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Abstract 

Small scale robots are precise end-effectors that can manipulate objects with a high degree of 

accuracy. Many surgical and on-chip tasks can be performed by manipulating these robots in 

their dedicated environments. Mobile untethered surgical robots are an attractive research area 

because of their ability to maneuver inside small and constrained environments and perform 

tasks that were previously considered infeasible. These robots enable us to make surgery 

minimally invasive. Surgeons can drill a hole in your skull and insert the tools inside the 

ventricles from where they can navigate their way to either cut or grasp tissue. Because these 

robots are too small for electronics and on-board power, they are often actuated remotely using 

magnetic fields as these field can penetrate most environments and are relatively safe for 

biological organisms. This makes them an ideal tool to use inside the human body and for on-

chip applications. Magnetic tools can be developed and placed inside microfluidic platforms for 

cell manipulation such as sorting and stimulation. Both on-chip and mobile devices are explored 

in this thesis focusing on applications related to cell manipulation as well as surgical tools. 

Specifically, this thesis involves a discussion on the development of a pair of micro-surgical 

scissors for cutting of soft tissues as well as a magnetically oscillating beam that can be used to 

apply shear stress to cells and used for cell sorting purposes.   
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Chapter 1  
Overview of Small-Scale Robotics 

This chapter summarizes the development of small-scale robotics. It discusses the changes in 

physical principles and fabrication methods between large robots and small-scale robots. The 

potential applications and capabilities of these devices are also discussed. It also covers some 

well-known devices in the field of small-scale robotics and discusses the advantages and 

challenges of using small-scale robots. 



 

1 

 Overview of Small-Scale Robotics 

1.1 Brief Development History 

Untethered small-scale robots originated in the 1990s and have since become a widely studied 

research area. Their development has depended greatly on the advancement of MEMS 

technology as well as the parallel development of optical tweezers. The idea of scaling down 

devices to access small, constrained environments or perform previously infeasible operations 

has been in popular culture for quite a while with movies such as Fantastic Voyage and TV 

shows such as the Magic School Bus using this concept for biomedical and other pursuits. While 

the idea of scaling down already functional devices is tempting since small-scale robots offer 

unique solutions to problems encountered in small enclosed spaces; it is not realistic to simply 

scale down large robots. This is because the behaviour of small-scale robots is very different than 

their macro-scale counterparts. 

While the physical principles governing motion on small scale devices are the same as those on 

large scale devices, the magnitude of the dominant forces changes drastically [1]. This is 

primarily a result of the surface area-to-volume ratio (𝑆/𝑉) changing with length. When devices 

are scaled down, the volume of the device is reduced by a factor of 𝐿3 whereas the area of the 

device is reduced by a factor of 𝐿2. Therefore, forces dependent on surface area suddenly start to 

dominate at small scales. Mass and inertia which are volume dependent play a smaller role in the 

mechanics of the device than forces such as friction, fluid drag, surface forces and electrostatic 

forces just to name a few. This has been well documented in nature as well where bacteria use 

their flagella to produce helical motions for swimming and water striders use surface tension 

instead of buoyancy to keep themselves afloat. These forces also impact the design and 

implementation of small-scale robots. For mechanical systems, it becomes necessary to avoid 

mechanisms such as gears that can present friction problems. Therefore, it becomes essential to 

revamp our understanding of mechanical design to take advantage of the dominant forces as well 

as using clever fabrication techniques. 

Small-scale robot fabrication has evolved primarily from MEMS technology and microfluidic 

device production. Large robots are typically fabricated using bulk materials that are machined 

with mills and other equipment. These robots include on-board power systems and electronics 
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for actuation and control [1]. Small-scale fabrication techniques include photolithography, 

material deposition, electroplating and micromolding. Other techniques that have become 

common include laser printing, 3D printing, CNC milling and laser spot welding. Small-scale 

robots are typically assembled by a user under a microscope with a pair of tweezers which 

requires delicate handling and expertise although emerging techniques offer promising solutions 

to this [2, 3]. All the devices in this thesis were manually assembled. Microfabrication 

techniques often have advantages too and one big one is bulk fabrication at low cost which 

allows single-use devices to be more readily available. 

1.2 Advantages and Challenges 

Small-scale robots are an exciting solution to problems prevalent in many fields as they have the 

ability to access small and constrained environments. They can perform previously infeasible 

tasks that require a high level of delicacy and accuracy. These small-scale robots are capable of 

moving in 3D environments and can be precisely controlled. Traditional robotics techniques such 

as path planning and obstacle avoidance have been demonstrated in small spaces and 

microfluidic channels. Precise localization of small-scale robots has also been shown in 3D using 

multiple cameras for feedback.  

Many challenges still remain around small-scale robotics related to motion, multi-agent control, 

localization, object manipulation, addition of tools and sensing. The level of precision required 

from small-scale robots for surgeries has only been demonstrated for very specific applications 

such as suturing. Putting sensors on these small-scale robots is also important for cases where 

vision feedback is either not possible or severely limited. Precise object manipulation also 

remains a challenge. The ability for multi-tool devices to work together to accomplish tasks also 

remains a relatively unexplored problem although it has been shown for larger scales. A prime 

example of this would be multiple untethered surgical tools accomplishing a task simultaneously.   

Small-scale robots can offer many advantages in biomedical fields by offering promising 

alternatives to current techniques such as in-situ robots that can be assembled inside remote 

environments. One such proposed technique uses a PLA (polyactic acid) filament attached to a 

magnet that can be assembled inside the human body using heating elements to change the 

temperature to its glass transition temperature [4]. This allows the filament to be shaped into any 

2D planar structure such as a gripper for microobject manipulation [4]. 
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1.3 Applications and Capabilities 

Advances in small-scale robotics have made it an ideal tool to be utilized for several different 

applications. Microobject manipulation is one of the most promising areas for use of this 

technology. This involves both contact and non-contact manipulation. Contact manipulation is 

able to supply large pushing and gripping forces when required. Non-contact manipulation is 

able to perform tasks where delicacy is required. Often the forces generated by non-contact 

manipulation are lower as direct handling of objects is not used. In addition, both contact and 

non-contact manipulation can be used to handle biological objects such as cells and tissue 

scaffolds and has many promising applications for lab-on-a-chip platforms. Two applications of 

non-contact cell manipulation are presented in this thesis.  

Team manipulation involves the independent control of multiple small-scale robots to increase 

speed, efficiency and capability [5]. Team manipulation is highly desirable for tasks such as drug 

delivery where the dosage of drugs carried by each small-scale robot is low but multiple robots 

could access, carry and deliver the desired dosage to a target location. Team applications are also 

relevant for on-chip applications where multiple small robots can be used to guide cells or other 

microobjects down desired trajectories by opening or closing certain pathways. Small-scale 

robots can be used to assemble parts in 2D or 3D. They can essentially work as microfactories 

where teams of these robots are dispatched with tools for assembly purposes. One of the biggest 

advantages that these robots would offer would be parallel assembly of multiple devices 

together. Many of these devices are currently assembled manually by users which can take from 

several hours to several days to build one device; therefore, automation would be advantageous 

and save both time and money. 

Small-scale robots offer many applications in the healthcare field ranging from drug delivery as 

mentioned to applications in sampling of the microbiome and biopsies. These small-scale robots 

have been shown to operate with a needle inside an artificial eye and ex-vivo eyes [6]. Eyes are a 

natural first application since a microscope can be easily used for vision feedback which makes 

controlling the small-scale robots straightforward. Many surgical applications have also been 

proposed for these small mobile untethered robots. These applications would make minimally 

invasive surgery more applicable for fields such as neurosurgery which are limited due to small 
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surgical corridors and high accuracy and precision requirements. One of these surgical 

applications (removal of a pineal tumour inside the brain) is discussed in depth in Chapter 4.  

1.4 Thesis Objectives 

The main objectives of this thesis are: 

1. To understand the strengths and limits of untethered, soft, magnetic devices.   

2. This will involve using physics-based models to introduce a rigorous design process to the 

problem. 

3. New capabilities will be introduced to existing devices which will be used to solve specific 

biomedical problems. 

These following projects will be used in order to advance the field of small-scale robotics and 

attempt to answer the above questions: 

1. Cell Sorting Using a Magnetically Actuated Valve 

a) Design a magnetic actuation platform for operation of the magnetic valve at high speeds 

b) Develop an analytical model to optimize the geometric properties (length and width) of 

the valve in order to maximize deflection 

c) Develop a 3D finite element numerical simulation in order quantify the region where the 

cells will be successfully sorted into the desired outlets as well as optimize the width of 

the channel in the bifurcation region as a function of valve displacement. 

2. Local Stimulation of Osteocytes using a Magnetically Actuated Oscillating Beam 

a) Design a device for non-contact fluid based local stimulation of cells and design a 

magnetic actuation platform in order to oscillate the beam 

b) Perform finite element numerical simulations in order to determine the shear stress 

threshold produced by the devices and optimize them for stimulation 

c) Stimulate cells by using the device for on-chip applications with cells. 
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3. Tetherless Mobile Micro-Surgical Scissors Using Magnetic Actuation 

a) Develop a proof-of-concept prototype of the first completely wireless surgical scissors 

capable of dexterous motion and cutting in a remote environment as a mobile 

microrobotic device 

b) Design an actuation model that can predict the deflection of the scissors  

c) Scale down the device to meet the size specification but ensure that enough cutting force 

can be generated to slice through brain tissue. Show the operation of a device inside a 

brain phantom while cutting brain tissue 

These projects are a direct result of existing limitations of current devices that will be overcome. 

1. Magnetic small-scale robotic devices have not been embedded in microfluidic chips and 

actuated using global magnetic fields that can be fully controlled using electromagnets 

2. Using magnetic small-scale robots in a global field for new on-chip applications such as 

non-contact cell sorting and stimulation has not been demonstrated 

3. Cutting of soft tissues in a dexterous manner using untethered mobile tools such as 

scissors remains an unexplored problem 

1.5 Thesis Outline  

This thesis outlines the work done during the course of the PhD: 

• Chapter 2 covers basic magnetic actuation principles and background. 

• Chapter 3 covers on-chip devices that were designed and used with new techniques and 

capabilities. 

• Chapter 4 covers the development of a proof-of-concept pair of surgical scissors for 

cutting of soft tissues. 

• Chapter 5 covers the contributions of this thesis to the field and future research directions 

are proposed.
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Chapter 2  
Remote Magnetic Actuation 

This chapter covers the basics of magnetism and how magnetic actuation is used for small-scale 

robotics. It also discusses the advantages and disadvantages of using magnetic actuation. 



 

7 

 Remote Magnetic Actuation 

2.1 Overview 

Magnetic fields are generated by moving electrical charges such as current in a loop of wire or 

moving electrons in block magnets [7]. All magnetic fields are vector fields projected into space. 

They can vary over time and space. Increasing the distance from the source of a magnetic field 

whether it is a loop of wire (electromagnet) or a block magnet (permanent magnet) means that it 

can be treated as a dipole. A magnetic dipole can be thought of as an analogue to an electric 

dipole; however, it is important to keep in mind that a magnetic monopole unlike an electric 

charge has never been observed. An electric dipole is basically composed of a positive and 

negative charge with vector field lines connecting the two. A magnetic dipole is similar with a 

magnetic north and south pole with vector field lines. The magnetization direction of a magnetic 

material is the vector pointing from the south pole to the north pole. The magnetic field (𝑩) of a 

dipole is characterized as shown in Eq. 2.1 where 𝜇0 is the magnetic permeability, 𝒎 is the 

magnetic moment of the dipole, 𝒓 is the distance from the center of mass of the dipole. 

 
𝑩(𝒓) =

𝜇0

4𝜋
[
3𝒓(𝒎 ∙ 𝒓)

𝑟5
−

𝒎

𝑟3
] 

(2.1) 

Torque can be generated as a result of applied magnetic fields and can be an important control 

mechanism used to maneuver magnetic objects. The work done in this thesis relies heavily on the 

use of magnetic torque to actuate both on-chip and mobile untethered tools. When an external 

magnetic field is applied to a magnetized body, the body will rotate to align with this external 

magnetic field as shown in Figure 1. This is best demonstrated by compass needles that always 

align with the Earth’s magnetic field. The cross product of the magnetization direction and the 

external magnetic field can be used to determine the direction and magnitude of the torque (𝝉𝒎) 

as can be seen by Eq. 2.2. This also means that the maximum magnetic torque results when the 

externally applied magnetic field is perpendicular to the magnetization direction of the body. 

This is an important design consideration for both on-chip and mobile untethered devices.  

 𝝉𝒎 = 𝒎 × 𝑩 (2.2) 
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Figure 1: Magnetic torque is generated when an external magnetic field is applied. 

A magnetic force (𝑭𝒎) is the result of a non-uniform magnetic field being applied to a magnetic 

body. A non-uniform field is essentially one that varies over space. This results in a spatial 

gradient of the magnetic field and can be used to pull magnetic material over space. Magnetic 

force decays quickly over distance and thus is typically weaker than magnetic torque which also 

decays over distance but more slowly. This is likely why magnetic force is used less frequently 

since it is often weaker than magnetic torque. Both magnetic torque and force can exist 

simultaneously. The magnetic torque will align the magnetic body in the direction of the 

externally applied field while the magnetic force will pull the object in the direction of the 

strongest field as demonstrated in Eq. 2.3 and Figure 2. This figure shows a magnetic body in 

which the magnetization direction is already aligned with the external magnetic field, hence no 

magnetic torque exists on this body. The external magnetic field is non-uniform over space and 

starts out strong, but it becomes weaker as it gets farther from the source and closer to the 

magnetic body. The resulting magnetic force will essentially pull the magnetic body in the 

direction of the strongest magnetic field. Therefore, the resulting magnetic force in this case is 

opposite of the direction of the applied magnetic field. While pushing of magnetic materials has 

been demonstrated, magnetic forces are more frequently just used to pull on magnetic material 

and thus this is often referred to as ‘gradient-pulling’ as magnetic gradients are being used to pull 

a magnetic body in space. 
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𝑭𝒎 = (𝒎 ∙ ∇)𝑩 =

(

 
 
 
 

𝜕𝑩

𝜕𝑥
𝜕𝑩

𝜕𝑦
𝜕𝑩

𝜕𝑧)

 
 
 
 

𝒎 

(2.2) 

 

Figure 2: Magnetic force is generated when a non-uniform magnetic field is applied. This 

results in a gradient which is necessary to get a desired magnetic force. 

