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Abstract— An MR-compatible biopsy needle stylet is instru-
mented with optical fibers that provide information about
contact conditions between the needle tip and organs or hard
tissues such as bone or tumors. This information is rendered
via a haptic display that uses ultrasonic motors to convey
directional cues to users. Lateral haptic cues at the fingertips
improve the targeting accuracy and success rate in penetrating
a prostate phantom. Although the original intent was for haptic
cues to match the direction of contact forces and needle bending,
more consistent results were obtained by using the cues as
steering guidance (opposite to contact forces); accordingly this
convention was adopted for the user experiments reported.

I. INTRODUCTION
Medical robots have extended the capabilities of surgeons

by enabling unprecedented surgical access and dexterity.
However, teleoperated surgical systems often have the un-
desirable effect of preventing the surgeon from feeling what
is happening. Most surgeons agree that high quality haptic
sensation would increase the speed, effectiveness, and safety
of teleoperated robotic surgery as well as shorten the learning
curve for new surgeons learning to operate with the robot [1],
[2], [3]. Augmenting the master side of surgical robots with
additional haptic feedback is a promising way to restore these
missing sensations, and may even allow new information to
be conveyed that surgeons have not had access to before.

While it is possible to obtain physical information about
the tool-tissue interaction by adding a force sensor or ac-
celerometer to the base of the tool [4], the forces acting on
the tool tip are masked by friction forces from the intervening
tissue, especially in the case of a long needle [5], [6].
Therefore, the ability to sense the forces on the tip of a
needle provides an interesting case to explore the possible
benefits of augmented haptic feedback in minimally invasive
interventions.

Previously, we built a tip-force sensing biopsy needle
instrumented with optical fiber Bragg grating (FBG) strain
sensors and demonstrated that high-frequency axial tip-force
information can improve the success rate of membrane punc-
ture detection [7]. In addition to high-frequency information,
we believe that low-frequency tip-tissue interaction force
feedback is important for surgical tasks, such as tumor
identification by comparing tissue stiffness, and when driving
the needle to a target during a biopsy. In this paper, we
demonstrate the ability of low frequency directional tactile
feedback to help in a needle positioning and puncture task
by comparing a system with a direct, low friction mechanical
connection to the needle (analogous to a passive teleoperator,
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Fig. 1. Experiment setup consists of a needle instrumented with optical
fibers (A) and a pen-like haptic device (B) mounted on a 3-DOF rolling
platform. Users manipulate the platform and needle with the goal of
puncturing a target (C) occluded by a curtain. The target rotates, evading
puncture, if the needle is not accurately aligned.

e.g., [8]) to the performance of the same system with added
haptic steering cues based on measured needle tip forces.

While various haptic modalities could convey directional
low-frequency information from the tip of a needle to the
surgeon, we believe that fingertip skin deformation feedback
from a pen-like interface shows promise as an especially
intuitive means of communication. This is because we found
through interviews at the Stanford Medical School that
surgeons in particular often use a pen grasp when performing
biopsies. Furthermore, the ability for skin deformation to
effectively communicate directional information with low
forces and only a few millimeters of displacement [9],
[10], [11] makes it ideal for integration into compact, low-
power haptic feedback modules that could be used in a
surgical setting. Furthermore it is easily applied to a purely
mechanical or pneumatic teleoperation system [8], [12].

Using this newly designed haptic device for the tip-force
sensing needle, we found that lateral tip-force information
significantly improved performance in a task simulating a
biopsy procedure.

II. METHODS AND MATERIALS

To explore how lateral tip-force information affects a
targeting task, we built the apparatus shown in Fig.1. The
user rests his or her hand on a freely moving platform that
can translate and rotate in the plane. A needle (Fig.1A) and
lightweight haptic display (B) are attached to the platform.
The platform is a planar analog to a passive teleoperation
system for manipulating a needle. It permits forces on the
needle to be transmitted directly to the user (especially axial



forces, as the needle is much stiffer in compression than in
bending), but with some masking due to inertia and a small
amount of friction.

