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ABSTRACT

Prostate cancer is the most frequently diagnosed cancer in men and the second
most common cause of cancer related death in men. Prostate specific antigen (PSA)
blood tests and digital rectal exams (DRE) are preliminary tests that can suggest the
presence of prostate cancer. Following these tests, a needle biopsy is required to
determine if a suspected tumor is benign or malignant. Currently, an ultrasound image is
used to help guide a needle to the prostate and to the suspected region. However,
ultrasound images are not of good enough quality to accurately hit a tumor. Too often,
false negative results are returned because the tumor is missed.

This can be prevented by using more accurate images, which can be obtained
using Magnetic Resonance Imaging (MRI). This presents a technical challenge because
it requires robotic assistance since there is very limited access to a patient inside the bore.
Additionally, the high magnetic fields prohibit the use of conventional actuators in the
procedure.

Dielectric Elastomer Actuators (DEAs) are MRI compatible due to their entirely
polymer construction. Studies show that DEAs must be actuated in a bistable manner to
be reliable. In this thesis, bistable DEAs were used in the design of an MRI compatible
robotic needle manipulator. The concepts of elastic averaging and parallel mechanisms
were applied to achieve high precision and adequate stiffness.

The manipulator parameters were chosen to fit the specifications established with
collaborators at Harvard Medical School's Brigham and Women's Hospital. A design to
orient the needle has been developed, analyzed and built.

This research shows that the design is feasible for development into a clinical
device if manufacturing processes allow for fabrication of multi-layer actuators.
Calculations and experiments show repeatability, precision and MRI compatibility.

Thesis Supervisor: Steven Dubowsky, Professor of Mechanical Engineering
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CHAPTER

1
INTRODUCTION

1.1 Motivation

Despite the number of tumors that go undetected, prostate cancer is the most frequently

diagnosed cancer in men. It is predicted that 218,890 men will be diagnosed in 2007 alone [22].

One in six men will be diagnosed with prostate cancer in his lifetime. Cancer deaths from

prostate cancer in men, about 30,000 a year, are second only to lung cancer [21]. The estimated

27,050 deaths in 2007 is a number that has been declining since the early 1990s due to better

detection and treatment methods [22].

The first and most crucial step in prostate cancer treatment is diagnosis. Doctors can

successfully find signs of the disease through preliminary tests, such as Prostate Specific Antigen

(PSA) blood tests and Digital Rectal Exams (DRE). They have far more difficulty confirming if

a tumor is actually present and whether it is benign or malignant. Every year, about 800,000 men

have a prostate biopsy [36]. Of these, about 75% have negative results (no cancer is found).

Studies show that current biopsy techniques miss up to 20% of prostate cancers [2,58]. The

positive test results, about 200,000 cases, represent 80% of all prostate cancers or about 250,000

total cases. This means about 50,000 men, or 8% of the approximately 600,000 men who have

negative biopsy results, may not be diagnosed with cancer, despite actually having malignant

prostate cancer. In these cases, a "false negative" result is returned and the test will either be

repeated or the tumor will go undetected and untreated. Some types of prostate cancer spread
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very rapidly. Left untreated, if and when the cancer is finally found, it may be too late to

successfully treat, especially if the cancer has spread beyond the prostate.

Needle biopsy is the only conclusive way to confirm a prostate cancer diagnosis. A

biopsy needle has a stylet enclosed in a hollow tube called a cannula. The stylet is a long shaft

with a sharp tip used to keep the cannula stiff and to cut through tissue. The cannula is 'cocked'

during needle insertion to expose the specimen notch as shown in Figure 1(a). Tissue is removed

by 'firing' the cannula when the specimen notch has reached the suspected tumor. This moves

the cannula over the specimen notch, cutting the tissue that has settled in the notch as shown in

Figure I(b),

(a)

Cannula
Specimen Notch

Stylet

(b)

Cannula
Specimen Notch

...................................... .. . . ........ I...... ..

Stylet

Figure 1: Biopsy needle cocked (a) andfired (b)

This procedure is vital to prostate cancer detection and, hence, treatment. Currently,

ultrasound imaging is used to guide a biopsy needle to the prostate. Unfortunately, in too many

cases, the biopsy needle misses the tumor because ultrasound images are too low resolution to see

small, early stage, tumors. Tumors smaller than 5mm are not detected by ultrasound imaging

[20]. Only about 20% of tumors between 5 and 10mm are detected by ultrasound. Even large

tumors, on the order of 20 to 25mm, are only detected 79% of the time.

Chapter 1: Introduction 
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Another problem with this situation is that prostate cancer is a multifocal disease,

meaning there are typically many small tumors in the prostate gland. Detecting the large tumors

will only eliminate the small tumors if the entire prostate is removed in a procedure called a

prostatectomy or if treatment agents are deposited in close proximity, less than 3mm, of the small

tumors [62].

Ultrasound images, therefore, cannot be used to detect or treat millimeter size prostate

tumors. Even to the untrained eye, it is clear that MR images are far more detailed than

ultrasound images. Figure 2 shows ultrasound and MR images of the same prostate. Given the

unique imaging capabilities of Magnetic Resonance Imaging (MRI), it is possible to diagnose and

treat small, millimeter size tumors that cannot be detected with ultrasound [51,54,62,73].

Figure 2: Ultrasound image (left) and MR image (right) of same prostate [24]

There has been substantial research in the development of in-bore MRI manipulation for

diagnostic and surgical procedures. Due to the high magnetic fields, conventional robotic

actuators, which are typically electromagnetic devices, must be more than lm from the center of

the magnet [5]. This limits the use of conventional actuators, such as DC motors, in these efforts.

In contrast with other technologies, Dielectric Elastomer Actuators (DEAs), a new

polymer based actuation technology being developed at MIT, have shown to be MRI compatible

[23,64]. DEAs have good performance and low costs, making them very attractive for MRI-

compatible robotics [46,64]. Until recently, DEAs were subject to important reliability problems

that prevented their commercial use. The reliability of DEAs has been considerably improved
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through studies of their failure modes. DEAs can now be used in the design of an MRI

compatible needle manipulator for prostate cancer detection and subsequent treatment.

This work develops a needle manipulator with DEAs for use with an MRI scanner. The

MR image is used to guide a biopsy or treatment needle to hit a tumor with greater accuracy than

current methods. This increased accuracy will help find smaller tumors and allow for earlier,

noninvasive treatments. Cancer patients will benefit from earlier diagnosis, more effective

treatment, shorter recovery time and reduced risk of side effects (incontinence and impotence).

Due to its low cost, this technology has a strong commercial advantage over alternative MRI

actuator technologies. Also, the device may be disposable, unlike its expensive counterparts,

which require costly, lengthy sterilization.

The challenge is to design a useful system within the constraints of the DEAs. In

particular, the DEAs must be used in a binary fashion, which requires many actuators to achieve

sufficient precision. DEAs also have very low output forces which limits the overall stiffness of

the device. The device is designed such that high stiffness is possible assuming improved

manufacturing processes to increase actuator output force.

This MRI-compatible device has the potential to improve or make possible other in-bore

MRI procedures. Many treatments and procedures would benefit from the increased visual

resolution of MRI, such as breast cancer biopsy and treatment and elastography (palpation) of the

breast, prostate, liver and other organs to detect abnormalities.

1.2 Background Literature

Researchers have long sought new ways to improve prostate cancer detection and

treatment. This is evidenced by increasing incidence rates, which correlates to the increased use

of PSA testing [18], DREs and the regular screening of men under age 65. Most recently, an

Early Prostate Cancer Antigen (EPCA-2) test has been shown to more accurately diagnose and
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stage prostate cancer than PSA and DRE tests [4]. But, none of these tests confirm prostate

cancer. Only needle biopsy and pathology of the removed tissue can confirm malignancy. It

cannot, at this time, confirm that a tumor is benign because there are many cases where the tumor

is simply missed. Hence, researchers have put much effort into accurately targeting tumors so

that biopsy results are accurate and treatment plans are successful.

1.2.1 Prostate Cancer Detection

Both PSA tests and DREs are used for preliminary prostate cancer screening. High PSA

scores and/or abnormal DREs indicate the possibility of prostate cancer. If these signs of prostate

cancer are found, the only conclusive way to determine if a tumor is malignant is with needle

biopsy. During this test, a biopsy needle is inserted through the rectum or the perineum, the area

bounded by the legs, anus and scrotum, into the prostate, and a small section of tissue is removed

and tested.

