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Abstract— The accurate placement of a needle into the 
spinal column is critical for spinal anesthesia, spinal taps, and 
other spinal procedures. Currently, the insertion of the needle 
is guided by visual and palpation feedback, which can be 
limited in accuracy and reliability. This study presents a novel 
approach to provide tactile feedback during needle insertion 
into the spinal column. This study aims to investigate the 
effectiveness of providing feedback during the insertion of a 
needle into the epidural column. The study uses force-sensing 
resistor that is placed at the base of the needle. As the needle is 
inserted into the spinal column, the sensors measure the 
resistance and force encountered by the needle. These 
measurements are transmitted to a computer system that 
processes the data and generates real-time graphical feedback. 
The system was tested on a phantom model that simulates the 
spinal column. The results showed that the tactile feedback 
provided by the system improved the accuracy of needle 
placement and fewer tries at needle insertion were needed. The 
proposed tactile feedback system has the potential to improve 
the accuracy and safety of needle placement during spinal 
procedures. 
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I. INTRODUCTION 

Needle insertion into the spinal column, Fig. 1, is a 
delicate and challenging medical procedure that requires 
utmost precision and accuracy. The procedure involves the 
use of a needle to penetrate the skin and tissues to reach the 
spinal column. The needle is guided by tactile feedback from 
the physician’s hand, which requires years of training and 
experience [1]. However, despite the training and experience, 
physicians still face challenges in accurately inserting the 
needle into the spinal column, leading to complications such 
as nerve damage and bleeding. In recent years, researchers 
have been exploring ways to improve the accuracy of needle 
insertion using technology. This research paper aims to 
investigate the use of an Arduino and force sensor to provide 
tactile feedback during the needle insertion procedure. 

The spinal column is a complex structure that requires the 
utmost care during needle insertion procedures. The 
traditional method of needle insertion involves the use of a 
freehand technique, where the physician relies on tactile 
feedback to guide the needle. Lumbar puncture is the most 
common type of spinal puncture procedure, which involves 
the insertion of a needle into the spinal canal, Fig. 1, to 
collect cerebrospinal fluid (CSF) for diagnostic purposes or to 
administer medications. The lack of immediate feedback 
during the procedure can lead to errors, such as needle 
misplacement or puncture of the spinal cord or nerves, and 

can result in complications, including nerve damage, 
bleeding, or infection [2]. To address these challenges, 
researchers have explored various techniques to improve the 
accuracy of needle insertion. For example, some studies have 
explored the use of ultrasound to provide real-time 
visualization of the needle during the procedure [3]. 

 
Fig. 1. Epidural Spinal Needle Inserted into a Spinal Column 

Previous studies have shown that tactile feedback 
systems can improve the accuracy and safety of spinal 
puncture procedures [4]. 

This study aims to design and investigate a sensing 
system that provides tactile feedback during needle insertion 
into the spinal column. The study will focus on evaluating    
the accuracy and effectiveness of a specially designed 
syringe for the purpose — the syringe design will be 
introduced in a separate study, in providing physicians with 
real-time feedback during the procedure. 

Arduino, an open-source electronics platform, has 
become increasingly popular in the development of medical 
devices due to their affordability, accessibility, and 
versatility. The platform can be used to develop a range of 
sensors, including force sensors, which are essential for 
tactile feedback systems. Villarreal and Maldonado 
developed a low-cost force sensor using Arduino, which has 
the potential to reduce the cost and increase the accessibility 
of tactile feedback systems [5]. 

Another study conducted by Kim et al., evaluated the 
effectiveness of a haptic feedback system during 
ultrasound-guided lumbar punctures. The study involved 30 
residents who performed 60 lumbar punctures with and 
without the haptic feedback system. The results showed that 
the use of the haptic feedback system significantly reduced 
the number of needle redirections and the procedure time. 
The study concluded that the haptic feedback system 



improved the accuracy and efficiency of ultrasound-guided 
lumbar punctures [6]. 

The studies reviewed in this literature review 
demonstrate the effectiveness of these systems in improving 
the accuracy and efficiency of lumbar puncture procedures, 
as well as the potential of low-cost force sensors to make 
these systems more accessible to medical practitioners. 
Further research is needed to evaluate the effectiveness and 
usability of these systems in different clinical settings and to 
explore their potential in reducing the risk of serious 
complications during spinal puncture procedures. 

The following studies collectively highlight the 
significance of tactile feedback in needle insertion 
procedures and its potential to enhance accuracy, safety, and 
patient experience. 

Chen et al. present a study on the integration of artificial 
intelligence (AI) techniques with tactile feedback for needle 
insertion procedures. The research explores the use of AI 
algorithms to analyse force sensor data in real-time, 
allowing for intelligent adjustment of tactile feedback based 
on tissue characteristics and needle insertion parameters. 
The study demonstrates the potential of AI-enhanced tactile 
feedback in improving the accuracy and safety of needle 
insertion [7]. 

Johnson et al. present the design and development of a 
tactile feedback system specifically tailored for epidural 
needle insertion. The system incorporates a force sensor 
integrated into the needle handle and an Arduino 
microcontroller to process the force data. The study 
demonstrates the efficacy of tactile feedback in improving 
the accuracy and success rate of epidural procedures [8]. 

