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NEEDLE-GUIDE ROBOT WITH PRESET DEPTH OF INSERTION

GOVERNMENT SUPPORT

[0001] The present invention was made with government support under RC1EB010936

awarded by the National Institutes of Health. The government has certain rights in the present

invention.

CROSS REFERENCE TO RELATED APPLICATION

[0002] This application claims the benefit of U.S. Provisional Patent Application No.

62/340,006 filed on May 23, 2016, which is incorporated by reference, herein, in its entirety.

FIELD OF THE INVENTION

[0003] The present invention relates generally to medical devices. More particularly, the

present invention relates to a needle-guide robot with a preset depth of insertion.

BACKGROUND OF THE INVENTION

[0004] Needle-guidance for diagnostic and therapy image-guided interventions can be

accomplished with indirect or direct guidance methods, both having potential advantages.

Direct methods use the imager at the time of the procedure. These are potentially more

accurate for targeting, but special devices are needed to help the physician perform the

intervention. If used in conjunction with magnetic resonance imaging (MRI) equipment,

devices have very stringent compatibility requirements.

[0005] Devices for the MR have been initially classified as MRI Compatible or Incompatible,

as early as 1993. While the name stuck, there was no formal definition and the classification

was insufficiently descriptive. Instead, standards such as the American Society for Testing

and Materials (ASTM) classify (ASTM F2503) devices for the MR environment (Table 1),

and set a series of tests that these should meet (ASTM F2052, F2213, F2182, F2119). Most



importantly, for clinical use in the United States compliance to these standards is mandated

by the Food and Drug Administration (FDA).

[0006] Table 1 : ASTM F2503-13 Classification and Marking for the MR Environment

[0007] The standard points out rationally that devices made exclusively of nonconductive,

nonmetallic, and nonmagnetic materials pose no known hazards in the MR environment. The

standard also sets the regulatory basis for the determination of MRI safety based on this

underlying scientific rationale.

[0008] Since testing a device in all MR environments is unfeasible, the standard practically

excludes devices that use electricity from the MR Safe category. Several research teams have

demonstrated that electrical devices (MR Conditional) can be safely used in the MRI. Since

one would not have to use a device in all MR environments, proper tests in the MR

equipment of choice could make the MR Conditional device a useful clinical instrument for

the specific procedure. Nevertheless, devices that meet the MR Safe standard require less

testing for a wider application range. Therefore, the preferential choice when developing a

device for the MR is MR Safe, because this facilitates clinical translation under the regulatory

protocols and a broader dissemination.



[0009] The development of devices that may operate accurately and safely in the MR

environment without interfering with the functionality of the imager has been a very

challenging engineering task. As such, initial devices developed for direct MRI guided

procedures were manually operated. These have the merit of bringing the procedure first to

clinical trials. Following research pursued the development of remotely controlled and

robotic devices to facilitate the procedure. These required additional developments related to

sensing and actuation, since most of the components traditionally used in robotics are MR

Unsafe (e.g. electromagnetic motors). Technical developments of over a decade of research

in the field have enabled building several MR Conditional and MR Safe robots. Yet few have

reached the clinical trial stage.

[0010] Therefore, it would be advantageous to provide a needle-guide robot with a preset

depth of insertion.

SUMMARY OF THE INVENTION

[0011] The foregoing needs are met, to a great extent, by the present invention, wherein

in one aspect a method of needle insertion includes inserting a needle manually. The method

includes inserting the needle through a needle-guide. The method includes limiting a

direction of insertion with the needle-guide. Additionally, the method includes limiting a

depth of insertion with a limiter of the needle-guide configured to preset the depth of

insertion.

[0012] In accordance with an aspect of the present invention, the method includes

stopping the needle assembly when it comes into contact with a stopper surface of the depth

limiter at a location that corresponds to the preset depth of needle insertion. The method

includes using a sterile bag to maintain sterility of the robot. The method also includes using



a motor configured to set a position of the depth limiter relative to the needle-guide.

Additionally, the method includes using a stepper motor.

[0013] In accordance with an aspect of the present invention, a device for needle

insertion includes a needle driver device. The device includes a needle-guide. The device also

includes a depth limiter.