Magnetic materials can be classified as: 1) hard/permanent magnets (ferromagnetic) or 2) soft 

magnets (paramagnetic). Ferromagnetic materials retain their magnetization direction even when 

there is no external magnetic field being applied. Paramagnetic materials are those that depend 

on an external magnetic field. When they are placed inside this external field, they will 

magnetize in the direction of the external field but when it is turned off, the magnetization is not 

retained. Due to isotropy reasons, magnetic materials often want to align on their long axis which 

can sometimes result in a small magnetic torque on paramagnetic materials. 

A permanent magnet can be used apply both magnetic torque and force on an object as it 

generates a non-uniform field. Two or more permanent magnets can be arranged in a 

configuration where certain vector components cancel to produce a uniform magnetic field in a 

specific region. For example: two permanent magnets placed in the same direction on the same 

line of axis should be able to generate a uniform magnetic field over some workspace on an axis 

through the center of mass of both magnets. Of course, the magnets would have to be far enough 

away from each other to be treated as dipoles.  

The same thing can also be achieved with electromagnets. The most well-known electromagnetic 

configuration is a Helmholtz coil setup. In this setup, two electromagnets are placed on the same 

axis with currents flowing in the same direction. The radius of both coils is same as the distance 
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between the coils. The supposition of the magnetic fields from each coil produces a region in the 

center of the workspace with uniform magnetic fields. The magnetic field produced by each coil 

in the Helmholtz coil setup can be descried using the Biot-Savart law as shown in Eq. 2.4 where 

𝑅 is the radius of each coil, 𝑥 is the distance on the center line where the field is being measured, 

𝐼 is the current. For a Helmholtz coil setup, the two coils are placed at a distance 𝑅 from each 

other. The center of the workspace occurs at 
𝑅

2
, where the magnetic field is uniform This law 

technically only applies to a single loop of wire and so would need to be multiplied by the 

number of loops inside each coil as denoted by 𝑁. By varying the parameters in this equation, the 

magnitude of the field can be changed as well as the design of the coils for small or large 

workspaces. A Maxwell coil system is similar to a Helmholtz coil system except that the current 

flowing inside each coil is in opposite directions. This produces a net zero field in the center of 

the workspace with a field gradient that is linear and generates magnetic forces. 

 
𝐵 =

𝜇0𝐼𝑁𝑅2

2(𝑅2 + 𝑥2)
3
2

 
(2.4) 

2.2 Advantages and Disadvantages 

Magnetic actuation has become a widely used technique because magnetic fields can penetrate 

most non-metallic environments and are essentially transparent to the human body and other 

biological organisms. This makes them an ideal tool for actuating small-scale robots. Magnetic 

fields can be used to apply both magnetic torque and force independently which are both 

relatively strong for manipulation purposes. Magnetic particles can often be embedded with 

current fabrication techniques and thus allow small-scale robots to be controlled more 

effectively. Magnetic fields are already used in areas of medical imaging which can make their 

implementation for medical technologies easier. Magnetic actuation often does not require 

anything onboard besides some ferromagnetic or paramagnetic material and is thus ideal for 

remote actuation. It allows devices to access small and constrained space as these devices can be 

significantly scaled down. 

Magnetic fields are considered relatively safe for the human body. Static magnetic fields are safe 

up to 8 mT which is much larger than the desired magnetic fields for actuating most small-scale 

robots. Most of these robots use magnetic fields ranging from several mT to several 100 mT. 
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Most hard magnets used will demagnetize after 400 mT so fields larger than this are never 

required and in fact would be a hindrance for actuation purposes. Time-varying magnetic fields 

can pose more of a risk due to issues related to heating. Guidelines exist for these magnetic fields 

with rates of change limited to 0.1-1 T/s for frequencies up to 100 Hz [8]. The presence of 

pacemakers, surgical implant or other magnetic instruments can make even smaller fields 

dangerous 

Using magnetic actuation to independently control multiple agents in a single global magnetic 

field remains a primary challenge and a large research area. Although significant strides have 

been made in independent control of two or three agents [5, 9, 10] as well as control of whole 

swarms [11], the ability to operate multiple identical or similar untethered devices remains a 

challenge. Applying local magnetic fields has been proposed but this often requires large 

infrastructure on which the device is operated [12]. It has potential for on-chip applications but is 

not feasible for mobile untethered devices that would be deployed inside the human body. Other 

challenges related to electromagnets often have to do with using active cooling mechanisms due 

to large amounts of heat that is generated [13] and of course permanent magnets require complex 

non-linear optimizations to generate specific magnetic fields and gradients with no ability to turn 

the magnetic field on or off [14]. 

2.3 Magneto-Elastic Devices 

The small-scale robots used in this thesis are composed of both magnetic and elastic elements. 

The use of elastic elements is common in miniature devices because it often helps to eliminate 

certain control inputs by providing a restoring force. Elastic elements can take many forms from 

fully functional polymer devices as discussed in Chapter 3 to super elastic metallic wires as 

discussed in Chapter 4.  

Magnetic elastic composites are used for on-chip devices in this thesis. These are composed of 

silicone elastomers or polymers such as PDMS (polydimethylsiloxane) which is mixed with a 

magnetic powder (MQFP-15-7, NdPrFeB, Magnequench) composed of magnetic particles 

around 10 µm in diameter. The mixture is cured and then placed in a large magnetic field in 

order to magnetize these permanent magnetic particles [15-17]. Magnetization direction is 

dependent on the desired task and also the direction of the external magnetic field relative to the 

tool. This allows the magnetic torque on the device to be maximized. These devices are fully 
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functional polymer-based devices and are used for cell sorting and cell stimulation. Simple beam 

bending models can be used to characterize the behaviour of these devices as shown in Eq. 2.5 

where 𝑀 is the applied moment on the end of the beam, 𝐿 is the length of the beam, 𝐸 is the 

elastic modulus, 𝐽 is the second moment of inertia and 𝑣𝑚𝑎𝑥 is the maximum deflection on the 

beam. 

 
𝑣𝑚𝑎𝑥 =

𝑀𝐿2

2𝐸𝐽
 

(2.5) 

While these polymer-based devices work well for on-chip tasks, their usefulness as mobile 

untethered devices for surgical tasks is limited. This is largely due to the fact that these devices 

often need to apply large forces to their environments for tasks such as tissue resection or biopsy 

sample collection.  The forces generated by these devices are lower because the concentration of 

magnetic material is a smaller. Magnetic torque and force are directly proportional to the 

magnetic moment of a body. Magnetic moment is directly proportional to the volume of 

magnetic material present. For these polymer mixtures, the volume is too small to produce 

sufficient torques and forces. This is where off-the-shelf permanent magnets are useful because 

of their much larger volumes. The are used along with a super elastic nitinol (nickel-titanium 

alloy) wire to achieve similar results but with larger torques and forces. Again, the same beam 

bending equations can be used as shown in Eq. 2.5. 
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Chapter 3  
On-chip Tools for Cell Manipulation 

Isolating cells is essential for research and clinical purposes. Cell sorting is the process in which 

individual cells or cell populations can be isolated based on specific characteristics. For example: 

normal cells can be isolated from tumour cells to study each individually and develop cancer 

therapies. Current cell sorting devices exist (e.g., flow cytometers) but have significant 

limitations related to safety and cost. This chapter proposes a microfluidic device as an 

alternative to the current devices. The device consists of a bifurcated flow channel with a 

mechanical valve that is magnetically actuated. The device is fabricated using conventional 

microfabrication techniques such as photolithography. The valve is actuated using a specifically 

designed electromagnetic coil system for fast speeds. Both an analytical model of the valve 

dynamics as well as a numerical fluid flow model for the fluid dynamics surrounding the valve 

have been developed. The goal of the modelling is to optimize the valve and channel geometry to 

achieve accurate sorting and thus increase the sorting efficiency.  

These results have been published in (Reprinted with permission from Springer Nature): 

J. Zhang, O. Onaizah, A. Sadri, and E. Diller, A generic label-free microuidic microobject sorter 

using a magnetic elastic diverter," Biomedical Microdevices, vol. 19, issue 2, pp. 43, 2017.  

Mechanical loading on bone tissue is an important physiological stimulus that plays a key role in 

bone growth, fracture repair, and treatment of bone diseases. To measure the response of bone 

cells to selective mechanical stimulation in physiologically-relevant arrangements, there is a 

need for a platform which can locally stimulate a selected region of bone cell culture with a fluid 

shear stress gradient. This chapter proposes a device to achieve non-contact local stimulation of 

cells with a magnetically actuated beam that simulates the fluid shear stresses encountered in 

vivo. The stimulating beam is made from a composite of magnetic powder and polymer, where a 

magnetic field is used to precisely oscillate the beam in the horizontal plane. The beam is placed 

above a cell surface adherent to the cells with a small gap height. Finite element simulations are 

performed to quantify the shear stress values and to generate a shear stress map in the region of 

interest. Osteocytes arranged over the region are stimulated where their intracellular calcium 

response quantified based on their position and local shear stress value. Cells closer to the 
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oscillating beam respond earlier compared to cells further away from the shear stress field 

generated by the beam. Experiments have demonstrated the capability to mimic the propagation 

of calcium signalling to osteocytes outside of the stimulatory region.  

These results are in preparation for submission to: 

Integrative Biology: Local Stimulation of Osteocytes using a Magnetically Actuated Oscillating 

Beam. 
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 On-chip Tethered Tools for Cell Manipulation 

3.1 Cell Sorting Using a Magnetically-Actuated Valve 

3.1.1 Introduction 

Isolating and sorting cells is essential for research purposes in many areas of biology and 

biotechnology and has widespread clinical appeal [18-21]. The purpose of cell sorting is to 

isolate individual cells or cell populations by well-defined characteristics for individual study. 

For example: a population of tumour cells can be separated from normal cells based on their 

observable properties. This is essential when developing cancer therapies. Advances in many 

areas of research and the desire for personalized medicine have increased the need for high 

performance cell sorting devices.  

Flow cytometers are considered the gold standard in cell sorting. They are used to sort cells 

based on a fluorescence activated tag attached to the cell [22]. Current cell sorting devices have 

significant limitations including safety concerns due to hazardous aerosols that could potentially 

contaminate the sample as well as users. High operating pressures used in the sample could also 

damage the structure or function of the cells. In addition, large bulky instrumentation is used 

which requires a large space and outside technical expertise. The limitations combined with the 

high costs associated with the system make it an infeasible option in the clinic. The 

commercialization of a low cost and clinically efficient system could vastly improve the state of 

cell sorting. These would be single use disposable devices that can be manufactured in bulk. 

Microfluidic cell sorting devices can address many of the limitations of current cell sorting 

devices and offer a better tool to researchers at a lower cost. A safe and low-cost alternative cell 

sorting device would allow many researchers to use this technology. Electrostatic actuators [23], 

optical tweezers [24] and magnetically labelled cells [25] have all been proposed for cell sorting 

purposes. However, electrostatic actuators can often require high voltages which can damage 

cells [26]. Optical tweezers are non-contact so damage is limited but they do not produce forces 

large enough to manipulate large cells (on the order of 100 𝜇𝑚) [26]. Magnetic labelling of cells 

is a contact procedure and thus also risks damaging cells. 
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A novel microfluidic magnetic cell sorting device is proposed to overcome many of these 

limitations. This sorting tool consists of a flow channel with a valve that mechanically moves 

within the channel to control the path of cells. The channel is made using standard PDMS 

microfabrication techniques, while the valve is seeded with magnetic micro-particles and is 

manually assembled into the flow channel. The magnetically actuated valve is placed near the 

bifurcation point in a channel with an inlet and two outlets. Therefore, cells are not magnetically 

labelled but the valve controlling the direction of flow is. Reliable technologies in this area are 

lacking due to limitations in speed, control, and fabrication [22, 26, 27]. The valve is actuated 

using a uniform magnetic field strength of 10 mT supplied by a Helmholtz coil configuration. 

Fluid seeded with microbeads (to simulate cells) is used during experiments. The microbeads are 

centered using 3D flow focusing and the valve is used to control the path of the beads. An 

analytical model for the magnetically actuated valve has been designed and numerical 

simulations are performed to study fluid flow around the tip of the valve. The proposed device 

will be integrated with an automated detection system for cell sorting. 

3.1.2 Methods 

3.1.2.1 Device Design and Fabrication 

 

Figure 3: The proposed cell sorting chip is shown a) Top view, b) the main sorting region 

and c) side view of the channel. 

A cell sorting design is studied using both an analytical model and numerical simulations. The 

top view of the proposed cell sorting chip is shown in Figure 3. It consists of three inlets and one 
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outlet. Two of the three inlets are used to focus the beads into the center of the channel using 3D 

flow focusing [28]. The sample, which consists of the cells in a medium (microbeads used for all 

experiments), is fed through the third inlet. Due to 3D flow focusing, all the beads are centered 

and have approximately the same velocity. The main operating region (as shown in Figure 3b) 

includes the combined flow from all three inlets that is bifurcated into two outlets. The valve is 

embedded into the side wall of the channel and is mechanically moved using magnetic fields. 

Due to the positioning of the valve, all the beads are automatically sorted into outlet 2. To sort 

beads into outlet 1, the valve is moved downwards to disturb the fluid flow around the tip. 

Accurate sorting requires the beads to be in a specific region that will be discussed later.  

 

Figure 4: The microfluidic device is made using standard lithography techniques. The 

valve is seeded with magnetic microparticles in a 1:1 ratio by mass with PDMS and 

extracted using a needle. 

Both the valve and the channel are made from standard photolithography techniques [29]. For 

the valve, a negative mold is created and the elastomer PDMS (Sylgad 184, Dow Corning) is 

mixed with magnetic micro-particles (MQFP-15-7, NdPrFeB, Magnequench) before it is cured 

to give the valve its magnetic characteristics. The valve is removed from its mold using a needle 

as shown in Figure 4 and then magnetized by being placed in a large (1.1 T) magnetic field. This 

also ensures that all the individual magnetic particles are oriented in the direction of 

magnetization. The valve is then manually inserted into the channel which is then sealed using a 

glass slide. The side view of the final channel is shown in Figure 3c. The portion of the valve 

that is embedded into the side wall of the channel and does not move as it is the same height as 

the channel (150 μm). The portion of the valve that moves is 100 μm leaving a gap of 25 μm 

both above and below. The gap size was experimentally optimized so that it was large enough to 
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significantly reduce both friction and drag on the valve but small enough to also ensure that the 

beads being sorted cannot sneak above and below the valve and reduce sorting efficiency. The 

height of the valve (100 μm) is optimized so that large cells can also be accurately sorted. The 

length and width of the valve are 1 mm and 40 μm respectively and will be further discussed in 

Section 3.1.2.4. 

