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Abstract—Limited physical access to target organs of patients
inside an MRI scanner is a major obstruction to real-time MRI-
guided interventions. Traditional teleoperation technologies are
incompatible with the MRI environment and although several
solutions have been explored, a versatile system that provides
high-fidelity haptic feedback and access deep inside the bore
remains a challenge. We present a passive and nearly frictionless
MRI-compatible hydraulic teleoperator designed for in-bore
liver biopsies. We describe the design components, characterize
the system transparency, and evaluate the performance with a
user study in a laboratory and a clinical setting. The results
demonstrate < 5% difference between input and output forces
during realistic manipulation. A user study with participants
conducting mock needle biopsy tasks indicates that a remote
operator performs equally well when using the device as when
holding a biopsy needle directly in hand. Additionally, MRI
compatibility tests show no reduction in signal-to-noise ratio in
the presence of the device.

Index Terms—Haptic transparency, hydrostatic transmission,
MRI-compatible,medical device, needle biopsy, telemanipulation.

I. INTRODUCTION

A. Background and Motivation

MAGNETIC resonance (MR) offers physicians a safe diag-

nostic and therapeutic imaging modality to detect soft tis-

sue abnormalities (e.g. tumors, inflammation). Innovations in

real-time imaging technologies and MR equipment have permit-

ted the application of MR guidance to a growing variety of clini-

cal needs [1]. MRI has potential to provide physicians with live,

dynamic views of a target organ during procedures, in addition

to preoperative scans. In practice, however, physicians are

largely unable to perform percutaneous procedures with live

scans due to dimensional constraints imposed by the bore geom-

etry as well asMRI compatibility requirements.

MRI-guided biopsies (e.g. of the liver) are a particularly

compelling example of this clinical challenge. Ideally, a phy-

sician would have the ability to remotely manipulate a biopsy

needle while a patient is being imaged inside the MRI bore.

In this vision, interaction forces between the needle and tis-

sue are relayed back to the physician so that they feel as

though their fingers are inside the scanner on the needle.

This scenario requires equipment to be MRI compatible (i.e.

producing negligible imaging artifact or distortion) which

severely limits the choices of materials and technologies

used for MR-guided interventions.

As an initial application, we focus on MRI-guided liver

biopsy. Liver is one of the most common organs to biopsy

with the rate of liver cancer increasing in the US [2]. It is pro-

jected that liver cancer will be the third largest cancer-related

cause of death by 2030 [2]. Moreover, available contrasts

(Gadexetate) allow for clear and prolonged visualization of

the liver under MRI [1]. Physicians have access to high con-

trast images of hepatic tissue for over 30 min with MRI as

compared to 30 s with CT. Despite these factors, few MRI-

guided solutions exist due to constraints that arise from the

limited space between the patient and bore wall.

We present a bidirectional teleoperation system that accurately

transmits forces and motions, enabling remote access to a

patient‘s surgical site within the machine (Fig. 1). The

Fig. 1. A hydrostatic teleoperation system transmits forces and motions
between a physician standing outside the bore and a biopsy needle within. A
pneumatic clutch allows the physician to insert the needle with multiple short
strokes, as is common when inserting a needle by hand. Live imaging guides
the procedure, eliminating the need to move a patient in and out of the bore.
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teleoperator uses a hydrostatic transmission with precision-

ground glass pistons and cylinders for high stiffness and nearly

frictionless motion. As part of this system we also present an

MRI-compatible clutch that can grip and release a biopsy needle.

This allows the operator to remotely insert the biopsy needle

through multiple strokes in the tight space between the patient

and bore wall.

