 (annealed). 
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3) The optical chopper head (the blade wheel) is placed such that the two excitation 

optical paths are 180o out of phase. To ensure this, the excitations are measured with 

photodiodes and plotted on an oscilloscope; Figure 2.12 in chapter 3.3 is a screenshot 

of the oscilloscope with the excitation paths and chopper signals. 

4) The LabVIEW software and hardware that syncs and record the components in the 

ABEL trap system is set up. This is detailed in chapter 4.1. 

Once the ABEL set up is complete a trapping experiment can be performed. Small 

reservoirs which hold ~5uL of fluid are bonded with wax (Crystal Bond 509-3) on the 

ends of the HC-ARROW to fill the channel with bead solution. The ABEL device we 

used in the 3-37-15 and 5-7-15 experiment was chip AT2 7 (annealed) and the bead 

solution was 6 x 107 beads/mL of 1 um beads (Invitrogen Fluorospheres). Along with 

the beads, the bead solution contains 82% DI water and 0.05% Tween. The Tween 

prevents the beads from sticking to the HC-ARROW sidewalls. 

A bead solution of 5 uL was pipetted into the inlet reservoir and 3 uL of DI water was 

pipetted into the outlet reservoir. The water in the outlet reservoir served to slow the 

bead solution flow to almost static which was observed under a microscope. The 

volumes of bead solution and water were continued to be adjusted until the flow was 

near static. 

The filled ABEL trap device was placed on a stage under the camera. The camera was 

focused on the chip and any tilt of the chip on the 2-axis stage could be adjusted for. 

Two Ag/AgCl electrodes each on a 3-axis micrometer stage were lowered into the 

reservoirs. 
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The two excitation fibers and collection fiber were coupled into the SC-ARROWs on 

the device. At this point, the LabVIEW sync and record program was started as 

detailed in chapter 4.1. Once a bead flowed into the trapping area, the ABEL trap 

circuit began to attempt to trap. 

5.2 Bead position in ABEL trap quantified 

A MATLAB particle tracking script, written by Dr. Kaelyn Leake called 

particletrackfunctiontrap.m, was used to extract the trajectory, x and y points, of the 

particle in the trapping volume [20]. From the trajectory the trap stiffness, more 

detailed below, and confinement was calculated. The confinement is the travel range 

of the bead while trapped. In addition, the channel voltage, the difference between the 

two electrodes applied on the inlet and outlet reservoirs of the ABEL trap device, was 

calculated from the recorded LabVIEW data. 

5.2.1 Trap stiffness 

The trap stiffness quantifies the strength of the ABEL trap and compares it to other 

trapping set ups. 

An ABEL or optical trap can be considered to be a harmonic potential. A harmonic 

potential is a system that when displaced a length x from equilibrium experiences a 

restoring force, F, proportional to its displacement, 𝐹 = −𝑘𝑘. An example of this is a 

mass on a spring (1D) where a mass displaced a length of x will experience the 

restoring force F, and since 𝑃𝑃 = ∫𝐹dx, the 𝑃𝑃 =   1
2
𝑘𝑘2. A trapped bead 

experiences the same force and potential energy as a mass on a spring. 
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The Equipartition theorem states that each degree of freedom in a physical system at 

thermal equilibrium will have an energy of 1
2
𝑘𝑏𝑇 where 𝑘𝑏is the Boltzmann constant 

and T is the temperature in Kelvin. Therefore in a harmonic potential of 1D the 

𝑃𝑃 = 1
2
𝑘𝑏𝑇. 

Putting together the PE of a 1D mass on a spring and the Equipartition theorem the 

trap stiffness is equivalent to 

 
𝑘 =

𝑘𝑏𝑇
< 𝑘2 >

 Eq.  5-1 

 

where <x2> is the variance in position of the particle while trapped. The variance is 

the square of the standard deviation of the position [21]. 



 

56 
 

5.3 Summary of ABEL trapping results 

3-7-15 trapping results 

Bead Trapped Time (sec) 
Trap 

Stiffness 
(nN/m) 

Confinement 
(um) 

Maximum 
Channel Voltage 

[Electrode A-
Electrode B] (V) 

Trial 1  B 16 33 1.74 -13(at max) 

Trial 1 C 24 7.4 3.58 -13(at max) 

Table 5-1- Results from 3-7-15 ABEL trapping experiment. 

