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ABSTRACT
Epidural injection is used in pain intervention, requiring precise needle placement
within the epidural space. Traditional techniques, such as loss of resistance and fluor-
oscopy-guided procedures, have limitations, including reliance on subjective assess-
ment and radiation exposure. We proposed an optical force-sensing probe with an
offset criterion of the needle tip-distal end to enhance the precision of puncture
detection. The offset between the needle tip and the force-sensing probe is adjusted
using a piezoelectric motor-based system with feedback position control. A Long
Short-Term Memory model is also trained to detect the puncture. Insertion test on sili-
cone phantom and ex-vivo specimens demonstrates that the system’s offset range for
enhancing precision of puncture detection is between 0.6mm and 1mm. Compared
to the offset in the previous study, the AUC score of puncture detection increased
from 0.61 to 0.86. This approach secures the improvement of puncture detection reli-
ability in robot-assisted epidural injection.
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1. Introduction

An epidural injection is a widely used interventional procedure for pain management in individuals with
chronic pain or pregnant women. This procedure involves inserting a needle into the spinal canal, where
the spinal nerves are located, to deliver anesthetic or therapeutic drugs. Regardless of the specific tech-
nique, spinal pain interventions always require reaching the epidural space using a Tuohy epidural needle.
This needle passes through the ligamentum flavum just before entering the epidural space and then stops
at the designated target. In interventional procedures, identifying tissue puncture is essential for estimat-
ing the appropriate needle insertion depth. Conventional methods for detecting puncture include the loss
of resistance (LOR) technique and fluoroscopy-guided procedures using a C-arm. Carm imaging provides
relatively precise visualization of the needle’s location within the body.[1–5] However, it also exposes prac-
titioners to radiation risks. Various protective strategies, such as radiation shielding garments, protective
barriers, and low-dose C-arm technology, help minimize exposure.[6,7] Nonetheless, due to frequent and
prolonged use of fluoroscopy, physicians remain susceptible to radiation-related risks.[8,9]

Several studies have focused on developing advanced surgical tools and techniques to address the
challenges faced by interventionalists.[10–18] In particular, sensing technologies have been proposed as
alternatives to conventional needle guidance, allowing for precise needle positioning and puncture
detection during interventions.[19] The fundamental principle behind research on detecting target tissue
layer puncture is utilizing the interaction between the needle and biological tissue, drawing from the
traditional loss of resistance (LOR) technique. Studies on needle-tissue interaction have revealed that a
puncture event leads to a noticeable change in the force curve. Like the LOR technique, this event is
characterized by a sudden drop in contact force between the needle and tissue, resulting in a distinctive
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force pattern. As representative methods, probe and needle systems for spine structure identification
and puncture detection have been proposed by introducing new pressure-guided devices[20] or measur-
ing electrical bio-impedance.[21,22] These approaches have improved precision in analyzing the pressure
or force applied to the needle and improve procedural safety by enabling robotic surgical systems to
regulate contact force effectively. Despite the advancement of these new sensing technologies, increasing
the success rate of predicting puncture events via data-driven methods remains challenging due to the
variability of complex tissue structure, properties, and the dependency of sensor performance on them.
To address this, researchers have turned to machine learning-based methods. Neural networks, in par-
ticular, offer the advantage of adaptively tuning parameters and recognizing puncture event patterns
from force data, making them a valuable tool for increasing accuracy and safety in interventional
procedures.[23]

Interferometry and laser beam sensors were often utilized to assess the critical information of a sam-
ple.[24–27] For example, the sensors offer high-resolution measurements comparable to highly sensitive
force/torque sensors while maintaining a compact structure, making them well-suited for microneedle
and robotic system applications.[28–37] In particular, optical sensors offer superior resolution compared
to previously proposed pressure guidance systems. Furthermore, while bio-impedance sensors are vul-
nerable to variations in measurement performance due to their high dependence on moisture levels,
optical sensors demonstrate consistent measurement performance regardless of these conditions.
Among the widely used fiber-optic sensing technologies, Fiber Bragg Gratings (FBGs)[38–42] and Fabry-
P�erot interferometers (FPI)[43–47] are particularly effective for force-sensing purposes. In our previous
study,[48] we developed an epidural needle integrated with an FPI-based sensor to measure contact
force at the needle tip. Here, we conducted a user study with interventionalists to evaluate its perform-
ance. The findings demonstrated that the system accurately tracked the force curve during the puncture
process, allowing the needle to stop within the safety margins set by physicians. Despite this work, to
date, there are no needle injection systems deploying optimized fiber-optic FPI-based sensor. In,[48] dis-
tinguishing the puncture event from the recorded force curve proved difficult or, in some cases, impos-
sible, leading to a lower task success rate. Among the 10 trials for each of the 23 participants, 4 cases
showed a success rate of less than 60%, when the needle design was not optimized. The previously
implemented force-sensing needle provides direct contact force measurement at the needle tip.
However, because the highly sensitive interferometry-based sensors is positioned at the tip, its readings
are affected by both the sensor’s optical properties and the Tuohy needle’s curved structure. It has indi-
cated that the force curve’s shape and quality can influence the determination of the puncture event
timing and the needle insertion depth.