[0014] In accordance with another aspect of the present invention, the needle-guide is a

sterile and biocompatible component. A surface of the needle assembly comes into contact

with a stopper surface of the depth limiter at a location that corresponds to a preset depth of

needle insertion. A surface of the needle and limiter come in contact through a bag. A motor

is configured to set a position of the depth limiter relative to the needle-guide. The motor is a

pneumatic stepper motor. A screw mechanism is configured to set the position of the limiter.

The position of the depth limiter is configured to be adjusted so that the location presets the

desired depth of needle insertion. The device includes image registration markers. The device

is configured to be MR-safe. A robot is include that manipulates the needle driver device.

The robot is instrumented with registration markers for image-guided medical applications.

The MR-Safe and MR-Unsafe components are configured to be separated. The device can

include a sterile (or clean) bag, such that the entire robot is sterile.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The accompanying drawings provide visual representations, which will be used to

more fully describe the representative embodiments disclosed herein and can be used by

those skilled in the art to better understand them and their inherent advantages. In these

drawings, like reference numerals identify corresponding elements and:

[0016] FIG. 1 illustrates a system schematic, according to an embodiment of the present

invention.



[0017] FIGS. 2A-2C illustrate views of the robot and needle driver, according to an

embodiment of the present invention.

[0018] FIG. 3 illustrates a schematic diagram of a robot controller, according to an

embodiment of the present invention.

DETAILED DESCRIPTION

[0019] The presently disclosed subject matter now will be described more fully

hereinafter with reference to the accompanying Drawings, in which some, but not all

embodiments of the inventions are shown. Like numbers refer to like elements throughout.

The presently disclosed subject matter may be embodied in many different forms and should

not be construed as limited to the embodiments set forth herein; rather, these embodiments

are provided so that this disclosure will satisfy applicable legal requirements. Indeed, many

modifications and other embodiments of the presently disclosed subject matter set forth

herein will come to mind to one skilled in the art to which the presently disclosed subject

matter pertains having the benefit of the teachings presented in the foregoing descriptions and

the associated Drawings. Therefore, it is to be understood that the presently disclosed subject

matter is not to be limited to the specific embodiments disclosed and that modifications and

other embodiments are intended to be included within the scope of the appended claims.

[0020] An embodiment in accordance with the present invention provides a robot

structure that includes an MRI-Safe pneumatic step motor and optical encoding technologies.

The robot structure was initially built for seed brachytherapy, as a showcase of technology

that can operate fully automatically with no human intervention in the MRI scanner.

Preclinically this was very successful, but brachytherapy and full robotic operation were not

enablers for immediate clinical translation. Therefore, the present invention was adapted for a

biopsy procedure and scaled down the system to manual needle insertion. The robot structure



was adapted for biopsy, a novel way of setting the depth of needle insertion, image-to-robot

registration.

[0021] The biopsy device is a 5-DoF robotically driven needle-guide and a 1-DoF depth

of needle insertion limiter. The system 10 includes the robot 12, its controller 14, and a

computing devicel 6 for image registration and navigation, as shown in FIG. 1. The robot 12

goes in the MR scanner room 18 (ACR Zone IV) separated by a waveguide 20 and mounts on

the MRI table. FIG. 1 illustrates a system schematic, according to an embodiment of the

present invention. As illustrated in FIG. 1, the system includes the robot 12 for controlling the

needle 22, needle guide 24, and depth limiter 26 within the MR scanner room 18 . The MR

console 28, image registration and navigation module 30, and robot controller 14 sit outside

the MR scanner room 18 and allow for control of the MR scanner 32 and robot 12 within the

MR scanner room 18 . The robot controller can be specifically designed for the present

invention, in order to provide control of the robot. The robot controller 14, MR console 28,

and image registration and navigation module 30 can be incorporated into one computing

device or separate computing devices and controls. If separate, the devices can be networked

together either by wire or wirelessly.

[0022] Further with respect to FIG. 1, a bundle of hoses 34 including pneumatic circuits

and optic fibers connect the robot 12 to its robot controller 14 located outside the MRI room

18 (ACR Zone III). The hoses 34 are passed through a standard access waveguide 20 and

attach to the robot 12 with a custom-built optic and pneumatic connector. A registration

marker is built within the base of the needle-guide. MRI images are acquired and passed in

DICOM (Digital Imaging and Communications in Medicine) format to the robot controller

over the network.