The principles of the device are shown in Figure 5. Due to the positioning of the valve and the 

sample flow (with microbeads) which is centered inside the channel, all cells automatically go 

into outlet 2 unless the valve is actuated. This reduces the control inputs required to magnetically 

actuate the valve. When the valve is actuated, it creates vortices that sort the cell into outlet 1. 

We will see in our results that the timing of the actuation is key with respect to the location of the 

cells when sorting.  

 

Figure 5: The basic principle of the device where cells are automatically sorted into outlet 2 

until the valve is actuated to sort the cell into outlet 1. 

3.1.2.2 Experimental Setup 

The cell sorting chip is placed inside a specifically designed coil system based on the Helmholtz 

configuration to maximize magnetic fields in the center of the workspace. The coil system is 
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connected to amplifiers that can generate a maximum current of around 20 Amps. A step input 

signal is supplied to the coil system to move the valve when the beads are in the correct region. 

The sorting and valve movement are imaged using a camera connected to a microscope. The coil 

system has low inductance which allows it to generate high frequency fields. The valve can be 

moved with the same deflection (μm) for up to 1 kHz after which fluid drag effects significantly 

reduce the deflection. The coil system is shown in Figure 6.  

 

Figure 6: The coil system specifically designed to have low inductance and actuate the valve 

at fast sorting speeds. 

The valve is actuated using magnetic torque (𝜏𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐) which is a result of applying a magnetic 

field (𝐵) perpendicular to the direction of the magnetic moment (𝑚) as shown in Figure 7 and 

Eq. 3.1 where 𝜃 is the valve deflection. As mentioned previously, the valve is magnetized before 

being inserted into the channel. Since the valve is placed into the channel at a 30° angle, the 

magnetization direction is in the x-direction (30° from the long axis of the valve) as shown in 

Figure 7. A magnetic field applied in the y-direction will result in a torque on the valve as it will 

move to try to align the magnetization direction to the field direction. By applying an oscillating 

field in the +y and -y directions (i.e. a sinusoidal or square wave signal), the valve can be moved 

back and forth about its own axis. Other torques acting on the valve are the elastic torque 
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(𝜏𝑒𝑙𝑎𝑠𝑡𝑖𝑐) as shown in Eq. 3.2 where 𝑘 is the elastic coefficient and the drag torque (𝜏𝑑𝑟𝑎𝑔) as 

shown in Eq. 3.3 where 𝑏 is the drag coefficient. 

 

Figure 7: The actuation of the valve is displayed. It is a result of magnetic torque which 

tries to align the magnetic moment (𝒎) and magnetic field (𝑩) directions. The other 

torques acting on the valve are drag torque and elastic torque. 

 𝜏𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 = 𝑚𝐵 cos 𝜃 (3.1) 

 𝜏𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 𝑘𝜃 (3.2) 

 𝜏𝑑𝑟𝑎𝑔 = 𝑏𝜃̇ (3.3) 

3.1.2.3 Image Processing Framework 

To obtain the valve deflection as a function of time, an image processing tool is developed to 

analyze the images collected using a high speed camera as shown in Figure 8a. The grayscale 

images are first turned into binary images from which the valve tip extrema (corner values) are 

obtained. These locations (𝑦𝑖 and 𝑦𝑗) can be plotted for each image to get valve deflection in 

terms of position as shown in Figure 8b. The location of the valve at each point can also be used 

to calculate the angle of the valve from its initial axis using a rigid body approximation (𝜃 =

𝑎𝑟𝑐𝑡𝑎𝑛(
𝑦

𝑥
)) as shown in Figure 8c. 
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Figure 8: Image Processing Tool: a) steps taken to obtain valve deflection, b) valve 

deflection in terms of position where 𝒚𝒊 and 𝒚𝒋 are recorded and c) valve deflection in terms 

of the angle. 

3.1.2.4 Analytical Model 

 

Figure 9: Building a relationship between the input voltage and valve deflection using the 

output current and magnetic field generated. 

A relationship between input voltage and valve deflection can be established using output current 

as shown in Figure 9. A transfer function is fitted to the changes in amplitude and phase with 

increasing frequency and plotted in Figure 10a. The transfer function for a system with only 

resistance (𝑅) and inductance (𝐿) is also plotted in Figure 10a and shown in Eq. 3.4. Ideally, this 

transfer function would fit the data perfectly. However, the amplifier is essentially a black box 

b) c) 

a) 
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that can consist of capacitance (𝐶) and other 𝐿𝑅 combinations and results in a unique transfer 

function (Eq. 3.5). This fitted transfer function (𝑇𝐹) is then used to generate an output current 

from the input voltage. As it can be seen in Figure 10b, the resulting current matches well with 

the measured current.  

 
𝐿𝑅 =

2.598x104

𝑠 + 5281
 

(3.4) 

The model is designed to understand how the magnetic valve is actuated in response to the input 

voltage. The current in the coils is proportional to the generated magnetic field that actuates the 

valve. The sinusoidal input voltage supplied from the signal generator and the output current 

from the amplifier are both measured. This is done for a frequency range from 1 mHz to 3.3 kHz. 

The change in amplitude and the phase lag between input voltage and output current are 

calculated and a transfer function (𝑇𝐹) is fitted to the data as shown in Figure 10 and Eq. 3.5. 

 
𝑇𝐹 =

1.07x104𝑠 + 1.054x108

𝑠2 + 4225𝑠 + 2.74x107
 

(3.5) 

 

Figure 10: The relationship between input voltage and output current is shown. a) A bode 

diagram of the amplitude change and phase lag at the different frequencies is shown as well 

as a fitted transfer function (𝑻𝑭) and an 𝑳𝑹 transfer function. b) The transfer function is 

used obtain a simulated current from an input voltage that matches well with the measured 

current. 

a) b) 
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The resulting current is then used to obtain the simulated valve deflection using a simple model 

involving a balance of torques (drag, elastic and magnetic) as shown in Eq. 3.6. 

 𝜏𝑑𝑟𝑎𝑔 + 𝜏𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 𝜏𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 (3.6) 

The inertial torque is neglected because its inclusion was found to have negligible effects on the 

results. The 1D differential equation is shown in Eq. 3.7 

 𝑏𝜃̇ + 𝑘𝜃 = 𝐶1𝐼(𝑡) cos 𝜃 (3.7) 

where 𝐶1 is an arbitrary magnetic coefficient relating the magnetic field (𝐵(𝑡)) to the current 

(𝐼(𝑡)). The parameters 𝑏, 𝑘 and 𝐶1 are determined below. This simple 1D ordinary differential 

equation can be used to solve for the valve deflection 𝜃. 

The drag coefficient 𝑏 is: 

 
𝑏 =

𝑊𝐿3𝜇

2ℎ
 

(3.8) 

where 𝑊 is the width of the valve, 𝐿 is the length of the valve, 2ℎ is the gap height between the 

valve and PDMS floor and 𝜇 is the viscosity. The drag coefficient is modelled using a Couette 

flow approximation. Couette flow is the resulting flow field when one of the walls is moving and 

the other is stationary. 

The stiffness (𝑘) of the valve is: 

 
𝑘 =

3𝐸𝐼𝑐𝑟𝑜𝑠𝑠

𝐿
 

(3.9) 

where 𝐸 is the Young’s modulus of the valve, and 𝐼𝑐𝑟𝑜𝑠𝑠 is the area moment of inertia (𝐼𝑐𝑟𝑜𝑠𝑠 =

1

12
𝑊3𝐻 - where H is the height of the valve). 

The magnetic coefficient (𝐶1) is defined as: 

 
𝐶1 =

𝑚𝐵(𝑡)

𝐼(𝑡)
 (3.10) 
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By studying the steady state step input response, the drag torque can be neglected. Therefore, by 

equating the elastic and magnetic torques a ratio of 
𝐶1

𝑘
 can be obtained as shown in Figure 11b. 

Similarly, a ratio of 
𝐶1

𝑚
 can also be obtained as shown in Figure 11a by measuring the current 𝐼(𝑡) 

and the generated field 𝐵(𝑡) using a gauss meter. Using a theoretical value of 𝑚, both 𝐶1 and 𝑘 

can be independently obtained.  

 

Figure 11: The coefficients 𝑪𝟏 and 𝒌 are calculated respectively. a) A plot of magnetic field 

(𝑩) vs. current (𝑰) outputs a slope of C1/𝒎 and using a theoretical value for the magnetic 

moment (𝒎), 𝑪𝟏 can be obtained. b) A plot of valve deflection (𝜽) vs. current (𝑰)  using a 

steady state step input is used to find the slope of C1/𝒌. Using the value of 𝑪𝟏 from a), a 

value of 𝒌 can be obtained. 

There is now only one unknown parameter which is the drag coefficient 𝑏. As seen from Eq. 3.8, 

a theoretical value can be calculated. The theoretical values of the drag torque for a Couette flow 

approximation are plotted in Figure 12 as a function of the length of the valve and gap height 

from the bottom surface. For comparison purposes, the drag coefficient resulting from drag 

torque on a rotating ellipsoid [1] and the experimental drag coefficient (discussed further in 

Figure 14) values are also shown in Figure 12 and Table 1.  

  

a) b) 
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Figure 12: Drag coefficient values using the Couette flow approximation, the rotating 

ellipsoid approximation and the experimentally determined value are plotted against a) the 

length of the valve and b) the gap height from the bottom surface. 

Table 1: The drag coefficient values using the two approximations (Couette Flow and 

Rotating Ellipsoid) as well the experimental value are listed. 

 Drag torque at 1 mm valve length Drag torque at 25 um gap height 

Ellipsoid Rotating 8.40 x 10−13 𝐽𝑠 5.02 x 10−13 𝐽𝑠 

Couette Flow 7.85 x 10−12 𝐽𝑠 7.85 x 10−12 𝐽𝑠 

Experimental 1.42 x 10−10 𝐽𝑠 

Using the theoretically determined values for the drag coefficient 𝑏, a simulated valve deflection 

can be plotted from any input voltage as shown in Figure 13. 

 

Figure 13: The relationship between input voltage and valve deflection has been established 

and can be used to obtain a simulated valve deflection. 

a) b) 
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The last unknown parameter 𝑏 can be solved for by fitting the experimental data obtained by 

using the image processing tool to the simulated deflection as shown in Figure 14. The value of 𝑏 

is determined to be 1.42 ∗  10−10 𝐽 ∗ 𝑠. As can be seen from Table 1, the theoretical value of 𝑏 

as determined using the Couette flow approximation is about 20 times smaller than the 

experimental value and the rotating ellipsoid approximation is several orders of magnitude 

smaller. 

 

Figure 14: The experimental and simulated results for valve deflection are plotted. The 

simulated results have been matched to the experimental one by iteratively changing the 

value of b. a) The results have been matched but there is delay between the experimental 

and theoretical results. This delay of 0.1 ms could be a result of amount of time it takes for 

the valve to respond after the input voltage signal is given. In b), the experimental results 

have been adjusted to account for the delay in order to show that the two have been 

successfully matched. 

The analytical model is used to understand the dynamics of the valve movement and specifically 

how changing the geometrical properties of the valve can maximize the amount of deflection.  

 𝜃(𝑡) = 𝜃ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑜𝑢𝑠 + 𝜃𝑝𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑎𝑟 (3.11) 

 
𝜃(𝑡) = 𝐴1𝑒

−
𝑘
𝑏
𝑡 +

𝐶1𝐼𝑚𝑎𝑥(𝑘 cos𝜔𝑑𝑡 + 𝑏𝜔𝑑 sin𝜔𝑑𝑡)

𝜔𝑑
2𝑏2 + 𝑘2

 
(3.12) 

Here 𝐴1 is the initial starting position of the valve, 𝐼𝑚𝑎𝑥 is the maximum current that can be 

generated by the amplifiers and 𝜔𝑑 is the driving frequency of the valve which is set to 2𝜋𝑓 

a) b) 
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where 𝑓 is set to 1 kHz in Figure 15 and 𝑡 is the time. The valve deflection can now be plotted as 

a function of time using Eq. 3.12 since all parameters are known. 

 

Figure 15: Valve deflection plotted as a function of time using Eq. 7. 

  

Figure 16: The valve deflection is plotted as function of length (a,c) and width (b,d) of the 

valve. In a-b, fluid drag effects are neglected. In c-d, the fluid drag effects are included. 

a) b) 

c) d) 
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The valve deflection can also be plotted against geometrical parameters of the valve such as 

length, width and height as well as the gap height between the valve and the bottom of the 

channel. The associated time 𝑡 selected for these comparisons corresponds to the maximum 

deflection but could be arbitrarily chosen to be any point as all deflections are calculated for the 

same time point. Since the length and width are the two parameters that can be most easily 

altered, the valve deflection is plotted as a function of the length and width of the valve for two 

cases: 1) neglecting fluid drag which is a reasonable assumption at low frequencies and 2) 

including fluid drag which is essential for high frequency results.  

The results are shown in Figure 16. In Figure 16a-b, fluid drag effects are neglected and in both 

cases there is no actual maximum value of valve deflection. The valve deflection is proportional 

to the length of the valve and inversely proportional to the width of the valve. In b) the valve 

deflections predicted for small widths are huge. It is important to note, that realistically the valve 

deflection cannot go above 
𝜋

2
 as the magnetization and magnetic field directions will be perfectly 

aligned and no further torque on the valve will be applied. When drag torque is included, a 

maximum deflection is found at a length of 1.3 𝑚𝑚 and width of 40 𝜇𝑚. The width for the 

experimental valve is then fixed at this value while the length of the valve is chosen to be 1 𝑚𝑚 

instead of 1.3 𝑚𝑚 due to practical considerations such as the width of the channel. A 1 mm 

valve still maintains 80% of the maximum deflection and can be actuated more smoothly. The 

same data is shown in Figure 17 as a surface plot to show that both parameters can be optimized 

simultaneously to achieve the maximum deflection. 

3.1.2.5 Finite Element Simulations 

While the analytical model attempts to understand the mechanics of the valve, the numerical model 

attempts to understand the fluid mechanics that result from the valve movement. All simulations 

are done using COMSOL Multiphysics and ANSYS Workbench 16. Before the numerical 

simulation can be used to alter the geometry or to understand the fluid flow surrounding the valve, 

it must be matched to experimental results. A Fluid Structure Interaction (FSI) simulation is done 

using a 2D channel geometry with no pressure driven flow. The valve (defined as a linear elastic 

material) is moved due to a body load step input force defined as 𝐹𝑦 = −2.5 x107 ∗ 𝑠𝑡𝑒𝑝1(𝑡) 

where 𝑠𝑡𝑒𝑝1(𝑡) is shown in Figure 18. The body load is applied at 0.01 s and is applied in the y-

direction to mimic the experimental scenario. Only the bifurcation region is simulated to simplify 
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the geometry and thus make the simulations faster. The channel is filled with water and responds 

accordingly to the valve movement. 