5-27-15 trapping results 

Bead Trapped Time (sec) 
Trap 

Stiffness 
(nN/m) 

Confinement 
(um) 

Maximum 
Channel Voltage 

[Electrode A-
Electrode B] (V) 

Trial 3 A 17 61 1.46 -15 
Trial 7 B 16 99 1.10 -15 

Table 5-2 - Results from 5-27-15 ABEL trapping experiments. 
The three conclusions of the results are- 

1) A larger trap stiffness (more than 2x higher) and smaller confinement was 

achieved on 5-27-15 compared to the 3-7-15 trapping experiment. 

We increased the gain potentiometer to the maximum on the feedback circuit in the 5-

27-15 experiment; this resulted in a higher channel voltage compared to the 3-7-15 

experiment. The voltage provides the electrokinetic force to drive the bead to the 

equilibrium point of the trap. 

2) DAC IC voltage output not at rails in 5-27-15 trapping experiments 

After the 3-7-15 trapping experiment, we learned post experiment that the DAC IC 

voltage was at the rail from the recorded voltage data; this indicated the counters were 

being saturated by the photon pulses during the experiment, Figure 5.2 on Page 59. A 
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saturated counter IC means that photon pulses are ignored since the counter is at the 

max/min. We fixed this issue in the 5-27-15 experiment by paying close attention to 

the DAC IC voltage during the experiment and reducing the excitation power if 

counter reached the max/min. 

3) Bead interference in 5-27-15 trapping experiments 

Damage to the ABEL trap device HC-ARROW required that the outlet reservoir be 

placed next to the ABEL trapping volume in the 5-27-15 experiment, this lead to free 

beads in the outlet reservoir in close proximity to the trapping volume. In both Trial 3 

and Trial 7 the trapped bead was displaced when a second bead entered the trapping 

volume from the outlet reservoir. Therefore the trap times of the 5-27-15 experiments 

were limited by the nearby outlet reservoir. 

Table 5-3 shows that approximately the same input powers, at the fiber tip, were used 

on 5-27-15 and 3-7-15 experiments. 

 Path 1 Path 2 
ABEL 

experiment 
Fiber tip 

output (µW) 
Estimated power 

at bead (µW) 
Fiber tip 

output (µW) 
Estimated power 

at bead (µW) 
3-7-15 30 11.7 117 70.8 
5-27-15 66 25.8 105 63.5 

Table 5-3- Measured fiber tip power and estimated power at beads. The estimated power at the 
bead was calculated assuming a fiber to waveguide coupling efficiency of 55% and a SC-

ARROW loss of 0.85 cm-1. 
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5.4 Trajectories, histograms, and electrical signal plots of ABEL trap results 

5.4.1 3-7-15 Trial 1 Bead B Plots 

The plots of the particle position from this experiment are shown in Figure 5.1. The 

bead was confined to a length of 1.74um while trapped for 16 secs. The calculated 

trap stiffness was 33.4 nN/m. The video of this trapping experiment is provided as 

supplementary S1. 

 
Figure 5.1 – 3-7-15 Trial 1 Bead B results. (A) Image of excited 1um bead in trapping volume. 
(B) Bead trajectory in trapping volume over trapped time of 16 secs. (C) Histogram of bead 
position while trapped. (D) Histogram of bead position relative to the median point of the 

trajectory. 

Towards the end of the trapping time period, the electrical data, Figure 5.2, shows 

that the DAC IC output was at its minimum of 1.2V, this indicates that the counter IC 

was at the minimum. We learned this post experiment and in following experiments 

made sure to turn down the excitation power if the DAC IC output reached its 

max/min. In future iterations of the ABEL trap circuit the DAC circuit will have to be 
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modified to have a higher bit counter, currently the circuit uses a 8 bit counter (two 4 

bit counters in a cascade configuration). 

The electrodes, probe A and B in Figure 5.2, produced a channel voltage of -13V, but 

this was insufficient to keep the bead trapped after 16sec had elapsed (83 sec mark on 

Figure 5.2). By increasing the gain on the feedback circuit we could have increased 

the channel voltage. Based on the supply voltage the current ABEL trap circuit can 

produce a channel voltage of up to +18V. 

