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Abstract— Needle interventions are crucial in neurosurgery,
requiring high precision and stability. This paper presents
a 5-DoF head-mounted hydraulic needle robot designed for
accurate and targeted needle insertion and neuroimaging in the
deep brain. The robot is compact and lightweight by utilizing
a hydraulic pipe transmission to connect the needle driver
and actuator. The syringe pistons serve as the actuator and
executor, enabling synchronized motion, minimal hysteresis,
and high-accuracy insertion. The hydraulic transmission system
exhibits hysteresis of less than 0.8 mm, with bidirectional
insertion accuracy of approximately 0.05 mm. The resulting
needle driver features a compact structure measuring 48 mm
× 25 mm × 9 mm, accompanied by a 70-mm-long needle guide.
The needle driver is mainly 3D printed, while the hydraulic
transmission ensures full compatibility with magnetic resonance
imaging (MRI) by isolating all electromagnetic parts from the
executor. This compact and lightweight robot-assisted needle
intervention system significantly enhances the safety, accuracy,
and effectiveness of deep-brain neuroimaging. The feasibility
of precise positioning and insertion is further demonstrated by
deploying an optical coherence tomography (OCT) microneedle
in a rat brain.

I. INTRODUCTION

Neurosurgery is a complex and time-consuming operation
and requires highly skilled neurosurgeons. Neurosurgeons
face everlasting challenges, such as unstable human con-
ditions, limited tissue accessibility, long operation time,
and high stress. [1]. A robot-assisted neurosurgery system
enables precise and robust operation and offers multiple
benefits, including improved efficiency, increased accuracy,
and reduced costs [2]. A number of surgical robots have been
reported to provide precise and stable needle positioning and
insertion in a minimally invasive manner [2]–[5]. However,
most of these systems are based on robot arms and have
bulky system volumes. Their table-mounting configurations
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Fig. 1. Needle intervention robot equipped with an OCT microneedle. (a)
Needle intervention robot for neurosurgery. (b) OCT microneedle tip. (c)
Typical cross-sectional OCT image acquired in rat brain.

require the patient to maintain a consistent relative position
between the patient and the surgical system during the
operation [6], [7], although patient movement is unavoid-
able during the actual procedure. By directly attaching a
lightweight robot to the patient, the body-mounted systems
have successfully demonstrated to reduce the errors caused
by patient movements [8]–[10].

On the other hand, Magnetic resonance imaging (MRI)
is crucial in neurosurgery as it offers real-time intraop-
erative images. Due to the magnetic field generated dur-
ing MRI operation and the limited space within the MRI
bore, developing compact MRI-compatible robotic systems
is imperative [11]. Previously, we developed a 4 degrees of
freedom (DoFs) needle positioner with a remote center of
motion (RCM) recommendation system, which is compact,
portable, and MRI-compatible [12], [13]. In this work, we
further develop a hydraulic needle driver to fully actuate
5-DoFs head-mounted robotic needle interventions, such as
neuroimaging. Most current needle drivers employ motor and
gear mechanisms, resulting in larger structural dimensions
and increased weight [14]. Moreover, these electromagnetic
components hinder their integration with MRI for intraoper-
ative imaging and navigation. To keep the robot lightweight
and MRI-compatible, a long-distance transmission method is
proposed to isolate the actuation system and its associated
electromagnetic components from the needle driver.

While the tendon-driven mechanisms (TSM) is the most
popular among commercial and research-oriented surgical
robots, they exhibit noticeable force loss along the routing
path during long-distance transmission, and the hysteresis
profile varies with different layouts. Pressure-driven methods
are gaining popularity in surgical robotics due to their
conformability, flexibility, and effective force transmission
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capability [15]–[17]. Compared with pneumatic actuation,
hydraulic actuation offers stabler transmission and quicker
response. Therefore, we adopt the hydraulic actuation in the
proposed system for motion and force transmission. Due to
the additional need for flow sensors and the generation of
noise in conventional pump-based actuators [18], we further
propose a syringe-based actuation method to utilize a pair of
syringes and their pistons connected by the hydraulic pipe
for motion and force transmission. Furthermore, a lead screw
is employed to enhance the accuracy and stiffness of the
system.