 

Figure 17: The deflection is plotted as a function of the length and width of the valve in 

order to optimize these parameters for the maximum deflection. 

 

Figure 18: Step function used in the body load – takes 6 ms for the valve to move 

The geometry of the channel used in the 2D simulation is shown in Figure 19b. Tip displacement 

(Figure 19a) and fluid velocity (Figure 19c) were determined using the results from the 

simulation at the tip point shown in red in Figure 19b.  
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Figure 19: Results for the tip displacement (a) and fluid velocity (c) for the point shown in 

red in (b) are plotted. 

The results from the simulation are presented in Figure 20. The default fluid velocity plot at the 

time point where the valve has reached its maximum deformation is shown in Figure 20a. 

Particle tracing is done on the results obtained from the FSI simulation using the Particle Tracing 

Module. A grid of particles (25 μm diameter) is released at t = 0 within an initial velocity of 0 

and predicts how the experimental beads would respond to the valve movement and specifically 

helps to quantify the region where the beads would have to be located in order to be correctly 

sorted to the top outlet (outlet 1). The results of the Particle Tracing Module are shown in Figure 

20b.  

  

Figure 20: The results from the simulation are shown: a) snapshot of the velocity 

magnitude and von Mises stress at the maximum valve displacement b) snapshot of particle 

a) c) 

b) 
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locations and velocity at the maximum valve displacement, particle tracing is done on the 

fluid velocity field obtained in part a). 

To compare the simulation to experimental results. The situation is replicated experimentally 

where the channel is filled with fluid but there is no pressure driven flow (static fluid). An input 

voltage is supplied to the system to produce the same valve deflection as the simulated case. The 

channel is seeded with particles around the valve that act as tracers. The initial particle locations 

from the experimental data are extracted and entered into the particle tracing module on 

COMSOL to obtain simulated particle trajectories. The simulated and experimental particle 

trajectories are then plotted in Figure 21. The trajectories show that the same rotational flow 

patterns exist in both cases. Better image processing tools to extract the particle trajectories for 

the experimental case can be developed. Furthermore, because of limitations stemming from a 

2D simulation, the experimental and simulated trajectories will never match perfectly. 

 

Figure 21: Experimental and simulated particle trajectories are shown. 

The simulations are repeated with pressure driven flow and the fluid velocity and particle 

locations are plotted in Figure 22. Since only 2D simulations have been performed, one of the 

major limitations encountered is the lack of fluid flow in outlet 1. This increases the residence 

time for any particles sorted into outlet 1 significantly. In the experimental case, there is a 25 μm 

gap above and below the valve (a third of the channel height) which allows a significant amount 
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of the flow to go to this outlet (although no beads as those are centered using 3D flow focusing). 

To overcome these challenges, a 3D simulation is performed as a replica of the experimental 

geometry and the results are shown in Figure 25. Preliminary simulations were also done to 

optimize the channel geometry in order to take advantage of small valve deflections to sort beads 

(as shown in Figure 23). 

 

Figure 22: Simulation results including pressure driven flow, a) snapshot of the default 

fluid velocity plot after the maximum valve deformation and b) snapshot of particle tracing 

results after they have been correctly sorted. There are some particles still trapped in the 

bifurcation region (limitation of 2D simulation). 

These preliminary numerical simulations are used to study how changes in channel geometry can 

allow even small valve deflections to successfully sort cells. It is hypothesized that increasing the 

channel width at the bifurcation region (see Figure 23a-b) would increase the distance a bead 

would travel transversely (even from a small valve deflection) allowing it to be accurately sorted. 

This is of importance in high frequency cases (above 1 kHz), when the valve deflection is 

significantly reduced due to fluid drag effects. Therefore, a parametric study is performed to 

study how amplification of the channel width at the bifurcation region can be correlated to small 

valve deflections (Figure 23). Preliminary results showed no differences resulted when the width 

of the bifurcation region was changed from 900 μm (Figure 23c) to 1300 μm (Figure 23d). 

Further investigation of these results showed that this is due to the fact that beads are currently 

sorted in the bifurcation region so changing its width accomplishes nothing. However, if the 

beads were sorted beforehand and then their distance amplified in the bifurcation region, the 

a) b) 
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hypothesis should hold. Therefore, further simulations can be done by moving the valve further 

upstream so that sorting is done within the inlet channel (before the bifurcation).   

       

     

Figure 23: Parametric study performed for changing the width of the channel at the 

bifurcation region: a) geometry of 900 µm channel, b) geometry of 1300 µm channel, c) 

results for the 900 µm channel and d) results for the 1300 µm channel. 

The parametric study results were also examined in terms of valve deflection where the 

overarching goal is to accurately sort even with small displacements as is the case for high 

frequencies. The valve displacement is not directly controlled but can be altered by changing the 

input force magnitude in the simulation or the magnetic field experimentally. Figure 24 shows 

the resulting valve displacements for a force magnitude of 0.5 x107 and  4.5 x107 𝑁

𝑚3. As 

predicted, the number of beads that were accurately sorted were proportional to the force 

magnitude. At 0.5 x107 𝑁

𝑚3, no beads were sorted. If the smallest force magnitude (valve 

displacement) can be combined with the largest possible width at the bifurcation (1300 μm), then 

a) b) 

c) d) 
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accurate bead sorting should be possible at faster speeds. These combined parametric studies can 

be performed in the future. 

 

Figure 24: Valve tip displacements shown for two different input forces magnitudes: a) 0.5 

x 107 N/m3 and b) 4.5 x 107 N/m3. 

3.1.3 Results and Discussion 

A microbead (BLPMS 20–27 μm, Cospheric) was sorted into the collection outlet to demonstrate 

the efficacy of the proposed valve. The top-view frames of the sorter during this process are 

shown in Figure 25a–c. The sample flow was slightly shifted so that incoming microbeads would 

go into the waste outlet if the valve remained stationary. However, the bead shown here was 

displaced by the fluid vortex induced by the valve deformation, which was caused by the applied 

magnetic field, and subsequently went into the collection outlet. The 3D ANSYS Workbench 16 

simulation results of this sorting process are shown beneath experimental frames, with the 

microbead being enlarged for better visualization. The color of the path represents the microbead 

speed at that position.  

As shown in this demonstration, a microbead needs to be caught by the fluid vortex created by 

the valve deformation in order to be successfully sorted into the collection outlet. In other words, 

the microbead must be within a specific region when the diverter deforms. This region is defined 

as the effective sorting region (ESR) and illustrated in Figure 25d. The position and size of ESR 

depend on the 𝑦 position and 𝑥 velocity of incoming microbeads, and the speed and magnitude of 

the valve deformation. The ESR is approximated as an ellipse between the valve tip and the 

a) b) 
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bifurcation point. It should be noted that the sorting is accomplished by the dynamic vortex, 

which disappears shortly after the diverter deformation. Without this dynamic vortex, all 

incoming objects will go into the waste outlet no matter whether the valve is deformed or not, as 

shown in Figure 25e and f. 

 

Figure 25: a-c) Experimental sorting results with ANSYS simulation results, d) effective 

sorting region, e-f) scenarios where the valve deforms while microbead is not the effective 

sorting region. © 2017, Springer Nature 

3.1.4 Conclusions 

Analysis on an existing cell sorting chip was performed using an analytical model and numerical 

simulations. The analytical model is used to understand the valve mechanics and to characterize 

a relationship between the input current and valve deflection. The goal of this modelling was to 
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optimize the valve geometry to obtain the maximum possible deflection. It was found that the 

valve deflection is maximized when the length of the valve is 1.3 mm and the width of the valve 

is 40 μm. The final geometry of the valve was set to 40 μm width and 1 mm length. The length 

was slightly smaller for practical reasons such as the width of the channel and to maintain 

smooth valve motion. 

Numerical simulations were then performed to understand how the valve deflection affects the 

fluid flow in the surrounding region. The goal was to characterize the region where beads would 

have to be located in order to be accurately sorted and effective sorting region was characterized. 

First, experimental and simulated results were matched for a simple 2D simulation with no 

pressure driven flow. Then pressure driven flow was introduced into the channel and the region 

where the particles are accurately sorted was quantified. Here, one of the limitations of the 2D 

simulation was observed. It was noted that the positioning of the valve severely limits the 

amount of fluid flow to outlet 1. This increases the residence time of particles in the bifurcation 

region significantly. To match this to the experimental scenario, a 3D simulation was performed 

in ANSYS Workbench 16. The trajectory of a microbead was matched to the experimental 

scenario. The numerical simulation can be used to optimize the channel geometry to take 

advantage of small valve deflections. At high frequencies, the valve displacement is significantly 

reduced due to fluid drag effects. If these small displacements are still able to accurately sort the 

beads, then successful sorting at high frequencies can be achieved. Parametric studies can be 

done in the future to see how the channel width at the bifurcation region can be optimized as a 

function of the valve deflection. 

The use of this optimized cell sorting chip will have some major advantages. The first (as seen 

through numerical simulations and experiments) is non-contact manipulation. The valve is used 

to control the path of the beads by altering the fluid flow around its tip rather than interact with 

the beads in anyway. There is also the potential of introducing multiple valves into the channel 

which will allow for an increase in productivity and specificity. Some limitations of this chip 

include low sorting speeds although this can theoretically be improved with more sophisticated 

equipment (such as high current amplifiers). Sorting at low frequencies (500 Hz) has been 

successfully achieved with promise for sorting at higher speeds. At high frequencies, fluid drag 

is a big limitation as it reduces the amount of deflection of the valve. Other limiting factors at 
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high frequencies include coil inductance and flow focusing. The manual fabrication of the device 

also has an impact on reproducibility and poses a challenge for any commercial use. 
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3.2 Local Stimulation of Osteocytes Using a Magnetically 
Actuated Oscillating Beam 

3.2.1 Introduction 

Mechanotransduction is an important process for basic cell functions, affecting cellular 

mechanisms from protein signalling to DNA transcription. Physical cues act as essential inputs to 

these mechanisms, ranging from mechanical loading of the cell to unique physical properties 

surrounding the cell [30, 31]. Although observed in a variety of organ systems, these physical 

cues are most prominent in load-bearing tissues such as the musculoskeletal system. In bone 

tissue, major mechano-sensory cells, osteocytes, are embedded in a network of lacuna-canaliculi 

exposing them to high levels of fluid shear stress upon bone tissue compression [32]. This 

mechanical stimulus is important for bone tissue function, as it activates key signalling pathways 

that regulate the bone remodelling process as well as tissue repair [33, 34]. Osteocytes seeded 

within flow-based in vitro systems have demonstrated their sensitivity to different levels of fluid 

shear stress [35-37]. However, current in vitro systems rely on macro-scale devices that stimulate 

a monolayer cell culture with standard uniform shear stress, in contrast with the pockets of shear 

stress experienced by osteocytes in the lacuna-canaliculi network [38, 39]. The rise of 

microfluidic systems has filled this gap by introducing cell culturing platforms at dimensions 

closer to that of the lacuna-canaliculi network, demanding development of newer fluid 

stimulation mechanisms suitable for this scale. Major cell response to flow in the form of 

intracellular calcium fluctuations have been successfully detected from osteocytes cultured using 

in vitro fluid flow systems [40-42], as well as in vivo models [43-45]. These calcium flux 

measurements demonstrate either the average response from a population of osteocytes or the 

single-cell calcium fluctuation pattern. However, is still very difficult to observe cellular 

response due to intercellular signalling transport from mechanically stimulated cells. Both in 

vitro experiments using patterned cell networks [46] and ex vivo studies using bone tissue [47] 

have shown the key role of calcium fluctuations play in propagation of signals between 

mechanically stimulated and non-stimulated osteocytes; however these studies rely on membrane 

disturbance and tissue strain as the mechanical stimulus, lacking the capability to study how fluid 

shear stress influence this signal propagation. Existing tools such as atomic force microscopy 

(AFM) can only provide point-force disturbances to the cell membrane and lack the capability to 

generate localized fluid shear stress that mimics the phenomenon within the lacuna-canaliculi 
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network where osteocytes are subjected to different level of shear stress. Hence there is a need 

for the development of a platform to locally stimulate a selected region of osteocyte culture with 

a shear stress to measure the varying response of osteocytes to mechanical stimulation, as well as 

response from intracellular signalling to non-stimulated cells. While local stimulation of cells has 

been attempted in the past [48], no study has attempted to quantify the shear stress gradient that 

can be generated through local non-contact cell manipulation. 

This study aims to design a platform which can enable local cell mechanical stimulation by fluid 

shear stress in a targeted region. A magnetically actuated beam is placed above adherent cells 

and oscillated at a frequency of 1 Hz in order to generate shear stress on cells. The shear stress is 

localized to the region surrounding the beam, while cells further away from the stimulated region 

experience minimal shear stress. Finite element simulations are performed in order to quantify 

the shear stress values that can be generated by the oscillating magnetic beam. An experimental 

protocol is established with a specifically designed coil system and driving electronics integrated 

into an optical inverted microscope. Live imaging of intra-cellular calcium fluctuations is used to 

quantify cell response during magnetic actuation. A shear stress map is plotted along with the 

locations of all stimulated cells in order to illustrate the working principles of the device and to 

understand how future studies with local cell stimulation can be performed more reliably. 

3.2.2 Methods 

3.2.2.1 Design and Fabrication 

Local stimulation of cells is achieved through the placement of a magnetically-actuated flexible 

beam above the adherent cell surface, which can generate localized shear stress regions [17]. The 

beam is manufactured as a flexible polymer with magnetic material embedded inside. It consists 

of a mixture of polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) which comes in two 

parts with a polymer base and curing agent that are combined in a 10:1 ratio by mass. This 

mixture is then mixed with permanent magnetic particles (MQFP-15-7, NdFeB, Magnequench) 

in a 1:1 mass ratio. This mixture is poured into a negative mold of the beam that was created 

using photolithography. The excess is scraped off with a razor blade. This mixture is fully cured 

on an 85°C hot plate for 4 hours and the beam is subsequently removed from the mold using a 

needle. After the beam has been removed, the magnetic particles inside the beam are magnetized 
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before assembly. The beam is placed in a uniform magnetic field of 1.1 T created by two 

permanent magnets (1-inch cube, NdFeB, N40, Magnet4US) placed 3 mm apart (see Figure 26).  