This procedure is typically performed by placing an ultrasound probe in the rectum,

called TRUS for transrectal ultrasound. The ultrasound image is used to guide the needle to a

region as shown in Figure 3. During transrectal needle biopsy, the needle is manually inserted

through the rectum. There are some risks associated with this procedure. Most are minor, but

include a risk of septic complications [3].

Chapter 1: Introduction 
15

Chapter 1: Introduction 15



Prostate

Biopsy
Bladder Needle

Suspected
eNeedle Tumor

Ultrsoud Pobe Guide

Figure 3: Prostate transrectal biopsy (http://kidney.niddk.nih.gov)

Transperineal biopsy has higher detection rates and lower risks than transrectal biopsy

[12]. During transperineal biopsy, a template, which has a grid of holes, is secured against the

perineum. A typical template design for transperineal procedures with a transverse slice of an

average prostate is shown in Figure 4. The prostate is often divided into several zones, which are

superimposed on the template in Figure 4. The peripheral zone (PZ) and the lateral peripheral

zone (LPZ) are where most malignancies are found, though some are located in the transition

zone (TZ) [45,62].
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Figure 4: A typical template for transperineal procedures and a cross section of
the prostate viewedfrom the perineum towards the head [45]

A doctor will use the hole that most closely aligns with the region in question. The

templates are thick enough to constrain the yaw and pitch of the needle. However, due to the

nature of the tissue the needle is traversing, the needle tends to bend. In fact, the needle tip

deflects approximately 0.45 to 0.75mm for every 10mm the needle is inserted [65]. In addition,

the tissue itself undergoes soft tissue deformation as the needle is inserted.

1.2.2 Prostate Cancer Treatment

If a tumor is detected and determined to be malignant, there are several treatment options.

Some men opt to monitor their cancer instead of undergoing treatment, called "watchful waiting."

This is typically the case for older men with other health issues and/or in the case of well-

contained, very slow growing tumors. For younger men or those with quickly progressing

cancer, more proactive measures are taken.

Hormone therapy is a one to two year treatment that reduces the level of testosterone,

which, in most cases, slows the growth and/or reduces the size of the tumor. Hormone drug

therapy is not a cure as the cancer will usually return and continue to grow once the therapy stops.
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Hormone therapy also has many common side effects including hot flashes, osteoporosis,

diarrhea, lowered libido and impotence. In severe cases it is often used in conjunction with

another treatment.

In very advanced cases of prostate cancer, the cancer may have spread beyond the

confines of the prostate gland. In these serious cases, hormone drug therapy is used to reduce the

size of the tumor to ensure that it is entirely enclosed by the prostate. Then, a radical

prostatectomy is performed. (A radical prostatectomy is not necessarily preceded by hormone

therapy.) This is a procedure in which the entire prostate is removed. There are many possible

side effects associated with radical prostatectomy. Two common, particularly adverse side

effects are incontinence and impotence. More recently, doctors have been performing a nerve-

sparing prostatectomy. This has significantly reduced the risk of side effects from the procedure.

However, a prostatectomy requires a two to three day hospital stay and several months to fully

recover.

The prospect of long treatment duration and recovery time with radical prostatectomy

procedures has caused many men to turn to radiation therapy or cryotherapy. External beam

radiation therapy is a successful method of prostate cancer treatment with low chance of side

effects. However, it requires onsite treatment five days a week for seven weeks, which is a major

inconvenience for many prostate cancer patients.

Brachytherapy is a far more common form of radiation therapy because it is an outpatient

procedure, as is cryotherapy. Both have a recovery time of only a few days. During

brachytherapy and cryotherapy, similar to needle biopsy, a needle is inserted into the tumor in the

prostate, typically using an ultrasound image for guidance. In brachytherapy, the needle deposits

small radioactive pellets in the tumorous region. Cryotherapy uses very low temperatures to

"freeze" a tumor. Though the last step of the procedures is very different, depositing radiation

pellets versus cryogenic agents, the needle delivery method is the same.
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In this study, prostate cancer needle biopsy, brachytherapy and cryotherapy applications

are considered. All can be performed either by inserting the needle through the rectum or through

the perineum. A transperineal approach shown in Figure 5 has a lower risk of hitting vital

structures than a transrectal approach, Figure 6. In a transperineal approach, there is a lower risk

of infection and no need for antibiotics because the insertion happens in a clean environment.

And, detection rates are higher with a transperineal approach.

Ultrasound probe in rectum
for needle guidance

Template to aid accurate
placement of the needles
delivering the seeds

Figure 5: Prostate cancer transperineal brachytherapy treatment
(www.prostatecancercentre.co.uk)

Figure 6: Prostate cancer transrectal brachytherapy treatment
(www.cancer.gov)
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Transperineal brachytherapy is growing in popularity over other treatment options

because of a significantly smaller chance of incontinence and impotence, quick treatment and

recovery and high success rates [39]. As brachytherapy becomes the method of choice, the

procedure must become more reliable. Early detection through accurate biopsy needle placement

is equally crucial to treating prostate cancer. To increase prostate cancer survival rates, it follows

that needle placement methods must be improved.

1.2.3 Needle Placement

There are several inherent problems with the current transperineal ultrasound guided

approach:

* The ultrasound image is not sufficient to detect small tumors.

" The template limits the entrance location at the perineum.

" The template eliminates the possibility to adjust for needle deflection and tissue

deformation.

There has been significant work in needle trajectory planning to account for needle

deflection and tissue deformation before beginning procedures [10,40]. In addition, efforts have

been made using this information to train doctors to correct for needle deflection during surgery

[1,26,72]. However, having a template significantly reduces the ability to implement successful

planning. Doctors are essentially trying to hit a suspected tumor they cannot see with a needle

they cannot control.

Several methods have been developed for real time control of needle insertion. A

modified biopsy needle uses a bent stylet within a straight cannula as shown in Figure 7 [43].

The needle is "steered" by varying the length of the stylet exposed to tissue. This method has

been successfully automated using conventional extension and rotation motors.

Chapter 1: Introduction 
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Cannula

a~l =,W Stylet

Figure 7: Steerable needle [43]

A "tapping" method is used to decrease the rotation and deformation of the prostate [32].

This technique inserts a single needle just beneath the skin of the perineum. This point is used as

a rotation point to modify the final location of the needle (Figure 8). It may be possible to

slightly change the path of the needle when it is further inside the tissue without causing too

much damage to the tissue.

Skin Prostate

Figure 8: Tapping method [32]

The tapping method would result in conical implantation of brachytherapy pellets. The

feasibility of such an approach has been studied in patients who had previously been treated with

a rectangular template [16]. Results show that the dosage achieved using a conical approach is

comparable to using a rectangular template and, it is even possible to reduce the total number of

required seeds by optimizing the seed spacing.

Robotic needle manipulation, using visual ultrasound feedback control, is another area of

research focused on improving prostate cancer detection and treatment [50,71]. One robotic

manipulator has 6 degrees of freedom using stepper motors and a transrectal ultrasound image to

guide a needle to the prostate [50]. This study concluded that robotic needle insertion is more

accurate than manual insertion because unsteady motions are eliminated. A manipulator with 9
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degrees of freedom, of which 5 are manual and 4 are motors, achieves errors of less than 2.5mm

[71]. This particular work uses software to determine and adjust for needle deflection.

These low errors represent the manipulator repeatability and do not reflect the poor

accuracy of ultrasound in differentiating prostate cancers. Recall from Section 1.1 that tumors

smaller than 5mm cannot be identified at all [20]. Low errors are also only achievable by using

stiff needles, which is not possible in an MRI. MR compatible needles cannot be steel like

regular biopsy needles; they are typically a titanium alloy, and tend to be flexible [62].

However, despite all these efforts, inadequate visualization of the tumor hinders any true

breakthroughs in this area. The highly detailed images produced by MRI provide the information

necessary to accurately hit targets, even very small, millimeter size tumors. In recent years, there

has been an increase in research leading to MRI guided prostate interventions [19].

One class of MRI manipulation is intended for use with an open-bore MRI. An open-

bore MRI, instead of having a closed tube, has two magnetic coils. This provides a space for a

physician to access the patient. A surgical assist robot with 6 degrees of freedom uses remote

conventional actuators as well as an ultrasonic motor for linear actuation [29,30]. This

manipulator is very large because it is primarily remotely actuated. It would not be suitable for

use in a closed-bore MRI scanner.

