SCIENCE ROBOTICS | RESEARCH ARTICLE

ACTUATORS

A ferrobotic system for automated microfluidic logistics

Wenzhuo Yu'*, Haisong Lin'*, Yilian Wangz*, Xu He', Nathan Chen’, Kevin Sun’, Darren Lo?,
Brian Cheng?, Christopher Yeung’, Jiawei Tan', Dino Di Carlo?!, Sam Emaminejad’**

Automated technologies that can perform massively parallelized and sequential fluidic operations at small length
scales can resolve major bottlenecks encountered in various fields, including medical diagnostics, -omics, drug
development, and chemical/material synthesis. Inspired by the transformational impact of automated guided
vehicle systems on manufacturing, warehousing, and distribution industries, we devised a ferrobotic system that
uses a network of individually addressable robots, each performing designated micro-/nanofluid manipulation-
based tasks in cooperation with other robots toward a shared objective. The underlying robotic mechanism facil-
itating fluidic operations was realized by addressable electromagnetic actuation of miniature mobile magnets
that exert localized magnetic body forces on aqueous droplets filled with biocompatible magnetic nanoparticles.
The contactless and high-strength nature of the actuation mechanism inherently renders it rapid (~10 centimeters/
second), repeatable (>10,000 cycles), and robust (>24 hours). The robustness and individual addressability of ferrobots
provide a foundation for the deployment of a network of ferrobots to carry out cross-collaborative logistics effi-
ciently. These traits, together with the reconfigurability of the system, were exploited to devise and integrate
passive/active advanced functional components (e.g., droplet dispensing, generation, filtering, and merging),
enabling versatile system-level functionalities. By applying this ferrobotic system within the framework of a micro-
fluidic architecture, the ferrobots were tasked to work cross-collaboratively toward the quantification of active
matrix metallopeptidases (a biomarker for cancer malignancy and inflammation) in human plasma, where various

Copyright © 2020
The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim
to original U.S.
Government Works

functionalities converged to achieve a fully automated assay.

INTRODUCTION

The advent of Industry 4.0 is pioneered by automated guided vehicles
(AGVs) that are widely used in distribution and supply chain logistics
to perform autonomous, accurate, and consistent cargo transporta-
tion while reducing transit times and labor costs (1). The flexibility
and scalability of such mobile automated systems, in conjunction
with their ability to assign specific tasks to individual vehicles coop-
erating in a large network, provide new degrees of automation in
comparison with physically constrained conveyor belt or forklift-
operated systems (2). The same degrees of automation are poised to
revolutionize applications such as medical diagnostics (3, 4), -omics
(5-7), drug development (8), and chemical/material synthesis (9).
In that regard, the full potential of these applications can be unlocked
by adopting solutions centering on microfluidic logistics, herein de-
fined as the detailed coordination of diverse, large-scale, and small-
volume fluid handling operations to perform a plethora of sample
processing and analysis tasks.

To this end, conventional continuous-flow microfluidic systems
have shown high throughput and robust fluid handling capabilities
(10-12). However, their predefined fluid pathways and geometrically
constrained operations severely limit their adaptability and automa-
tion, imposing the same limitations as conveyor belt systems within
larger-scale settings. Aiming to resolve such constraints, digital micro-
fluidic actuation techniques such as electrowetting-on-dielectric
(EWOD) have emerged, capable of transporting discrete droplets
on an open surface in a programmable fashion (13-15). However,
inherent limitations of EWOD devices, stemming from the reliance
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on direct interactions between the solution and the electrified surfaces,
can restrict their service life and compatibility with other peripheral
components, thus narrowing their application diversity (16, 17).

Here, inspired by the transformational impact of automated
guided robotic systems on the manufacturing and distribution in-
dustries, we devised a robotic system that uses a network of individ-
ually addressable robots, each performing designated micro-/nanofluid
manipulation-based tasks in cooperation with other robots. As illus-
trated in Fig. 1A, analogous to a standard AGV system—which con-
sists of three primary entities, including a navigation floor, an electric
motor, and a cargo carrier for package delivery—our robotic system
can be described as: (i) an electromagnetic (EM) navigation floor,
which can be programmed to establish localized EM fields in an ad-
dressable matrix of coils; (ii) a millimeter-scale permanent magnet
as a motor, the movement of which is controlled by the activated EM
field(s); and (iii) a ferrofluid droplet carrier, encapsulating the bio/
chemical sample of interest (i.e., the “package”) that is set in motion
upon experiencing strong body forces originating from the interaction
of the ferrofluid’s magnetic nanoparticle constituents with the mo-
tor’s magnetic actuation field.

Effectively, the devised design leverages EM induction to achieve
scalable control, and an intermediary EM-controlled permanent mag-
net to amplify the actuation field exerted on the ferrofluid (Fig. 1B).
In this way, we overcame the fundamental limitations of previously
reported magnetic digital microfluidics, which used complex trans-
lational stages and bulky magnets that were not portable (18, 19) or
EM coils (20, 21) that lacked the ample driving forces to execute
efficient fluid operations. The addressability and strength of the ferro-
fluid actuation enable new degrees of mobility and automation cen-
tral to the devised robotic system, hereafter referred to as “ferrobotic
system.”