 

Figure 26: The fabrication process for the magnetically-actuated beam: i) a negative mold 

for the beam is created via photolithography, ii) A mixture of PDMS with magnetic 

particles is cured in the mold with any excess removed via a razor blade, iii) the beam is 

removed after curing and magnetized in a large magnetic field generated by two 

permanent magnets, iv) the magnetic beam is then glued to a glass slide using liquid PDMS 

and tape as a spacer and again cured, v) the final device when the spacer is removed after 

the device has been fully cured. 

The beam is then glued using liquid PDMS to a glass slide with a spacer added to prevent the 

sinking of the beam. This is again cured on an 85°C hot plate for 4 hours. After curing, the 

spacer is removed. Separately, an adhesive film is added as a border to another glass slide on 

which cells are cultured. The slide with the beam is then flipped and placed on top of the cell 

surface. A small gap between the beam and the cell surface is necessary to ensure non-contact 

manipulation. Two different types of adhesives films are used to leave a gap height of 10 and 25 

µm respectively. However, we will show in our results that cell stimulation was likely not 

achieved until the gap height was 5 µm as shear stress levels at higher gap heights are not 

sufficient. The small gap heights are achieved coincidentally in these set of experiments, but 
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future experiments can be designed to repeatedly achieve this gap height. The most common 

reasons for the experimental gap height to be smaller than the theoretical gap height is because of 

gravity which pulls the tip of the beam down when device is assembled or a thick layer of glue 

that pushes the whole structure downward (see Figure 27). The former would also result in an 

uneven shear stress gradient resulting in cells closer to the tip of the beam to be more easily 

stimulated due to higher shear stress levels while the latter would increase the shear stress 

uniformly across the localized region. 

 

Figure 27: a) Side view of the fully assembled device where the magnetic beam sits a 

distance h above the cell surface, b) top view of the device is shown with the adhesive film 

border on the bottom slide and the magnetic device glued to the top glass slide. c) and d) 

show scenarios where the gap height h can be coincidentally reduced either due to the 

device being angled downwards due to gravity (c) or as a result of thick spacer or a thick 

layer of glue pushing the whole structure downwards (d). e) A 3D rendering of the 

geometry is shown. This is the geometry used in the finite element analysis. The red square 

shows the region where shear stress calculations were performed. 

3.2.2.2 Experimental Setup 

A pair of electromagnetic coils (Figure 28) were designed to fit around a fluorescent microscope. 

A large set of coils were designed with an 18 cm radius, 300 turns of an effective 7 AWG copper 
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wire mounted on a wooden structure that generates 10 mT in the center of the workspace. The 

device is placed in the center of the workspace such that the magnetization direction of the beam 

is perpendicular to the external magnetic flux density. An oscillating magnetic flux density of 10 

mT at 1 Hz (Figure 29b) causes the beam to oscillate in the x-y plane [17] that results in shear 

stress on the cell surface. However, the magnitude of the shear stress must be greater than 0.8 Pa 

to result in cell stimulation, which occurs for very small beam-surface gap heights. The coil 

system is connected to an analog servo driver (30A8, Advanced Motion Controls) and power 

supply for tunable field generation. A signal generator is used to generate a 1 Hz sinusoidal 

waveform. The external magnetic flux density (B) results in a torque on the magnetic beam since 

the direction of magnetization (m) is placed perpendicular to the field direction. The resulting 

magnetic torque (𝑇) is described by Eq. 3.13.  

 𝑇 = 𝑚 × 𝐵 = 𝑚𝐵 sin 𝜃 (3.13) 

 

Figure 28: a) A schematic of the experimental setup is shown, b) the actual coils when 

placed around the microscope are shown. The 1D Helmholtz coils are specifically designed 

to fit around a fluorescent microscope connected. The coils are connected to an amplifier 

and power supply for current generation. 
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3.2.2.3 Finite Element Simulations and Analysis 

To determine the shear stress that is applied to the cells and to understand how the results can be 

made reproducible, a set of fluid-structure interaction simulations were performed in ANSYS 

Workbench 17.1. These were repeated for different deflections with a gap height of 50 µm. The 

results of these simulations can be seen in Figure 29-Figure 30. A 3D geometry was constructed 

as shown in Figure 27e in ANSYS Workbench 17.1 with Transient Structural and Fluent 

components coupled together. A tip force was applied to the magnetic beam to match the average 

deflection seen in experiments. Note that the devices are all manually fabricated where small 

variations can result in large changes to the deflection profile of the beam. This simulation uses 

an average observed deflection, but this can be higher or lower for individual experiments 

resulting in higher or lower shear stress values. The magnetic physics was not modelled here 

since magnetic actuation is used to deflect the beam, which is easily observed experimentally, 

and therefore a model is not necessary to determine the shear stress. A sinusoidally oscillating 

force is applied to the beam which induces motion in the fluid. The resulting velocity data from 

the fluid domain was extracted from CFD Post for the 1 mm square shown in red in Figure 27e. 

For a 2D geometry, a spatial gradient of the velocity (𝑢) data can be used to generate the shear 

stress (𝜏) results as shown in Eq. 3.14 where 𝜇 is the fluid viscosity. 

 
𝜏(𝑧) = 𝜇

𝜕𝑢

𝜕𝑧
 

(3.14) 
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(3.16) 

When all components of the shear stress tensor were plotted, we observed that the results of the 

tensor are asymmetric, and this is likely a result of the vortices created by the beam oscillation 

and that the 𝜏𝑥𝑧 is the largest component of the shear stress. This is in line with the design of our 

device where the magnetic beam is placed a certain gap height above the cell the surface and 
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oscillates in the x direction resulting in a large spatial gradient. To find the principal stresses of 

an asymmetric tensor is computationally intensive [49]. For our purposes, it is sufficient to 

conclude that all other elements are negligible and concentrate on the 𝜏𝑥𝑧 component as the 

primary shear stress component leading to cell stimulation.  

 
𝜏𝑥𝑧 = 𝜇

𝜕𝑢𝑥

𝜕𝑧
 

(3.17) 

3.2.2.4 Analytical Model 

A Couette flow model is used as a simplified model of the system. The Couette model consists of 

flow between two infinite plates separated by a distance ℎ with one plate moving at a velocity U 

and the other plate held stationary as shown in Figure 29b. The shear stress for this simplified 

model is determined by Eq. 3.14 (the spatial gradient of the velocity). The geometry of motion in 

the setup of this paper differs from the Couette assumption in two main ways: 1) oscillating flow 

generated due to the back and forth motions and 2) edge effects of the beam. A correction factor 

for the oscillatory Couette flow is found in [50]. Since the Reynolds number for our flow is very 

small (with a peak of around 1.0), the oscillating flow correction is found to have negligible 

impact on the shear stress and does not need to be accounted for. In a simple Couette flow 

model, the entire top boundary is moving and is considered an infinite plate. Realistically, our 

beam has defined edges and we see from the finite element model of Figure 29 that some of the 

largest shear stress values occur near the edges of the beam. It has been shown in the past that 

edge effects increase the shear stress by a factor of 3 [50], however for our purposes we used the 

simple Couette flow model (Eq. 3.18) to obtain the shear stress values plotted in Figure 29f and 

h. Here, 𝑈 is the plate velocity (or the tip velocity of the beam in our specific case), ℎ is the gap 

height and 𝑧 is the vertical distance from the stationary wall. The velocities used in the 

calculation of the shear stress using this model are determined using 1) finite element simulations 

and 2) theoretical velocities determined based on the tangential derivative of a sinusoidal wave 

of the beams’ deflection profile as shown in Figure 29c. The theoretical velocity profile of the 

beam is also illustrated in Figure 29d. The fluid velocity at different vertical distances from the 

beam as shown by Eq. 3.19 are plotted in Figure 29e to show that the analytical Couette flow 

model and numerical simulations are in agreement. The in-plane component of the fluid velocity 

is also plotted versus varying beam tip deflections in Figure 29g. 
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𝜏 =

𝜇𝑈

ℎ
 (3.18) 

 
𝑢(𝑧) =

𝜇𝑈𝑧

ℎ
 (3.19) 

 

Figure 29: a) 2D Couette flow principle; b) magnetic flux density generated by the coils 

(shown for 2 s for posterity but this takes place over several minutes); c) the resulting 

theoretical deflection profile of the beam if the magnetic flux density in (b) is applied. This 

is also the profile used in the finite element analysis and the tangential derivative is used to 

determine the theoretical velocities shown in parts (e) and (g). d) The theoretical beam tip 

velocity magnitude as well as the cycle averaged velocity are shown for the deflection 

profile seen in (c). e) and g) are plotted using Eq. 7 with theoretical velocities determined 
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using the tangential derivative of the deflection profile and the numerical velocities 

determined from the finite element simulations. f) and h) show the shear stress with 

varying gap heights and beam tip deflection based on Eq. 6 using theoretical and numerical 

velocities. 

3.2.2.5 Cell Culture 

MLO-Y4 osteocytes (courtesy of Dr. Bonewald) are cultured in growth media composed of 2.5% 

calf serum (CS, Gibco, USA), 2.5% fetal bovine serum (FBS, Gibco, USA), 1% penicillin-

streptomycin (PS, Gibco, USA), and 94% Alpha Minimum Essential Medium (MEM) 

(WISENT, Canada). Cells are seeded at 105 cells per 100 mm diameter collagen-coated (0.15 

mg/ml Type I collagen (Corning, USA)) culture dishes until 80% confluency before transfer onto 

collagen-coated experimental slides for overnight incubation before imaging. MLO-Y4 cells are 

passaged and maintained at standard 37 ˚C and 5% carbon-dioxide environment.  

3.2.2.6 Intracellular Calcium Imaging 

MLO-Y4 cells are stained with Fura-2 AM intracellular calcium dye (ThermoFisher Scientific, 

USA) for 45 min at room temperature. After rinsing with phosphate-buffered saline (PBS, 

Sigma-Aldrich, USA), experimental slides seeded with stained cells are imaged by a Nikon 

Eclipse fluorescent microscope for 1-2 minutes before the magnetic field is turned on to oscillate 

the beam for up to 10 minutes. During experiments, cells are seeded in regular growth media 

supplemented with 4.6 mg/mL Dextran (500k MW) (Sigma–Aldrich) to achieve the needed 

shear stress value without significantly increasing the size of the beam. It has been previously 

shown that addition of Dextran to flow experiments using MLO-Y4 osteocytes does not affect 

their calcium response [51]. Fluorescent signals are read, and a ratio of 340 nm/380 nm signals is 

used to generate the calcium response curves. A calcium response is quantified as having 2-times 

fold-change or greater compared to baseline fluctuations measured in the initial 2 minutes of 

non-stimulated cells. 
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3.2.3 Results and Discussion 

 

Figure 30: a) The shear stress map obtained using Eq. 6 with velocities obtained from finite 

element simulations is overlaid with the locations of responding cells that are coded with 

the time it takes to respond. The dotted line shows the typical viewing window in 

experiments and the range of the beam oscillation is also overlaid on the map. b) An image 

obtained of the cells along with the beam is shown which corresponds to the dotted lines on 

the shear stress map. Scale bar = 50 µm. c) A plot of the cell response time vs distance from 

the tip of the beam with a linear regression performed is shown. 

We see from the analytical and numerical results of the shear stress values with different gap 

heights that large shear stress values are only obtained for very small gap heights below 10 µm 

and large beam tip deflection greater than 150 µm. In Figure 30a, we have plotted the maximum 

shear stress map resulting from the oscillation of the beam over 10 cycles in the 1 mm square 

region of interest around the beam tip. A microscope view of the beam and osteocytes is shown 

in Figure 30b. The maximum shear stress occurs in small areas around the beam oscillation 

which we refer to as the ‘local stimulation region’ (LSR). We see that cells in and around the 
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LSR are stimulated. We also observed cells being stimulated outside of the LSR where the shear 

stress magnitude was below the threshold required for cell stimulation. We have two hypotheses 

as to why this is the case; first, this could be the result of some form of cell response due to 

prolonged low magnitude shear stress, or secondly, a release of nutrients and chemicals from the 

stimulated cells in the LSR cross talk with cells outside the LSR to lead their response through 

intercellular communication. Also plotted here are the results of stimulated cells colour coded 

with a time stamp. It is observed in Figure 30c that the response time of the cells is correlated 

with the distance of that cell from the tip of the beam (Figure 30c and Figure 31a). This 

corroborates our earlier prediction that gravity is pulling down the tip of the beam resulting in 

higher shear stress levels near the tip and lower shear stress levels in the remaining LSR. The 

effect of gravity on the beam was also visually observed on multiple devices. The detailed 

calcium response of three cells is shown in Figure 31b. 

As established in the literature, signals propagate within an osteocyte network through key 

molecules such as ATP and calcium. Despite the relatively far distance between the LSR and 

responding cells further away from the magnetic actuator, extracellular vesicles could play a key 

role in delivering signals at that range [47]; in vitro studies using cell indentation tools have 

shown it is difficult for calcium signals alone to propagate intracellular signalling beyond its 

neighbouring cells [46]. Furthermore, first peak response time of up to 300 s has been observed 

from distant cells. As this time is much longer than standard calcium fluctuation response time 

due to mechanical stimulation [40, 43], it can be implied that cellular response seen at this time 

scale is due to signal propagation from previously stimulated cells. However, future experiments 

involving fluorescent tracing of signal molecules will be required to confirm this hypothesis. 

Interestingly, there was no distinct difference in response characteristic between mechanically 

stimulated osteocytes and osteocytes outside of the stimulation region with a registered calcium 

response (data not shown). Similar peak magnitudes and frequency of multi-peak responses were 

observed in these near and far populations, with a slight, statistically non-significant trend 

towards higher response rate closer to the magnetic actuator (as can be seen by density of dots in 

Figure 30c). This is different from previous studies using cell membrane indentation, where a 

decrease in response magnitude was observed between stimulated and neighbouring non-

stimulated cells [46]. With a prolonged stimulation time, it is possible that the concentration of 

signalling molecules increased to a threshold level capable of generating a comparable cellular 
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response as fluid shear stress. As there is an inherent difference between types of forces applied 

to the cell during fluid shear stress vs. cell membrane indentation, it is difficult to draw 

appropriate conclusions. 

 

Figure 31: a) Three cells are plotted with respect to their positions from the tip of the beam, 

b) the calcium response of the corresponding cells from part (a) are shown. 