[0023] If they are not incorporated into one computing device, the robot controller 14 can

be located physically next to the MRI console. Images showing the registration marker are



used for robot-to-image registration. Target biopsy locations are selected in the MRI, and the

points are mapped to robot-space coordinates based on the registration. The robot controller

14 further maps the robot-space to joint-space coordinates using the inverse kinematics of the

robot 12, and controls the actuators in closed-loop position feedback. This aligns the needle-

guide 24 on target for biopsy, locks the location of the needle-guide 24 in place (non-back-

drivable actuators), and sets the position of the depth limiter 26. The needle 22 is then

inserted manually through the needle-guide 24, up to the depth limiter 26. The biopsy is

sampled manually, as usual.

[0024] FIGS. 2A-2C illustrate views of the robot and needle driver, according to an

embodiment of the present invention. The robot 100 includes the 5-DoF parallel link structure

102 of the robot 100 and a 1-DoF needle-driver 104 newly developed for biopsy, as shown in

FIG. 2A. The 5-DoF parallel link structure 102 positions (3-DoF: X, Y, Z axes) and orients

(2-DoF: about X, Y axes) the 1-DoF needle-driver assembly 104 with 5 linear actuators,

implemented with screw drivers from rotary pneumatic stepper motors (rotary nut, sliding

screw). The structure attaches with suction cups 106 to an adapter plate mounted on the MRI

table. The height of the robot 100 over the table can be adjusted by the length of the suction

cup mounts 108. A needle guide 110 is positioned at a distal end of the 1-DoF needle driver.

[0025] The 1-DoF needle-driver assembly and its schematic are presented in FIGS. 2B

and 2C, respectively, according to an embodiment of the present invention. The needle-guide

110 is attached to the base of the driver (the platform driven by the 5-DoF parallel link), as

illustrated in FIG. 2A. A slider block 112 having a stopper/limiter surface 116 is positioned

by a 6th pneumatic stepper motor 114 through a screw driver (rotary screw, sliding nut). The

needle 118 is passed through the needle-guide 110 until the needle handle 120 touches the

stopper/limiter surface of the slider block 112, thus limiting the depth of insertion as needed



to reach the target, based on the images. A registration marker 122 is included to allow for

visualization of the needle 116.

[0026] The entire robot is covered with a sterile bag 124 and the only sterilized

component is the needle-guide 110 (and of course the single-use needle 118). The placement

of the sterile bag 124 about the driver is illustrated in FIG. 2C, which shows how the

components were designed so that the needle-guide 110 attaches over the sterile bag 124

(with 2 screws) and the needle handle 120 touches the limiter through the bag. The robot is

electricity-free, uses air pressure for actuation, light for the position sensors, and is entirely

made of nonconductive, nonmetallic, and nonmagnetic materials. Moreover, the needle-

guide, which comes in direct contact with the patient, is built of certified biocompatible

material (ISO- 10993).

[0027] Two types of needles can be used with the present invention, both manufactured

by Invivo, Pewaukee,WI: 9896-032-02861 (11528), 18Gaxl50mm Semi-Automatic Biopsy

Gun and 9896-032-05281, 18Gaxl75mm Fully Automatic Biopsy Gun (shown in FIG. 2B).

Alternately, any suitable needle known to or conceivable by one of skill in the art could also

be used. Accordingly, different limiters for the needle-driver were used to accommodate their

different handles.

[0028] FIG. 3 illustrates a schematic diagram of a robot controller, according to an

embodiment of the present invention. The robot controller includes a PC running Microsoft

Windows 7, a motion control card, electro-pneumatic and electro-optical interfaces, and

several safety components, as illustrated in FIG. 3 . The motion control card (MCC, MC-

8000, PMDI, BC, Canada) presents a digital signal processor (DSP) that is responsible for

axis-level coordinated motion control in real-time.

[0029] The electro-optical interface converts optical quadrature encoded signals from the

pneumatic stepper motors to typical electric signals for the MCC. These are implemented



with D10 Expert fiber optic sensors (Banner Engineering Corp., Minneapolis, MN, USA).

Position feedback signals are used for closed-loop stepper control of each pneumatic stepper

axis. Each linear actuator axis is also equipped with a limit switch, also implemented with

fiber optic sensors. These are used to home the incremental encoders of the motors. The

home position of the robot is shown in FIG. 2A, chosen at a central (square) position of the

parallel links.