The contribution of this work is to improve the accuracy of puncture event prediction in robotic
epidural injections using configuration optimization and Long Short-Term Memory (LSTM) model
training in a fiber-optic force-sensing needle. Building upon prior work on the sensor-integrated needle
system,[48] we selected the offset between the needle tip and the optical force sensor as the key param-
eter. This offset was dynamically modified using a piezoelectric motor (PZT)-based system with simple
feedback control. For each offset, we tracked the contact force and needle depth throughout the inser-
tion process, pinpointing the exact moment of puncture. Additionally, we trained a LSTM model with
timeseries data of force measurements and puncture label data. This model analyzed force curve
sequences to estimate the puncture timing. Moreover, we developed a needle end-effector driven by a
commercial PZT with 1 nm positional accuracy. The end-effector integrated with a commercially avail-
able 6-degree-of-freedom robotic manipulator. To evaluate its effectiveness, we experimentally

Nomenclature

FPI Fabry-P�erot interferometers
OCT optical coherence tomography
LSTM long short-term memory
PZT piezoelectric

OPL optical path length
FFT fast Fourier transform
LOR loss of resistance
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demonstrate it using custom phantoms and ex-vivo specimens, measuring the optimized force curve
and validating the system’s puncture detection capabilities.

2. Materials and methods

2.1. Optical force sensing probe

To enhance the reliability of the needle-tissue interaction model measured by the system, the proposed
sensor is positioned at the needle tip to measure the contact force with the tissue directly. Therefore, the
sensor module must be designed to be insertable inside the needle and removable after needle positioning
to allow for drug injection.

Figure 1(a) represents our interferometric system utilizing a wavelength-swept laser (Swept Laser OEM
engine, AXSUN). The laser has a center wavelength of 1060nm and a bandwidth of 100 nm. The wave-
length sweeping operation rate is 100 kHz and provides a trigger signal for optical signal sampling. The
signal collected through the photodetector undergoes a fast Fourier transform (FFT), followed by phase
analysis of the complex optical coherence tomography (OCT) signal. Figure 1(b) shows structure and
design of force-sensing probe and its working principle. We implemented a fiber-optic force sensor based
on the Fabry-P�erot interferometer (FPI). The contact force sensor consists of a single-mode fiber and a
reflector arranged in series, with the gap between these two optical components referred to as the Fabry-
P�erot cavity (FP cavity). Previous studies on FPI have reported that the size of the FP cavity is typically
formed in the range of approximately 20–25mm. When the sensor comes into contact with a sample or
biological tissue and experiences force, the distance of the FP cavity decreases. The FPI is an interferom-
eter capable of detecting nanometric changes in the distance between the optical fiber and the reflector.
Due to the optical path length (OPL) difference between the reference light reflected at the distal end of
the optical fiber and the reflection light from the reflector, interference occurs between the two electro-
magnetic waves. Since changes in the FP cavity directly correspond to changes in the OPL, comparing
the optical interference signals before and after force application allows for the quantitative measurement
of the applied contact force. Also, to protect the sensor and function similarly to the stylet of a commer-
cial epidural needle, it was enclosed in a hypodermic tube to form a probe.