The contactless and high-strength nature of the ferrobotic actua-
tion mechanism inherently renders it rapid, repeatable, and robust.
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we specifically applied this system to exe-

cute a set of cross-collaborative and diverse
operations toward the quantification of
active matrix metallopeptidases (MMPs;
a biomarker for cancer malignancy and
inflammation) in human plasma (22-24),
where its reconfigurable functionality
and teamwork capability converged to
implement a fully automated assay.
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RESULTS
Amplified addressable
EM actuation
By using the EM coil matrix as the ad-
dressable actuator and the millimeter-
scale permanent magnet as the magnetic
field actuation amplifier, we could real-
ize robust ferrobotic fluid operations
within a compact footprint. As seen in
) the magnetic field simulation results,
| illustrated in Fig. 1B and fig. S1, the in-
_ corporated permanent magnet amplifies
‘ the actuation magnetic field by ap-
proximately two orders of magnitude
(generated from passing a 0.2-A DC
current through the EM coil). In this
way, high-force actuation of relatively
dilute magnetic solutions and/or smaller
fluid volumes was achieved, rendering
robust fluid transportation. Fluid trans-
portation is the ferrobotic system’s core
functionality, where an encapsulated
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Fig. 1. Overview of ferrobotic system concept and mechanism. (A) An analogy: Mobility and automation in an AGV
system and the devised ferrobotic system. (B) Simulation results depicting the amplification of the actuation capability
with the magnetic motor (the x axis is the vertical distance from the center of the magnetic source). (C) Optical image
of a representative multifunctional ferrobotic system capable of performing diverse operations, including droplet pack-
age transportation, merging, generation, filtration, dispensing, and sensing. Rendered images of the droplets are for
illustration purposes only (droplets can form hemisphere or disk-like shapes depending on the channel geometry).

These traits, together with the reconfigurability of the ferrobotic
system, can be exploited to integrate passive and active functional
components to implement advanced and diverse microfluidic oper-
ations (e.g., droplet dispensing, generation, merging, and filtering)
besides basic transportation operations (Fig. 1C). Depending on the
objective at hand, a set of these operations can be combined within
a disposable microfluidic architecture to deliver versatile system-level
microfluidic functionalities.

This high degree of robustness and the individual addressability
of ferrobots can be in turn leveraged to deploy a network of ferrobots
that carry out generalizable cross-collaborative objectives, centering
on microfluidic logistics, such as fluidic package sorting. To illus-
trate the utility of the ferrobotic system in diverse application spaces,
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on a multilayer printed circuit board
(PCB), which at its core is composed
of a matrix of 32 by 32 EM coils, where
each element is realized as a three-layered
spiral structure (fig. S1). The multilayer
implementation allows the proportional
increase of the localized EM induction
capability of each element for ferrobot at-
traction. To activate these elements in an addressable manner,
we incorporated two integrated circuit (IC) switches in the PCB
for row and column selection (Fig. 2, A and B), which are connected
to external power sources and controlled by a microcontroller
unit (MCU). Depending on the task at hand and by programming
at the MCU level, these coils can be sequentially and/or simulta-
neously activated to engineer the desired paths for a single or mul-
tiple ferrobot(s). To illustrate this feature, we programmed the
MCU to navigate single ferrobots through U-, C-, L-, and A-like
routes (Fig. 2C and movie S1), as well as four ferrobots to simul-
taneously trace the perimeter of a square-like route (fig. S2). In
all scenarios, the ferrobots successfully carried their designated
loads.
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Fig. 2. Design and characterization of the navigation floor for package transportation. (A) Schematic diagram of the control circuitry. (B) Optical image of the im-

plemented control circuitry and the navigation floor with the close-up view of fou

r neighboring EM coils. (C) Overlaid sequential images (derived from video frames)

visualize the commuted path of the ferrobot (programmed with different navigation plans; the durations for commuting “U,”“C,”“L," and “A” paths were correspondingly

1.4,1.4,0.7, and 2.3 s). (D) Characterization of the maximum transportation velocity

for two different ferrofluid concentrations. Error bars, SE (n = 3). (E) Characterization

of the oscillatory transportation of a package with a ferrobot (sensed with an impedance sensing electrode pair) to evaluate the robustness of the ferrobotic actuation
(performed for >24 hours). (F) FFT analysis of the oscillatory profile measured by the impedance sensing electrodes in part (E). Inset shows variation of the fundamental

frequency of the 2000-s segmented time windows, depicting near-zero variation.

As shown in Fig. 2D and fig. S3, with the devised approach, max-
imum droplet transportation velocities on the order of 10 cm/s
could be achieved. The maximum velocity of the droplet initially
increased along with its size, showing the dominance of the driving
magnetic force on relatively small droplets. The following decrease
in maximum velocity illustrates the increased dominance of fric-
tional forces beyond a certain droplet size (for an expanded discus-
sion on this topic, please refer to Supplementary Materials). The
same trend was observed for a more diluted ferrofluid concentration
(50% dilution by volume, also shown in Fig. 2D). Here, the droplet
volume characterization range was chosen on the basis of the envi-
sioned microfluidic droplet applications (e.g., the MMP assay).

The contactless aspect of the actuation mechanism (i.e., no ferro-
botic surface interaction with the package or the surrounding fluid)
inherently renders it repeatable and durable, in contrast with contact-
based EWOD actuation that is susceptible to surface degradation
(16, 17, 25, 26). To demonstrate the durability of our ferrobotic sys-
tem, we performed an illustrative continuous characterization exper-
iment, which involved a 10,000 cycle automated oscillatory transport
(frequency, 0.1 Hz) of a package over a duration of >24 hours (Fig. 2E).
Specifically, the ferrobot was programmed to automatically move in
and out of contact with an impedance sensing electrode pair (fig. S4A)
patterned on the substrate of a microfluidic chip. The electrodes
were used to continuously track the entrance/departure of the pack-
age through monitoring the impedance signal change (correspondingly
leading to an increased/decreased measured impedance, annotated
in green/red, Fig. 2E). Fast Fourier transform (FFT) analysis of the
continuously recorded data (Fig. 2F) yielded an output fundamen-
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tal frequency of 0.100 Hz, which matches the input actuation fre-
quency at the MCU level. Furthermore, the detailed FFT analysis of
the 2000-s segmented time windows yielded less than 0.01% varia-
tion in the motion frequency of the package. We also performed
oscillatory droplet transport experiments at 1 Hz with water- and
plasma-based droplets (more than 1000 cycles). The FFT analysis,
shown in fig. S4 (B and C), indicates that repeatable oscillatory mo-
tions were achieved for both droplet samples. Beyond ~10 Hz, the
droplet cannot be effectively manipulated because this leads to a
velocity that exceeds the maximum velocity threshold.