Many researchers have used piezoelectric motors in manipulator designs for use in MRI

systems [6,7,11,33,37,41]. For example, a surgical assist robot has been tested successfully in an

experimental 0.7-Tesla open-bore MRI [6]. However, there have been reports of image distortion

when using piezoelectric motors in the bore of a closed-bore MRI [67]. Ideally, doctors would

like to be able to use a closed-bore image, which has a much higher field strength, in the 3 Tesla

range. Open-bore MRIs have significantly lower precision than closed-bore MRIs. Their images

are not detailed enough or suitable for accurately treating a tumor on the order of 5mm [51].

Moreover, open-bore MRI machines are generally research machines and are not widely
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available. Even if it were possible to configure piezoelectric motors such that they could be used

in a closed-bore without distorting the MR image, these actuators are slow, complex and

expensive.

Other manipulators using pneumatics have had limited success in conjunction with closed

MRI [9,14,55,56,57,61]. The main drawbacks to this approach are control issues due to the

imprecision and compliance of pneumatics. Pneumatic stepper motors have been designed to

eliminate these effects [57]. The valves required in pneumatic actuation are often driven by

solenoids, which cannot be used in an MRI. Some solutions use long plastic tubes in order to

remotely actuate the valves, but this may lead to slow responses [57,61]. Another replaces the

solenoids with piezoelectric actuators [14]. This, again, poses the issue of possible image

distortion [67].

Researchers have been successful using other remotely actuated manipulators. One

configuration is a device that is remotely and manually actuated by a doctor [13,31]. Its MRI

compatibility is achieved by eliminating automatic actuation. This device uses a transrectal

approach, which requires antibiotics and has a higher risk of hitting vital organs than a

transperineal approach. Also, it is only intended to perform needle biopsy at this time. Other

researchers have used conventional actuators, but placed them far from the bore of the MRI

[17,63]. This approach is impractical because it requires a very large, complicated device.

1.2.4 Dielectric Elastomer Actuators

DEAs consist of a thin dielectric elastomer film sandwiched between two compliant

electrodes (Figure 9) [27]. When a high voltage is applied across the electrodes, the dielectric

film is squeezed by electrostatic forces. This causes thinning of the film and an expansion of its

planar area. Constraining the motion of the film with mobile frames results in useful output

motion and force [27].
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Elastomer film

Compliant

Voltage OFF electrdes Voltage ON

Figure 9: DEA operating principle [27]

Practical DEAs can have large linear extensions of more than 100% (Figure 10). Under

laboratory conditions, these actuators have shown substantial energy densities (actuator

mechanical work per unit mass of actuator), significantly exceeding those of conventional

technologies such as electromagnets [28,69]. Further, they are lightweight, simple, and low cost

compared to conventional actuators.

Votage Of otage on

Figure 10: Unactuated (left) and actuated (right) DEA [46]

A key feature of the DEAs developed at MIT is their MRI compatibility due to their all

polymer construction [23,64]. However, until recently, DEAs have experienced reliability

problems leading to erratic and unexplained failures. Consequently, marketable products using

these actuators have yet to be realized. Results of an intensive study of how and why DEAs fail

explain the failure modes and the conditions leading to failure [48]. An important conclusion is

that DEAs show significantly better reliability when used intermittently at high speeds. At high

speeds, viscous forces build up in the film and resist an unstable failure mode called pull-in.
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As a result of these studies, DEAs now have the potential to be reliable, simple, low cost,

effective actuators, which can be used within the bore of an MRI. Hence, they are used in this

work in the design of a needle manipulator to improve prostate cancer diagnosis and treatment.

Any mechatronic device that uses DEAs must actuate them intermittently at high speeds

to maximize performance and minimize reliability issues. To do so, devices must be designed

according to the binary actuation paradigm where actuators are used to flip between one of two

discrete states [44,49,52]. Figure 11(a) shows the basic concept of bistable actuation. When

DEA 1 is turned on, the bistable element flips to its other stable position. When DEA 2 is

subsequently actuated, the bistable element returns to its original position.

Bistable actuation is beneficial to MRI applications because the DEAs are powered off

during imaging, further reducing the possibility of image distortion. Also, systems design and

control is greatly simplified since low-level feedback control is virtually eliminated, along with

the associated sensors, wiring, and electronics [60]. A bistable actuator can be made by using

two DEAs that flip a bistable element between its stable positions as shown in Figure 11(b).
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(a)
Bistable DEAl
Element

,.... ......- 'DEA 2

(b)
DEAs

Bistable
Element

Figure 11: Bistable actuator using DEAs and bistable element concept (a) and
prototype (b) [49]

A mechatronic system using bistable actuators can only reach a finite set of discrete

points. In order to obtain a fine resolution that can compete with continuous systems, a needle

manipulator must have many degrees of freedom. Studies suggest that most practical tasks will

require between 10 to 100 degrees of freedom (DOF) to provide sufficient resolution and that the

associated computing requirements for solving their inverse kinematics are reasonable [34,35]. A

possible binary manipulator using a serial chain of DEAs was developed in preliminary work, see

Figure 12 [46]. Such large serial binary chain robotic systems have been considered, but they

offer low resistance to outside forces, which makes them unable to withstand the forces imposed

during needle insertion [46,49,68,70].
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Figure 12: 7 DOF binary manipulator prototype

The approach taken in this research applies the new MRI compatible technology,

polymer actuation. Dielectric elastomer actuators can be placed inside the bore of an MRI

without affecting the image and without any effects on the actuators, not requiring any

complicated transmissions. This results in a simple design and a potentially low cost manipulator

for real time vision guided control using MR imaging.

1.3 Approach and Thesis Overview

As previously discussed, DEAs must be used in a binary manner [46,48]. Unlike

conventional systems that use only one continuous actuator per degree of freedom, bistable

systems require many actuators per degree of freedom to obtain high precision. This results in an

over constrained system. Compliance is used to accommodate for this over constraint in a

method called elastic averaging [53]. The natural compliance of the bistable actuators and any

added system compliance are used to mediate between the bistable actuators to reach a position

with high precision.
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Device size, force and workspace size and accuracy requirements are established for a

needle manipulator in conjunction with researchers at Harvard Medical School's Brigham and

Women's Hospital and are presented in Chapter 2. A system design using MRI compatible DEAs

is developed in Chapter 3. The system uses DEAs intermittently at high speeds to avoid failure

modes [48]. Redundant actuators are connected using compliant elements to result in an

elastically averaged system. Two separate planes of elastically averaged bistable DEAs are

combined to generate the workspace necessary at the prostate.

The stiffness and accuracy of the system are developed in Section 3.3. Appropriate

parameters are determined for three designs: a clinical prototype, a complete laboratory

prototype, Beta, and a simplified laboratory prototype, Alpha. The laboratory prototypes'

stiffnesses are constrained by the low force current actuators generate. The clinical prototype

design assumes adequate forces can be generated using automated manufacturing procedures.

The design is analyzed in Sections 4.2 and 4.3 using an analytical mathematical model

implemented in MATLAB@. These calculations show that the device would provide an adequate

workspace for the prostate cancer application. They also suggest that by making adjustments to

design parameters, the manipulator could be modified for use in other real-time MRI guided

surgeries.

A mockup of the manipulator using solenoids instead of DEAs is discussed in Section

4.5.1 and experimental results are compared to expected results. These tests demonstrated

repeatability and showed good correlation to mathematical workspace predictions.

The construction of a laboratory prototype Alpha is discussed in Section 4.5.2. MRI

testing shows compatibility is maintained.
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1.4 Results

The method to achieve the necessary workspace has been developed, analyzed, and tested

and shown to be effective. The needle insertion method is the next key step in the development

of this manipulator. This mechanism must be able to produce up to 15N of force and achieve

high precision in order to ensure that the manipulator accurately hits suspected regions in the

prostate and avoids hitting any vital structures. Following development of this system, phantom

testing must be performed.

The design parameters of this manipulator can be modified to accommodate other precise

needle placement procedures. By modifying system parameters the workspace shape, size and

accuracy as well as the overall system stiffness can be significantly altered. Other potential

applications of precise needle placement using MR imaging include cancer detection and

treatment, particularly breast cancer [15,33,66].

1.5 Summary

MR imaging has the potential to greatly improve prostate cancer detection and treatment.