[0030] The electro-pneumatic interface includes a driver for the pneumatic stepper motor

and pneumatic valves. The driver converts standard step and direction electric signals of the

MCC to three electric signals that sequentially actuate three pneumatic direct acting solenoid

valves (NVKF334V-5D by SMC Corp., Indianapolis, IN, USA). In turn, these generate

pneumatic commutation waves that power the pneumatic stepper motor.

[0031] Safety components include a watchdog, emergency stop buttons, and visual alerts,

as shown in the block diagram of the robot controller (FIG. 3). This system design has been

developed according to a Risk Hazard Analysis. However, any other implementation of the

system design could also be used. The watchdog has a software and a hardware component

used to mitigate software errors that are possibly indeterministic. The software watchdog

checks the state of several components of the system, disabling power to the pneumatic

valves, should a faulty condition occur. It runs on a separate (time critical) thread and signals

its continuous operation to the hardware watchdog, which suspends power after 100ms of

software watchdog inactivity.

[0032] Visual signs are used to signal the operation state of the robot. Two Emergency

Stop buttons, of which one is located on the MRI table next to the patient, disable the system

and suspend the pneumatic pressure through a circuit that is separate from the watchdog.

[0033] The motion control software includes axis-level motion control and robot

kinematics software built in Visual C++ (Microsoft Corp, Redmond, WA). Axis-level control



is implemented on the MCC is developed based on libraries of the MCC (MCI-SoftLib,

PMDI). Robot kinematics has been derived based on link parameters resulting from the

Computer Aided Design (CAD) of the robot.

[0034] The depth of needle insertion is also calculated based on the images and referenced in

the robot CSys. The desired depth of needle insertion is calculated by referencing the depth of

the needle to the center of the biopsy core slot. For the fully automated biopsy gun, the depth

is also offset with the forward-fire distance of the needle. With these, the target biopsy point

selected in MRI corresponds to the center of the biopsy sample. As such, in the case of the

fully automated biopsy gun, the limiter sets the depth of insertion short of the target, and the

target is reached only after firing the needle, as usual.

[0035] The present invention demonstrates that accurate direct MRI-guided needle

targeting is possible. In the human trials, the robot was capable of 2.97 mm 3D accuracy and

2.55 mm in a plane normal to the needle. For PCa the required accuracy is probably < 5mm,

since a clinical significant tumor (0.5 cm3) has a 5mm radius if spherical. Targeting errors

include numerous components which are often cumulative: image geometry errors,

registration errors, robot position errors, robot structural deformations under load, and never

the less needle deflections. A detailed error component analysis is therefore helpful, and all

components that can be minimized/mitigated should. For example, to finally keep the needle

within 5 mm of the target: pneumatic stepper motor (37W) linear step 0.055 mm, a stiff

parallel-link structure, bench tests of motion 0.076 ± 0.035 mm, linear motion in a 7T MRI

scanner 0.047 ± 0.053 mm, motion repeatability 0.060 mm, placing seeds in agar models 0.72

± 0.36 mm and under 3T MRI guidance 1.2 mm (SD 0.4 mm), targeting under 3T MRI in an

animal model with needle accuracy of 2.02 mm (range 0 .86-3. 18 mm) and seed placement



accuracy of 2.50 mm (range 1.45-10.54 mm), and registration errors of 0.25 mm (SD 0.3 1

mm) reported herein.

[0036] The robot of the present invention presents a 5-DoF parallel link structure to

position and orient a needle-guide and a 1-DoF stopper to limit the depth of manual needle

insertion. The limiter feature and its arrangement under the sterile bag is novel and reduces

the number of sterile components to the needle-guide alone. In most image-guided robots and

all 4 that were used clinically the depth is decided by the operator who typically looks up the

marks on the needle. This is adequate since accurate control of the needle depth for biopsy is

not critical. The length of the biopsy slot (typically 17 mm) is forgiving for errors in depth

(perhaps within (17— 10)/2 =+3.5 mm). For this most needle targeting studies report the

normal plane values alone. With the actuated limiter, the depth is also very accurately

controlled, as shown by the small difference between the accuracies in 3D (2.97 mm) and

normal plane (2.55 mm). The automation reduces the workload of the operator who

manipulates the biopsy needle in a tight space of the MRI scanner gantry and the possibility

of errors. Also, the improved accuracy could be helpful for other procedures such as ablations

where depth may be critical. The achieved MRI-based targeting accuracy of 2.55 mm of the

present invention is outstanding.