Functional components for advanced operations: Droplet
dispensing, generation, merging, and filtration
The high-strength and contactless aspects of the devised actuation
mechanism can be exploited to conveniently interface the loaded
package with different passive and active peripheral components and
microfluidic structures in all three spatial dimensions, thus enabling
operations of interest in a reconfigurable manner. For example, by
carrying the package against a corrugated microfluidic structure
formed in the x-y plane, droplet dispensing was achieved. Moreover,
by delivering the droplet package within a multilayered chamber and
through vertical interconnect access (VIA) and membranes along a
z axis, droplet generation and filtering can be realized. Furthermore,
without causing physical/field interference, droplets can be delivered
to active electrofluidic interfaces to render complementary actua-
tion mechanisms such as electrocoalescence for droplet merging.
Droplet dispensing is a precise liquid-handling capability that is
useful for applications such as drug discovery, quantitative biology,
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and chemical analysis (27, 28). To implement the dispensing of uni-
formly sized droplets with the ferrobotic system, we used a micro-
fluidic architecture with a corrugated wall structure. As demonstrated
in Fig. 3A, a “parent” droplet package was guided by a ferrobot under-
neath the microfluidic chip. When it was transported along the cor-
rugated structure, smaller “child” droplets were dispensed. As shown
in Fig. 3B and movie S2, the parent droplet started moving along the
corrugated wall at £ = 0 s. After the droplet passed the corrugated
structure at t = 1 s due to geometric pinching, a small volume of the
droplet broke away from the parent and entered the structure. The
corrugated structure can be extended into an array format to dis-
pense multiple droplets. As shown in the final step of Fig. 3B, three
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Fig. 3. Demonstration and characterization of advanced operations achieved with functional components.
(A) Schematic illustration of the droplet dispensing mechanism involving the transportation of the package against
a corrugated microfluidic wall. (B) Sequential optical images of the droplet dispensing process. (C) Characterization
of the dispensed droplets’size for different corrugated opening widths. Error bars, SE (n=10). (D) Schematic illustra-
tion of the droplet generation process involving the droplet transportation to a VIA-like orifice. (E) Sequential optical
images of the droplet generation process. (F) Characterization of the generated droplets’ volume for different orifice
diameters. Error bars, SE (n =20). (G) Schematic illustration of the filtration mechanism. (H) Optical image of the
solution sample before and after filtration. (I) Bead counts before and after filtration (three trials). (J) Schematic illus-
tration of droplet merging and mixing mechanisms. (K) Optical images to visualize the droplet merging (upon apply-
ing 2 V) and mixing process (with and without active mixing). (L) Comparison of the progressive mixing index for the

two cases of with and without active mixing.
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homogenous droplets (1.63 + 0.09 ul) were dispensed. To study the
level of control that our system has on the dispensed droplet sizes,
we designed and tested various corrugated-opening widths. The re-
sults show that by increasing the corrugated-opening width, the
dispensed droplet volume could be modulated from 0.5 to 4 ul
(Fig. 3C). The same trend was observed for diluted ferrofluid con-
centrations (10 and 50% dilutions by volume; fig. S5). If larger dis-
pensed droplet volumes are needed, then a larger magnet in addition
to an enlarged corrugated-opening width may be required.
Furthermore, higher throughput and smaller volume droplet gen-
eration can be realized by incorporating an orifice-like VIA connecting
neighboring layers in a multilayer microfluidic architecture. As
schematically illustrated in Fig. 3D, when
the parent droplet is guided through the
upper layer to the top of the orifice, it is
0.4 0o 14 1.9
Corrugated opening width (mm)

IS
L

attracted toward the lower layer by the
vertically exerted magnetic force from
the ferrobot. Every time a critical volume
of the droplet passes the orifice, it breaks
off into a child droplet. As shown in
Fig. 3E and movie S3, the following se-
quential events occur: (i) the transport
of the parent droplet (in the upper layer)

w
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Fliso to an orifice; (ii) the positioning of the
2 parent droplet on the orifice to generate
£ 100 - child droplets; and (iii) the departure of the
E parent droplet, leaving behind the gen-
g 504 erated child droplets (in the lower layer).
5 By adjusting the width of the junction
O o 3 1o om0 s orifice, the droplet volume (~10 to 125 nl)
Orifice diameter (um) and the generation rate can be tuned
| (Fig. 3F and fig. S6). Such nanoliter-
120 T e e gene.rated droplets can also be further
_100 . 90 manipulated by the ferrobot (fig. S7).
é 80 1 79 Microfluidic filtration is one of the key
2 60 sample processing procedures required
3 40 - for applications such as cell separation
® 20 4 (29, 30). Here, by incorporating a mem-
oL (3 e 0( 3 (1 brane between the two layers of the micro-
S L fluidic device, size-based filtration was
L realized. As schematically shown in
09 Fig. 3G, the contactless magnetic force
35 | exerted by the ferrobot causes the drop-
£ let to be pulled through the filter to the
207 4 =5 lower layer, leaving behind particles that
= e g actigemixing are too large to pass through. Specifically,
w/o active mixing
0.6 v i : here, a membrane with a size cutoff of
0 & (:)o &0 10 um was used to filter out p-beads with

a diameter of 25 um. To quantify the
filtration capability, we optically imaged
the ferrofluid droplet before and after
the filtration procedure. As can be seen
from Fig. 3H, 25-um p-beads can be ob-
served in the droplet before filtration and
are subsequently filtered out, as evident
from the postfiltration optical analysis
results (three trials; Fig. 3I).