B. Current Standard of Care and Related Work

The current standard of care for biopsies varies depending on

the organ and location of suspicious targets. A common method

for liver biopsies is described as the stepwise technique where a

biopsy needle is iteratively positioned between imaging

scans [3]. The patient is pulled in and out of the MRI bore and

the needle is inserted a portion of the way each time until the tar-

get tissue is reached. This results in prolonged procedural times

and preventable errors in needle placement [4]. To improve

accuracy, Moche et al. [5] explore the use of an external optical

system and instrument trackers that provide updated needle visu-

alization overlaid on an initial scan. For other organs such as the

prostate, a similar paradigm is often used. Specifically, in MRI-

TRUS fusion biopsy, an initial MRI scan is fused with live ultra-

sound [6]. These methods seek to benefit from the superior

imaging quality of MRI while providing live visualization.

Other groups have developed devices with MRI-compatible

actuators [7]. Examples include piezoelectric motors [8], [9],

pneumatic motors [10], electroactive polymers [11] and

hydraulics [12]. The location of the prostate allows these devi-

ces to be placed near the patient along the axis of the bore

where there is substantial space. However, to access the liver

(as well as other organs such as the breast) the device must be

significantly more compact to fit between the patient and bore

wall. In one approach, for both MRI and CT, groups place a

significant portion of the actuation system outside the scanner

and utilize a robotic arm to reach inside the bore [13], [14].

Most robotic devices do not provide haptic feedback, and

their precision is limited by image quality. Haptic feedback is

particularly important in needle insertion tasks where vision is

limited [15]. Despite its advantages over other diagnostic

imaging modalities, MRI is subject to slow acquisition rates

and relatively low-resolution images as compared, for

example, to cameras used in endoscopy. Furthermore, biopsy

needles often cause imaging artifacts. As a result, exact needle

tip position is often unknown from imaging alone. Even in a

simplified scenario, such as that illustrated in Fig. 2, where a

silicone membrane produces a clear black line in the MRI

image, the difference between membrane contact and punc-

ture is difficult to discern. Nevertheless, precise needle tip

placement is of growing importance. In particular, as the inter-

est in tumor microenvironments and heterogeneity grows [16],

the need for procedural precision in biopsies becomes critical.

Physicians want not only a sample of the tumor itself but also

of surrounding tissue to understand tumor evolution and

inform treatment decisions.

Franco et al. [17] address the challenge of liver biopsy with

a pneumatically actuated device for needle alignment inside

the MRI bore. However, they indicate that insertion itself is

performed manually outside the bore, despite the reduction in

accuracy, because of difficulties associated with inserting the

needle in such a confined environment, as well as safety and

cost benefits resulting from manual insertion. Our proposed

clutching device enables insertion of a long, stiff needle

through multiple short strokes and, as a passive system, main-

tains the safety of manual insertion.

II. DESIGN

MRI compatibility requirements limit the choice of materi-

als and technologies used for MRI-guided interventions. Fer-

rous components of any kind are incompatible, and even non-

ferrous materials can cause image distortions. As noted above,

the MRI bore’s dimensions constrain the size and motion

range available for an interventional device. To address these

issues we have developed an MRI-compatible teleoperator

that includes a multi-axis mounting arm for setting the initial

needle alignment (Fig. 1). The device uses a hydrostatic trans-

mission to enable access inside the MRI bore and a clutching

mechanism to incrementally insert a biopsy needle (Fig. 3).

Hydraulic transmissions are a compelling choice for teleop-

eration as they can be designed to be MRI-compatible and

Fig. 2. MRI scans depict the progression of a biopsy needle into a gelatin
phantom with an embedded membrane. The images illustrate the limited
visual differences between scans at different stages and motivate the need for
haptic feedback in MRI guided biopsies.

Fig. 3. A physician pushes an input cylinder and uses a foot pedal to actuate
a pneumatic clutch (inset) to grasp and release the needle. Incremental
insertion enables the device to fit alongside the patient inside the MRI bore.
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have the ability to route in compact spaces. In standard

60-70 cm diameter scanners there is only a � 20 cm gap

between the patient’s skin and the inner wall of the bore

(assuming an average body mass index). Biopsy needles are

up to 15 cm long and consume a significant portion of this

gap, leaving little room for a device. To address the space con-

straints and still reach the necessary insertion depths, a key

component of our design is a custom MRI-compatible needle

clutch that grips and releases the needle (Fig. 4). Using the

clutch, the needle is inserted through multiple short strokes.