As the main contribution of this study, we develop a
hydraulic-driven 2-channel needle driver that provides high
needle insertion accuracy and stability. We investigate the
hysteresis effect of hydraulic transmission and the perfor-
mance of motion and force transmission. The needle driver
demonstrates high insertion accuracy and stiffness and has
a compact form size. Additionally, since both the robot
positioner and needle driver are MRI-compatible, this robot
has the potential to utilize MRI guidance for novel surgi-
cal navigation. As an emerging medical imaging modality,
optical Coherent Tomography (OCT) provides micrometer-
resolution and video-rate 3D imaging of tissue in real-time
[19]–[25]. To demonstrate the robotic needle procedures,
we integrate an OCT microneedle [26] and perform the
neuroimaging in a rat brain.

II. ROBOT DESIGN AND SYSTEM SETUP
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Fig. 2. Needle intervention robot. (a) Needle positioner with an integrated
needle driver. (b) Semi-perspective image of the piston-based needle driver.

Fig. 2(a) illustrates the schematic design of the proposed
needle intervention robot. A newly developed needle driver
is installed on the previously developed needle positioner
[12] to enable full actuation of the needle. To implement the
portable and MRI-compatible design, the piston-based needle
driver is actuated by the hydraulic pipe, and the motor part
is isolated from the executor.

A. Mechanism Design

The hydraulic pistons serve as the core mechanism of the
needle driver, as depicted in Fig. 2(b). As the pistons slide
within the cylinder tubes, the needle is held by the needle
locker and moves with the pistons. The needle locker is

installed on the top of the needle holder to secure the needle
holder and the needle. The needle holder moves within the
sliding base, which is installed on the needle positioner. A
long needle guide (70 mm in the prototype version) connects
the needle driver and the needle positioner while allowing
the needle orientation to change along with the positioner.
To apply a uniform force on the needle driver and avoid
errors caused by directional biases, a symmetrical double-
channel design is proposed to enhance the stability of the
needle driver.

Fig. 3. Simulation comparison of double-channel and single-channel needle
holder.

Fig. 3 shows the simulation results of double-channel and
single-channel needle holders (only one Fhydraulic is shown
for simplicity while each piston is pushed by hydraulic). The
torque generated by the asymmetric design of the single-
channel causes the axis of the needle driver to deviate from
the original axis. When both Fhydraulic and Fneedle are 2
N , the displacement at the upper end of the needle holder is
approximately 0.4 mm. However, the double-channel needle
driver produces almost no deviation along the axis.

B. Manufacturing

The major part of the needle driver is 3D printed (J826,
Stratasys Inc.), and then assembled with luer syringes.

1) 3D printing: The sliding base, needle holder, piston
rod, and needle guide are 3D printed as a whole with poly-
lactic acid (PLA) material. The printer uses a soluble support
material (No. SUP706B) and prints three-dimensional hollow
structures. After printing, the object is rinsed with water to
remove the bulk support material, followed by two hours of
immersion in a NaOH solution. Consequently, the support
material between the sliding base and needle holder softens
and is easily removed by the water flow.

This integrated 3D-printed hollow structure eliminates the
need for additional assembly connections, thereby reducing
potential assembly errors. Unlike the traditional methods
using rigid support materials, the soluble support material
provides a smooth surface after the aforementioned process.
This allows the needle holder to slide smoothly within the
sliding base. The thickness of the support material is set to
be 1 mm, as this thickness allows for easy removal of all
the support material and does not cause noticeable shaking
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during sliding. The overall size of the needle driver without
considering the needle guide is 48 mm×25 mm×9 mm,
and the weight is 50 g.