Droplet merging allows for timed and
metered addition of reagents and can play
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a critical role in performing droplet-based biological assays that aim
to measure DNA/RNA, protein, and cell properties in samples (31-35).
Here, to achieve the merging of droplets in the ferrobotic system,
we leveraged electrocoalescence as a complementary actuation mech-
anism, which is noninterfering with the contactless ferrobotic actu-
ation (Fig. 3]). Accordingly, electrocoalescence is realized by applying
2V across a pair of gold electrodes (2 mm by 2 mm, spaced 1 mm
apart, patterned on the substrate of the microfluidic device). Figure 3K
and movie S4 show that upon applying 2 V, two droplets delivered
in the vicinity of the electrodes coalesce. To achieve homogeneous
and evenly distributed droplet contents after merging, chaotic fluid
motion within the merged droplet can be induced by actuating neigh-
boring EM coils with a frequency of 10 Hz in a cyclic fashion, result-
ing in an oscillatory motion of the ferrobot within the confines of
the coil’s coordinates. This cyclic motion creates folding flows in
alternating directions to effectively render mixing. Figure 3K visu-
ally demonstrates the substantial effect of the devised active mixing
on shortening the time required to achieve homogeneity in a merged
droplet. To quantify this effect, we performed optical analysis on the
merged red/green droplet by defining a mixing index (see the “Droplet
merging” section in Materials and Methods.). The results are illus-
trated in Fig. 3L, demonstrating that a near-homogenous profile is
achieved within ~15 s using active mixing, which is substantially shorter
than without active mixing.

Efficient achievement of objectives with a
cross-collaborative network of ferrobots
The robustness and addressability of the ferrobotic system can be
leveraged to deploy fleets of ferrobots to dynamically accomplish
collaborative tasks in parallel toward the more efficient achievement
of a common objective. Here, as an example, a package-sorting mis-
sion is assigned to the ferrobotic system, where the objective is to sort
randomly sequenced packages into a sorted sequence of increasing
droplet volumes. Figure 4A illustrates the system-level view of the
sorting procedure, which includes (i) loading of multiple packages
of various sizes into the ferrobotic system with random relative
positions; (ii) top-view image acquisition of the packages on the
navigation floor to identify the package sizes and positions; (iii)
computationally deriving the navigation plan to formulate the de-
tailed tasks for the ferrobots in accordance to the “merge sort” algo-
rithm (36) and the acquired size and position information; and (iv)
communicating the corresponding assigned tasks for each of the
ferrobots with the aid of the on-board microcontroller to achieve
the overarching sorting objective. To particularly demonstrate the
degree of efficiency that can be attained when deploying a cross-
collaborative network of ferrobots, we compared the n-package
sorting performance achieved by a team of n ferrobots against that
achieved by a single ferrobot on the basis of the completion time
(as detailed in Fig. 4, B and C, for an illustrative case of n = 8).
When only one ferrobot is used for sorting, it is responsible for
the delivery of all the packages by itself. At each state (defined as the
period during which the available ferrobot starts and finishes one
round of package delivery), only one package can be moved to its
target location. To quantitatively characterize the sorting efficiency,
we defined a “unit step,” which equals to the distance between two
navigation coils, to measure the distance that the ferrobots will move.
For example, referring to Fig. 4B, at state 1, the ferrobot moves eight
unit steps (two vertical steps and six horizontal steps) to deliver
package 2 (“P2”) from position 8 to position 2. Because only one
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ferrobot is performing the task, the “temporal steps” (number of steps,
which determine the maximum time elapsed over the course of a
state) required to complete sorting are equal to the total unit steps
moved by the single ferrobot. In the example shown, it takes the sin-
gle ferrobot a total of 40 temporal steps to meet the sorting objective.

When multiple ferrobots are deployed (Fig. 4C), each ferrobot is
charged with moving one package, and they can move in parallel
with other ferrobots during the same state (following the computa-
tionally derived navigation plan in accordance with the “merge sort”
algorithm; fig. S8A). The corresponding experiment is visualized in
Fig. 4C (right) and movie S5. In this scenario, the number of tempo-
ral steps for each state is determined by the maximum steps taken
by a ferrobot within the team because the ferrobots are delivering
packages in parallel. For example, referring to Fig. 4C, in state 2,
among eight ferrobots, one ferrobot moves zero steps, two ferrobots
move three steps, and five ferrobots move four steps, yielding four
temporal steps for that state. The total number of temporal steps to
achieve the sorting objective is also equal to the sum of temporal
steps for each state, which is 13 for the illustrated example. By com-
parison, for this illustrative example, sorting using multiple ferro-
bots results in about 300% increased efficiency as compared with
the single ferrobot case. This degree of improvement achieved due
to the deployment of a cross-collaborative network of ferrobots will
be even higher for the cases requiring sorting of a larger number of
packages (i.e., larger n). That is because the complexity of the mis-
sion at hand for the case of a single ferrobot increases as o(n?),
whereas for the case of multiple ferrobots, it increases linearly [i.e.,
O(m)]. To reinforce this point, as shown in Fig. 4D, we derived the
total temporal unit steps for the cases of n = 2, 4, 8, and 16, based on
statistical averaging of all the possible permutations (consistent with
the trend observed when simulating 10,000 randomly generated se-
quences of n packages; fig. S8B). Together, the results presented
within the framework of this generalizable objective illustrate the
utility of the deployment of a network of ferrobots to achieve the
objective at hand efficiently and the suitability of the ferrobotic sys-
tem for microfluidic logistics.

Application of the ferrobotic system to implement
apipelined and automated bioassay

Leveraging the demonstrated capability of the ferrobotic system to
deliver advanced and cross-collaborative operations, we implemented
a pipelined and automated bioassay equipped with a dynamic self-
calibration mechanism as an example utility of the presented tech-
nology in diverse application spaces centering on microfluidic logistics.
Accordingly, the ferrobotic logistics were adapted to quantify MMP
concentrations in human plasma. MMPs are biomarkers extensively
studied and reported as immunological indicators, wherein the
elevation of plasma MMP concentration is associated with physio-
logical and pathological processes such as cancer metastasis (22, 23, 37),
sepsis onset (38—40), immune activation (24, 41), and wound healing
(42, 43).