3.2.4 Conclusions 

A device design is proposed and fabricated in order to locally stimulate cells. The device was 

employed experimentally, and cells under direct beam oscillation induced shear stress were 

found to respond with intracellular calcium concentration increase. A set of finite element 

simulations were performed in order to obtain a shear stress map and a small LSR region was 

found at a gap height of 5 µm. Over time, cells outside the LSR also respond. We postulate that 

this could be the result of communication between cells from the LSR or due to prolonged 

application of low magnitude shear stress. Future experiments can be made more reproducible by 

controlling the gap height more precisely in device fabrication. Another easy way of increasing 

the shear stress is to increase the viscosity of the fluid which has been shown to increase the 

shear stress on the cells [51]. Future studies will aim to place the beam inside microfluidic 

channels in order to do more in depth molecular analysis. A microfluidic device will allow for 

future studies of osteocyte network signalling with physiologically accurate localized shear stress 

gradient.    
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Chapter 4  
Mobile Untethered Surgical Tools 

Current minimally invasive surgical tools suffer from lack of scalability and restricted access to 

some surgical sites using a laparoscopic probe. This chapter introduces a proof-of-concept 

prototype of the first completely wireless surgical scissors capable of dexterous motion and 

cutting in a remote environment as a mobile microrobotic device.  The 15 mm untethered 

surgical scissors are custom made from sharpened titanium sheets with a magnet on each blade 

for actuating force and control. A super-elastic nitinol wire acts as a restoring spring and results 

in a simple design with no pin joint which is difficult to fabricate at small sizes.  To actuate and 

control the scissors, a 3D magnetic coil system is used here for testing and demonstration. An 

external magnetic flux density of 20 mT can be generated using the coils and is used for cutting 

as well as orienting, moving and closing the scissors.  In this first prototype setup, the scissors 

can generate up to 75 mN of cutting force, and we demonstrate the cutting of agar. As a proof of 

concept demonstration of the potential use of the scissors as a completely untethered surgical 

tool, we robotically maneuver the scissors to a target location in a confined environment where 

they cut through agar and return to their initial position. The scissors are then deployed inside a 

mock surgical setting where they are used to cut through the brain tissue of a goat. 

Some of these results have been published in (Reprinted with permission IEEE 2019): 

O. Onaizah and E. Diller, "Tetherless Mobile Micro-Surgical Scissors Using Magnetic 

Actuation," in 2019 International Conference on Robotics and Automation (ICRA), 2019, pp. 

894-899 [52]  
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 Mobile Untethered Surgical Tools 

4.1 Motivation 

 

Figure 32: Rendering of a human brain showing the location of all four ventricles as well as 

the pineal gland which is the location of all pineal tumours and easily accessible via the 

ventricles. A trocar in inserted into the ventricles and the scissors are deployed through the 

trocar into the ventricles. 

Pineal tumours are tumours that develop in the pineal gland which is located deep inside the 

brain close to the connection between the third and fourth ventricles. Pineal tumours account for 

up to 2.7% of the tumours that can develop in children [53]. The ventricles are fluid filled 

cavities in the brain. Operation of small-scale robotic tools inside the ventricles is often easier 

since these tools do not have to navigate and push through tissue and can often move around 
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more easily inside a fluid filled region. Since the pineal gland is easily accessible through the 

ventricles, pineal tumours can be removed using minimally invasive procedures. In this case, a 

small hole would be drilled in the skull (about 9 mm wide) through which a trocar is pushed into 

the ventricles. Surgical tools can then be deployed through this trocar into the ventricles. All four 

ventricles are connected; however, the connections are often narrow and would require tools that 

can easily bend around corners and access the small, constrained spaces. 

Minimally invasive surgery using laparoscopic and robotic tools has become an increasingly 

common surgical practice as it minimizes damage to the site, speeds up recovery time and results 

in fewer complications compared to open surgery [54]. However, challenges to this type of 

surgery include the use of rigid tools with limited maneuverability, dexterity and minimal 

degrees of freedom. Robotic tools such as the da Vinci system by Intuitive Surgical [55] allow 

surgeons to operate away from the tableside using a dexterous controller. Distal tools such as the 

EndoWrist® instruments by Intuitive Surgical allows for complex tissue manipulation and even 

suturing by allowing a full rotation of the wrist with tool width as small as 5 mm [54]. These 

tools are still rigid, unable to maneuver around corners with limited dexterity and therefore have 

only been adopted in the fields of urology, gynecology, gastroenterology and orthopedics where 

surgical workspaces are larger and fewer anatomical challenges exist [56].  

To access further into the body and overcome some of these limitations, researchers have been 

developing robotic distal tools which can bend and flex in a tight workspace with a relatively 

high level of dexterity [57-59]. While these snake-like robots only require one port of entry, one 

of the biggest limitations of these robots is that due to compliance and motion losses and friction, 

the position of the end effector cannot always be precisely controlled [60, 61]. The requirement 

for the use of a single access-point may still necessitate complex surgical planning to reach some 

sites [62] and severely limits the maneuverability once the tool has navigated to the surgical site.  

Completely untethered microrobotic tools have potential to overcome many of these limitations 

by accessing very small spaces, offering more dexterity [63] and potentially enabling access to 

areas in the body which are currently inaccessible for minimally invasive procedures. Untethered 

microrobotic tools have been studied for biopsy and drug delivery applications [64-66] as well as 

removal of plaque in arteries and blood clots [67], while tissue penetration has been shown with 

certain tools such as needles [68], and magnetic hammers [69]. However, cutting of soft tissues 
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in a dexterous manner using untethered microrobotic tools such as scissors remains an 

unexplored problem. The purpose of this work is to test whether a wireless surgical scissors can 

be developed which can move and cut tissue robotically at a millimeter to centimeter size scale. 

Leveraging recent advances in microrobotic actuation using magnetic fields [6], we seek to show 

that adequate cutting force can be achieved and delivered to a simple surgical scissor mechanism 

which can also be moved in a dexterous manner.  

Magnetic actuation is a commonly used remote actuation technique in the field of small-scale 

robotics because of its ability to penetrate most environments, generate both force and torque at 

relatively high speed and because it is safe for use in the human body [63]. Since no on-board 

power sources are required for magnetic actuation of small tools, scaling down devices even to 

the single-cell size is possible [70]. Magnetic fields can be generated for dexterous multi-degree-

of-freedom manipulation using electromagnets [13] or permanent magnets [14]. Cutting with 

some untethered magnetically-actuated tools in other applications such as a capsule robot for 

sampling inside the GI tract [71] and single-cell cutting in an on-chip micro-scale device [72] has 

been previously demonstrated. However, these designs are not suitable for surgical cutting 

because they rely on single-use mechanisms or large on-chip actuating magnets and do not 

generate a scissor motion in a wireless and maneuverable device. 

Thus, this study presents the first prototype of an untethered pair of scissors that are magnetically 

actuated for cutting of soft tissues. The key challenges which must be addressed for the design of 

viable surgical scissors in a wireless device are a) enforcing a good scissor blade contact and b) 

achieving a force output large enough to cut tissue. A primary challenge in cutting tissue using a 

wireless device is in achieving adequate force. The force required for cutting soft tissues varies 

in the literature and most of these results have been obtained by measuring forces required to 

penetrate tissue using needles. Tissue penetration forces using needles have been measured to be 

2.5 mN for mouse brain [73] up to 1 N  for porcine tissue [74]. Cutting forces using scissors have 

also been studied for rat and sheep tissues including the liver and were found to be 1.6 N and 7.1 

N respectively [75]. It is important to note that these forces varied with the type of scissors and 

cutting speed used and closing the scissors without cutting required 3.6 N, signifying that these 

scissors have a very high amount of friction present in the mechanism. 
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This study outlines the design and fabrication of the prototype scissors and actuating magnetic 

coil system. As a design tool, a model of scissor cutting is developed and used to optimize the 

magnetic placement on the scissors. The cutting force is measured, and a demonstration is 

conducted whereby the scissors are maneuvered from their initial position to a target location 

where they slice through agarose gel and then return to their initial position. The scissors are then 

actuated in a mock surgical setting using the same actuation mechanism in order to cut through 

the brain tissue of a piglet. 

4.2 Physics of Cutting 

Tissue cutting is the process of machining tissues both inside the human body and ex vivo [76]. 

This includes both the cutting of bone tissues as well as soft tissues. Bone is a hard material and 

therefore exhibits more predictable behaviour which allows already established fracture 

mechanics and metal machining techniques to be used. Soft tissue cutting mechanics are more 

complicated and literature around this is not as comprehensive. In general, cutting does not 

involve separating atoms or breaking atomic bonds which would require a lot more energy. 

Cutting is just an expansion of space that already exists between molecules. Therefore, some 

materials are a lot easier to cut than others because of the arrangement of molecules within. For 

example: diamond is nearly impossible to cut because it is essentially just one large molecule. 

This also explains why cutting is often easier in certain directions or orientations; for example: 

think of your steak or even a piece of cloth.  

Almost all surgeons require some sort of cutting tool when dealing with soft tissues [77]. Often, 

the cutting force is modelled as a constant value set to a specific threshold in most models. This I 

value depends on the specific tool and tissue being cut and is often experimentally determined. 

Recent modelling approaches have tried to move towards predictive approaches accounting for 

different scenarios [77, 78]. Fracture mechanics has been adopted as the primary approach to 

predict cutting force [79-82].  

Cutting of soft tissues is reliant on three main forces: cutting force, frictional force, and the elastic 

force of tissue deformation [77, 83]. A large body of work around cutting has focused on needle 

insertions and have considered the frictional and elastic forces to be the dominant factors. This is 

especially true and a long and thin needle. As previously stated, the cutting force was often 

modeled as a constant acting on the tip of the needle [68]. There is a large amount of literature on 
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the elastic or viscoelastic modeling of tissue mechanics and deformation and on cutting mechanics 

in general. It is a well-established research area relying on fracture mechanics. However, there is 

a lack of literature bridging this gap. Cutting of soft tissues remains a largely unexplored area 

although needle insertion maybe an exception though it tends to focus on elastic deformation [84, 

85]. The cutting force plays an important role as it is directly related to tissue damage. The goal of 

this study though is to focus not on the cutting mechanics but rather device design that achieves 

the desired cutting forces. Cutting is one of the most fundamental surgical tasks [86]. Minimally 

invasive procedures typically use laparoscopic scissors for cutting and the same two principles 

apply here: 1) deformation and 2) fracture. When the deformation reaches a certain threshold; 

fracture occurs. This process is outlined below in Figure 33.  

 

Figure 33: Depiction of cutting with laparoscopic scissors. 1)-2) Force increases as the 

handle closes (contact region), 2) fracture starts to occurs, 2)-3) fracture propagates as the 

handle closes (cutting region), 3)-4) scissors blades completes cutting and fully closes 

(completion region). 

In addition to fracture mechanics which will be discussed in detail in the next section, tissue-tool 

interaction also relies heavily on the type of tool being used. [83, 87, 88]. Changing the geometry 

of the tool by adding a serrated edge to the blade or increasing the sharpness can play a big role 



56 

 

in decreasing the amount of force needed to cut through tissue. In fact, research has shown that 

even changing the velocity of a needle during insertion or the diameter of the tip can change the 

amount of force needed to cut through the tissue. The benefits of vibrational cutting are well 

known in the literature and again adding a vibrating element has been shown to decrease the 

forces required for cutting [83]. 

4.3 Cutting Force and Fracture Mechanics 

Fracture Toughness is a material property that is used to indicate the ability of a material to resist 

the propagation of cracks [89]. Typically, the higher the fracture toughness the harder the 

material is to cut. A typical test for measuring fracture toughness involves measuring the energy 

required to propagate a crack in a material. This material property is used to describe the ‘defect 

tolerance’ or in other words the ability to handle the presence of cracks or other defects without 

significant loss of strength [89]. The fracture toughness of specific materials is listed in Table 2 

below [90]. It is clear from this data that the fracture toughness of soft tissues (in this case 

chicken skin) is typically smaller meaning they are easier to cut than hard materials. The fracture 

toughness of some soft mammalian tissues and bio-gels has been explored [91-97] but the 

numbers vary depending on the tool and technique used and no current standard exists for how 

this should be measured for soft tissues. 

Table 2: Fracture Toughness of selected materials [90]. 

Material Fracture Toughness (𝐤𝐉/𝐦𝟐) 

Paper 4.9 

Plastic 3.17 

Cloth 2.43 

Chicken Skin 2.8 

Cutting force is typically referred to as the force required to achieve fracture in the first place. 

The cutting force is often used because fracture toughness or strain energy are not easy 

parameters to determine. The problem is that the cutting force is highly dependent on the tool 

being used and therefore even slight variations in blade sharpness, geometry or orientation can 

have large affects on the cutting force required. 
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New research has also cast doubt on the use for fracture mechanics to model cutting of soft 

tissues. This is because fracture mechanics relies heavily on the normal forces exerted on the 

material during the cutting process. Often, shear forces are much more successful in cutting soft 

tissues than normal forces. For example: when cutting a tomato using a knife, it is usually sliced 

with a back and forth shearing motion. Just applying a normal force would result in squashing 

the tomato rather than slicing it. This is also true for paper cuts. The paper shears across the skin 

and using the paper to apply a normal force would achieve nothing. Researchers sliced agar with 

both normal and shear forces and discovered that shear forces led to lower deformations and thus 

cutting forces [78]. 

4.4 Methods and Materials 

4.4.1 Design and Fabrication 

The proposed prototype design of the scissors features a sandwiched blade structure which 

minimizes the offset between the blades and keeps them together using a simple design without a 

pin joint. Cutting with scissors relies on shear forces that arise due to the blades moving on each 

other. A typical pair of scissors will have a pin joint to keep the blades in close contact. 