The target (Fig.1C) is meant to simulate a prostate, includ-
ing the outer membrane. It consists of a cylinder covered with
a thin layer of ripstop nylon tape. Unless the needle tip is
aligned with the central axis of the target, the cylinder rotates
away, evading puncture. A curtain is placed just above the
plane of the needle to hide the target from view.

In operation, a user grasps the haptic display with the
thumb and index finger while resting his or her hand upon
the platform. The hand pushes the platform, guiding the
needle into contact with the target. When interaction forces
are detected at the tip of the needle, the haptic display presses
upon the user’s fingertips providing additional feedback.

A. Needle Description

A biopsy needle capable of detecting tip contact forces was
created by embedding three optical fibers in grooves along
the inner stylet of an off-the-shelf 18 gauge MR-compatible
needle. The grooves are spaced 120◦apart in the needle cross-
section, as shown in Fig.1A. Each fiber contains four FBG
sensors along its length, so that there are four triplets of
FBGs, each at a different location along the needle, capable
of measuring axial and bending strains. The triplet nearest the
tip, where bending moments are very small, can accurately
measure (x,y,z) tip contact forces. Slotted features at the
needle tip improve sensitivity to axial strain.

A calibration matrix calculated in [7] converts strain read-
ings from the optical sensors to triaxial forces at the tip of
the needle. The minimum lateral force that can be sensed by
the tip FBGs is 4 mN, with a maximum frequency of 500 Hz
[5], which is sufficient to capture interaction forces in the
human sensible frequency range (0-400 Hz) [13]. The FBG
sensors are read with a Micron optics sm-130 interrogator at
1 kHz.

B. Phantom Materials

As noted above, the simulated biopsy target is a hollow
cylinder covered with ripstop nylon tape. The cylinder has
a small rotary damper to prevent it from spinning too freely
and a torsional spring (0.43 Nm/rad) to restore it to its
equilibrium orientation. Although an actual prostate can both
translate and rotate [14], [15], the current setup was judged
by physicians to present an equivalent level of difficulty for
membrane puncture.

In front of the target cylinder, a layer of “extra firm”
tofu (bean curd) simulates the effect of soft intervening
tissue [16], which the needle must traverse on its way to
the target. This material was adopted after determining that
synthetic elastomers and foams presented a less convincing
simulation. The tofu and the cylinder’s ripstop tape are
replaced frequently.

C. Haptic Display Apparatus

1) Device Design: The haptic feedback device presents a
knob, which users grasped with their fingertips. The backs of

Fig. 2. Subjects displace the moving platform to manipulate the needle
while they interact with the haptic device (A). The haptic device imparts
small lateral motions to a knob (B) which presses the subjects finger tips
against braces. Subjects use the skin deformation cues on their finger pads
(C,D) to interpret what happens at the needle tip.

the fingertips where supported by a pair of external braces,
while the rest of the hand was supported by the moving
platform, as shown in Fig.2.

To impart motions, we adapted a flexure mechanism
presented in [17] as shown in Fig.3. In order to translate
the rotational motions of the motors to small translational
motions, the flexure contains two stages, one for x motions
and one for y motions. A pin, offset from the shaft of each
motor, travels in a slot on its associated stage (similar to
a sotch yoke mechanism). Whereas [17] used the flexure to
generate 2-DOF lateral skin stretch, we are using a scaled-up
version to apply larger forces to the fingertips corresponding
to the two components of lateral contact forces sensed by
the needle tip. In particular, the feedback produces normal
and lateral skin deformation cues at the finger pads as well

Fig. 3. (A) Exploded view of the haptic device shows the arrangement
of the ultrasonic motors, motor arms and flexure mechanism that enables
Cartesian position control of the knob. (B) shows independent stages that
two motors actuate with pins in slots to achieve position control in the x
and y directions.



as pressure on the finger pads and nails when the fingers
are pressed by the laterally translating knob against the sur-
rounding braces. These finger pad deformations are intended
to be similar to those that occur naturally during interactions
with pen-like tools when lateral forces are applied at the tip.
The knob can move a maximum of ±3mm in either direction
with about 10N of force.

The flexure was printed with a 3D Printer1, using poly-
lactic acid (PLA) for the stiff components and thermoplastic
elastomer (TPE) for the compliant components. Finite ele-
ment analysis was performed in Solidworks to ensure that the
two dimensions of the flexure had similar spring constants of
approximately 1000 N/m. Nonplanar motion was minimized
by adding additional plastic guides on top of the flexure, as
seen in Fig.3.