Figure 5A illustrates the workflow of the MMP assay, which is
based on the fluorescent quantification of the enzymatic activity of
MMPs from a test sample (introduced into the input well) and the
calibrator samples indicated by the intensity of fluorescent signals.
To realize an automatic self-calibration mechanism, we used preloaded
source samples (introduced at the source well array, with known con-
centrations of the MMP collagenase) for the construction of cali-
brator samples in situ, providing optional flexibility to dynamically
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Fig. 4. Efficient package sorting with a cross-collaborative network of ferrobots. (A) System-level view of the sorting procedure. (B and €) Comparison of the sorting
efficiency achieved by (B) a single ferrobot and (C) eight ferrobots tasked with sorting a random sequence of eight packages. State-by-state transitions for both scenarios
are illustrated, and the left table details the commuted distance of each ferrobot. The snapshots from the sorting experiment performed with eight ferrobots are shown
on the right (captured at the end of each state). (D) The total temporal unit steps required for sorting 2, 4, 8, and 16 packages (based on statistical averaging of all the

possible permutations).

construct new calibrator concentrations (e.g., [C;] in Fig. 5A). To
facilitate optical readout, we preloaded a fluorescence resonance
energy transfer (FRET)-based MMP substrate in the calibration well
array and the output well (designated for test sample analysis). The
self-calibration capability of the assay establishes a standard curve
in situ and concurrently with the testing assay, which is particularly
useful for mitigating systematic error typically associated with fluo-
rescence spectrometry and ensuring the accuracy of the measure-
ments (44).

The ferrobotic system was programmed to implement the steps
of the automated assay within a microfluidic architecture, including
(i) sample collection, (ii) dispensing (to ensure uniform sample volume),
(iii) delivery, and (iv) merging (with the aid of an electrocoalescence
electrode pair) and mixing for sensing (Fig. 5B). Specifically, three
ferrobots (Fy, F,, and F3) were used to carry out the required tasks in
a pipelined manner. The overview of the navigation plans of the
three ferrobots is shown in Fig. 5C. In this regard, ferrobot F is in
charge of collecting and dispensing the source and test samples into
smaller uniform droplets. Ferrobot F; is responsible for delivering
the dispensed droplets to the designated detection wells, and ferro-
bot F; is tasked with removing the dispensed droplet residues to the
waste chamber. The detailed timeline of the task sequence executed
by each ferrobot in coordination with the other two ferrobots, along
with representative snapshots of the navigation floor status, are il-
lustrated in Fig. 5 (C and D) and movie S6.
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Upon delivering the dispensed calibrator/test sample droplets to
the calibration well array/output well, the electrocoalescence elec-
trode pair (a single pair patterned across all the detection wells) is
activated, merging the delivered droplets with the preloaded MMP
substrate within each well all at once. To achieve a homogenous mixture
after merging, ferrobot F, can induce a chaotic internal flow. Upon
merging and mixing of the samples with MMP substrate, enzymatic
reactions (Fig. 5E) effectively commence at the same time, resulting
in the generation of fluorescent signal proportional to the respective
MMP content in a well. The fluorescent signals are quantitively an-
alyzed by fluorescence microscopy. The linearity of the fluorescent
signals with the MMP content of a sample was validated by spiking
collagenase in a phosphate-buffered saline (PBS) buffer at different
levels and reading out fluorescence after a 10-min incubation (fig. S9).
To evaluate the analytical accuracy of the ferrobotic assay for mea-
suring the MMP content in human plasma, we used four calibrator
samples with collagenase concentrations of 0.003, 0.006, 0.009, or 0.012
Wiinsch U/ml to determine the MMP concentration of a test sample
(human plasma spiked with MMP at a collagenase concentration of
0.008 U/ml). As illustrated in Fig. 5F, by referring to the real-time
standard curve generated by the calibrator samples, the test sample
MMP content was measured to be 0.0078 + 0.0005 U/ml (based on
95% confidence interval). To further evaluate the analytical perform-
ance of the ferrobotic assay, we analyzed four additional test samples
by the ferrobotic system and by a technician using manual pipetting
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Fig. 5. Pipelined and automated MMP assay performed by the ferrobotic system. (A) General workflow of the
MMP assay equipped with a dynamic self-calibration mechanism. (B) lllustration of the ferrobotic tasks in relation to
the navigation floor over the processing of a representative sample (performed by three ferrobots). (C) Overview of
the navigation plans of the three deployed ferrobots (F4, F,, and F3) with annotated locations of interest. (D) The de-
tailed timeline of the ferrobots’ status (commuting with/without package, standby), with annotated locations of in-
terest. Overlaid sequential video frames illustrating the status at two representative stages. (E) lllustration of the FRET
pair from the MMP substrate cleaved by the MMPs present in the sample to yield a fluorescent product that is no
longer quenched. (F) The fluorescent readouts [arbitrary fluorescence unit (AFU)] from the calibration and output
wells after automated ferrobotic processing and 10 min of incubation. The concentration of MMP in the test sample
is estimated with the aid of a real-time calibration standard curve generated from the four calibrator samples [0.0078
U/ml (estimated) versus 0.008 U/ml (expected)]. (G) Estimated MMP concentrations in five tested human plasma
samples (performed by the ferrobotic system and manually by a technician; P < 0.01).

DISCUSSION

Inspired by the degrees of freedom
achieved by the emergence of AGV ro-
botic systems in terms of mobility and
automation, here we introduced and ex-
perimentally demonstrated the concept
of a ferrobotic system. Accordingly, an
amplified addressable EM actuation
mechanism is devised for robotic guid-
ance. The contactless (i.e., no ferrobotic
contact with the package or the surround-
ing fluid) and high-strength actuation
mechanism inherently renders it rapid
(10 cm/s), repeatable (>10,000 cycles),
and robust (>24 hours). These traits, to-
gether with the reconfigurability of the
system, enabled the implementation of
advanced and diverse operations through
the integration of passive and active func-
tional components. To this end, we designed
and characterized droplet microfluidic
operations—including dispensing, gen-
eration, merging, and filtering—where
the results indicated minimal unde-
sired operational performance deviation.
Furthermore, we demonstrated the sig-
nificantly elevated efficiency of the ferro-
botic system for microfluidic logistics
applications by deploying a network of
cross-collaborative ferrobots to deliver
an illustrative and generalizable pack-
age sorting objective. To showcase an
application where logistics of sample dos-
ing, merging, and mixing are required,
we leveraged the advanced and cross-
collaborative ferrobotic operations to
achieve a pipelined and automated bio-
assay for the quantification of MMPs in
human plasma.