DEAs are MRI compatible and a good alternative actuation technology for this application. This

thesis develops the requirements, design and analysis of an MRI compatible needle manipulator

using DEAs.
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CHAPTER

2
REQUIREMENTS FOR A NEEDLE MANIPULATOR

FOR PROSTATE CANCER DETECTION AND

TREATMENT

2.1 Introduction

Specifications for an MRI compatible robotic needle manipulator are developed with

researchers at Harvard Medical School's Brigham and Women's Hospital. The device must be

MRI compatible, small enough to fit between a patient's legs while he is inside the bore of an

MRI, produce a workspace comparable to current approaches and be able to resist forces during

insertion.

2.2 Function of Needle Manipulator

The device developed in this work is intended primarily for use in prostate cancer

detection and treatment, specifically for biopsy, brachytherapy and cryotherapy procedures. A

transperineal approach is used because it has higher detection rates and a lower chance of

infection than a transrectal approach. The objective of this research was to develop an MRI

compatible manipulator that will use a real time MR image to accurately guide a needle to a

suspected, or confirmed in the case of treatment, tumor.
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2.3 Specifications

2.3.1 Size

The device must be MRI compatible and able to fit between the patient's legs while

inside the bore of the MRI, see Figure 13. The bore of a typical MRI is 550mm in diameter [8].

There is a cradle that the patient lies on, which reduces the diameter to about 450mm. The

patient's legs are propped up to provide access to the perineum. This leaves a small space for the

device to reside. This requires that the device be no larger than a 200mm diameter cylinder,

500mm deep.

Bore

WorkspaceDevice

Prostate

Workspace

80mm

Prostate

Cradle

200mm 500mm

Figure 13: Device size and workspace requirements

2.3.2 Position Precision and Workspace

Under the control of a doctor using a real-time MR image, the proposed device is

required to reach a target (a tumor) in the prostate at point (xd, yd, zd) by penetrating the perineum

as shown in Figure 14. The average prostate is located 60 to 80mm from the perineum, and the

size of the average prostate is 30 to 50mm in the z-direction [16]. The needle must be able to

travel between 60 and 130mm in the z-direction. The manipulator must have an accuracy of
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±5mm in order to improve on current technology by enabling the detection and destruction of

tumors in the early stage of development.

Workspace

Perineumn Prostate
70mm

x '' 80mm

z

Needle Guide Rectum

60mm

70mm

Figure 14: Needle path and workspace requirements

The required workspace is roughly an elliptic cylinder with a major axis of 80mm and a

minor axis of 70mm, 70mm in the z-direction, as shown in Figure 13 and Figure 14. This

workspace is larger than the average normal prostate, but is necessary to accommodate the

frequently enlarged prostates of cancer patients as well as position differences from patient to

patient.

2.3.3 Force

To establish the forces on the needle that the manipulator must withstand, beef muscle

tissue tests were performed. Beef muscle has similar properties to those of the flesh between the

perineum and the prostate [50,51]. Figure 15 and Figure 16 show representative results of the
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insertion force and the resultant transverse forces of inserting a needle 20mm into beef muscle. It

is beneficial to use a trihedral needle instead of a beveled needle (Figure 17): forces are lower and

trihedral needles often take better biopsy samples than beveled needles [62]. Extrapolating the

forces imposed on the trihedral needle from 20mm to 110mm, a representative distance of tissue

traversed in prostate cancer interventions, the maximum expected force of insertion is -8.25N

and the maximum transverse force is -0.5N.
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Figure 15: Force to insert needle 20mm into beef muscle
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Figure 16: Resultant transverse force to insert needle 20mm into beef muscle

Figure 17: Beveled (left) and trihedral (right) needle tips

The literature shows that there is a peak insertion force when penetrating human skin, as

shown in Figure 18 [50]. During these brachythrapy procedures, there is a maximum insertion

force if 14N, which then has a local maximum of 8N. In Figure 19, the transverse force

fluctuates around 0.7N. These numbers were obtained during hand held needle insertion. In this

study, both hand held insertion and robotic insertion were demonstrated on beef wrapped in

chicken skin in an attempt to simulate the perineum and prostate [50]. During robotic needle
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insertion, results show significantly lower forces that hand held needle insertion. The insertion

force has a peak 1.5 times higher by hand than by robot. The transverse force exhibits a

difference of a factor of 3. These are due to differences in velocity and acceleration during

insertion. Changes in velocity during manual insertion allowed the tissue to settle around the

needle, resulting in higher forces than during robotic insertion.

Z-Force
(Patient OR data taken during Brachytherapy, 05-10-05)

--- I-~ ~~~~ -- I----'--- I--I-

Peak force due to
II III
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skin penetration

II I

Penetration Distance (cm)

Figure 18: Insertion forces during brachytherapy procedure [50]

Resultant Transverse Force
(Patient OR data taken during Brachytherapy, 05-10-05)
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Figure 19: Resultant transverse force during brachytherapy procedure [50]
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Experimental results and those from the literature are considered to reach a reasonable set

of specifications with researchers at Brigham and Women's Hospital [8,25,50]. The maximum

penetration force required for the manipulator is set at 15N in the direction of needle travel to

ensure penetration of the skin is possible. The maximum transverse force the needle must resist

is 1.6N.

2.4 Summary

Table 1 shows the requirements for an MR compatible needle manipulator for prostate

cancer detection and treatment. Two prototype designs are considered: Alpha and Beta. The

Alpha prototype is a simplified version of the Beta prototype designed for manufacture by hand,

in a limited time frame. Actual laboratory prototype Alpha values and projected prototype Beta

adherence to requirements are also displayed in Table 1. Chapter 3 explores the development and

design of the prototypes and the clinical device.

Table 1: Requirements, laboratory prototype specifications and projected
clinical device specifications

Clinical Requirements Prototype Alpha Prototype Beta

Diameter 200mm 400mm 400mm
Size

Depth 500mm 130mm 450mm

Diameter 80 x 70 mm 8mm x 8mm 80 x 70 mm
Workspace

Depth 70mm Not Applicable 70mm

Transverse 1.6N 0.45N 0.15N
Force

Penetration 15N Not Applicable To Be Determined
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CHAPTER

3
THE DESIGN OF AN MRI COMPATIBLE NEEDLE

MANIPULATOR USING DEAS

3.1 Introduction

Dielectric elastomer actuation is used in the design of an MRI compatible needle

manipulator. In order to avoid reliability issues, the DEAs are only used in a bistable manner.

This limitation leads to a design using elastic averaging to mediate between actuation and center

point locations. To achieve a full workspace at the prostate, two planes of elastically averaged

DEAs are utilized with a needle running through the center point of each plane.

3.2 System Design

The basic design concept using these principles is shown in Figure 20. Binary robotics,

elastic averaging and parallel mechanisms are used to achieve high precision. The needle is

oriented by the motion of the center point of two parallel planes. Each plane has six bistable

actuator modules connected to a center point by springs. The springs are used to mediate

between the modules. Different center point locations, and hence needle orientations, are

achieved by actuating different bistable actuator module combinations. The workspace at the

prostate is achieved by advancing the needle through the planes, towards the prostate. This

mechanism has not yet been developed and is considered continuous in the following analysis.
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Figure 20: System design

3.2.1 Theory of Operation

The robotic needle manipulator clinical system has been developed to adhere to size,

force and workspace constraints for prostate cancer detection and treatment. At the start of a

biopsy or treatment procedure, an MR image will be taken of the pelvic region. This will be used

for preoperative planning and to properly align the device such that the center of the individual's

prostate will be in line with the origin of the device. The device will then be secured to the table

of the bore between the patient's legs.

The device will align the needle such that the projected path of the needle is in line with

the tumor. This method allows for adjustment of the needle if necessitated by needle deflection

and/or tissue deformation while the patient is in the bore of the MRI. MR images will be taken

throughout the needle positioning and insertion to ensure the tumor is accurately targeted and

vital structures are avoided. "False negative" results will be minimized by vision guidance. This
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will allow the doctor to conclusively diagnose a tumor and to more successfully treat a malignant

tumor.

3.2.2 Design Concept

The manipulator uses the concept of "elastic averaging" [53]. In this design, several

bistable actuators are connected to a center point by springs as shown in Figure 21. Each bistable

actuator can independently be activated to a predetermined extension. The springs deform to

place the center point in an equilibrium position between the bistable actuators. Each reachable

center point location is coupled with a certain configuration of the bistable actuators. The main

advantage of an elastically averaged manipulator over serial chains is that many redundant

actuators can be used which greatly improves system stiffness.