2) Syringe assembling: We use custom cylinders and
pistons adapted from the standard 1 ml luer syringe with
a female luer connector. The inner diameter of the channel
on the sliding base is designed to be 6.85 mm, allowing the
cylinder to be plugged into the needle holder and secured
with glue. Then, the female luer connector of the syringe is
connected to a male luer connector with a pipe attached to
it.
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Fig. 4. (a) Overview of the needle driver system, comprised of the proximal
side lead screw-driven syringes, distal side needle driver, and the motion
control board. Two 1200-mm-long pipes connect the proximal and distal
syringes. (b) The distal side needle driver.

C. Actuation

The distal pistons are connected to the proximal side by
a 2-channel pipe (1200 mm×4 mm×2.5 mm) as shown in
Fig. 4(a). The actuation part of the needle driver contains two
microinjection pumps. The pumps are actuated by brushless
servo motors (gear ratio 75.9:1, encoder resolution 4096).
The motor is controlled and encoded by a motion control
board (DMC-4183, Galil Motion Control Inc.). A lead screw
mechanism widely adopted in microfluidic applications for
its high accuracy converts motor rotation into linear trans-
lation. The luer syringe cylinder is fixed to the lead screw
base and the piston rod is attached to the lead screw. The
syringes on both sides are the same size, so the movement
of the distal side is the same as that of the proximal side.
Since the resolution of the motor encoder is 4096 and the
lead of the screw is 1 mm, the ideal insertion resolution of
the needle driver is around 2 µm.

III. MATHEMATICAL MODELING

The syringes on the proximal and distal sides are the
same, so ideally, the movement on both is synchronized.
However, due to different constraints on the two sides
and the hydraulic transmission characteristics, this section
establishes a dynamic system model to investigate the distal
side response. The system model contains two parts: piston
motion dynamics and pipe hydrodynamics.

The connecting pipe is assumed to be non-deformable dur-
ing the motion, and the fluid is assumed to be incompressible

and inviscid in the connecting pipe. These assumptions are
valid since the diameter of the connecting pipe is small, as
well as the volume of the fluid [27].

A. Piston Dynamics

Governed by Newton’s second law, the proximal and
distal governing equations of the pistons differ from the
boundary constraints. From the non-deformable connecting
pipe assumption, the pistons are lumped into one rigid body,
as shown in Fig. 5. For simplicity, the diagram only shows
the pushing stage when the needle moves forward.

Hydraulic fluid

Proximal piston Distal piston

Fig. 5. Dynamics diagram of the piston pair. The proximal and distal
pistons are subjected to similar types of forces, including hydraulic pressure,
atmospheric pressure, friction forces, and contact forces on the piston rods.

For proximal piston dynamics, the governing equation is
shown as follows:

ẍ1 =
Fa1 + F1 − Fw1 − Ff1

M
x1 = f(t)

ẋ1 = ḟ(t),

(1)

where x1, ẋ1, and ẍ1 represent the proximal piston displace-
ment, velocity, and acceleration, respectively. M is the piston
mass. Pa is the atmospheric pressure around the piston rod
and Pw1 is the hydraulic pressure in the hydraulic circuit.
Being linked to the lead screw rod, F1 is the push force on
the piston, and f(t) is the piston displacement which is the
same as the lead screw. f1 is the friction force. The analysis
on the distal side is mostly the same, except that F2 is contact
force during the insertion.

B. Hydrodynamics

For flow in a pipe, the Reynolds number is generally
defined as:

Re =
ρuDH

µ
, (2)

where ρ is the density of the fluid (1.0×10³ kg/m for water
in 25◦), µ is the dynamic viscosity of the fluid (0.8937×10−3

N · s/m2 for water in 25◦). u is the velocity of the fluid.
DH is the inner diameter of the circular pipe. Considering
the average velocity equals 0.5 mm/s and the pipe inner
diameter equals 2.5 mm,