Collectively, our characterization re-
sults demonstrate precise, repeatable,
durable, and cross-collaborative ferro-
botic operations in versatile settings.
Although these operations were realized
with a 32-by-32 addressable navigation
floor, the scale of the ferrobotic opera-
tions can be expanded by simply adopt-
ing a larger navigation floor (requiring
minimal reconfiguration of the PCB,
specifically, increasing the number of
EM coils). In that regard, augmentation
with image or electrical ferrobot/droplet

steps and a plate reader (45). As shown in Fig. 5G, the readouts ob-  positioning sensing capabilities within the ferrobotic system will allow
tained from the ferrobotic system closely matched those analyzed using ~ for the implementation of a feedback control process as a corrective
standard manual analysis (P < 0.01), which, in turn, illustrates the —measure to ensure the robustness of desired large-scale operations.
successful execution of all ferrobotic instructions with a high degree ~ Furthermore, the optical readout of the assay is currently performed
of robustness and precision. This pipelined assay exemplifies the usinga benchtop fluorescence microscope. Further automation and
capacity of the ferrobotic system to perform highly quantitative bio-  integrated sample-to-answer solutions, especially in point-of-care
chemical processes with a high level of integration and automation.  settings, would benefit from integrated low-cost readers leveraging
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consumer electronic devices (46). Alternatively, other assays could
be read using electrochemical sensors, which can be integrated onto
the platform in a similar manner as the electrodes used for electro-
coalescence. Exploiting the ferrofluid biocompatibility (47, 48), flu-
orescence and electrochemical assays can be adapted for applications
centering on cell and nucleic acid analysis (27).

On a broader level, adaptation of the ferrobotic system for trans-
lational applications necessitates future and convergent designated
efforts in microscopic and macroscopic domains toward establish-
ing a generalizable design space for the ferrobotic system. Micro-
fluidic physics-focused efforts are required to comprehensively
model the underlying ferrobotic actuation mechanism and understand
its limitations in relation to relevant forces, scaling of dimensions
(including magnet-, droplet-, and microfluidic structure dimensions),
fluidic properties, and other design parameters. Furthermore, mac-
roscopically, dynamic navigation planning algorithms are required
to optimize the performance of the cross-collaborative ferrobots
toward the delivery of the required objective(s) and in the presence
of operational constraints (such as a ferrobotic “safety distance”).
To this end, readily developed models from the AGV community
aiming to address issues such as layout challenges, fleet management,
speed/movement limitations, and optimization functions can be
adapted and applied within the framework of the ferrobotic system.

The versatility, scalability, and reconfigurability of the devised
ferrobotic system allow for its adaptation to perform diverse and
massively parallelized and sequential microfluidic operations rele-
vant to diverse application spaces including point-of-care diagnostics,
-omics, drug development, and chemical/material synthesis. By
capitalizing on the high degree of automation that can be achieved
by the presented technology, large datasets can be generated to un-
ravel complex biological and chemical processes, seeding the trans-
formation of the biotechnology and pharmaceutical industries and
mirroring the impact of the AGV robotic systems on their respec-
tive industries.

MATERIALS AND METHODS

Materials for the ferrobotic system

The ferrofluid used in this work refers to ferumoxytol, a U.S. Food
and Drug Administration-approved intravenous iron preparation
also referred to as Ferraheme (AMAG Pharmaceuticals, MA, USA).
Rare earth permanent magnets (D101, 0.8 mm in thickness and
2.54 mm in diameter) were purchased from K&] Magnetics (PA,
USA). All microfluidic devices were filled with fluorinated oil
(Novec 7500 Engineered Fluid, 3M, MN, USA) containing 0.1%
biocompatible surfactant (Pico-Surf 1, Sphere Fluidics, NJ, USA).
The design and fabrication of the microfluidic devices and the EM
navigation floor are described in detail below.

EM navigation floor circuit design
The EM navigation floor on the PCB comprised an active matrix
array of 32 EM coil elements by 32 EM coil elements. Each element
had a three-turn coil with a size of 1.5 mm by 1.5 mm stacked on
three layers. Adjacent coils were separated by a gap of 0.1 mm, to-
gether, giving a total active area of the navigation floor of 51 mm
by 51 mm.

Each coil element can be activated when powered by a 0.2-A
current, generating a localized magnetic force that attracted the
magnetic motor. The specific coil selection was achieved by program-
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ming power switch ICs, including MAX14662 (Maxim Integrated,
CA, USA) for row selection and MC33996 (NXP Semiconductors,
Netherlands) for column selection in the navigation floor. The
target EM coil was selectively actuated when the corresponding
row and column lines of its coordinate were activated by switch
ICs. Switch ICs were linked by serial peripheral interface (SPI)
wires to Arduino Nano, which communicated with a computer
through serial communication. Target coordinates preprogrammed
or sent from the user interface in the computer were translated to
SPI commands by the MCU and then transmitted to switch ICs
for addressable activation of the EM coils.

The navigation floor was powered by an external power supply
(Keithley 2230-30-1, Tektronix, OR, USA). A DC current source
was used for EM coil activation, and the total current I followed the
equation: I = 0.2 A x N (N is the number of activated coils).