Nodes ----. Center

I Point

k6 ki 2

k2

k5

5 k4 k3 3

Bistable Actuator Modules

Figure 21: Elastic averaging

The full workspace of the system is produced by using two parallel planes of elastically

averaged bistable actuators as depicted in Figure 22. The surgical needle runs through a tube held

at the nominal center of each actuator plane advancing from Plane 1, pi, through Plane 2, P2, to

the target. This results in a conical space envelope, which has been shown to be comparable to

rectangle template methods [16].
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Figure 22: Parallel planes

An elliptic workspace at a given insertion depth is achieved by choosing appropriate

spring stiffnesses. The stiffnesses are also set such that the possible end point locations are more

plentiful in the peripheral zone of the prostate.

3.3 Theoretical Stiffness and System Accuracy

Each plane of the system has a set of compliant elements and nodes, which are inputs, see

Figure 23 [38,59]. The compliant elements are modeled as ideal springs. The nodes have binary

positions imposed by the bistable actuators, each composed of an antagonistic pair of actuators

that flip a bistable element to one of two known positions, as discussed in Section 1.2.4.
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Figure 23: System of nodes attached to the output of the bistable actuators.

The deformation of the springs and internal forces due to the external forces at the center

point and the motion of nodes 1 through n at the bistable assemblies are shown in Figure 24(a)

and Figure 24(b) respectively where:

ki = stiffness of ith spring

and the inputs:

c,; = stroke of ith actuator along axis of ith undeformed spring

f,, = external force vector at center point

W = weight vector at center point

result in the outputs:

x = vector displacement of center point

F = internal force due to ith actuator module along axis of ith deformed spring
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Figure 24: Node and center point displacements (a) andfree body diagram (b)

For static equilibrium, the sum of the forces at the center point must equal zero:

Z forces =JF 1 +f _ +W=O (3.1)

And the internal force due to the ith actuator module is:

F, =k,(ci -x) (3.2)

These equations are solved iteratively for x using the Nelder-Mead method in

MATLAB@ (fminsearch). The direction of each vector 6, is known and is determined by the

configuration of the each bistable actuator module (see Figure 21). Then the sum of forces is:

: F , x k Z ||0 ||cos , - ||x||COS0,)+ fL cos f O
Z{Fi, Zk,(i|,||sin , -|1xI|sin Ox)+ If "1sin Of - JI[J S (3.3)
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where qp; is the angle of the vectors , , is the angle of the displacement of the center

point and Of is the angle of the external force. The magnitude of the strokes, |JI&5, is the

displacement imposed by the actuators on the springs.

This method is used to solve for the workspace of each plane of the system

independently, where there are n actuator modules per plane and m end effector locations. In

order to calculate the exact locations, (xdm, ydm, zdd), of the end effector of the manipulator, the

needle tip, the following equation is used:

Xd =1 +Z (X 2 -X) (3.4)
P

where X, and X2 are the workspace of the two parallel planes, each with 2" end effector

coordinates, (xin, y,,, z), in plane i, p is the parallel distance between the planes and the origin,

(0,0,0), is the center point of pi before any perturbation as shown in Figure 25. Since, the origin

is set at the center of pi, z, is 0 and z2 is p.

(0,0,0) (

p,(x,s,0) P2X..P)

p

Zdm

Figure 25: Workspace at pj, P2 and end effector

The workspace, X, is comprised of 2N points, where N = 2n is the total number of bistable

actuator modules in the system. The accuracy of the system can be approximately defined as:

accuracy = (3.5)
2
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where I is the average distance between points:

= (3.6)

and W is the size of the workspace. If discrete actuation is used for insertion, then W

must be the volume of the required workspace and r must be 3. However, since the method for

needle advancement has not yet been developed, it is assumed that the workspace is continuous

along the axis of the needle. For this case, W is the area at a slice of the required workspace, a 70

x 80mm ellipse, and r is 2. Given a required accuracy and area, the number of actuator modules

necessary can be determined. Appropriate stiffness is dependent on the force and accuracy

requirements of a system as well as the configuration of the actuator modules.

As actuator modules are added to the device, the overall stiffness increases. The stiffness

varies depending on the exact configuration of the system. However, assuming small

displacements, an equivalent spring constant can be calculated for the manipulator.

The planes can be represented as they are in Figure 26. Given this configuration, an

external force, (ffy), in the plane results in a displacement, (d,,dy), of the center point. Assuming

small displacements:

k2 +k+ k5 +k 6 ) 0 d
2 1 (3.7)

0 k+k4+-(k2+k3+k5+k6) 2
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Figure 26: Force applied at center point

K, and K, then, are defined as:

[f_ ]= [K_ ][d_](3-8)fy _0 K, dy

Using Hooke's Law, the equivalent stiffness in each plane can be defined as:

keqpine = K cos 2 O+Ksin2 O (3.9)

So, keqpane is dependent on the angle, 0, of the force. The equivalent stiffness of the

entire system can be defined in several ways. The equivalent stiffness at the center of the two

planes is:

Keqce = eqi keq
2  (3.10)

keqi + keq2

More importantly, the equivalent stiffness at a distance, C, from the P2, neglecting the

stiffness of the needle itself is:
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K kqlkeq2P
2

eqtip keql(p + ) 2 + keq 2  2

where p is the distance between the planes and ( is a distance from P2 towards the

prostate as shown in Figure 27. Unless otherwise specified, the equivalent stiffness will refer to

this stiffness where Cis the distance from P2 to the perineum.

P2'

p/2
P/,

Figure 27: Equivalent stiffness at center and tip

To keep deflection of the end effector tip at a minimum, a minimum stiffness for the

system is determined. Recall the transverse force shown in Figure 19; a maximum force of 1.6N

is expected on the needle. To keep the deflection less than 5mm at the maximum transverse

force, 1.6N, an equivalent stiffness of 0.32N/mm is required for Keq,,ip of the clinical system. The

equivalent stiffness of the laboratory prototype Beta is 10% of the clinical value to accommodate

for lower actuator force than in a clinical device. The minimum stiffnesses in an individual plane

and at the tip of the needle are shown in Table 2.
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Table 2: Equivalent minimum stiffnesses in an individual plane of the device and
at the tip of the needle

Keq,piane (N/mm) Keqip (N/mm)

Alpha Prototype 0.08 Not Applicable

Beta Prototype 0.25 0.03

Clinical Device 7.75 0.32

A system stiffness pattern is shown in Table 3. The spring rates in pi were chosen such

that the even numbered modules have spring rates that are half of the odd numbered modules (see

Figure 21). The odd numbered module spring rates of P2 correspond to the even numbered

module spring rates of p, and vice versa. The stiffness of spring 1 in pi was then increased to

three times its current value and the stiffness of spring 4 in P2 was reduced to half of its current

value. These values produce an elliptical cone cylinder workspace appropriate for the prostate

cancer application. These are also scalable based on the force requirements and the maximum

force capabilities of the bistable actuator modules.

Table 3: Spring constants

k, (N/mm) k2 (N/mm) k3 (N/mm) k 4 (N/mm) k5 (N/mm) k6 (N/mm)

Plane 1 3k k/2 k k/2 k k/2

Plane 2 k/2 k k/2 k/2 k/2 k

The individual stiffnesses were modified to situate a larger portion of the workspace

within the confines of the size of an average prostate. More specifically, the lower region of the

prostate was most densely populated with end effector locations because this represents the

peripheral zone, where most malignancies are found [62]. Workspace predictions will be

presented and discussed in the next chapter.
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3.4 Laboratory Prototype Beta Design Details

3.4.1 Simplifications

The Beta laboratory prototype is approximately 400mm in diameter, twice the allowable

dimension for a clinical device (see Appendix A). The actuators themselves will need to be

scaled to half their size to be appropriate for use in actual procedures.

The system stiffness is also only 10% of the necessary stiffness. These adjustments were

made because the Beta prototype is designed for manufacture by hand. Each actuator only

contains two layers of polymer film, which results in much lower forces and stiffnesses than

required in a clinical device.

3.4.2 Parallel Planes

Each plane produces a workspace of approximately an 16mm diameter circle. In order to

produce the required workspace the two planes must be appropriately spaced. The distance

between p, and P2, p, must be half the distance from P2 to the prostate, zd,,p. Assuming the

distance from the perineum to the prostate is approximately 100mm and giving the planes

adequate space to accommodate the size of the actuators, p should be 200mm and zdrep should be

400mm. Then, P2 of the device should be placed 300mm from the perineum as shown in Figure

28. As shown in Section 4.2, these dimensions produce a desirable workspace and keep forces

and moments on the manipulator at reasonable levels for a laboratory prototype.
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Figure 28: Spacing ofplanes and device

All bistable actuators are inserted between two side plates as shown in Figure 29. The

bistable actuators are localized by slots cut in each side plate. The side plates are held together by

spacers to achieve a precise distance between the plates (see Section A.4).