 
Figure 5.2 – APD, DAC IC output, and electrode voltage recorded for 3-7-15 Trial 1 Bead A just 
before bead escapes. The DAC IC output reached its minimum (1.2V), which means the counter 
IC was at the rail. The channel voltage (electrode A-B) was at the maximum, but by increasing 

the gain, the channel voltage increase could have been increased. Based on the supply voltage the 
current design can supply a channel voltage up to +18V. At 83 secs the bead escapes the trapping 
volume so the fluorescence signal goes to zero, the DAC IC output goes to the value of 3.15V, and 

the electrode value goes to zero. 

5.4.1.1 3-7-15 experiment-free bead vs trapped bead 

During this same trial, after Bead B, the two following beads, C and D, briefly 

showed the difference in trajectory between a trapped bead and free bead. Bead C 

was trapped for 24 sec total and bead D approached the trapped volume during the 
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last 10 sec Bead C was trapped. Figure 5.3 shows their trajectories during that time 

period. In those 10 seconds, Bead C was confined to 2.5um by the electrokinetic force 

generated by the ABEL trap circuit, while Bead D under the influence of the electric 

field, flow, and diffusion travels more than 20um towards the trap. 

 
Figure 5.3 – 3-7-15 Trial 1 Bead C and Bead D trajectory for 10secs. Bead D appeared in the 

video frame of during the last 10 secs Bead C was trapped. Over that time, Bead C was confined 
to 2.5um while Bead D traveled over 20um. 

  



 

61 
 

5.4.2 5-27-15 Trial 3 Bead A results 

The plots of the bead trajectory in this experiment are shown in Figure 5.4. The bead 

was confined in length of 1.46 um in a time period of 17 secs. The trapping time was 

limited by interference of a second bead entering the trapping volume. The calculated 

trap stiffness of 61 nN/m was double the value from the 3-7-15 Trial 1 Bead B 

experiment. The video of this trapping experiment is provided as supplementary S2. 

 
Figure 5.4 – 5-27-15 Bead A position plots. (A) Trajectory of the bead trapped for 16 secs. (B) 

Histogram of trapped bead position. (C) Histogram of bead position relative to the median point 
of the trajectory. 

In this experiment the DAC IC voltage didn’t reach the rail, Figure 5.5, so the counter 

ICs weren’t saturated as they were in the 3-7-15 experiment. The gain potentiometer 

on the feedback circuit was at the maximum; this meant a higher channel voltage was 

possible compared to the 3-7-15 experiment. The channel voltage reached -15V, 

whereas in the 3-7-15 experiment the channel voltage was at the maximum of -13V.  
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Figure 5.5 - APD, DAC IC output, and electrode data from trapping experiment. The excitation 
powers were low enough that the DAC IC output didn’t reach its max/min. The channel voltage 

(A-B) reached up to -15V. 
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5.4.3 5-27-15 Trial 7 Bead B Plots 

The plots of the bead trajectory in this experiment are shown in Figure 5.6. The bead 

was confined to 1.10 um in a time period of 16 secs. The trapping time was limited by 

interference of a second bead entering the trapping volume. The video of this trapping 

experiment is provided as supplementary S1. 

 
Figure 5.6 - Plot of bead position in trapping volume. (A) Trajectory of bead in trapping volume 

during 16 sec trap time. (B) Histogram of bead position in trapping volume. (C) Histogram of 
bead position relative to the median point in the trajectory. 

Like in the 5-27-15 Bead A experiment, the gain potentiometer was kept at the 

maximum in this experiment to maximize the channel voltage if needed. The channel 

voltage reached -15V, Figure 5.7, which was enough to achieve a trap stiffness of 99 

nN/m, which is 3 times the trap stiffness from the 3-7-15 experiment. 
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Figure 5.7 - APD, DAC IC output, and electrode voltage. The bead was in the trapping volume 

from 167-183 sec. The spike at 184 sec is due to a second bead entering the trapping volume and 
dislodging the trapped bead. While the bead was trapped the DAC IC output didn’t reach its 

max/min and the channel voltage reached -15 V. 
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5.5 Discussion 

Table 5-4 compares our ABEL trapping results to Sergei’s achievement, Adam 

Cohen’s ABEL trap, and optical traps published in the literature for beads; several of 

these papers did also trap biological molecules.  As mentioned in the introduction 

(chapter 1), Dr. Kuhn originally designed, built, and demonstrated the ABEL trap in 

the Applied Optics Group. 