This is similar to how a physician would drive a needle if

holding it directly in hand; gripping it close to the tip, inserting

part way, re-gripping further up, and inserting deeper. The

transmission and clutch are described below.

A. Transmission

Haptic transparency of a transmission (how well forces and

vibrations propagate between the input and output) depends

on its stiffness and friction. With suitable tubing, hydraulic

systems are inherently stiff. However, traditional hydraulic

seals introduce stick-slip friction, which is undesirable for

haptic applications. Users tolerate and adapt to modest

amounts of added inertia, viscous friction, and hysteresis;

however, the severe nonlinearities of stick-slip friction and

backlash are harder to accommodate [18].

At each end of the transmission we use custom pistons and

cylinders adapted from ground glass syringes employed in the

Loss of Resistance technique for locating the epidural space in

the spine [19]. We modify B. Braun 10 ml glass syringes1 by

dry polishing the plunger (piston) and barrel (cylinder) and

cutting away the end of the barrel to eliminate any reduction

in diameter. Pipe constrictions are undesirable given that

resulting friction losses grow with the ratio of diameters to the

fourth power for Re < 2500 [20]. We selected 10 ml syringes

as they offer sufficient insertion depth (up to 5 cm) per clutch

stroke and maintain a small form factor. Larger and smaller

pistons can be designed for other applications.

If used with saline, as in epidural procedures, the pistons are

prone to occasional binding against the cylinders. Instead, a

silicone oil2 was selected as the working fluid. The 5 cSt oil is

human-safe and represents the lowest viscosity we have found

that does not evaporate at room temperature and pressure.

The gap between the piston and cylinder is 0.015 mm.

This results in a seal with little leakage. For large ratios of

diameter-to-gap, the piston and bore can be modeled as flat

plates and leakage is computed as laminar flow between two

parallel plates [21]. At maximum operating forces expected

during a biopsy procedure (20 N) leakage is �0:02 ml/min. If

used clinically, the output cylinder can be covered with a bel-

lows or flexible bag, as employed for other medical devices

for sanitation [22].

The transmission uses reinforced tubing (dtube= 9.5 mm

inner diameter, McMaster #5645K25). The tubing was sized

to be similar to the piston diameter (dcyl= 15 mm) to reduce

flow restrictions while maintaining a minimum bend radius of

r� 10 cm. Larger tubing will reduce viscous losses but

increase inertia and minimum bend radius. Reinforced tubing

improves transparency by reducing the compliance associated

with tube expansion under pressure. The input displacement

(with the output fixed) resulting from tubing compliance can

be approximated by d ¼ ðð2 ffiffiffiffi
L

p
find

2
tubeÞ=ðpttubeEd3cylÞÞ2 [21].

For a tubing length of L= 3.5 m and an input force of

fin= 20 N (with E and ttube corresponding to the Young’s

modulus and wall thickness of the tubing described above),

we estimate a maximum deflection of d < 0:015 mm result-

ing from tubing expansion.

Two systems were constructed, one for use in the MRI facil-

ities and a shorter version for laboratory experiments (3.5 m

and 1.5 m respectively). The 3.5 m version enables the input

to be located at the end of the MRI scanner’s bed while the

output is inside the MRI bore at the imaging center (Fig. 3).

This arrangement keeps the input outside the 5 Gauss limit

where it is safe to have electrical components, such as com-

puter monitors to display MRI scans.

B. Clutch

Insertion of a biopsy needle in a single stroke is impracti-

cal [17]. Accordingly, we created a pneumatically actuated

clutch that grips and releases the needle (Figs. 3, 4) to insert

with multiple strokes.