Chapter 3: The Design of an MRI Compatible Needle Manipulator Using DEAs 51



Bistable Actuator Modules

C3 ~ 0 0

0
0 Spacers 0 0

* Center

SpringsPon
0

Slots

Side Plates

Figure 29: Plane of device

The legs of the device are higher than the bottom of the plane so that it can sit on a cradle

inside an MRI as shown in Figure 30. It is clear that there is no room for a patient's legs in this

design unless the device is placed very far from the patient. Recall that the device was made two

times bigger for ease of manufacture.
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Figure 30: Laboratory prototype in bore of MRI [8]

3.4.3 Bistable Actuators

A solid model and a prototype of the bistable actuator are shown in Figure 31 and Figure

32 respectively. The bistable element is sandwiched between two DEAs. One end of the bistable

element protrudes through the actuator nearest the center of the device and is connected to the rest

of the device.
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Figure 31: Bistable actuator

Figure 32: Bistable DEA prototype

The polymer film used in the actuators has an initial thickness of 1.5mm of 3M VHB

4905/4910. The film must be prestretched in order to avoid buckling. The actuators are designed

with a film prestretch of X2=14 resulting in a final film thickness of 0.1mm [46]. Two layers of

film are used in each actuator, so the total unactuated film thickness is 0.2mm. By applying 8.5

to 10kV, the actuators produce 2.5 to 3N of usable force and are capable of extensions of 14mm.
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The bistable element (Figure 33) is designed such that these actuators could effectively

flip the element and produce precise strokes. This part is cut from 5.2mm thick Delrin using a

CNC machine to ensure accurate dimensions (see Section A.2). The 1.5mm thick leaf springs are

left attached by thin, -0.3mm flexures on either side. In order to make the device bistable, the

outer edges are compressed causing the center piece to shift up or down to a stable position (see

Figure 11) [49].

Outer Edges

Extrusion Inserted into Leaf Springs
Slots on Cones

Flexures
Stops

End Attached to
Spring and Device

Figure 33: Design of bistable element for laboratory prototype

The bistable device is inserted into slots in the actuators (Figure 31), which provides a

loose constraint for the preload of the bistable device. These slots are cut with a laser cutter,

which does not provide high enough accuracy to ensure identical preloads. Instead, the side

plates shown in Figure 29 are used to apply the correct and the same preload to all bistable

elements yielding identical force profiles on each bistable element.

By constraining the outer edges of the bistable elements 2mm less than the dimension

they are cut, the force profile shown in Figure 34 is achieved. The device extends slightly beyond

12mm so that the 14mm stroke of the actuators is sufficient to flip the bistable element. A stop is

placed on either side of the bistable device to ensure the stroke of the bistable element is exactly
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12mm. Other forces imposed on the device by the other bistable actuator modules and excessive

external forces could affect the total deflection if the device were not attached in this manner.

The difference in force seen in Figure 34 of approximately 0.2N on the return stroke is

due to hysteresis loses in Delrin.
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Position of Bistable Element (mm)

Figure 34: Force profile of bistable element

Because the bistable device is acting against the actuator for part of the stroke, the total

output force of the bistable actuator module is approximately half the total output force of the

actuator [46].
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3.4.4 Maximum System Stiffness

The maximum stiffness of laboratory prototype Beta is limited by the force output of the

actuators. The stiffness is approximately one tenth the required stiffness value, as noted in

Section 3.3.

The actuators are capable of producing 3N. When coupled with a bistable element, the

output force is approximately 1.5N. The maximum deformation of the stiffest spring, k, in pl, is

4.6mm. Therefore, the maximum stiffness of each actuator module must be less than

1.5N/4.6mm and is set at 0.3N/mm. Recalling Table 3, k is set to 0.1N/mm to ensure that the

bistable device only flips when actuated and does not flip due to internal forces. The stiffness

values of the laboratory prototype due to this constraint are shown in Table 4. These values result

in a minimum equivalent stiffness of 0.03N/mm using Equation (3.11).

Table 4: Laboratory prototype stiffnesses

k1 (N/mm) k2 (N/mm) k3 (N/mm) k4 (N/mm) k 5 (N/mm) k6 (N/mm)

Plane 1 0.3 0.05 0.1 0.05 0.1 0.05

Plane 2 0.05 0.1 0.05 0.05 0.05 0.1

3.5 Laboratory Prototype Alpha

The Alpha laboratory prototype is a simplified version of the Beta prototype. Prototype

Alpha has three bistable actuators in one plane as shown in Figure 35. All spring rates are equal

and approximately 0.05N/mm, which results in an equivalent minimum stiffness at the center of

the plane, K,cen, of 0.09N/mm. These additional simplifications on the Beta prototype were

made such that the Alpha prototype could be built by hand in a limited time frame.
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Bistable Actuators

Figure 35: Solid model of laboratory prototype Alpha

3.6 Clinical Device Design

3.6.1 Size and Workspace Considerations

In order for this design to be feasible for clinical applications, the device must be scaled

to half the laboratory prototype size. However, the workspace must remain the same. There are

several ways to achieve this goal. The most logical is to reduce the size of the actuators

themselves. This would bring the outer dimension of the device to 200mm in diameter.

However, the horizontal separation of the planes and the distance to the perineum would need to

be considered because the displacement of the actuators and bistable elements would also be cut

in half.
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If the actuators are reduced to half their size and their displacements are half their current

displacements, the workspace will be reduced to 8mm in diameter at each plane. This requires

that p be set at 100mm, zdrep at 400mm and C at 300mm (see Table 5). This produces the same

size workspace as the laboratory prototype Beta design.

Table 5: Plane spacing ofprototype Beta and clinical device

p (mm) Zdrep (MMn) ((mm)

Prototype Beta 200 400 300

Clinical Device 100 400 300

3.6.2 Minimum System Stiffness

Using the values in Table 3, Equation (3.7) becomes:

Ef] = [1.5,Fk 0(3.12)
fy 0 5k_ dy_

for p, and the following forp 2:

L]= 1.5Fk 0][] 
(3.13)

f, 0 2.5k]_dyl

As discussed in Section 3.3, the stiffness at the tip of the needle is dependent on the

spacing of the planes. The spacing determined in Section 3.6.1, where p is 100 and ( is 300, is

used. Minimum equivalent stiffness at each plane occurs when 0 is 0 and R/2. Solving Equation

(3.11) using 0.32N/mm as a minimum stiffness for the entire system, the minimum value of k is

3. iN/mm. The required stiffness of each spring for the clinical system is given in Table 6.
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Table 6: Numerical theoretical stiffness constants

3.7 Other Applications of System Design

It is possible to adjust these values in order to achieve different workspace volumes and

overall stiffness that would accommodate other applications. By changing the value of spring 1

in plane 1 from 3k to k and the value of spring 4 in plane 2 from k/2 to k, the workspace becomes

a circular cone cylinder rather than an elliptical cone cylinder. The requirements of the system

can dictate the spring relationships in order to change the shape of the workspace. The spring

rates can also be scaled up or down to increase or decrease overall stiffness as shown in Section

3.4.4 and Section 3.6.2. By moving the planes closer together and further away from the target,

the workspace accuracy will be decreased, but the area covered will be increased. Likewise, the

opposite will increase the accuracy by reducing the size of the workspace.

3.8 Summary

This chapter described the use of DEAs in an MRI compatible needle manipulator. The

DEAs are used in a bistable manner as dictated by an intensive failure study. To achieve high

precision, the bistable DEAs are modulated by added compliance to achieve an elastically

averaged plane of actuators. Parallel planes are used to produce the required workspace. Size,

workspace and force requirements are considered in the design and are analyzed in Chapter 4.
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k, (N/mm) k2 (N/mm) k3 (N/mm) k 4 (N/mm) k5 (N/mm) k 6 (N/mm)

Plane 1 9.3 1.5 3.1 1.5 3.1 1.5

Plane 2 1.5 3.1 1.5 1.5 1.5 3.1
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CHAPTER

4
ANALYSIS AND RESULTS

4.1 Introduction

MATLAB@ mathematical models are used to validate the system design. Appropriate

design parameters are determined to achieve the required workspace and evaluated. A model

using solenoids instead of DEAs is constructed to demonstrate the system concept and to validate

the Matlab calculations. Finally, laboratory prototype Alpha is constructed with DEAs and tested

inside the bore of an MRI to demonstrate concept feasibility.