Author (year) Type of trap 
Trap 

stiffness 
(nN/m) 

Bead 
dia. 
(um) 

Power 
at bead 

Optical 
source 

Trap 
time 

Duttaroy and 
Neira 
(2015) 

ABEL 33-99 1 Max = 
50 uW 

633nm; 
30-117 uW 

fiber  tip 

17 
sec 

Kuhn at el 
(2010) ABEL 90 1 0.4 uW 

633nm; 
1uW fiber  

tip 

>1 
min 

Grigorkenko 
et al. (2008) 

Optical trap; 
 Near field 

nanostructures  
1.3e4 0.2  

1064 nm; 
1W  

Yang et al. 
(2009) 

Optical trap; Slot 
waveguide  0.2E6 0.1  

1550nm;1
W  

Ding et al. 
(2000) Optical trap 1830 1  

532 nm; 
100 mW  

Cohen et al. 
(2008) ABEL 5.3E16 0.1  

532 nm; 
30 mW  

Cran-
McGreehin 

(2006) 

Optical trap; 
counter-

propagating 
beams 

32 2.4 8mW Laser on 
chip  

Table 5-4 - Comparison of ABEL trapping results compared to published results. 

We didn’t reach the trapping time lengths Sergei achieved, but did attain the 

equivalent trap stiffness in the 5-27-15 Bead B experiment. Due to damage to the HC-
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ARROW the outlet reservoir had to be placed next to the ABEL trapping volume in 

the 5-27-15 experiment, this lead to free beads in the outlet reservoir interfering with 

the trapped bead. 

Both our trapping times and Sergei’s trapping times were limited by confinement of 

the bead in a single axis, along the HC-ARROW channel. But, bead was free to travel 

towards the sidewalls of the HC-ARROW while trapped. Sergei’s analysis of the 

ABEL trapping volume showed that the APD detection of fluorescence decreases as 

the bead moves close to the sidewall [1]. Failed detection of the excited bead results 

in the bead escaping the trap. Currently, the next generation of the ABEL trapping set 

up is being designed to address this issue.   

Cohen et al. have demonstrated ABEL trapping on fluorophores of 1nm in diameter 

[8]. The group uses a laser scanning technique to locate a particle in the trapping 

volume and FPGA hardware to apply the feedback voltage. Our ABEL system uses 

three orders of magnitude less power, cheaper optical and electrical hardware, and 

requires less equipment to set up. 

Normalized for trapping power and volume of the particle, our ABEL trap has a 

trapping stiffness two orders greater than Grikenko et al and Ding el al. The slot 

waveguide published by Yang et al. has a higher normalized trapping stiffness, but 

the trap is polarization specific and pulled less than 25% of the particles into the slot 

waveguide to push particles along the slot. 
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5.5.1 Voltage vs bead velocity relationship 

The feedback voltage which produces the electrokinetic force on the bead is the key 

to move the bead in the trapping volume. It would be ideal to understand the relation 

between the voltage and the bead velocity. 

I did attempt to do this by an experimental method. An experiment was set up of 

beads flowing down the HC-ARROW, a voltage was applied, and the velocity change 

was recorded. The behavior of the 1um beads was inconsistent at similar velocities, at 

times the beads responded to the voltage(<1 V) by switching the direction of travel, 

or sometimes the beads slowed, or the beads didn’t respond at all even with voltages 

up to 10V. This occurred over a 45 minute span. That being said, in this experiment I 

was using a DC voltage source to easily read the channel voltage. It might be worth 

retrying this experiment using the ABEL trap electrodes which apply a V- and V+ 

voltage to the reservoirs instead of a V+ and GND which is what the DC source 

applies to the reservoirs. I have not seen such inconsistent behavior with the ABEL 

trap circuit. 

5.5.2 Proposed improvements to ABEL trap set up 

Future iterations of the ABEL trap circuit and set up should incorporate the following 

recommendations based on my experience working with the system- 

1) Record the Offset and Gain potentiometer values from the feedback circuit; this 

will provide quantified the values of the potentiometers. 

2) Sync the length of the SPAPD and Andor camera recording time. Currently, the 

Andor camera automatically stops recording after ~250 secs. Additional code in 
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LabVIEW can be written so that when the camera stops recording the recording of the 

SPAPD and ABEL trap circuit signals are also stopped. 