2) Device Actuation: We chose Shinsei USR-30 piezo-
electric ultrasonic motors to actuate the haptic feedback
device because they are compact and high-torque, and MR-
compatible variants are available. These actuators have been
used in MR-compatible medical robotic systems in the
past for these reasons [18], [19], [20]. They also run very
smoothly with no perceivable vibration, unlike most RC
servos, making them a good fit for haptic applications.
Their high torque capability makes gearing unnecessary for
our application. Rotary potentiometer position sensors2 were
added to the motor shafts to close the position control loop.
The signal to noise ratio of the potentiometer is 0.001 and
its average noise amplitude is 0.3◦, which corresponds to a
0.043 mm displacement resolution.

One drawback of the ultrasonic motor is that it is not back-
drivable [21]. This is often undesirable for haptic devices,
which are usually impedance-type with low inertia and
gearing. Our actuators are closer to those used in admittance-
type haptic devices, which require force sensing to function.
However, in the present case we are using the motors only
for position control, to deform the finger pads so as to
provide position cues and the resulting pressure cues that
are representative of forces sensed by the needle tip.

A second drawback of ultrasonic motors is the presence
of a velocity deadband [22], [23], which hinders the smooth
position control, especially at low speeds and small displace-
ments. Although sophisticated methods have been developed
to compensate for this deadband, including a differential gear
system using two ultrasonic motors to control one degree
of freedom [24], fuzzy control schemes [25], and neural
networks [26], we chose to use a simpler approach that is
adequate for this position-controlled implementation. This
involved first shifting the deadband velocity from a nonzero
magnitude to zero by tuning the motor velocity range setting
on the Shinsei motor driver. Then, by applying a threshold
voltage to the input of the ultrasonic motors, we were able
to achieve a more linear controllable speed (Fig.4).

While the deadband threshold can vary with the load
on the motor, we assumed the impedance from the flexure
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Fig. 4. Ultrasonic motor speed characterization. After tuning the ultrasonic
motor driver, the deadband velocity becomes zero over a voltage range of
0-0.25V.

Fig. 5. Motor position control result after adjusting velocity deadband with
flexure in place.

and fingerpads over such small displacements (±3mm) was
small enough to ignore, and noticed no performance issues
from doing so. Position control results with the flexure in
place are seen in Fig.5 for a smooth 0.5 Hz sinewave.

As noted earlier, useful haptic information ranges from
approx 0-400 Hz. However, the focus in this implementation
is to provide relatively low frequency and low magnitude
directional cues. This is because higher frequency infor-
mation tends to lose its directional information content as
it becomes vibratory (normal skin deformation can be felt
from 0-30 Hz; directional skin stretch is felt from 0-15 Hz
[27]), and could be added later with an additional actuator
to complement the directional feedback [28]. We tested the
frequency response of the ultrasonic motor flexure system for
a series of commanded sine waves to determine its frequency
capabilities. The resulting bandwidth for an input amplitude
of approximately 10◦ is 22.5 Hz, as shown in Fig.6.

Force amplitude and direction information read from the
tip of the needle are linearly mapped to the displacement
of the knob, xknob. The following equations relate sensed
forces, Fx and Fy , to the motor positions.

Fig. 6. Frequency response of the ultrasonic motors after deadband velocity
adjustment, measured by giving a series of ±10◦sinusoidal commands to
the motors.



xknob = FxCfd (1)
yknob = FyCfd (2)

θXmotor = θ0 + sin−1(xknob/r) (3)

θYmotor = θ0 + sin−1(yknob/r) (4)

where xknob and yknob are the displacements of the knob in
the x and y directions (Fig.3) respectively, θ0 is the home
position of the motor at zero displacement, and r is the
offset distance between the motor shaft and the pin of the
scotch-yoke mechanism in the haptic device. The value of
Cfd was chosen based on pilot user experiments. Subjects
indicated that they had difficulty in sensing the axial forces
naturally transmitted through the needle and moving plate
when the lateral haptic cues were too large. Based on this
observation, we decided to keep the factor small to conserve
axial sensitivity. However, we chose a large enough value for
Cfd that subjects could still correctly identify the direction of
displacement when feedback was provided. We obtained an
initial estimate of a minimum displacement through a pilot
test with five subjects. Subjects were able to identify the
direction of 0.1mm displacements with an average accuracy
of 90%.