4.2 Workspace Analysis of Beta Prototype

The design parameters in Chapter 3 were developed for the prostate cancer detection and

treatment needle manipulator. The workspace of the device, shown at a needle penetration of

110mm in Figure 36 and at any penetration from 60 to 130mm in Figure 37, meets the workspace

requirements. The depth of 110mm was chosen for an average distance from the perineum of

70mm and an average size prostate of 40mm as discussed in Section 2.3.2. Assuming these

values, 110mm would be the maximum extent the needle would need to traverse. The device has

a workspace of an elliptic cone cylinder. This workspace is much larger than a normal prostate.

However, prostate are often enlarged when biopsy and treatment procedures are required, and the

workspace is meant to accommodate for this. Slices of the workspace at different depths are

shown in Figure 38.
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Figure 36: Theoretical workspace at 110mm beyond perineum wall
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Figure 37 Workspace of MRI compatible needle manipulator at the prostate
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Figure 38: Workspace at cfferent insertion depths

Using the required workspace and potential end effector locations, Equation (3.6) gives

an approximate accuracy of ±0.52mm. The accuracy using a typical rectangular template of

70mm by 80mm with holes 5mm apart is ±2.5mm. The average accuracy of the Beta prototype

using actual end effector locations and the standard deviation at different distances from the

perineum are shown in Table 7.

Table 7: Average accuracy and standard deviation of Beta prototype

Distance from Perineum 60mm (mm) 110mm (mm) 130mm (mm)

Average Accuracy 0.18 0.21 0.22

Standard Deviation 0.18 0.20 0.21

Maximum Accuracy 1.38 1.57 1.65

Chpe T:Aalsi and Avraeault y 64 tnaddeito rttp
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More importantly, the target in the prostate can be any random point in the required

workspace. The minimum distance from the closest possible end effector point to a random point

in the required workspace was calculated using the typical template and the DEA manipulator

design as shown in Figure 39 and Figure 40.
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Figure 39: Minimum distance from end effector of Beta prototype to possible
target location in required workspace
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Figure 40: Minimum distance from needle tip using BWH template to possible
target location in required workspace

The calculations were performed using the size of an average prostate. It was assumed

that the prostate could extend anywhere from 60 to 130mm beyond the perineum. The prostate

was represented, for these calculations by an elliptic cylinder, with a major diameter of 40 mm

and a minor diameter of 20mm, 70mm deep as shown in Figure 14 and Figure 36 [16]. The

results are shown in Figure 41. This calculation was not done for the template because the holes

are evenly spaced and would result in statistically equivalent values as those shown in Figure 40.

The average distance, 6, standard deviation, a, and maximum distance, Max, are shown in Table

8.
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Figure 41: Minimum distance from end effector of Beta prototype to possible
target location in average prostate

Table 8: Statistics for distance from a random point in the workspace and
prostate workspace to the nearest possible end effector location

6 (mm) a (mm) Max (mm)

Typical Template 1.9 0.7 3.3

Beta Prototype - required workspace 0.82 0.68 5.8

Beta Prototype - average prostate 0.39 0.23 1.8

It should be noted that these numbers represent the mechanical placement of the needle.

They do not take into account the poor image quality associated with ultrasound or the inability to

adjust for needle deflection and soft tissue deformation when using a template.
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4.3 Stiffness Analysis of Beta Prototype

The stiffness of each plane of the laboratory prototype Beta and the equivalent stiffness

are shown in Figure 42. The minimum stiffness of the Beta system is 0.03N/mm, 10% of the

required clinical stiffness, which can be seen in Figure 43. These values result in a maximum

possible force on any individual bistable actuator, specifically k4 of P2, of 1.5N without any

external forces. This number is within the capabilities of two layer actuators.
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Figure 42: Theoretical stiffness of Beta prototype
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Figure 43: Theoretical stiffness at tip of Beta prototype

4.4 Workspace and Stiffness of Clinical Device

For a clinical device, the most force a bistable actuator would need to resist is 22N

without any external forces. The possible addition of 1.6N would mean 23.6N on any one

bistable actuator. The actuators would have to be able to produce slightly more than twice that

force. Therefore, the actuators would need to be capable of producing 48N instead of the current

3. Theoretically, by increasing the number of layers from 2 to 32, the actuators should be capable

of such forces. This would produce the stiffness ellipse shown in Figure 44.
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Figure 44: Theoretical stiffness at tip of clinical device

4.5 Experimental

Two experimental systems are designed and tested: a solenoid model for demonstration

purposes and laboratory prototype Alpha.

4.5.1 Solenoid Demonstration

The system using solenoids instead of bistable actuators, shown in Figure 46, is used to

demonstrate feasibility, repeatability and accuracy of the device. A laser pointer is set in place of

a needle and the device is aligned parallel to the wall. The workspace of the system is determined

by recording the location of the laser beam on the wall after actuation as shown in Figure 45 and

Figure 46. Figure 49 shows the "end effector" locations of the solenoid device (the laser

locations) and the expected locations from simulation.
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Figure 45: Diagram of solenoid demonstration
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Figure 46: Solenoid demonstration

For simplicity, the solenoids are connected by springs with spring rates of 0.28N/mm and

0.03N/mm. On one plane, odd numbered solenoids are connected to springs with low spring

constants, while on the other plane, even numbered solenoids are connected with springs with low
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spring constants. The average experimental stiffness of each plane was 0.66 and that of the entire

system at the middle of the two planes was 1.4. On average, the experimental values shown in

Figure 47 are 91% and 93% of the expected stiffness values for each plane and the two planes

together. This is likely due to using imprecise springs as well as the original assumption of very

small motions and unaccounted system deflection. Larger deflections were used in order to

measure the spring rates. The stiffness at the theoretical tip of the needle is shown in Figure 48.
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Figure 47: Theoretical and experimental stiffness of solenoid demonstration
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Figure 48: Theoretical stiffness at tip of solenoid demonstration

The planes are 102mm apart and the plane closer to the wall is 472mm from the wall.

The initial length of the springs is 38mm and they were stretched to 61mm when all solenoids are

on (pulling away from the center). Figure 49 shows the expected workspace points when

calculated in Matlab and the actual points obtained using the solenoid setup. The average

distance between the simulated and experimental points is 2.47mm.
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Figure 49: Workspace of solenoid laboratory demonstration

In a clinical device, better accuracy would be expected when moving a needle in free

space by ensuring accurate spring constants.

4.5.2 Laboratory Prototype Alpha

Laboratory prototype Alpha is shown in Figure 50. Laboratory tests show that all

actuators work and are capable of flipping the bistable elements.
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Figure 50: Laboratory prototype Alpha

Figure 51 and Figure 52 show the device and a phantom in the bore of the GE MRI at

Brigham and Women's Hospital, inside which the laboratory prototype was designed to fit inside.
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Figure 51: Laboratory prototype alpha in bore of MRI
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Figure 52: Laboratory prototype Alpha in bore of MRI with phantom

Images of a phantom with and without the prototype in the bore of the MRI show the

compatibility of the device. Figure 53 shows the results of an experiment performed to determine

if the device was putting out electromagnetic interference using a bistable actuator module. An

image taken without the actuator (top left) is used to establish a 'baseline' for comparison. After

placing the actuators inside the bore, another image is taken with the actuators off (top right) and

shows no noise. When the actuators are turned on, the image (bottom left) shows noise in the

form of two broad horizontal lines. When the RF pulse (which perturbs the magnetic field) is

turned on, the image of the phantom is created (bottom right) and the noise is not detected [23].
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Figure 53: Noise testing: without actuator (top left), with actuators off (top
right), with actuators on (bottom left), with actuators on and MRI RF excitation

pulse on (bottom right)

Figure 54 and Figure 55 show images from susceptibility tests. These tests are concerned

with possible distortion of the edges of the phantom. Figure 54 shows a front view of the

phantom. The dark line in the center of the images is a piece of plastic (a part of the phantom)

and the dark spot on the top of the images is an air bubble. Again, images are taken without any

actuators to establish a baseline. Then, a single actuator is placed directly on top of the phantom.