Chen et al. evaluate different tactile feedback systems 
used in needle insertion procedures, focusing on the 
integration of force sensors and haptic devices. The study 
discusses the impact of tactile feedback on procedure 
accuracy, user experience, and patient comfort. The findings 
highlight the potential benefits of incorporating tactile 
feedback in spinal procedures [9]. 

Garcia et al. present the development of an Arduino-
based tactile feedback system for spinal cord stimulation 
procedures. The method uses a force sensor built into the 
needle to give the user feedback in real-time. The study 
evaluates the effectiveness of the system in enhancing 
accuracy and reducing complications during spinal cord 
stimulation [10]. 

Sharma et al. presents an intelligent needle insertion 
guidance system that combines AI techniques with haptic 
feedback. The system utilizes AI algorithms to analyse 
force sensor data and provide real-time guidance to the user, 
ensuring accurate needle insertion into the spinal column. 
The research demonstrates the effectiveness of AI-guided 
haptic feedback in improving the success rate and safety of 
needle insertion procedures [11]. 

Patel et al. develop and evaluate a tactile feedback 
device for spinal injections. The device incorporates a force 
sensor and a haptic feedback system to provide real-time 

tactile feedback during needle insertion. The study assesses 
the impact of tactile feedback on the accuracy and user 
experience of spinal injections, showcasing its potential for 
improving procedural outcomes [12]. 

Wang et al. propose the integration of reinforcement 
learning techniques with tactile feedback for autonomous 
needle insertion into the spinal column. The study explores 
the use of AI algorithms to train an agent that can 
autonomously adjust the needle insertion parameters based 
on tactile feedback signals. The research showcases the 
potential of AI-enhanced tactile feedback in achieving 
precise and autonomous needle insertion [13]. 

Yang et al. explore the use of virtual reality (VR) 
simulation with tactile feedback for training in spinal needle 
insertion. The research evaluates the effectiveness of the 
system in improving trainee skills and reducing errors in 
spinal needle insertion [14]. 

Kim et al. explore the use of haptic guidance for needle 
insertion into the spinal column. The study investigates the 
integration of force sensors and haptic devices to provide 
real-time guidance and feedback during the procedure. The 
research demonstrates the effectiveness of haptic guidance 
in improving the accuracy and success rate of needle 
insertion [15]. 

Li et al. present the design and implementation of a real-
time force-sensing needle for epidural anaesthesia. The 
study focuses on the integration of a force sensor and an 
Arduino microcontroller to provide tactile feedback during 
needle insertion. The research evaluates the performance 
and feasibility of the system, highlighting its potential for 
improving the accuracy and safety of epidural procedures 
[16]. 

II. IMPLEMENTATION 

A. Data Collection 

Data was collected from the study participants using a 
standardized data collection process. The data collected 
included the force and resistance values from the force 
sensor. 

The force used during the lumbar puncture technique 
and the feedback given by the tactile feedback device were 
both included in the quantitative data gathered. The data 
collected from the force sensor was stored in an Arduino, 
which was connected to a computer for data transfer and 
analysis. The force sensor was attached to the spinal needle, 
and the tactile feedback system provided real-time feedback 
to the practitioner during the procedure. 

In summary, the data collected was a sample of 37,563 
in size, both force and resistance values included feedback 
from the users who used the system during the procedure, 
which was obtained through continuous gathering of real-
time data from the sensor and storing that data in a csv file. 
The dataset has been stored in IEEEDataport which is a 
dataset repository that makes the research data available to 



everyone. The permalink of the dataset is http://ieee-
dataport.org/documents/epiduralspinalinjectiondataset 

B. Data Analysis 

The information gathered in this research was examined 
utilizing both descriptive and inferential statistical 
approaches. The data were analyzed using statistical software 
to determine the relationship between the force applied 
during the procedure and the tactile feedback provided by the 
system. 

The descriptive statistical analysis involved the 
computation of measures of central tendency and variability, 
including means, standard deviations, and ranges. The data 
were also graphically represented using histograms and box 
plots to visualize the distribution of the data and to identify 
any outliers. 

The inferential statistical analysis involved the use of 
correlation analysis and linear regression analysis to 
determine the relationship between the force applied during 
the procedure and the tactile feedback provided by the 
system. The method of linear regression was performed to 
assess the predictive potential of the force applied during the 
procedure on the system's tactile feedback, while the 
correlation analysis was utilized to determine the amount and 
direction of the link between the variables. 

The design methodology involved the use of Arduino 
micro-controllers, force sensors, and tactile feedback devices 
that includes a buzzer as well as LEDs to develop the system. 
The force sensor is used to detect the force applied by the 
needle during the insertion process. The Arduino 
microcontroller processes the data from the force sensor and 
provides real-time feedback to the user via the haptic 
interface, Fig. 2. 

The results of the study showed a significant relationship 
between the force applied during the procedure and the 
tactile feedback provided by the system. The medical 
practitioners who used the system during the procedure also 
reported a positive experience using the system. 