3) It’s critical that every optical component in the ABEL set up be aligned and we 

found that out the hard way with the multi-mode collection fiber which captures the 

emission signal from the ABEL device. The chuck holding this fiber may become 

lose if not taped down well, therefore it would be ideal to get a high quality fiber 

chuck so that there is no potential misalignment of the collection fiber. 

4) Increase the counter range- The current counter design in the DAC circuit contains 

an 8 bit counter configuration (two 4 bit counters). A larger counter range would 

reduce the likelihood of reaching the counter max/min. The current DAC circuit 

would have to be rebuilt to accommodate the new pin-pin routing for a new IC 

component (not as simple as switching out ICs). 
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6 Conclusion 

This thesis has presented an ABEL trapping system that counteracts Brownian motion 

and fluid flow to confine a single particle in a fluidic medium. The optical 

components of the system produce an illumination pattern in the trapping volume to 

probe the single particle location and the electronics process the optical signal to 

apply a feedback voltage to electrokinetically drive the particle to an optical 

equilibrium point in the trapping volume. 

The details of the optical illumination pattern and trapping circuit have been 

discussed. We successfully demonstrated trapping on multiple occasions and 

achieved trapping stiffness reported by Dr. Kuhn. 

Our ABEL system uses three orders of magnitude less power compared to published 

ABEL traps [13]. Compared to optical traps, our system uses five orders of 

magnitude less power and has a higher trap stiffness, normalized for particle size and 

power, compared to optical traps [3], [12]. 

The design of the ABEL trap device incorporates the ability to simultaneously trap 

single bio-molecules and perform optical studies such as FCS [1]. This ability to trap 

and optically study single bio-molecules with significantly lower optical powers and 

cheaper equipment sets our ABEL trap apart from published ABEL and optical traps. 
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7 Appendix 

7.1 ABEL trap circuit components 

 

  

Index Part Number Description Quantity 
needed

 Quantity Unit Price Extended 
Price

1 296-1626-5-ND IC QUAD 2-IN NAND GATE 14-DIP 1 0.67 $0.67 

2 497-1963-5-ND IC OSC MONO TIMING 500KHZ 
8DIP

1 0.42 $0.42 

3 568-1380-5-ND IC GATE NAND QUAD 2INPUT 
14DIP

2 0.89 $1.78 

4 568-1447-5-ND IC COUNTER 5STAGE JOHNSON 
16DIP

1 1.67 $1.67 

5 296-1605-5-ND IC HEX INVERTER 14-DIP 1 0.33 $0.33 

6 296-6332-5-ND IC DUAL JK F-F W/CLEAR 16-DIP 1 2.8 $2.80 

7 DAC0830LCN/NOPB-ND IC DAC 8BIT MICROPOWER 20-DIP 1 6.32 $6.32 

8 296-14886-5-ND IC SYNC UP/DOWN COUNTER 16-
DIP

2 1.13 $2.26 

9 296-9542-5-ND IC OPAMP GP 1.2MHZ QUAD 
14DIP

1 0.55 $0.55 

10 OPA445AP-ND IC OPAMP GP 2MHZ SGL HV 8DIP 2 12.29 $24.58 
11 AE9986-ND IC SOCKET STRAIGHT 8POS TIN 5 0.18 $0.90 

12 A100205-ND CONN IC SOCKET VERT 14POS TIN 4 0.22 $0.88 

13 A100206-ND CONN IC SOCKET VERT 16POS TIN 4 0.24 $0.96 

14 A100208-ND CONN IC SOCKET VERT 20POS TIN 1 0.31 $0.31 

15
Subtotal $44.43 
Shipping Appx $8.00
Sales Tax 8.97%
Total Estimated $56.42 
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7.2 Circuit schematics-Clock circuit 
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7.3 Circuit schematics-DAC circuit 
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7.4 Circuit schematics-Feedback circuit 
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8 Supplementary files 

Video of the trapping experiments discussed in the results and discussion chapter are 

provided as supplementary material. 

8.1 S1 3-7-15 Bead B.avi 

8.2 S2 5-27-15 Trial 3 Bead A.avi 

8.3 S3 5-27-15 Trial 7 Bead B.avi 
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