However, on the millimeter scale, this introduces a large amount of friction that tends to jam the 

actuation. The sandwich blade design naturally keeps the blades together. The blade motion is 

constrained by a restoring spring which allows the scissors to be closed and opened with a single 

control input. The scissor design is shown in Figure 34a. On-board actuation is accomplished by 

two magnets (with magnetic moment 𝒎𝟏 and 𝒎𝟐) which are placed at angles (𝛽1, 𝛽2) as shown 

in the figure to have a net magnetization direction along the y-axis to orient and move the 

scissors. Assuming 𝛽1 and 𝛽2 are identical, the net magnetic moment of the entire scissors is 

 𝑚𝑛𝑒𝑡 = 𝑚(sin 𝛽1 + sin 𝛽2), (4.1) 

where 𝑚 is the magnitude of the magnetic moment of one magnet. The resulting torque is used 

align the entire scissors to an externally applied magnetic flux density (𝑩) and is given by 

𝝉𝒏𝒆𝒕 = 𝒎𝒏𝒆𝒕 × 𝑩, (4.2) 
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Figure 34: Scissor design. a) The top view of the scissors showing the layout of blades, 

magnets and restoring nitinol spring. b) Schematic of scissor design. c) The height of the 

scissors without the magnets mounted. © 2019 IEEE 

The scissor prototype is custom-made in three manual fabrication steps: 1) grinding, 2) 

sharpening and 3) assembly. First a thin sheet of titanium (0.1 mm) is cut into a small 

rectangular strip and then one edge is coarsely ground on a 60-grit wheel. This edge is then 

sharpened and smoothed on a whetstone with 1000-grit and then 4000-grit. The rectangular strip 

is then cut into the desired shape as shown in Figure 34a and the scissors are then assembled as 

shown in Figure 34b. In this case, a nitinol wire with 193 μm diameter is glued manually using 

Super Glue. A 3.18 mm cube neodymium iron boron (NdFeB) permanent magnet (grade N42, 

K&J Magnetics) is mounted on each blade. An angle of 15° for 𝛽1 and 𝛽2 is chosen to provide a 

net magnetization in the vertical direction to the scissors to allow for movement of the entire 

device as a mobile microrobotic agent as seen in Eq. 4.1. When an external magnetic field (B) is 

applied, each magnet experiences a magnetic torque which pulls it into alignment with the 

applied field. These torques close the scissors until the torque is balanced by the nitinol restoring 

spring. When the magnetic field is removed, the scissors spring back open to their original 
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configuration. All components here were glued together but can also be laser spot welded 

together. 

The height of the top surface of a flipped pair of scissors was measured to ensure that the blades 

were in sufficiently close contact to allow for cutting. Figure 34c shows the height (z) of the 

scissors as measured using a laser scanner (scanCONTROL 2900-10/BL, Micro-Epsilon). The 

offset between the top blade and the sandwiched blade is approximately 250 μm, which is also 

the gap between the bottom blade and the sandwiched blade. Since the thickness of the blades is 

100 μm, this shows that blades are in close contact. 

4.4.2 Experimental Setup and Control 

A 3-axis electromagnetic coil system is used for all experimental results as shown in Figure 35. 

The coils can supply a maximum uniform field of 20 mT in all three directions. The coils are 

loops of wires arranged in an approximate Helmholtz configuration and each coil is powered by 

currents supplied by an amplifier (30A8, Advanced Motion Controls), with details given in [66]. 

If the currents are applied in the same direction, a uniform field can be generated in the center of 

the workspace. The coils enclose a region of uniform field of approximately 2 cm cube. The 

scissors are actuated to the target location using open loop control with a game controller. Stick 

slip motion is used to move the scissors forward on a planar surface, as has been demonstrated in 

previous works [98]. A 5 mT sawtooth wave with a frequency of 2 Hz is applied in the z-

direction with a constant field of 2 mT in the planar direction of motion (x or y). In this way, the 

scissors rock back and forth, taking a small step (approximately 500 μm each time). The scissors 

are steered by changing the direction of the horizontal field. Motion of the scissors for cutting, 

moving and standby modes can be teleoperated or controlled using a high-level feedback 

controller in future works. Two firewire cameras (FOculus FO124TC) are used for visualization 

purposes (top view and side view, Figure 35). The material selected for the cutting demonstration 

was agarose gel with a concentration of 0.4 − 0.6% powder because it has been found to have 

similar mechanical properties to brain tissue [99]. 
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Figure 35: The actuation setup used for all experiments. A box with the pair of scissors and 

agar is placed inside the 3 axis Helmholtz coil system and viewed using two cameras (top 

view and side view).     

4.4.3 Modelling and Design Optimization 

To enable optimization of the scissors design, a model of cutting action was developed. One 

critical design parameter is the placement of the actuating magnets to minimize the effect of 

inter-magnet forces and torques which can result in poor actuation performance if not controlled. 

We thus aim to obtain the optimal location for the placement of the magnet (𝒎𝟐) in the region of 

interest as shown in Figure 36a. Two repelling dipoles can push the blades far away from each 

other and require a large magnetic flux density (𝑩) to close them fully. Two attracting dipoles 

can pull the blades closed by overcoming the restoring force of the spring without an external 

magnetic field being applied leaving no means to open them. Thus, we will seek the placement 

of magnets which results in zero net interaction (counting the magnetic attraction force and 

interaction torque) between the two magnets. We will assume 𝒎𝟏 is fixed as shown in Figure 

36a and vary the position of 𝒎𝟐 in this design optimization.  

The magnetic dipole interaction force between 𝒎𝟏 and 𝒎𝟐 is given by  

 
𝑭𝟏,𝟐 =

3𝜇0

4𝜋𝑟5
[(𝒎𝟏 ∙ 𝒓)𝒎𝟐 + (𝒎𝟐 ∙ 𝒓)𝒎𝟏 + (𝒎𝟏 ∙ 𝒎𝟐)𝒓 −

5(𝒎𝟏 ∙ 𝒓)(𝒎𝟐 ∙ 𝒓)

𝑟2
𝒓], 

(4.3) 
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where 𝒓 is the vector from 𝒎𝟏 to 𝒎𝟐. The resulting torque from this interaction force on the 

pivot point is shown in Eq. 4.4 and Eq. 4.5 for 𝒎𝟏 and 𝒎𝟐 respectively where 𝑹𝟏 to 𝑹𝟐 are the 

vectors connecting the pivot point to 𝒎𝟏 and 𝒎𝟐 as 

 𝝉𝒇𝟏 = 𝑹𝟏 × 𝑭𝟏,𝟐 and (4.4) 

 𝝉𝒇𝟐 = 𝑹𝟐 × 𝑭𝟏,𝟐. (4.5) 

 

Figure 36: Scissor magnetic design optimization schematic. a) The top view of the scissors 

shows the magnetic interaction forces and torques. The placement of the magnet (𝒎𝟏) is 

fixed while a region of interest (dashed black line) is shown for the placement of the magnet 

(𝒎𝟐). b) The optimal region (< 5% error) for the placement of the magnet (𝒎𝟐) on the 

blade is outlined in black. Also, shown in blue is the actual location where it is mounted 

which falls inside the region and line of zero deflection. © 2019 IEEE 

The resulting magnetic interaction torque generated by dipole 1 on dipole 2 is given by  

 𝝉𝟏,𝟐 =
𝜇0

4𝜋𝑟5
[3𝒎𝟐 × (𝒎𝟏 ∙ 𝒓)𝒓 − 𝑟2(𝒎𝟐 × 𝒎𝟏)]. 

(4.6) 

There is also a magnetic interaction torque generated by dipole 2 on dipole 1 (𝝉𝟐,𝟏) which is not 

shown here for brevity but has an analogous formulation. The magnetic interaction torque (𝝉𝟏,𝟐), 

the resultant torque from the magnetic interaction force (𝝉𝒇𝟐) and the elastic torque of spring 

element (𝑘𝒑𝒊,𝟐) are in equilibrium as  
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𝝉𝒇𝟐 + 𝝉𝟏,𝟐 − 𝑘𝒑𝒊,𝟐 = 0. (4.7) 

Here, 𝑘 is a spring constant that captures the elastic modulus (𝐸), second moment of inertia (𝐼) 

and length of the spring (𝐿). This calculated deflection is only for the nitinol wire which has a 

length of 2.6 mm as seen in 

𝒑𝒊,𝟐 = (𝝉𝒇𝟐 + 𝝉𝟏,𝟐)
𝐿2

2𝐸𝐼
. 

(4.8) 

Therefore, this deflection can be extended to the full blade using a similar triangles approach as 

seen in Eq. 4.9 where 𝑙2 is the length from the pivot to the tip of blade 2. To seek the optimal 

placement of 𝒎𝟐, we consider any point that results in a nominal blade tip deflection below 5% 

error (or 5% deflection of the total tip to tip separation) as acceptable for the placement of the 

magnet (𝒎𝟐) as shown in Eq. 4.10. A 5% error translates to a deflection of approximately 

±380 μm.   

 𝒑𝒇,𝟐

𝐿
=

𝑫𝟐

𝑙2
 

(4.9) 

 𝑫𝒊𝟐 < |0.38| mm (4.10) 

Figure 36b shows the region where the magnet 𝒎𝟐 can be placed to minimize the magnetic 

interaction force and torque. While the whole region shown in Figure 36a or blade was explored, 

only the small band outlined in Figure 36b produces a deflection of less than 5% (380 μm) of 

the tip to tip separation of the blades in the resting position. The line of zero nominal blade tip 

deflection of the blade is also shown. This is the ideal location for the magnet, but because the 

magnet is glued manually using tweezers, it cannot always be placed accurately on the line. The 

figure also shows the actual location where the magnet 𝒎𝟐 is placed which results in a blade 

nominal tip deflection of only 290 μm and 𝛽2 of 10°. This is deemed close enough to the optimal 

location. 

Once the location of the second magnet (𝒎𝟐) is finalized, the entire scissors is assembled. We 

now extend the model to include the actuating torque (𝝉𝒎𝟐) due to an externally applied 

magnetic flux density (𝑩) during actuation as given by 
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 𝝉𝒎𝟐 = 𝒎𝟐 × 𝑩. (4.11) 

Again, the equation is only shown for 𝒎𝟐, but an analogous formulation exists for the magnet 

𝒎𝟏 which is used to calculate the deflection of blade 1. The deflection of each blade 𝒑𝒇,𝟏 and 

𝒑𝒇,𝟐 is calculated as  

 
𝒑𝒇,𝟏 = (𝝉𝒇𝟏 + 𝝉𝟐,𝟏 + 𝝉𝒎𝟏)

𝐿2

2𝐸𝐼
 and 

(4.12) 

 
𝒑𝒇,𝟐 = (𝝉𝒇𝟐 + 𝝉𝟏,𝟐 + 𝝉𝒎𝟐)

𝐿2

2𝐸𝐼
. 

(4.13) 

Similar to the previous section, this calculated deflection is only for the nitinol wire which has a 

length of 2.6 mm. Therefore, this deflection is similarly extended to the full blade using a similar 

triangles approach as seen in Eq. 4.9 where 𝑙1 and 𝑙2 are the distances from the pivot point to the 

tip of blade 1 and blade 2 respectively. The model iteratively updates the position of the magnets 

𝒎𝟏 and 𝒎𝟐 based on the previous deflection of the blades. This updated position is used to 

calculate updated torques until a converged solution is reached. The resulting deflections 𝑫𝒇𝟏 

(for blade 1) and 𝑫𝒇𝟐 are subtracted from the initial position of the blade separation to obtain the 

tip to tip separation (𝒅) of the blades from 0 –  14 mT as shown in Figure 37a and Eq. 4.14.  

 𝒅(𝑩) = 𝑑(0)  − 𝑫𝟏 − 𝑫𝟐 (4.14) 

4.5 Results 

4.5.1 Model Validation 

The tip to tip separation of the blades (𝒅) under varying applied field is plotted in Figure 37b. 

The experimental data is based on 4 experimental measurements taken at different field 

strengths, while the model is from Eq. 4.14. A large deviation is seen for the last few data points 

ranging from 9 mT to 14 mT, which we attribute to two primary reasons. The first and most 

apparent one is that there is friction present in the scissors that is not captured by the model. The 

second reason is that it is possible that the nitinol enters a nonlinear deformation regime at high 

strains. 
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Figure 37: a) The tip to tip distance (𝒅) between the blades is shown at 𝟎 𝒎𝑻 and 𝟏𝟏 mT. b) 

The measured and modelled tip to tip distance as a function of magnetic flux density (B) for 

a set of unloaded scissors is plotted. © 2019 IEEE 

4.5.2 Force Measurements 

The blocking force of the scissors was measured using a single-axis 100 g load cell (GSO100, 

Transducer Technologies), which has a rated accuracy of ±0.8 mN. The measurement is shown 

in Figure 38. In this measurement, one blade of the scissors is pushed into contact with the load 

cell measuring rod but does not move during the measurement. The other blade of the scissors is 

glued to the platform and not able to move. One important thing to note here is that the magnet 

𝒎𝟏 has been removed from the scissors for the purposes of this experiment. This is to remove 

any magnetic interaction with the load cell, but it is possible that this removal may have a small 

impact on the force output. However, the scissors were optimized to minimize the magnetic 

interaction forces and torques while in resting position, so we expect this error to be small. 

The resultant forces vs. magnetic flux density are plotted in Figure 38. A maximum force of 

75 mN is achieved at an applied flux density of 20 mT, which is the largest magnetic flux 

density output by the coils. If the scissors fully close at 9 mT, 35 mN can be used for cutting. 
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However, if the scissors close at 14 mT, only 16 mN of the force is used for cutting. Since it is 

not possible to separate the closing and cutting motions of the scissors, we can conclude that the 

cutting force falls between the 16 mN to 35 mN range. 

 

Figure 38: The blocking force of the scissors is measured to get an estimate of the force 

required for cutting agar using the image shown in the inset. This setup is placed inside the 

3-axis coils. © 2019 IEEE 

4.5.3 Robotic Motion and Cutting Demonstration of Agar 

A demonstration of cutting agarose gel is shown in Figure 39. The scissors are placed inside a 

32 x 29 x 21 mm box along with a small strip of agar dyed red. The bottom of the box is also 

lined with agar dyed red. An acrylic plate with a hole is placed on top of this lining. The agar 

strip is fed up from the hole to ensure that it stays vertical. The box is filled with 1 cSt silicone 

oil and all experiments are performed in this liquid. 

The scissors are maneuvered from their initial position using stick slip motion to the target 

location where an agar tower is sliced using a field strength of 20 mT. The scissors are then 

maneuvered back to their initial position. Five screenshots from the video are shown in Figure 39 

where the scissors are shown: a) at their initial position, b) before cutting, c) during cutting, d) 

immediately after cutting, e) home position.  
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Figure 39: a)-e) The scissors are shown moving from their initial position to the agar and 

cutting it and then moving back. Both the top and side camera views are shown. f)-j) A 

simulation of the scissors moving from their initial location to the agar and cutting it and 

then moving back is shown. The simulation matches the snapshots of the video. © 2019 

IEEE 

4.5.4 Cutting Demonstration of Tissue inside Mock Surgical Setting 

4.5.4.1 Design Updates 

The design of the scissors was updated to scale them down while maintaining the same magnetic 

volume so that the cutting force does not decrease. The scissors were scale down to be 6 mm 

wide when they are fully closed. The titanium sheets were cut into smaller blades and assembled 

in the same method as shown in Figure 34. A 3D printed mold was used to ensure that the blades 

and nitinol wire stay in the desired orientation. A row of 5 NdFeB magnets that were 2 mm 

cubes were added onto each blade resulting in a total magnetic volume of 40 mm3 which is 

higher than the original 27 mm3 cubed magnetic volume. However, the placement of the 

magnets resulted in a larger angle from the perpendicular axis (>15°) and thus the same magnetic 

volume is pointing perpendicular to the net magnetization direction for each blade. The new 

design is shown in Figure 40. 
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Figure 40: The updated design of the scissors is shown. This pair of scissors has been scaled 

down, but a row of magnets was added to maintain net magnetic volume that generates 

torque. 