The clutch utilizes a collet mechanism (Fig. 4) of 3D-

printed plastic (Engineering Resins Grey Pro and Tough). The

collet is segmented into three leaflets with internal grooves on

the surfaces that contact the needle to provide an exit path for

fluid. The collet is 2 cm long, consuming less than 15% of a

15 cm biopsy needle. The collet provides a maximum axial

grip force of 25 N, well above the expected forces for a liver

Fig. 4. (Top) Cross-section of the clutch design. A pneumatically actuated
sleeve compresses the collet around the needle. A second piston locks the nee-
dle position when the collet releases. After an input stroke, the clutch is
released and the hydraulic piston is retracted to re-grip the needle at a higher
position. In its initial configuration, the device is shorter than the needle,
enabling it to fit inside the bore. (Bottom) A demonstration of the collet
opening to release the needle when an operator steps on the foot-pedal.

1 https://www.bbraunusa.com/en/products/b/loss-of-resistancesyringes.html 2 http://www.clearcoproducts.com/pure-silicone-low-viscosity.html
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biopsy. It is possible to adjust the maximum gripping force by

changing the number of elastic bands (visible in Fig. 4).

In the closed state, elastic bands slide a sleeve over the col-

let, forcing the leaflets to close around the needle and form a

tight grip (Fig. 4). To open the collet, the operator steps on a

foot pedal that actuates pneumatic pistons to slide the sleeve

off the collet, which expands elastically, releasing the needle.

Once the needle is released, the operator can retract and re-

grip the needle higher up. When the collet is open, a retraction

lock is activated, ensuring that the needle remains fixed during

retraction of the piston.

III. EVALUATION

Force and motion requirements for MRI guided biopsy pro-

cedures are described in [17], [23]. In summary, liver biopsy

insertion depths range from 5-11 cm with a mean target size

of 1.5-3 cm diameter [5]. The maximum expected force on the

needle is �20 N, and dynamic force variations of 0.5-1.5 N

are of interest as they indicate events such as a puncture [24].

Experiments were performed to assess device performance.

We evaluated the system transparency and conducted user

tests in realistic tissue phantoms in lab and clinical settings

(i.e. inside the MRI room).

A. System Transparency

A system identification was performed to determine the sys-

tem’s ability to track forces between the input and output.

Force sensors (Futek FSH00103 and Omega LCFD-5, resolu-

tion � 10:6 mN) were mounted at each end, and the input was

oscillated by a muscle lever (Cambridge Tech., Model 6900)

with the output fixed against a hard stop. An up-chirp signal

swept input frequencies from 0.2-200 Hz. Data were recorded

on an Arduino Due at 500 Hz.

B. User Tests

A user study (IRB-26526) was conducted to determine an

operator’s ability to detect important cues that occur during

biopsy procedures, such as input force spikes as the needle

punctures an organ or tumor, and to evaluate the role of hap-

tics in identifying these events. The study included 10 partici-

pants: 5 men, 5 women, ages 24-29, 1 left handed. All

participants had some experience with haptics research and

teleoperation but were novices in needle insertion tasks. Par-

ticipants inserted an 18 gauge, bevel-tip biopsy needle into

phantom tissue with an embedded membrane mimicking a

liver (fabrication details in the following section). Users were

instructed to stop insertion when they detected the membrane.

The amount of membrane deflection was recorded via an over-

head camera. Users were then instructed to continue insertion

until they determined that the needle had punctured the mem-

brane. The amount of overshoot beyond the membrane was

recorded, again via overhead camera. Three cases were evalu-

ated: (i) the user inserts the needle directly by hand with the

phantom in view (the phantom is semi-transparent, so the user

can see the needle inside the mock tissue); (ii) the user inserts

the needle directly by hand with the phantom occluded (the

user is forced to rely on haptic feedback alone); (iii) the user

inserts the needle using the teleoperator (the phantom is again

not visible so the user must rely on haptic feedback). Four

phantom configurations were used which included combina-

tions of two surface-to-membrane depths (5.5 cm and 8 cm)

and two levels of membrane hardness (30 and 10 Shore A)

which translate to puncture forces of � 1.5 N and � 0.75 N,

respectively. Insertion depths and forces were selected to be in

the range of those occurring during liver biopsy procedures.