The proposed contact force-sensing probe was applied to a 22G commercial epidural needle (inner
diameter: 410mm, outer diameter: 710mm, length: 80mm). In pain intervention procedures, epidural nee-
dles of various sizes, ranging from 18G to 25G, are used depending on the patient’s body type and the
purpose of the procedure. In particular, 22G or 23G needles are commonly used for simple blocks.
Accordingly, the sensing probe was designed and applied specifically for a 22G epidural needle in this
study. This allows the contact force to be estimated in real time based on the phase value of the interfer-
ence signal. Additionally, it was mechanically coupled using a bolt in a custom stylet hub to fix the sens-
ing probe in an optimized position securely. This design enables offset adjustment between the probe and
the needle tip. As an adjustable parameter for optimizing the contact force-sensing epidural needle

Figure 1. Optical system configuration and implemented force-sensing probe. (a) Common-path optical coherence tom-
ography with swept-source tunable laser. (b) Contact force-sensing probe. (b1) Implemented Fabry-P�erot interferometer
with air cavity(yellow dashed box). (b2) A fiber-optic sensor encapsulated in a hypodermic tube.
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configuration, we selected the offset between the needle tip (T) and the distal end of the probe (D).
Figure 2(c) illustrates the scenario when the proposed system penetrates a multi-layer tissue. As the nee-
dle tip advances, it cuts through the anterior tissue and progresses in the depth direction, causing

Some tissue to be pushed into the needle. At this point, the probe measures the contact force exerted
by the displaced tissue inside the needle. Due to this measurement mechanism, the needle tip-to-distal
end LT2D offset can influence the measured puncture force’s magnitude, the force curve’s shape, and
the needle depth at which the puncture is detected. These factors must be carefully considered to estab-
lish optimal conditions for puncture detection.

2.2. Sensor calibration

Sensor calibration was performed to confirm the linear proportionality between the contact force
caused by the interaction between the soft tissue and the system and the phase measured by the sensor,
and identify the parameters between the two variables.

Figure 2. Integrated force-sensing epidural needle. (a) Integration of the optical sensor using a custom stylet hub. (b)
Configuration of optical sensor embedded epidural needle. (b1) xz-Plane view. (b2) yz-Plane view. (c) Force sensing
mechanism in soft tissue, and principal optimization parameter.

Figure 3. Calibration of the injection system. (a) Balance-based contact force-phase calibration setup. (b) Linear relation-
ship between contact force and phase shift. (c) Repeatability test of implemented sensor.
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As shown in Figure 3(a), we used an experimental setup to measure the contact force applied to the
forcesensing probe and the corresponding FPI phase shift. The setup consists of a motorized system
based on a piezoelectric (PZT) motor and a precision balance. A precision balance (measurement range
of 600 g, resolution of 0.01 g, EK-610i, A&D) was used to apply a contact force to the force-sensing probe
and obtain a quantitative reading in weight units. An optical polishing paper was placed between the bal-
ance’s plate and probe to prevent sensor damage during calibration. The measured weight was then con-
verted to the actual force value using the relation 1 g¼ 0.0098N. The PZT motor-based motorized system
(positional resolution of 1 nm, LEGS-LL1011A, PiezoMotor) moves the force-sensing probe to stably load
or unload a contact force onto the balance at a constant velocity. A 5 g pre-load was first established on
the balance. Subsequently, the motorized system applied an additional positive force of 15 g (approxi-
mately 0.15 N) in 3 g increments, up to a total force of 20 g. Figure 3(b) shows the calculated correlation
parameters between the force variation (DF) and the phase shift (D/), based on data from 20 repeated
measurements under same process and condition. Also the R-squrared value of phase-force regression
model was 0.9584. Finally, as shown in Figure 3(c), the repeatability of the contact force measurement
was tested by inducing a repetitive sawtooth motion with the PZT motor. A capacitive sensor (measure-
ment range of 500mm, resolution of 3 nm, C8-3.2, Lion Precision, USA) measured the real-time position
of the PZT motor. Cyclic loading and unloading of the contact force applied to the probe resulted in a
phase shift with a sawtooth waveform, closely mirroring the trend observed in the gap sensor. This result
confirms the linearity and repeatability of the proposed optical force-sensing probe.

2.3. Tip-distal end offset regulation

As depicted in Figure 4(a), we prepared a microscope-guided setup to more precisely regulate the dis-
tance between the needle tip and the probe’s distal end, which can affect the phase shift-based contact
force measurement. This setup also utilized the motorized system composed of the PZT motor and a
capacitive sensor. We determined the offset between the needle tip and the distal end of the force-
sensing probe, denoted as LT2D, using a microscopic view. As shown in Figure 4(b), the offset between
the needle tip and the probe was adjusted by moving the linear PZT motor to compensate for the
error, Ddgap, between the desired offset (LT2Dd) and the measured offset (LT2D). To control the PZT
motor, we employed a proportional control scheme that generates a motor output proportional to the

Figure 4. Needle tip to distal end offset adjustment. (a) Experimental setup for tip-distal end offset regulation. (b)
Microscope-guided adjustment of the tip-distal end offset using PZT motor position control. (c) Offset adjustment
results.