Figure 54 shows the results of imaging without the actuator (left), with the actuator on top of the

phantom (middle) and with the actuator on top of the phantom and turned on (right). No

distortion is seen on the edges of the phantom [23].
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Figure 54: Susceptibility testing: without actuator (left), with actuator off
(middle), with actuator on (right)

Figure 55 shows the results of tests with prototype Alpha. These images show a top view

of the phantom used in the previous test. A baseline image (top left) shows the geometry of the

phantom. A worse-case scenario is tested with Alpha touching the phantom with all actuators

turned on (top right). A more realistic situation is tested with Alpha in its working location,

further from the center of the magnet. Images are shown with the actuators off (bottom left) and

with all the actuators turned (bottom right).
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Figure 55: Susceptibility testing: without actuator (top left), with actuator on
and touching phantom (top right), with actuator off in working location (bottom

left), with actuator on in working location (bottom right)

According to Daniel Kacher and Dr. Joseph Roebuck of Brigham and Women's Hospital,

even during worst case scenarios, there is no presence of susceptibility artifacts and

electromagnetic interference is minimal when actuators are not powered. There is minor

interference when the actuators are powered, but there has been no effort to filter interference

effects.

The Alpha prototype contains small amounts of materials that may affect image quality.

The aluminum parts (the spacers, see Figure 29) can generate eddy currents. Prototype Alpha

uses a very small amount of nickel paint (approximately 10mg) for conductive leads, which is a

ferromagnetic metal. The no power results show that these materials did not affect image quality.

In any case, the aluminum parts and nickel paint can easily be substituted for better materials

such as plastic parts and silver (diamagnetic) paint or aluminum (paramagnetic) tape to reduce the

risks of interference.
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4.6 Summary

Provided multi-layer actuators can be fabricated, calculations and experiments show the

needle manipulator developed in this research will meet the specifications set forth in Chapter 3

and established with researchers at Brigham and Women's Hospital. It also suggests that

variations of this device can be applied for use in other MRI procedures that require high

precision. MRI compatibility is confirmed through testing of the prototype inside the bore of an

MRI with phantom images.
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CHAPTER

5
CONCLUSIONS

5.1 Contributions of this Thesis

This thesis developed a design for an MRI compatible needle manipulator for prostate

cancer detection and treatment. The key contribution of this work is the use of parallel planes and

elastic averaging to achieve high precision in a binary robotic system. It also presents a

biomedical application of DEAs.

Chapter 1 explains the motivation for this work. Prostate cancer affects many men and

currently, there is no truly accurate way of diagnosing cancer exists. There has been in increase

in research towards using MRI to help guide a needle to the prostate during biopsy and treatment.

However, this requires the use of an MRI compatible robotic needle manipulator.

The size, force and workspace requirements of the device developed in conjunction with

researchers at Brigham and Women's Hospital are established in Chapter 2. Laboratory

prototype specifications and clinical device projections are presented.

The system design, stiffness and accuracy of the manipulator are developed in Chapter 3.

The design of a laboratory prototype and a clinical device are detailed. Size and force

requirements for a laboratory prototype are relaxed due to constraints of current manufacturing

processes.

Chapter 4 presents simulated and experimental analysis and results. The stiffness of the

laboratory prototype must be increased by increasing the number of layers of film in each

actuator in the development of a clinical device. The actuators must also be scaled to half their
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current size. Laboratory prototype Beta meets workspace requirements. Its workspace is

comparable to the template used at BWH. The solenoid system demonstrates that the method of

parallel planes of elastically averaged bistable actuators can effectively and repeatedly produce

the workspace required at the prostate. Laboratory prototype Alpha is functional and shows MRI

compatibility.

High precision in binary robotics using elastically averaged, parallel mechanisms is

shown to be feasible. The concept of elastic averaging of bistable actuators is analyzed and

shows promising results for the future of binary robotics. A potential application of polymer

actuators is addressed.

5.2 Suggestions for Future Work

A design for the actual needle insertion is the next key step in the development of a

robotic needle manipulator. The actuators and manipulator will need to be scaled to half their

current size in order to fit between a patient's legs. Testing with phantoms and animal

substitutes, such as fruit, is an important step towards clinical use that should take place both

outside and within the bore of an MRI machine. Control of the device and coordination with the

MR images will need to be addressed before clinical trials can occur.

This device, once fully developed can and should be adjusted to suit other applications.

In particular, breast cancer treatment, which could be improved through in-bore MRI procedures,

should be considered. Other applications could include elastography of the breast, prostate, liver

and other organs to detect abnormalities.
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APPENDIX

A
DETAILS OF ACTUATOR AND MANIPULATOR

DESIGN

A.1 Introduction

The details of the bistable actuators and the manipulator are discussed using dimensioned

drawings.

A.2 Actuator Design Details

Figure 56 shows the bistable actuator module.
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Figure 56: Bistable actuator

The outer ring of the actuators uses 3mm thick acrylic as shown in Figure 57. The slots

for inserting the bistable element are larger than the edges of the bistable elements (5mm, see

Figure 58) as discussed in Section 3.4. The inner diameter of the outer ring is 90mm and the

outer diameter of the inner ring is 35mm [47].
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Figure 57: Outer ring of actuator
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Figure 58: Bistable element
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The inner rings of the inner circle of actuators have an axial hole to accommodate the

bistable element (see Figure 59). The 10mm diameter ensures that the 5.2 x 5mm portion of the

bistable element that runs through the hole does not rub against the actuator.

35 10

0 0 0

Figure 59: Inner rings of actuators far from center ofplanes (left) and close to
center ofplanes (right)

The leaf springs are cut into of 3 x 76mm long strips of 0.41mm thick carbon fiber. They

are then inserted into the slot in pin shown in Figure 60 and glued into place. The two rings are

attached to the inner rings in Figure 59 making a slot for the pins to sit in that is too narrow for

the leaf springs to come out of given the direction of their forces. The pins, attached to the leaf

springs, are then inserted into the slots. The other ends of the leaf springs are inserted to identical

slots on the outer rings.

0.52 E ,

00 0 0I

Figure 

O 

Figure 60: Inner rings and pin for leaf spring attachment
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The leaf springs, after being inserted into their respective slots, are 42mm from end to

end in the front plane and 14mm in the side plane. Figure 61 shows this initial required

deformation of the inner versus outer rings of 14mm.
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Figure 61: Actuator with hole for bistable element

A.3 Laboratory Manipulator Design

Each actuator is inserted into slots between two 6.35mm thick sheets of acrylic shown in

Figure 62. The sheets are bolted together so that the distance between the planes can vary

slightly. This is what holds the bistable elements at a certain force profile.
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Figure 62: Plane to attach actuators

The springs are attached from the ends of the bistable elements to the center of the entire

device shown in Figure 63. For the laboratory prototype, the original center piece was made out

of carbon fiber with a large diameter to allow for easy rotation of a needle. Future designs will

likely be modified to conform to the design of the insertion device.
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Figure 63: Center ofplane

A.4 Fabrication

The actuators are designed for ease of manufacturing and safety during construction and

testing. The bistable elements are cut on a numerically controlled mill. All other parts are laser

cut.

Figure 64 shows the design for actuators. One of the actuators has a hole in the middle

(a) to allow for connecting of the bistable elements to the rest of the system. These actuators are

place closer to the center of the plane. The actuators in the outer circle of the device do not

require this hole (b).

(a) -
o Leaf Springs

0

0

Figure 64: Actiuators with

(b)

0 PoymeFm

(a) and without hole (b)
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The actuators are attached to the bistable device using spacers as shown in Figure 65.

Both actuators are used independently of each other for the forward and return strokes.

Imperfections due to manufacturing by hand often result in early actuator failure. The ability to

easily replace actuators in the laboratory prototype made for much quicker assembly and repair.

0 0

0 0

0

Cone with Hole

Spacers

Bistable Element

Cone without Hole

Figure 65: Bistable actuator

The actuators must be preloaded in order to obtain useful motion. Carbon fiber leaf

springs are used because their force profile compliments that of the actuators [47]. Acrylic pins

were cut with a slot to insert the end of the leaf springs. The leaf springs were glued to the pins

using cyanoacrylate and set into slots on the actuator to allow for free, but safe, rotation of the
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leaf springs as shown in Figure 66. This greatly reduced assembly time and ensured the leaf

springs would not become detached from the assembly.

Leaf Spring

Pin

Figure 66: Leaf spring attachment using acrylic pin
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