When using the teleoperator, phantoms were presented to the

user in pseudo-random order and each phantom was presented

to the user three times. In the cases where the user held the

needle directly in hand, each phantom was punctured four

times (two per case). In total, each user conducted 28 inser-

tions. Users completed a SURG-TLX post-questionnaire after

the study [25].

Membrane deflection and needle overshoot were deter-

mined using the ratio of pixel distances and a known length

(markings on the needle) in the image. This method was tested

on known distances and was accurate to 0.1 mm.

1) Phantom Design: Phantoms were created to replicate

human tissue material properties and mimic the forces experi-

enced in liver biopsy procedures. The phantom is comprised

of two halves separated by a membrane (Fig. 5), with the

halves representing the properties of fat and liver tissue.

Appropriate force profiles for inserting a biopsy needle in true

fatty tissue and into a liver are documented [24], [26]. Weight

ratios of 1:8 and 1:7 gelatin (Knox unflavored) to water were

used to replicate the tissue types and were found to match the

force slopes for fat and liver tissue found in [26].

When transitioning between tissue types, there is a force

spike at the needle. To simulate this interface, the phantom

contained an embedded membrane between the two sections

Fig. 5. Example force profile inserting an 18 G biopsy needle into the phan-
tom. Two force slopes are visible and mimic the properties of fat and liver tis-
sue. The puncture force is sized to match liver punctures. The system response
to the insertion force profile is also shown. The response is computed using
the transfer function from frequency analysis (Fig. 6).
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of gelatin. The membrane was made of a 0.8 mm thick sili-

cone layer (Smooth-On Dragon Skin 30 and 10), chosen to

match the range of puncture forces expected when inserting a

biopsy needle into a liver [24]. Furthermore, the silicone hard-

ness was selected to be in the range of common tissues biop-

sied, including the liver [27]. Membranes were embedded in

the gelatin at two depths (5.5 cm and 8 cm), resulting in four

combinations of phantom tissue depth and hardness. The

phantom’s cross section formed a 5x5 cm square and inser-

tions were limited to the central 2.5x2.5 cm region to mini-

mize edge effects at the periphery of the membrane.

C. Clinical Use

1) MRI Compatibility: The system is constructed entirely of

non-conductive materials (plastics, ceramics, rubbers); never-

theless, an MRI compatibility test was performed to ensure it

had negligible impact on the imaging quality. A GE phantom

was scanned with and without the device (using SSFSE and

3D LAVA sequences) and the signal-to-noise ratio (SNR)

between the cases was compared.

2) Experiments With Real-Time MRI Scans: To validate the

system performance in a clinical setting, a phantom biopsy task

was performed by an interventional radiologist at the Stanford

Lucas Center for Imaging. As in the previously described user

study, the radiologist was instructed to insert the biopsy needle

into a phantom until the membrane was detected and then punc-

ture the membrane with minimum overshoot. In addition to the

haptic feedback received through the transmission, the radiolo-

gist could viewMRI scans on a computer screen during insertion

to visualize the location of the needle. A SSFSE single slice

sequence (4 s acquisition time) was selected to provide a rela-

tively fast image update whenever a scan was requested. Though

faster sequences are possible with frame rates near 1 Hz, image

quality is reduced and precise slice alignment with the needle is

required. In practice, it is common for some scan sequences to

take 3-5 min.

IV. RESULTS

A. System Transparency

System identification indicates a 75 dB roll-off at �100 Hz

(Fig. 6). The system also exhibits two resonant modes (at

20 Hz and 35 Hz) corresponding to the input and output

mounting structures. Near unity tracking is observed during

typical manipulation speeds (< 20 mm/s) and interaction

forces (0 � f � 8 N) (Fig. 6 bottom). In the example shown,

average RMS force error (

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðfin � foutÞ2=fin

q
) is � 4% with

the majority of error occurring during direction changes.

With no resistance at the output, input force at a constant

speed of 10 mm/s is � 0.05 N. This is primarily a result of vis-

cous losses and increases linearly with speed [28]. At typical

needle insertion speeds, the viscous losses can be considered

negligible compared to the friction force experienced by the

needle inside tissue.