Microfluidic device fabrication

Similar to previous work (49), functional microfluidic devices were
created by assembling several layers of double-sided tape (170 pm
thick, 9474LE 300LSE, 3M, MN, USA) and transparent polyethylene
terephthalate (PET) film sheets (416-T, MG Chemicals, BC, Canada).
Microchannels and VIAs (i.e., holes vertically passing through the
sheets) were created by laser cutting (VLS 2.30, Universal Laser Sys-
tem, AZ, USA) two-dimensional (2D) patterns within the tape and
the PET substrates. Through the alignment of vertical VIAs and micro-
channels, fluidic connections in both horizontal and vertical direc-
tions were achieved, rendering functional 3D microfluidic structures.
In some devices, PET sheets were selectively patterned with gold
electrodes before assembly. The electrodes were fabricated on PET
substrates by photolithography using positive photoresist (AZ5214E,
MicroChemicals, Germany), followed by the evaporation of 20 nm
of Cr and 100 nm of Au. After deposition, a lift-off step was per-
formed in acetone.

EM field simulation

To investigate and model the effect of an intermediary permanent
magnet on amplification of the actuation magnetic field, we used
finite element analysis (COMSOL Multiphysics 5.2, MA, USA) to
perform EM simulations. In the simulation setup, magnetic and
electric field physics were used in an air environment. The simula-
tion used the same EM coil and permanent magnet dimensions as
the experimental setup (fig. S1). The magnetization of the permanent
magnet was set according to the product description (278.9 kA/m
in axial direction), and the intensity of actuation for the DC current
was set as 0.2 A. The magnetic flux density profile was generated on
the x-z plane.

Maximum transportation velocity characterization

A microfluidic device with a 40-mm-by 40-mm-by 1.5-mm inner
chamber was fabricated, assembled, and filled with oil. The device
was placed 2 mm above the navigation floor. A magnetic motor was
placed on top of the navigation floor and below the microfluidic
device.

Ferrofluid droplets with volume gradients of 0.5 to 10 ul (0.5, 1,
2,4, 6, 8,and 10 ul) and two different concentrations (100 and 50%
ferumoxytol dilution in deionized water) were loaded in the micro-
fluidic chamber. These droplets moved along with the ferrobot,
which was sequentially guided by the EM coils actuation in one row
from left (y = 1) to right (y = 32). The velocity of the ferrobot was

8of 11

920z ‘9z Ae|Al uo (noyzbuens)) ABojouyda | pue aduB 1S Jo A1sieaiun Buoy BuoH ay] e Hi0:eousios mmmy/sdiy woly papeojumoq



SCIENCE ROBOTICS | RESEARCH ARTICLE

controlled by adjusting the time interval between activating two ad-
jacent coils. If the ferrofluid droplet followed the magnetic motor to
the end successfully, then the velocity of the magnet would increase
by shortening the actuation time interval (by 1 ms) in the next
round until the droplet failed to follow the magnet.

Characterization of the long-term and oscillatory

ferrobotic transportation

A microfluidic device with a 20-mm by 20-mm by 0.7-mm chamber
was fabricated and assembled, with a pair of gold electrodes depos-
ited on the substrate as an impedance sensor. A 2-ul ferrofluid
droplet was loaded in the oil-filled microfluidic chamber. A mag-
netic motor was periodically actuated to carry the droplet back and
forth between two locations (0.1 Hz). In each cycle, the droplet was
first carried away from the sensing electrodes, consequently raising
the impedance signal, and then carried back in contact with the
electrodes, causing the impedance signal to drop. These actions were
repeatedly performed for more than 100,000 s to finish 10,000 cycles.
The electrodes were connected to a potentiostat (CH Instrument
660E, TX, USA), and impedance (at 1 kHz) was measured between
the two electrodes.

Droplet dispensing setup and procedure

Microfluidic devices (20 mm by 40 mm by 0.7 mm) with corrugated
wall structure on one side were fabricated and assembled. Six devices
with same corrugated opening length (3 mm) and different opening
widths (0.4, 0.6, 1.0, 1.2, 1.4, and 1.8 mm) were tested. A 10-pl par-
ent ferrofluid droplet was loaded in each microfluidic devices filled
with oil. During the experiment, the parent ferrofluid droplets were
transported along the corrugated structures, leaving dispensed drop-
lets in corrugated openings. The sizes of the five dispensed droplets
were measured through image analysis.

Droplet generation setup and procedure

Multilayer microfluidic devices with a vertical orifice junction in
the middle PET layer (800 um above the bottom surface) were fab-
ricated and assembled. Different vertical orifices were fabricated by
laser cutting and measured under the microscope, resulting in diam-
eters from 80 to 310 um. A 4-ul parent ferrofluid droplet was loaded
in the upper layer of the microfluidic device. During the experiment,
the droplet was transported to the vertical orifice junction by a ferrobot
and stayed static for 4 s. The diameters of the generated small drop-
lets were measured under a microscope, and volumes were calculated
on the basis of the equation of a sphere. The number of droplets was
counted for generation rate characterization.

Microfluidic sample filtration setup and procedure

A microfluidic device with a circular polycarbonate membrane in-
corporated in the top layer (PCTF10047100, Sterlitech, WA, USA)
was fabricated and assembled. Monodisperse polystyrene micro-
spheres (25-um diameter; 24811-2, Polybead, PA, USA) were added
in the ferrofluid solution for the experimental characterization of
filtration. The sample was diluted from an initial concentration
(5.69 x 10° beads/ml) to 8 x 10* beads/ml by ferrofluid. At the start,
1 pl of the bead-containing sample was dropped on the filter mem-
brane. Then, the ferrobot moved to the droplet, located under the
membrane region, and remained there for about 10 s until the entire
droplet passed through the filter. The number of beads was counted
under the microscope before and after filtration.
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Droplet merging and mixing setup and procedure

A microfluidic device with patterned electrocoalescence electrodes
(area of 2 mm by 2 mm, spaced 1 mm apart, thicknesses of 20 nm of
Cr and 100 nm of Au) on the PET substrate was fabricated and as-
sembled. Two 2-pl ferrofluid droplets (10% ferumoxytol solution
containing either green or red food dye) were loaded in the oil-filled
device. The ferrobot delivered the two droplets at the vicinity of the
actuation electrode. DC voltage (2 V) was applied between the two
electrodes, causing the droplets to merge. Afterward, the ferrobot
either kept the droplet static (shown as “w/o active mixing condi-
tion” in Fig. 3L) or induced chaotic motion by the actuated neigh-
boring EM coils within the confines of the coil’s coordinates at a
frequency of 10 Hz in a cyclic fashion (shown as “w/ active mixing
condition” in Fig. 3L). A video recording was taken of the merging
process, and the level of mixing was calculated through image pro-
cessing as discussed below.