[0037] The movement and actuation of the present invention can be carried out using a

computer, non-transitory computer readable medium, or alternately a computing device or

non-transitory computer readable medium incorporated into the robotic device or the imaging

device.

[0038] A non-transitory computer readable medium is understood to mean any article of

manufacture that can be read by a computer. Such non-transitory computer readable media

includes, but is not limited to, magnetic media, such as a floppy disk, flexible disk, hard disk,



reel-to-reel tape, cartridge tape, cassette tape or cards, optical media such as CD-ROM,

writable compact disc, magneto-optical media in disc, tape or card form, and paper media,

such as punched cards and paper tape. The computing device can be a special computer

designed specifically for this purpose. The computing device can be unique to the present

invention and designed specifically to carry out the method of the present invention. The

computing device can also take the form of an operating console computer for the imaging

device or the robotic device. The operating console for the imaging device or the robotic

device is a non-generic computer specifically designed by the manufacturer. It is not a

standard business or personal computer that can be purchased at a local store. Additionally,

the console computer can carry out communications with the scanner through the execution

of proprietary custom built software that is designed and written by the manufacturer for the

computer hardware to specifically operate the hardware.

[0039] The many features and advantages of the invention are apparent from the detailed

specification, and thus, it is intended by the appended claims to cover all such features and

advantages of the invention which fall within the true spirit and scope of the invention.

Further, since numerous modifications and variations will readily occur to those skilled in the

art, it is not desired to limit the invention to the exact construction and operation illustrated

and described, and accordingly, all suitable modifications and equivalents may be resorted to,

falling within the scope of the invention.



What is claimed is:

1. A method of needle insertion with a robot comprising:

inserting a needle manually;

inserting the needle through a needle-guide;

limiting a direction of insertion with the needle-guide, wherein the direction of insertion

can be preset using the needle guide;

limiting a depth of insertion with a depth limiter of the needle-guide, wherein the depth

of insertion can be preset using the limiter.

2 . The method of claim 1 further comprising stopping the needle assembly when it comes

into contact with a stopper surface of the depth limiter at a location that corresponds to

the preset depth of needle insertion.

3 . The method of claim 1 further comprising using a sterile bag to maintain sterility of the

robot.

4 . The method of claim 1 further comprising using a motor configured to set a position of

the depth limiter relative to the needle-guide.

5 . The method of claim 4 further comprising using a stepper motor.

6 . A device for needle insertion comprising:

a needle driver device;

a needle-guide, wherein a direction of insertion of a needle can be preset using the

needle guide; and

a depth limiter, wherein a depth of the needle can be preset using the depth limiter.

7 . The device of claim 6 wherein the needle-guide is a sterile and biocompatible

component.



8 . The device of claim 6, wherein a surface of the needle assembly comes into contact

with a stopper surface of the depth limiter at a location that corresponds to a preset

depth of needle insertion.

9 . The device of claim 8, wherein a surface of the needle and limiter come in contact

through a bag.

10. The device of claim 6, further comprising a motor configured to set a position of the

depth limiter relative to the needle-guide.

11. The device of claim 10, wherein the motor is a pneumatic stepper motor.

12. The device of claim 10, further comprising a screw mechanism is configured to set the

position of the limiter.

13. The device of claim 6, wherein the position of the depth limiter is configured to be

adjusted so that the location presets the desired depth of needle insertion.

14. The device of claim 6, further comprising image registration markers.

15. The device of claim 6, wherein the device is configured to be MR-safe.

16. The device of claim 6, further comprising a robot that manipulates the needle driver

device.

17. The device of claim 16, further comprising the robot being instrumented with

registration markers for image-guided medical applications.

18. The device of claim 16, wherein the device is configured to be MR-safe.

19. The device of claim 16, wherein the MR-Safe and MR-Unsafe components are

configured to be separated.

20. The device of claim 16 further comprising a sterile (or clean) bag, such that the entire

robot is sterile.
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