4.5.4.2 Updated Experimental Setup 

 

Figure 41: Experimental setup with 4 rotating permanent magnets with a brain phantom 

and endoscope in the center lighting the workspace. 

A new magnetic actuation platform was proposed for experiments inside a brain phantom. The 

magnetic actuation platform consists of four permanent magnets arranged around a large 6 cm 

cubed workspace so that a full brain can fit inside to create a mock surgical setting. The 

permanent magnets rotate about their axis using DC motors. This can create the desired magnetic 
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field and gradients in order to get the desired force and torque outputs on the mobile devices 

placed inside the workspace. Again, the scissors are actuated using only magnetic torques. A 

small piglet brain was placed in the center of the workspace and was floated inside a contained 

filled with water. Open loop control was used again with a joystick in order to navigate the 

scissors by controlling the magnetic fields. This causes the magnets to rotate on their axes. 

Figure 42 shows a depiction of the magnetic actuation platform used for this set of experiments. 

A phantom brain made from silicone is shown in this figure but brain tissue from a piglet is used 

during the experiments. However, this setup was unsuccessful in controlling the scissors due to 

the large gradients that exist inside the workspace. These gradients meant that the scissors could 

not be moved along a desired trajectory.  

A different approach was taken in order to obtain the results below where a single 1 inch cube 

magnet is used to pull the scissors inside a brain phantom and to cut through the brain tissue of a 

goat. A model of the brain ventricles was obtained online form an open source software. This 

was 3D printed using a Form Labs printer and then used to make a negative mold of the brain 

ventricles with agar. The scissors were placed inside the agar mold along with a piece of brain 

tissue from a goat that was clamped and an endoscope.  

 

Figure 42: Brain ventricles were 3D printed and used to make an agar mold. The scissors 

along with a piece of goat brain tissue and an endoscope were placed inside the agar mold. 
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4.5.4.3 Results 

 

Figure 43: The scissors inside the lateral ventricles of the brain are moved using an 

external field applied via a 1-inch cube permanent magnet. 

A pair of scissors is used to cut brain tissue obtained from a goat inside the agar mold of the 

brain ventricles. The brain tissue is clamped inside the mold which accomplishes two major 

goals: 1) it provide a piece of protruding tissue for the scissors to cut and 2) pulling on the tissue 

increases the tension on it and often when tissues are in tension, they require a smaller cutting 

force. This makes is easier to cut through the tissue. The scissors are navigated to the target site 

using a 1-inch cube magnet as shown in Figure 43 and the tissue cutting is shown in Figure 44 

along with an endoscopic image inset. 

 

Figure 44: The brain tissue of a goat is clamped inside the agar mold while the pair of 

scissors is used to cut the protruding tissue. The inset shows the image taken from the 

endoscope. 
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After the desired surgical process has been completed, the scissors will need to be retrieved from 

the target location. The two main ways of achieving this are 1) putting a string on the scissors or 

2) using magnetic fields to navigate it back to the entry site where the trocar is located. Putting a 

string on the pair of scissors is not the same as a tether even though it essentially means the 

scissors are attached to something. This is because a string is able to navigate around corners and 

follow the scissors on any desired trajectory unlike a traditional tether. For retrieval purposes, the 

string can be pulled back and the scissors will slowly retract to the trocar. The scissors can 

similarly be navigated back to the trocar using the same magnetic fields that were used to 

navigate them to the target location. The string, however, is considered to be more secure by 

surgeons as it can always be used to retract the scissors in the case of an emergency or the 

scissors getting stuck in any location. The string provides a level of comfort and security both to 

the surgeons and the patients. 

4.6 Conclusions 

The pair of scissors proposed in this study are 15 mm x 15 mm when fully open and 11 mm wide 

when fully closed. This is approximately two times the desired size for clinical use. Typically, 

neurosurgeons use small surgical corridors via burr holes through which instruments are fed 

through and the scissors would have to fit through this corridor. Therefore, for the next study, the 

scissors are scaled down to a width of 6 mm when closed and a row of permanent magnets is 

used to maintain the same magnetic volume. A larger external magnetic flux density can also be 

used to generate the same force output.  

The rat liver required approximately 1.6 N to cut with a pair of scissors and sheep liver 

approximately 7.1 N  [75].  The cutting force achieved here is between 16-35 mN. This force can 

be done by using larger external magnetic flux densities. Recent advances in clinical-scale coil 

systems have shown capabilities to produce fields up to 400 mT [13] which is 20 times larger 

than the maximum field strength used in this study. Using such a large field, the force output of 

the scissors would be increased to 1.5 N which is close to the value required for rat liver. In 

future work we will investigate cutting forces at higher field strength, which would also allow for 

further reduction of the size of the surgical scissors from what has been achieved. Further work 

is needed to achieve smooth cutting motion for dexterous procedures as friction effects are seen 
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here which cause the scissors to stick during the closing and can reduce the cutting force 

produced. 

The scissors motion and cutting demonstration here was a relatively simple motion in a 2D plane 

for both cutting of agar and brain tissue. Future work will develop a robust 3D controller for 

accurate feedback-controlled positioning and cutting in arbitrary environments. Future studies 

will explore the cutting of different tissues, explore smaller scissors, control the 3D positioning 

and the use of medical imaging as real-time feedback to further prove the potential of using 

untethered surgical tools. The safety and usability of completely untethered tools is a potential 

concern depending on the application scenario. One way this concern could be addressed is by 

adding an extremely flexible cable such as a string to the scissors for scissor removal. 
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Chapter 5  
Contributions and Future Research 

This chapter summarizes the contributions of this thesis for on-chip and mobile devices. It also 

outlines how this thesis advances the field of small-scale robotics as well as pointing out future 

research directions.
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 Contributions and Future Research 

5.1 Contributions 

This thesis explores the role of two specific types of devices: 1) on-chip tools and 2) untethered 

mobile tools. Both sets of tools are actuated remotely using magnetic fields. The on-chip devices 

are proposed for use in cell manipulation while the untethered mobile tools are proposed for use 

in neurosurgery. 

The on-chip tools are simple devices made up of a combination of magnetic material and 

polymer base. They are added onto a microfluidic platform with a complex infrastructure to 

fulfill desired tasks such as 1) cell sorting and 2) cell stimulation. While the magnetic valve and 

magnetic oscillating beam used in these two cases are independently similar; their addition to 

individualized platforms results in new capabilities.  

For each case, a device was designed to take advantage of the magneto-elastic nature of the valve 

and beam. The devices were studied using physics-based models stemming from electricity and 

magnetism, elasticity and fluid mechanics. Both devices were also studied using 3D finite 

element numerical simulations performed in ANSYS using Workbench. Fluid-structure 

interaction simulations were used to study the vortices that were generated and how particle 

trajectories were affected in the case of cell sorting. These simulated results were then matched 

to experimental results. This allows a platform for exploring optimizations to device designs and 

how changes to different parameters (magnetic, elastic or fluid based) can alter the trajectory of 

the particles. Fluid-structure interaction simulations were also used to determine the shear stress 

generated on the cell surface for the purposes of cell stimulation. This was something that could 

not be done experimentally and thus simulations were essential to identifying parameters such as 

device deflection and gap height that would generate the desired shear stress and thus stimulate 

the cells. 

A new magnetic actuation system was designed and built for each of these applications. The 

magnetic actuation systems consisted of two electromagnets that were placed in a 1D Helmholtz 

coil configuration. For the purposes of cell sorting, the coil system was necessary to achieve high 

speed cell sorting. This means that the designed coil system had low inductance so that a high 

frequency signal could be used for cell sorting. The coil system designed for this experiment 
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could be reliably operated up to a frequency of 1 kHz with negligible amplitude loss. The coil 

system also had to be able to generate a magnetic flux density of 10 mT to consistently actuate 

the valve and required a uniform magnetic field in a workspace large enough to fit a microfluidic 

chip. The magnetic actuation platform designed for the purposes of cell stimulation did not have 

any requirements for high frequency as it was actuated only at a frequency of 1 Hz. The main 

requirements for this platform were: 1) magnetic flux density of 10 mT to actuate the beam, 2) fit 

around a confocal microscope necessary for imaging and 3) reduced heat generation from the 

electromagnets for longer operation time (10 minutes). The heat generation was minimized by 

doubling the resistance of the wires typically used in the coils by double wrapping the wire. Each 

of these magnetic actuation platforms were used in conjunction with the on-chip devices to 

achieve the desired goals. Both on-chip devices were fully controlled using a global magnetic 

field. 

The mobile untethered device was the first ever pair of small-scale surgical scissors designed that 

are fully controllable using global magnetic fields for removal of pineal tumours or cysts during 

neurosurgery. The scissors were completely manufactured in house using thin titanium sheets 

that were grinded to produce sharp edges. The scissors were then assembled with a super-elastic 

nitinol wire and magnets. The nitinol wire adds an elastic element to the device which allows the 

scissors to be opened and closed using one control input as they spring back to resting position 

when the magnetic field is removed. The magnets are arranged to provide a net magnetization 

direction to the device in order to orient and actuate it. The placement of the magnets was 

optimized using a physics-based model composed of dipole interaction forces and torques and 

elastic torque from the spring element. This model was also expanded to predict the tip-to-tip 

separation between the blades when an external magnetic field was applied. The scissors were 

also assembled using a unique sandwich design in order to maintain contact between the blades 

without a pin joint. This allows the blades to shear the tissue as seen with a typical pair of 

scissors. Experiments were then performed with the scissors to show cutting of agar and brain 

tissue. The blocking force of the scissors was also measured using a single axis force sensor. 

The scissors were actuated using two different existing magnetic actuation platforms. The first 

was a 3D Helmholtz coil system in which the scissors were actuated on a 2D acrylic base in a 

fluid filled environment. This demonstration was completed using only magnetic torque where 

the scissors were first oriented in the direction of the external magnetic field and then actuated to 
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a target location using stick-slip motion where they were closed to cut agar. All of this was done 

open loop using a joystick with a top view and side view camera. The scissors were also actuated 

to cut brain tissue inside a magnetic actuation platform consisting of four permanent magnets. 

This actuation platform was used because it has a large workspace that allows a whole brain to 

be placed inside. However, gradient meant that this system was not sufficiently capable of 

controlling the scissors, so a 1-inch cube magnet was used instead. The brain tissue of a goat was 

clamped inside an agar mold of the brain ventricles and the scissors were then used to cut it. 

Again, magnetic torque was employed to cut the tissue but gradient pulling was used to move the 

scissors to the target location. 

The major results of this thesis were all performed using different devices and different actuation 

platforms. Cell sorting was performed using a small 1D Helmholtz coil configuration with low 

inductance. Cell stimulation was performed using a large 1D Helmholtz coil configuration with a 

lower resistance. Cutting of agar was performed using a 3D Helmholtz coil configuration while 

cutting of brain tissue was performed using a permanent magnet. This shows the unique 

capabilities of the devices presented which can be controlled in various global magnetic fields as 

well as the ability to use different actuation setups to achieve the desired results.  

5.2 Future Research Directions 

Small-scale robotics is an exciting area of research with potential applications in many different 

fields. Several biomedical applications were explored in this thesis using various devices and 

platforms. Specific research directions for each of the projects are discussed below. 

Microfluidic platforms have allowed for an expansion of research into disease by isolating cells 

or cell populations. This allows for a targeted study on cells and how different factors can affect 

their growth and the impacts on human health. For this reason, non-contact cell manipulation has 

been a growing field of research. In addition to the cell sorting and cell stimulation projects 

mentioned in this thesis, vibrating cells as a potential treatment for cancer is also being explored 

by using a magnetically vibrating platform. Specific future directions related to the cell sorting 

and cell stimulation projects are discussed below. 
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Cell sorting: 

1. Parametric study using 3D finite element analysis for design optimization of the 

microfluidic device geometry which can also help to increase the speed and efficiency of 

sorting. 

2. Using electronics that can be operated at higher frequencies to increase the speed of the 

valve. Currently, increases in frequency above 1 kHz result in a drastic amplitude 

reduction since the current setup behaves like a low pass filter. While the frequency can 

technically be increased to 3.3 kHz, the amplitude of the magnetic field is not sufficient 

to actuate the valve. 

3. Parallel sorting of cells using multiple valves at once that can be independently actuated 

in a global magnetic field. Current research has only shown the ability to control two 

valves at once by magnetizing them perpendicular to each other in order to independently 

control them. However, for this device to be commercially feasible, multiple valves 

would need to be actuated both independently and simultaneously which has not yet been 

shown. 

4. This project was a collaboration with Bio-Rad Laboratories, a life sciences company. 

They currently have a detection system for cells that can be added to our device in order 

to successfully sort cells. Current research has only shown successful sorting of 

microbeads. 

Cell Stimulation:  

1. Develop an experimental technique to measure the gap height on each device to make 

cell stimulation more reliable and reproducible and thus obtain a threshold value of the 

shear stress from numerical simulations by accurately matching them to the experimental 

cases. 

2. Install the magnetically actuated oscillating beam inside a microfluidic device in order to 

study more specific cell characteristic and signalling pathways. This will allow the study 

to go beyond just calcium signalling. 
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Minimally invasive surgery is a rapidly growing research area because it has so many 

benefits from reducing trauma and recovery times as well as the associated medical costs. 

The development of the first completely untethered surgical scissors is a step forward, but 

many steps remain before these scissors can be utilized in surgical setting. Outlined below 

are some currently being pursued.  

1. Scale down the scissors further to better fit inside small surgical corridors used for 

neurosurgery and make the scissors biocompatible for surgical operations (for example: 

by using gold coated magnets and biocompatible glue). 

2. Explore design optimizations that will allow the scissors to have a larger output cutting 

force to cut various tissues and harder materials.  

3. Force and contact sensors can be placed on the device in addition to visual feedback 

while navigating through the ventricles in order to have a more efficient path to a target 

site and avoid collisions or tissue damage. This will also allow for the development of 

autonomous controllers. 

4. An untethered magnetically actuated pair of forceps can be developed to allow the whole 

surgery to be done wirelessly.
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