3) Communication: Tight integration of our sensing sys-
tem and haptic device is crucial for our application because
needle interaction forces must be sensed and relayed with
no perceptible delay. Delays between an event and the
corresponding haptic stimulus start to become noticeable
when they are larger than 45 ms[29], [30]. Keeping this delay
small is especially important in our case as axial contact
forces are transmitted directly along the needle shaft and
into the moving platform.

Our communication system consists of two ethernet
boards, one for reading the interrogator (tip-force sensing
data) and another dedicated to a Linux based EtherCAT
system used for controlling the motors. By setting the
execution priorities in the C++ program, we were able to
build a soft real time system. To minimize the delay from the
interrogator, we used an unbuffered data collection function
from the sm-130 interrogator API3 to read wavelength data.
We then calculated the lateral forces using a calibration
matrix. The forces are linearly mapped to desired displace-
ments, which are further mapped to the corresponding motor
angles. A proportional-integral controller is used to achieve
the desired motor positions. The average latency between
the sensed strain data and the position feedback output was
measured for a 1 kHz acquisition speed, and was found to
be approximately 36 ms, which is within our desired range.
Fig.7 shows the delay between sensing and actuation as the
needle tip is tapped twice from the right.

III. EXPERIMENT PROCEDURE

In order to test the potential for the augmented direc-
tional feedback system to improve surgical procedures, we
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Fig. 7. Haptic device system delay between FBS sensor data at the needle
tip and position data of the ultrasonic motor. Average delay was 36ms.

Fig. 8. Haptic device system communication schematic

designed a task that simulates a prostate biopsy. Ten subjects
were each instructed to puncture a prostate phantom 20
separate times by steering the moving platform and needle
with their hands.

As noted in the previous section, a curtain hid the target
from view. The target was randomly positioned ±6 cm to
the left of right for each trial so that the needle was never
aligned perfectly with the target and its position was not
predictable. The intervening tissue phantom (extra firm tofu)
was replaced after each attempt, and the membrane was
replaced between trials, so that repeated punctures would
not reduce the difficulty of the task over time. Half of
the trials were given with augmented haptic feedback and
half without, again distributed randomly. To simplify the
experiment, forces were only sensed and displayed in the
x direction, as shown in Fig.9. Due to the cylindrical shape
of the target, forces in the y direction were not particularly
useful.

The haptic feedback displayed to the subject is opposite

Fig. 9. Typical starting sequence: (1) initial position; (2) first attempt to
penetrate target (needle deflects in -x direction, feedback applied in opposite
direction); (3) user retracts needle and reorients; (4) second attempt results
in needle deflected in +x direction with feedback in -x direction.



to the direction that the target deflects the needle and pro-
portional to the deflection. As a result, it directs the subject
toward the center of the cylinder. Subjects were instructed to
view the feedback as directional guidance information. Fig.9
illustrates a typical starting sequence: (1) the subject pushes
the needle forward, but the needle is not aligned with the
target center; (2) the needle deflects in the -x direction so
that haptic feedback is applied in the +x direction; (3) the
subject corrects by tilting the needle and trying again; (4) the
subject has over-corrected so that the needle now deflects in
the +x direction and feedback is applied in the -x direction.

For each trial, a subject was allowed ten attempts to
puncture, with each attempt consisting of driving the needle
toward the target and then removing it. After each attempt,
the following information was verbally collected from the
subject: (i) whether they believe they punctured the mem-
brane of the target, (ii) whether they thought the needle was
to the left or right of the target center, and (iii) whether they
were confident of each of the previous two answers. Between
attempts, the subjects were instructed to make lateral position
corrections based on the previous attempt to align the needle
with the center of the target as well as they could. All tests
were conducted in accord with IRB Protocol 26526.