Re ≈ 1.399, (3)

which indicates that the hydraulic pipe is in the laminar
flow state. Then, based on the steady flow assumption in
hydrodynamics, we use the Bernoulli principle to describe
the hydraulic dynamics. Consider any fluid body in the body
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with pressure p1 and p2 on each side. Then the Bernoulli
equation is :

z1 +
p1
ρg

+
U2

2g
= z2 +

p2
ρg

+
U2

2g
+ hw, (4)

where z1 and z2 is the fluid height on each side. hw is the
energy loss during the transmission. U = Q/A, where Q is
the volumetric flow rate and A is the pipe’s cross-sectional
area. With the assumption of steady flow, the pipes are almost
horizontal, and there is no local loss because the pipes are
non-deformable. We have z1 = z2, U1 = U2, and hw = hf ,
respectively. hf is the frictional transmission loss. Hence,

hf =
p1 − p2

ρg
. (5)

On the other hand, with no acceleration on the steady flow
body,

(p1 − p2) · πr2 = τ · 2πr · L, (6)

where τ is the friction force on the fluid body. From
Newton’s inner friction law for laminar flow,

τ = µ
du

dr
, (7)

where u is the fluid velocity along the radial direction and
is defined as:

u =
Q

πr2
. (8)

Combining (5), (6), (7), integrate u along the radial direction
and consider the boundary condition that u(r) = 0, u is given
as:

u = −ρghf

4µL
(r2 − r0

2). (9)

Then, combining (8) and (9), Q is obtained using integration
as follows:

Q =
πρghf

8µL
r0

4. (10)

IV. TRANSMISSION PERFORMANCE TEST

To validate the proposed design for OCT microneedle
insertion, there are two key considerations regarding trans-
mission performance:

- Analysis of hysteresis in the hydraulic drive system:
This evaluation examined the behavior of the hydraulic
drive system, specifically focusing on hysteresis. The results
demonstrated the needle driver’s ability to perform precise
reciprocating movements, ensuring accuracy and reliability
during the insertion process.

- Comparison of puncture forces: To assess the needle
driver’s capability for puncturing during surgical procedures,
several common puncture forces encountered in surgery were
compared. By conducting this comparison, we were able
to validate the needle driver’s effectiveness and suitability
for puncturing, further confirming its potential for use in
intervention applications.

A. Hysteresis Analisis

A linear sensor (KPM12R1, MIRAN) was attached to the
distal end of the plastic bin, viewed as the needle tip, as
shown in Fig. 6(a). Hysteresis is a common phenomenon in
hydraulic, cable, and piezo-driven systems and is a major
problem for such robots that require high accuracy [28].
The hysteresis of the hydraulic proximal-distal piston pair
was measured in different displacement units and depicted
in Fig. 6. The motors were controlled by the embedded PID
controller to follow the triangle trajectory with a velocity of
0.5 mm/s, covering 80% of stroke length. The needle tip
displacement has shown a steady speed area and hysteresis.
The hysteresis value remains constant throughout the loop
and the average value is 0.8 mm.

Then, a needle step insertion test was conducted using
the measured hysteresis value. The needle was controlled
to follow a step trajectory where it started from the initial
point, advanced by increments of 3 mm, 4 mm, 5 mm, and

(a) (b) (c)

Linear sensor

Initial move

Hysteresis loop

Fig. 6. Performance test of displacement transmission. (a) Experimental setup. (b) Hysteresis of the hydraulic-driven needle driver. The average hysteresis
is about 0.8 mm. (c) Back-and-forth motion loop, using the measured hysteresis characteristic. The absolute error of the bi-directional insertion is less
than 0.05 mm.
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6 mm, and retracted back to the initial point after each step.
As shown in Fig. 6 (c), the max error during the motion loop
is less than 0.05 mm. These results prove the capability of
the needle driver to achieve precise positioning at any point
within the stroke length.