B. User Study

Figure 7 shows the average membrane deflection and over-

shoot for the four phantom configurations. No statistically sig-

nificant difference in overshoot is observed between the three

insertion cases. However, overshoot is reduced in the two

phantom configurations where the membrane is embedded

deeper in the mock tissue.

Membrane deflection is only compared between the

occluded and teleoperation cases (case 2 and 3). When vision

is present (case 1), a user can see the needle and contact the

membrane with negligible deflection. Little difference is

observed between holding the needle in hand (case 2) vs. using

Fig. 6. Top: Force magnitude frequency analysis (etfe and tfest in MAT-
LAB). Force sensors were placed at either end of the system and the input was
oscillated using an up-chirp signal (0.2-200 Hz). Bottom: Force tracking with
the input manipulated by hand and the output fixed against a spring. Magnified
inset shows that small force errors occur mainly during motion reversals.

Fig. 7. Average membrane deflection and depth beyond puncture (over-
shoot) across ten participants for the four phantom configurations. The maxi-
mum deflection a membrane can withstand prior to puncture is also shown;
overshoot is the distance past this maximum deflection. Puncture depth from a
single trial with an interventional radiologist and live MRI scans is presented
as a single point in green.
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the teleoperator (case 3); however, deflection is increased for

the two phantom configurations with softer membranes.

When inserting the needle by hand with the phantom

occluded, a total of four false positive detections and one missed

detection occurred across the ten users (a false positive occurs

when a user indicates they feel the membrane before the needle

makes contact). Combined, this amounts to 6.25% of insertions

performed under this condition. With the teleoperator, five false

positives occurred and three missed detections (a combined

6.67%). In the false positive cases, users corrected their mistake

when instructed to continue inserting the needle. In cases where

detection of membrane contact was missed, users still perceived

membrane puncture.

C. MRI Compatibility

The MRI compatibility tests found negligible change in

imaging SNR with placement of the device near the phantom

(0.55% and 0.17% for the 3D LAVA sequence and SSFSE

sequence respectively). These values are much smaller than

those reported for some other robotic systems intended for

MRI [8]. The device configuration, sample scans, and regions-

of-interest are shown in Fig. 8.

D. Experiments With Real-Time MRI Scans

The interventional radiologist was able to detect and pierce

the membrane using the teleoperation device. Membrane over-

shoot is plotted in Fig. 7 as a single point and is close in value

to users conducting the similar task in a lab setting. The radiol-

ogist utilized four SSFSE single slice scans. These included an

initial scan to visualize the needle and phantom, a second scan

to visualize the needle approaching the membrane, a third

scan when membrane contact was perceived, and a fourth

scan to confirm puncture.

V. DISCUSSION

The transmission provides haptic transparency with sufficient

bandwidth to enable force transients and vibrations to propa-

gate through the system. This is important for perception of

tissue texture and dynamic forces given that human mechanore-

ception is responsive to frequencies in range of hundreds of

Hz [29]. Additionally, viscous losses resulting from the trans-

mission are small compared to frictional forces experienced in

a biopsy procedure and have little impact on the operator’s abil-

ity to sense changes in input force. The system can be improved

further with stiffer hydraulic tubing (e.g. aramid braided hose)

and increased rigidity of the input and output structures.

The user tests indicate that there is no statistically signifi-

cant difference in membrane overshoot between the three

insertion cases. Surprisingly, the case with vision (case 1) had

the same level of membrane overshoot as the other two cases.

This suggests that overshoot was largely a result of inherent

dynamics in a human arm/hand which are dominant compared

to the teleoperator. As a result, regardless of whether the user

can see the membrane (which would be unrealistic in the

application scenario) and whether the user is holding the nee-

dle in hand or using the teleoperator, they are limited to how

quickly they can stop insertion when the puncture is per-

ceived. These critical moments may be missed with MRI

alone due to relatively slow frame rates and imaging quality,

emphasizing the importance of haptic feedback in MRI-guided

tasks. The overshoot is also reduced in the cases where the

membrane is embedded deeper in the phantom. This is likely

due to increased friction, which stops motion faster, and sug-

gests that increasing damping in the teleoperator (e.g. by using

a higher viscosity oil) may improve accuracy. On the other

hand, increasing viscosity has some undesirable consequences

and further experimentation is necessary to determine system

parameters that balance the effects.