24 G. CHO ET AL.



error between the desired motor position (dgapd) and the current motor position (dgap) measured by a
capacitive sensor. Based on the epidural needle model used in this study, the probe was visually identi-
fiable within a range of up to 1mm from the needle tip. Therefore, the LT2D offset was adjusted from
0mm to 1mm in 0.2mm increments, and the force curve and puncture detection were analyzed for
each case. Each offset was regulated with a precision of ±0.02mm.

2.4. Long Short-Term Memory for puncture detection

Unlike simple needle-tissue interaction scenarios, the puncture event is mathematically challenging to
describe. Particularly in epidural injection applications, the mechanical properties of the ligamentum
flavum vary significantly due to factors such as the patient’s age, gender, and spinal disorders. Various
collaborative robot and robot-assisted surgery studies have utilized artificial intelligence models to
address these unpredictable situations. Long Short-Term Memory (LSTM) is a model frequently used
for time-series data prediction. Therefore, it is applied in various applications, such as predicting exter-
nal torque acting on robots, detecting collisions,[49] and estimating the motion or interaction force of
microsurgical robot end-effectors.[50–53] We trained an LSTM model using the puncture task data
obtained from the developed contact force-sensing needle with different needle configurations. We used
a silicone phantom to acquire the puncture data required for model training, as shown in Figure 5(a).
The LSTM model was trained using inputs of the phase shift (proportional to the contact force) and a
corresponding smooth label associated with the puncture timing of the silicone phantom. The phantom
was a silicone pad with an elastic modulus of approximately 0.75 N/mm2 and a thickness of 3.5mm.
Previous research on the mechanical properties of the ligamentum flavum in the lumbar spine indicates
that Young’s modulus in humans ranges from about 2.4MPa to 4.6MPa,[54] with a thickness of 2.5mm
to 4.5mm on average.[55] Although the silicone phantom is softer, it provides sufficient stiffness to
detect the puncture event. A PZT motor was used to drive the needle with a constant open-loop input.
Similar to the loss of resistance technique, force sensing was continuously performed as the needle was
inserted. The open-loop control scheme was selected to halt the motion when the puncture event was
manually detected. The PZT motor had a scaling factor (m^ ) of approximately 11.5mm/s, measured in
both positive and negative directions for output speed relative to the control input. During the puncture

Figure 5. Data acquisition process for LSTM-based puncture detection. (a) Silicone phantom-based experimental setup.
(b) Criteria for puncture event annotation. (b1) Rising stage. (b2) Maximum contact force stage. (b3) Puncture of silicone
pad layer. (c) LSTM model architecture for puncture detection using phase (contact force) and smooth label.
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procedure, we recorded the contact force measured by the force-sensing probe and a corresponding hard
label to denote the moment of puncture. By observing the camera view, the complete puncture event was
defined as the instant the needle tip was visually confirmed to have pierced the silicone pad (Figure
5(b3)). However, using a hard label directly can lead to inaccuracies in model training and increase the
risk of overfitting. As depicted in Figure 5(c), a label smoothing technique was applied to generate a
refined label to mitigate this issue. The architecture of the LSTM model for puncture detection consists
of two layers and a hidden size of 512. The LSTM model was trained to ultimately output the probability
of tissue puncture (true or false) as a value between 0 and 1, based on the input phase values. Therefore,
we utilized binary cross-entropy, which is considered more suitable for such binary classification prob-
lems, as the loss function. A learning rate of 1e−5 and the Adam optimizer were used for training.

3. Results and discussion

3.1. Puncture force curve corresponded to offset

Figure 6 illustrates the force curves recorded during the puncture of a phantom using force-sensing
needles with different configurations. Analysis of the measured contact force curves revealed that in
configurations with an LT2D of 0.6mm or greater, the maximum phase shifts recorded prior to puncture
were 5.12 ± 1.05 rad, 1.21 ± 0.14 rad, 0.97 ± 0.05 rad, respectively. Conversely, in the 0.2mm and
0.4mm configurations, the contact force increased to 45.47 ± 2.24 rad, 11.65 ± 1.08 rad, respectively.
Specifically, at offsets between 0.2mm and 0.4mm (Figure 6(a), (b)), this significant rise in force caused
the raw phase data to exhibit multiple wrapping points. Furthermore, at the 0.2mm offset, where the
needle tip is nearly flush with the probe, the needle failed to cut the anterior tissue layers smoothly,
impeding the needle puncture task. Therefore, considering the ease of signal processing for the machine
learningbased puncture detection algorithm and safety in a practical clinical scenario, the conclusion
from the phantom tests was that the proposed force-sensing needle should be configured with a tip-
distal end offset between 0.6mm and 1mm.