B. Force Transmission

The force transmission profile was recorded using a load-
cell (AT8301, AUTODA) to validate the feasibility of the
needle driver to perform puncturing. In this experiment, a
plastic bin was held and inserted to contact the loadcell.
At first, the tip of the plastic bin was put 1 mm away
from the surface of the loadcell. Then the needle driver
moved forward by 7 mm and remained stationary for 10 s at
that position before retracting back to its original position.
During this process, the loadcell recorded the changes in
contact force as the needle tip approached and separated
from the loadcell. The contact force recorded by the loadcell
represents the magnitude of the puncturing force exerted by
the needle driver. Fig. 7 depicts the changes in force during
the process. As the needle driver moved forward, the contact
force naturally increased due to the compression of the fluid.
In the experiment, the maximum force reached 6.94 N . It
then decreased to a stable value of around 5.1 N , which
may be attributed to the hydraulic transmission entering a
steady state after the needle driver stops moving. Finally, as
the needle driver moved back, the contact force gradually
decreased to 0 N . We compared with several clinically
typical needle-tissue interaction forces [29]–[31] (as shown
in Fig. 7) and found that this needle driver can perform
the majority of clinical puncturing tasks and is capable of
puncture intra-organ tissues (such as the brain tissue, heart,
liver, etc.) with minimal compression. A phantom study
showing the OCT microneedle going into gelatin is also done
(see the supplement video).

Fig. 7. Contact force profile as the needle driver moves 70% of the stroke
length and comparisons with the puncture forces of brain tissue, fat, muscle,
and skin.

V. OCT MICRONEEDLE IMAGING

To validate the accuracy and stability of our robotic
system during deep-brain neuroimaging, an OCT imaging
microneedle was incorporated into the system and an animal
imaging test was performed on a rat brain model. The
protocol of OCT imaging in the rat brain was approved by
the Laboratory Animal Services Centre at The Chinese Uni-
versity of Hong Kong. A homemade 800-nm spectral-domain
OCT (SD-OCT) system was constructed. The configurations
and distal imaging optics of the probe are similar to those
reported previously [26], [32], [33]. The rigid enclosure was
glued to a flexible 500-mm-long torque coil, which was
utilized to transfer the rotational torque. A plastic sheath
was employed to protect the torque coil, and a glass tube
was used to protect the distal optics from the tissues during
imaging. The resultant OCT microneedle affords an excellent
imaging resolution (2.4 µm×4.5 µm in axial and transverse
directions). Furthermore, its ultra-small form size (0.6 mm
in outer diameter) minimizes the invasiveness, and thus
enhances patient safety by reducing the risk of hemorrhage.

Fig. 8(a) and (b) show the overall robotic and OCT
system. The robotic system, containing the needle positioner,
needle driver, actuation components, and magnetic tracking
system, is shown in Fig. 8(a). The positioner is actuated
by cable transmission, which is a part of the double long-
distance transmission system for positioning and insertion.
The homemade OCT system is shown in Fig. 8(b). The OCT
microneedle is connected to a rotary joint which is mounted
on a translational stage, making a three-dimensional imaging
unit (left of Fig. 8(b)). The imaging unit is connected to the
OCT engine for generating the OCT interferometric signal
(right of Fig. 8(b)). Fig. 8(c) depicts that the needle driver
was attached to the needle positioner, as explained in section
II. The OCT imaging micro-needle is incorporated into the
robotic system by fitting the rigid part of the microneedle
into the needle driver of the robotic platform. The locker on
the platform holds the microneedle and makes it move with
the needle driver. An oblique view of the OCT micro-needle
and a photograph of the microneedle tip under a microscope
are showcased in Fig. 8(d).

Before the imaging test, a burr hole was drilled on the skull
to allow microneedle deployment. To prevent potential dam-
age to major blood vessels, the point for the burr hole was
carefully chosen. The positioner was supported by a universal
holder for demonstration. The needle driver was then in-
stalled on the platform. After that, the OCT microneedle was
fitted into the needle driver. The needle locker was pushed
down on the needle holder to tighten the needle holder and
the microneedle. The overall installation time of the robot
and the microneedle took less than 2 minutes. Once the
microneedle was entirely in place, it became stable and less
prone to damage due to the protection of the needle guide.
The burr hole was first randomly placed in the workspace of
the robotic system, and then the positioning and orientation
of the microneedle could be readily adjusted towards the
burr hole under the guidance of the Electromagnetic (EM)
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Magnetic tip