IV. RESULTS

Experiments were conducted with 10 subjects, (8 male, 2
female) with ages ranging from 23 to 29. Among these, 4
had experience in haptics and none had prior experience in
needle procedures. Of the 20 puncture trials (maximum 10
attempts to puncture for each trial) required of each subject,
the average number of attempts to puncture in the case of no
added feedback was 4.75 with a standard deviation of 1.32,
while the average with feedback was 3.13, with a standard
deviation of 0.53, as seen in Figure 8. We performed a one-
tailed paired t-test with the following null hypothesis: (aver-
age number of attempts without feedback - with feedback)>0.
The result shows a statistically significant difference (p-
value= 0.0028) with Bonferroni correction p<0.005.

Another metric for performance of the device was how
accurate the subjects were at determining where the needle
tip was with respect to the target (Fig. IVB). With directional
feedback, subjects reported the correct needle location 61.8%
of the time with a variance of 0.03 (3%). Without the
additional feedback, subjects were correct 46.8% of the time
with a variance of 0.012 (1.2%). A one tail paired t-test
shows a statistically significant difference (p-value= 0.0041)
with Bonferroni correction p<0.005. There were large dif-
ferences between subjects in terms of how well they utilized
the feedback, with one subject achieving 93% accuracy at
direction determination, while the lowest accuracy was 30%.

V. DISCUSSION

Results indicate that directional fingertip haptic feedback
successfully reduced the number of attempts needed to
puncture the membrane. The direction identification accuracy
improved greatly for some subjects, while others did not

Fig. 10. (A) Number of attempts before puncturing the target membrane.
(B) Accuracy of subject-reported needle tip location with respect to the
target. Boxes represent 25-75% of data, + mark is the median, line is the
average. Whiskers show data between 10-90%.

improve, showing that the device worked well for some, but
not all, subjects.

In general, puncturing the nylon membrane was challeng-
ing because it required significant axial force and the cylinder
rotated easily if the needle was off-center. However, subject
performance improved rapidly, showing that a significant
training effect existed. Randomizing the trials was therefore
important. Our haptic feedback device did not augment axial
force or provide high frequency feedback associated with
puncturing membranes, both of which could have made the
task easier. However, the focus of the task was to test how
well lateral force feedback can help users locate the best
place to puncture, as opposed to how well they could actually
execute the puncture. The metrics convincingly show that the
feedback helped locate the center of the prostate phantom.

One interesting issue raised during the pilot phase of this
experiment was whether users preferred feedback in the same
direction as the tip load or in the opposite direction. Our
initial thought was to provide feedback in the same direction,
thinking that it should feel as if the surgeons fingers are at the
tip of the needle and experiencing exactly the same forces.
However, when we tested this style of feedback, the results
were not uniform. Some subjects understood the feedback
well, while others became confused or always responded
in the opposite way from what was expected. This result
may arise from users perceiving the haptic feedback as
corresponding to a reaction force felt at the base of the
needle instead of the contact force at the tip. To sidestep
these issues and improve consistency, we decided to adopt
the convention that the feedback is a guidance force pointing
toward the ideal puncture location based on sensing data –
a simpler concept to grasp.

VI. CONCLUSIONS AND FUTURE WORK

Subjects could easily determine the direction in which
haptic feedback was guiding them, and the guidance clearly
improved their task performance. The puncturing element of
the task might have been easier if the haptic device also



provided augmented axial feedback to the subjects, which
could be a useful addition for future experiments. Adding
a third degree of freedom should further increase realism
and allow for experiments using biological phantoms with
more complicated geometries. Corresponding experiments
are being planned using subjects experienced in needle
procedures.

Another reasonable modification would be to replace the
ultrasonic motors with actuators that have lower impedance,
so that we can truly transmit dynamic forces instead of
positions. This will likely increase the intuitiveness of the
feedback and perhaps reduce some of the confusion that
arose when subjects were told to interpret the feedback as a
force felt by the needle tip. Electroactive polymer artificial
muscles show promise as a way to achieve true impedance
control while keeping the device MR-compatible.

Finally, a high frequency actuator (e.g. as in [4]) could be
added to complement the low frequency skin deformation.
This would increase the perception of puncture events,
texture of tissue, and impacts.
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