Although haptic feedback alone is adequate in these experi-

ments, vision is still necessary in true biopsy procedures as the

environment is more complex than a single membrane. The

needle may be traversing several tissue types and have multi-

ple degrees of freedom. Furthermore, the presence of vision

did reduce mental demand, task complexity, and situational

stress for users based on the SURG-TLX post-questionnaire.

Of course, in true biopsy procedures, the physician cannot see

into the patient and must use imaging modalities to view the

needle. In the test case with live MRI scans and an interven-

tional radiologist, the radiologist used scans to position the

needle near the membrane and subsequently relied on haptic

feedback to perform the puncture. This suggests a paradigm

where MRI scans and haptic feedback provide complementary

functions: scans provide approximate positioning of the needle

and haptic feedback is used for precise insertion and event

detection. This strategy has the potential to reduce biopsy

duration by decreasing the number of scans necessary and

improve accuracy by leveraging combined sensory modalities.

Participants had an intuitive understanding of incremental

needle insertion via the clutching mechanism and had little

difficulty adapting to the technique. We recorded some trials

during which users actuated the clutch when the needle was

positioned immediately before or on the membrane. In these

instances, users were still able to detect the membrane; how-

ever, they reported less confidence. This may be because the

puncture force was not preceded by a gradual increase, as

Fig. 8. (A) Device positioned with two GE phantoms. LAVA scan of the
phantom without (B) and with (C) the device. Regions of interest used to cal-
culate SNR are shown with blue and red boxes. Difference in SNR values is
negligible.
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when a needle moves steadily through the phantom without

interruption. In these instances, participants used perceived

force magnitude and the elasticity of the mock tissue to deter-

mine membrane contact. Several users indicated that mem-

brane elasticity played an important role: they could feel the

increased stiffness of the membrane as compared to gelatin.

Additional interesting cases arose when substantial needle

bending occurred. The needle is bevel-tipped and prone to

bend during insertion, which increases the insertion force.

This effect in part motivates enabling live imaging during a

procedure. In our tests, users were still able to detect the mem-

brane in the majority of instances when needle bending was

evident. This again suggests that they utilized not only the

force magnitude but also changes in stiffness.

Both by hand and with the teleoperator, several false posi-

tives and missed detections occurred. Insertion speed, needle

deflection, and user experience may play a role in these cases

(four users detected all membranes correctly). Though unde-

sirable, these false positives and missed detections, in particu-

lar those that occur when holding the needle directly in hand,

demonstrate the difficulty of the task and the realistic nature

of the phantom design.

VI. CONCLUSION

We have presented a teleoperator that enables in-bore MRI-

guided biopsies with haptic transparency. The teleoperator

includes a stiff, low-friction hydrostatic transmission and a pneu-

matic clutching mechanism for incremental needle insertion.

System characterization and experiments with users demon-

strate the system performance. Near unity force tracking is

observed at realistic manipulation speeds. Operators using the

device can insert a biopsy needle with the same accuracy as if

holding the needle directly in hand. The system is constructed

of non-conductive materials and has negligible impact on

imaging SNR. The inherent safety and low cost of a passive

system can facilitate its adoption, as a step towards clinical

use of in-bore MRI guided interventions.

The next step is to extend teleoperation to multiple axes

such that a physician can adjust needle orientation during

insertion. High fidelity haptic feedback is less critical in these

positioning degrees of freedom and actuation can be achieved

with more traditional hydraulic actuators or other mecha-

nisms. Low friction and backdrivability remain important,

however, as they will enable the system to adapt passively to a

patient’s physiological motions.
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