Fig. 8. Head-mounted robotic needle intervention for in vivo OCT neuroimaging in a normal rat brain. (a) The robotic system. ① The needle intervention
robot comprises of the needle driver and the positioner. ② Actuation of the positioner. ③ Actuation of the needle driver. ④ Motion controller. ⑤ EM Tracker
system. (b) The OCT imaging system. ⑥ OCT imaging micro-motion stage. ⑦ OCT engine. (c) The needle intervention robot was placed over the rat
brain. (d) The OCT microneedle with a close-up view. (e) The EM tracker tip moved towards the burr hole. (f) The OCT microneedle end pointed towards
the burr hole before insertion. (g) A typical cross-sectional OCT image before the deployment of microneedle into rat brain. (h) A typical cross-sectional
OCT image of a rat brain. The white-dotted structures show the characteristic microstructures of striatopallidal fibers (SF). (i) The reconstructed volumetric
OCT image of rat brain. The horizontal green dashed lines correspond to the cross-sectional images. Four representative areas are identified. CeCo:Cerebral
cortex, CoCa:Corpus callosum, CP:Caudate putamen, VS:Ventral striatum. (j) The en face projection view of the unwrapped brain image. All the scale
bars in the image are 500 µm.

tracking system (3D Guidance trakSTAR, NDI Measurement
Sciences Inc). Once the imaging microneedle was appropri-
ately positioned, the positioning system was locked. Fig. 8(e)
and (f) show the moment when the magnetic tip and OCT
microneedle tip moved towards the burr hole, respectively.
Held by the needle driver, the OCT microneedle could move
along the designed trajectory through the burr hole at a steady
speed of 0.5 mm/s and successfully deployed in the rat brain
at a predetermined depth of 6 mm.

After the OCT microneedle was deployed in the brain,
pull-back imaging was performed to obtain the OCT images
at 10 frames per second. A total of 500 frames were obtained
within 50 s, and the total imaging depth along the designed
trajectory was 5 mm. Two representative cross-sectional
images are illustrated in Fig. 8(g) and (h), respectively, before
and after complete deployment in the brain, which are also
labeled in the reconstructed three-dimensional volumetric
image (Fig. 8(i)). In Fig. 8(h), The en face projection view
of the unwrapped brain image shows the typical subtle mi-
crostructures of striatopallidal fibers in the caudate putamen,
indicating the ultrahigh-resolution imaging capability of the
OCT microneedle. It is noted that these fibers can also be
appreciated in the cross-sectional and volumetric images. The
overall imaging experiment has demonstrated that our system
can perform a complete set of OCT scans.

VI. CONCLUSION AND FUTURE WORK

In this study, we developed a new needle driver and
integrated it with a needle positioner and OCT microneedle
in a compact and lightweight head-mounted robot. The ex-
perimental results have demonstrated that hydraulic transmis-
sion provides effective force transmission and high insertion
accuracy, matching that of existing MRI-compatible robot
[34]. The function of minimally invasive robotic needle in-
tervention has been demonstrated using an OCT microneedle
to acquire high-quality cross-sectional and 3D volumetric
images of a rat brain.

Building upon our current work, our future research will
concentrate on developing a neurosurgical robotic system
that leverages OCT scanning and diverse surgical imag-
ing data to enhance minimally invasive procedures in the
deep brain. We will further optimize the needle driver
and develop an autonomous neuronavigation framework to
achieve an automated neurosurgical robot of improved ro-
bustness and safety. One motor design will be investigated
for more synchronized actuation. Integrating high-resolution
OCT neuroimaging information into robot servo control and
navigation framework will also help enhance the robots’
capabilities in complex deep brain scenarios. Following the
current MRI-compatible design, we plan to explore a generic
multimodal surgical image-guided-navigation framework to
handle different surgical needs.
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