Mixing index calculation through image analysis

To quantify mixing efficiency, we characterized the merging of two
packages with different colors (red food dye and green food dye in
2 pl of 10% ferrofluid droplet) with or without active mixing. The
microfluidic region containing merged droplet was video-recorded,
and the corresponding video frames were imported into a MATLAB
(Mathworks, MA, USA) in [R, G, B] vector format. Image analysis
was performed at droplet region. Similar to previous work (50), a
mixing index is defined, as expressed below

e Ci—
Mixing index = 1—\]N1_12£1| :

where N, ¢;, and c,y. are the total number of pixels, the [R, G, B] values
at pixel i, and the average [R, G, B] values over N pixels, respectively.

Package-sorting setup and procedure

To implement the sorting of multiple ferrofluidic packages, we fabri-
cated a PCB navigation floor composing of an EM coil array (9 rows
and 120 columns) and switch ICs. A microfluidic device with a 20-mm
by 120-mm by 0.8-mm inner chamber was fabricated, assembled,
and filled with oil. Eight ferrofluid droplets of different volumes (se-
quentially increasing from 0.5 to 4 ul) were loaded into the chamber
and lined in a random order. One ferrobot was placed under each
ferrofluid droplets. A top-view image of droplets was acquired and
processed by a MATLAB script to identify the droplet sizes and po-
sitions, followed by the computation of a navigation plan according
to the merge sort algorithm. An on-board microcontroller imple-
mented the navigation plan, which it received through serial commu-
nication, by actuating the EM coils according to derived trajectories.
The design of the navigation plan took into consideration the main-
tenance of an interferrobotic distance of 11 mm (seven EM coils
apart) to avoid interferrobotic magnetic interference.

Implementation of the pipelined and automated bioassay
with the ferrobotic system

A microfluidic device with a source well array, an input well, a dis-
penser array, a waste chamber, a pair of electrocoalescence electrodes
(patterned across all the detection wells), a calibration well array, and
an output well was fabricated and assembled as shown in Fig. 5C.
Three human plasma samples, 7.2 pl each, spiked with collagenase
(0.003, 0.009, and 0.012 U/ml, respectively; Collagenase/Dispase,
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Sigma-Aldrich, MO, USA), were each mixed with 0.8 ul of ferrofluid
and preloaded in the source well array. Four microliters of 10% (v/v)
diluted MMP substrate (MMP Red substrate, AAT Bioquest, CA,
USA) in PBS containing 2% (v/v) ferrofluid was preloaded into each
of the calibration wells and the output well. The rest of the device
was filled with oil. Eight liters of a test sample (a mixture of 0.8 ul of
ferrofluid and 7.2 pl of human plasma spiked with collagenase at an
arbitrary concentration) was pipetted into the input well. There-
after, three ferrobots collaboratively performed the sample process-
ing steps of collection, dispensing, delivery, and disposal for each
source and test sample. During the sample droplet transportation,
on rare occasions, miniscule fractions of the sample break free as
satellite droplets, but this artifact could be ignored because the frac-
tions constituted less than 0.5% of the original droplet volume (based
on image analysis). Each calibration well or output well ended up
receiving two droplets of the samples, respectively, from either the
calibration source or the test sample. In situ construction of a cali-
brator sample was achieved through delivering two different cali-
bration source droplets into one calibration well [e.g., in calibration
well no. 2, collagenase with a concentration of 0.006 U/ml would be
made by delivering one droplet with a concentration of 0.003 U/ml
and another with 0.009 U/ml]. To merge the delivered droplets with
the preloaded MMP substrate, we applied a voltage of 2 V across the
electrocoalescence electrode pair. After 10 min of incubation, the
calibration well array and the output well were imaged using a
Nikon Ti-E fluorescence microscope equipped with a Photometrics
Prime sCMOS camera (tetramethyl rhodamine isothiocyanate channel,
1-s exposure). Images were processed using Image] and MATLAB
to quantify the mean fluorescence intensity in the regions of interest.

MMP quantification with a conventional well plate reader
For MMP measurements using a conventional well plate reader, we
used 100 pl of calibration and test solutions (a mixture of 50 pl of
human plasma spiked with collagenase of various concentrations
matching the corresponding ferrobotic experiments and 50 pl of a
1% MMP substrate diluted in PBS). The measurements were per-
formed by a BioTek Cytation 5 Imaging Reader using Aex = 540/20 nm
and Aep, = 590/20 nm for 2 hours with lids on.

Human plasma sample

All blood samples were obtained following University of California,
Los Angeles, Institutional Review Board (IRB)-approved protocol
IRB no. 11-001120 and deidentified. Upon collection, blood was
centrifuged using an Eppendorf 5417R Refrigerated Centrifuge, and
the supernatant was frozen at —20°C in small aliquots until used.
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Fig. S1. EM coil geometry and magnetic field simulation.
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Fig. S6. Droplet generation characterization.
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Fig. S9. Characterization of the MMP assay.

Movie S1. Ferrobotic commute with different trajectories.

Movie S2. Ferrobotic droplet dispensing.

Movie S3. Ferrobotic droplet generation.
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Movie S4. Ferrobotic droplet merging and active mixing.

Movie S5. Cross-collaborative ferrobotic package sorting for microfluidic logistics.

Movie S6. Application of the ferrobotic system for the implementation of a pipelined and
automated bioassay.
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