Figure 6. (a)–(e) Representative contact force curve during phantom studies of each needle tip to distal end offset
(from 0.2mm to 1mm) cases for force-sensing needle. The raw phase data is wrapped betweenþ p and− p (sky blue
dashed box).
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3.2. Machine learning-based puncture detection

The LSTM model was trained using the input of the contact force and puncture index label. In the pre-
vious section, we acquired 22 datasets per case by conducting 22 penetration experiments for each nee-
dle tip-distal end offset. We split the data into training and validation sets with an 86:14 ratio;
consequently, for each case, 19 datasets were utilized to train the LSTM model, and three datasets were
used for validation.

As illustrated in Figure 7(a)–(c), the trained model predicts the probability of a puncture event
occurring based on the force curve, with output values ranging from 0 to 1. When tested using
unwrapped data within 0.6mm and 1mm offset range, the trained LSTM model achieved an AUC
score of 0.86. On the other hand, when the test was conducted using force curve data from a force-
sensing needle configured with a much smaller offset, the prediction accuracy decreased significantly
due to multiple phase wrapping points. Notably, the configuration with a 0.5mm offset, which was
used in a previous study,[47] only achieved an AUC score of 0.61. This result implies that the offset cri-
teria identified in our study are essential for achieving significantly better performance in AI model-
based puncture prediction.

Furthermore, in representative test results, the LSTM model predicted the puncture event to occur
between 141ms and 290ms earlier than the experimentally recorded puncture label. Considering the
velocity of the PZT motor, this slight time difference does not correspond to a meaningful change in
the needle’s penetration depth into the target region. However, from a clinical safety perspective, the
model’s ability to predict the puncture slightly ahead of the actual event is noteworthy.

3.3. Ex-vivo experimental validation

The ex-vivo experiments utilized a porcine spine as the target specimen. Testing was conducted with a
fixed offset of 0.7mm between the needle tip and the probe, chosen as the midpoint of the optimal
force-sensing needle design criteria. The experimental setup is illustrated in Figure 8. The needle actu-
ation mechanism was integrated into an injection end-effector powered by a piezoelectric motor (PZT),
which enables precise motion despite its limited stroke. As depicted in Figure 8(b1) and (b2), the initial
needle insertion was performed slightly off-center from the spine to prevent direct contact with the
bone. Before initiating the puncture process, the needle was inserted approximately 3 cm. Additionally,
a 6-DoF robot manipulator was used to compensate for the PZT’s short stroke and assist with the prep-
ositioning of the needle. Across 10 test trials, the average needle penetration depth at the moment of
puncture detection was recorded at 1.3mm.

Figure 7. (a)–(c) Representative puncture event prediction results using LSTM algorithm.

INTERNATIONAL JOURNAL OF OPTOMECHATRONICS 27



4. Conclusion

This study presents an optimal contact force sensing system configuration to enhance puncture detection
accuracy in robotic epidural injection procedures. Detecting puncture events in target tissue layers ensures
precision and safety in robot-assisted surgical systems. We developed an optical force-sensing probe inte-
grated into an epidural needle to improve the reliability of force measurements during needletissue inter-
actions. Additionally, we designed a high-precision robotic end-effector driven by a motorized system. By
analyzing penetration test data from various sensing system configurations—each with different offsets
between the needle tip and distal end, we trained an LSTM model for puncture detection. The results
strongly correlate with system design optimization and puncture detection performance. This study
advances robotic-assisted interventions, providing a safer and more accurate alternative for needle-based
medical procedures. Future work will focus on developing control algorithms for an optimally designed
robotic epidural injection system aligned with procedural workflows. Furthermore, the proposed sensor
and robotic system and the optimization process have the potential for broader applications in medical
procedures requiring high-precision force measurements, such as brain and laparoscopic surgeries.
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Figure 8. The insertion test results on porcine spine. (a) Experimental setup. (a1) Robotic system with 6-DoF manipula-
tor, and injection end-effector. (a2) Optical system and porcine spine. (a3) Injection end-effector. (b) Porcine spine. (b1)
Needle insertion position in the anterior-posterior (AP) view. (b2) Needle insertion angle in inferior view. (c) Phase shift
proportion to the contact force during needle insertion. (c1) Rising stage. (c2) Maximum contact force stage. (c3)
Puncture of ligamentum flavum.
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