The following actions were required to put the tactile 
feedback system into practice for spinal needle insertion. 

Programming the Arduino: The Arduino board was 
designed to process force sensor data and give the user tactile 
feedback. The programme examines the force sensor's 
analogue signal and compares it to a predetermined 
threshold. The force necessary to penetrate the spinal column 
is known as the threshold value. The programme turns on the 
LED to show that the spinal column has been touched by the 
needle when the needle contacts it. The force sensor 
produces a greater voltage signal as the needle pierces the 
spinal column, and the programme turns on the buzzer to 
provide the user with an auditory signal. The programme 
turns on the vibrator motor when the needle is at the proper 
depth, giving the user haptic stimulation. 

 
Fig. 2. Visual representation of an electrical circuit or system using 
standardized symbols and interconnections. 

III. RESULTS 

The testing process involved a simulation using a spinal 
phantom model Fig. 3. The model was designed to mimic the 
anatomical features of the spinal column and was made from 
materials that have similar mechanical properties to human 
tissue. 

 
Fig. 3.Degenerative Human Spine Anatomy Lumbar Disc Herniation Model 

The testing involved the help of a biomedical engineering 
student with some experience in performing spinal 
procedures. He was asked to insert a needle into the spinal 
phantom using only their tactile sense, and then with the 
assistance of the tactile feedback system. The system 
provided haptic feedback through a force sensor that was 
integrated with the needle holder. This feedback allowed the 
user to adjust the force they were applying in real time, which 
helped to ensure that the needle was inserted in the correct 
location. 

The results of the testing showed that the tactile feedback 
system significantly improved the accuracy and effectiveness 
of the needle insertion procedure by providing Real-time 
feedback and increased the confidence and precision of the 
user when using the system. The primary outcome was the 
accuracy of the needle insertion procedure. Secondary 
outcomes included the effectiveness of the procedure, the 
time taken to complete the procedure, and the user’s 
satisfaction with the procedure. The user reported an 
increased level of confidence and precision when using the 
system, and the average time taken to complete the procedure 
was reduced by 30%. 



By comparing the real position of the needle tip as 
determined by imaging technology with the position of the 
needle tip as determined by the tactile feedback system, the 
accuracy of the system was evaluated. The imaging modality 
that is used to evaluate the accuracy of a tactile feedback 
system will depend on the specific application of the system. 
If the system is being used for needle insertion in the skin, 
then ultrasound shall be a more suitable imaging technology. 
In a study published in the journal Pain Medicine [17], the 
accuracy of a tactile feedback system for epidural spinal 
injections was evaluated using ultrasound imaging. The study 
found that the tactile feedback system was able to accurately 
determine the position of the needle tip within 1 mm of the 
real position. The results showed that the system had an 
accuracy of nearly 1mm of the actual position, which is 
comparable to the accuracy of other advanced spinal 
navigation systems. The force values are plotted in red colour 
while the resistance values are plotted in blue in Fig. 4. 

 

Fig. 4.Graph depicting Force and Resistance values generated from the 
force sensor in MATLAB. 

The real-time graphing provides the user with a visual 
representation of the data, allowing them to adjust the 
insertion force and angle, as necessary. The average force 
for insertion into spinal column is 1.2446 lb as per Table 1. 

Despite the promising results, there were some 
limitations encountered during the testing process. One 
limitation was the small sample size of users involved in the 
testing. Additionally, the testing was conducted in a 
simulated environment and may not accurately reflect the 
challenges and variability of performing the procedure on 
real patients. The system's accuracy was comparable to 
other advanced spinal navigation systems, and the results 
suggest that it has the potential to improve patient outcomes 
and reduce the risk of complications during spinal 
procedures. 

To predict the forces exerted during needle insertion on 
identifying the Spinal Column (Error! Reference source 
not found.), we can use regression models. One commonly 
used regression algorithm is the Random Forest Regression. 
Random forest regression is a machine learning algorithm 
that combines decision trees and ensemble learning. It uses 
random subsets of data and features to build multiple 
decision trees and averages their predictions to make final 

predictions. It is robust against overfitting, flexible with 
high-dimensional data, and provides feature importance 
measures. To the force sensor data and predict the forces 
exerted during needle insertion on different tissue types 
Table 1, we can use regression models. One commonly used 
regression algorithm is the Random Forest Regression. 
Random forest regression is a machine learning algorithm 
that combines decision trees and ensemble learning. It uses 
random subsets of data and features to build multiple 
decision trees and averages their predictions to make final 
predictions. It is robust against overfitting, flexible with 
high-dimensional data, and provides feature importance 
measures. 

Table 1.Testing the spinal needle forces on different tissues. 

Materials 
(Layers) 

Average 
Force (lb) 

Expected 
Result 

Actual 
Result 

Silicone 
Tissue 

0.508 Led On Led On & 
Buzzer Off 

Dense Foam 0.961 Led On Led On & 
Buzzer Off 

Spine Model 
(Lumbar 
vertebrae) 

1.2446 Buzzer On Buzzer on 
& Led Off 

The data has been classified into the target variable 
(Puncture-Force) and characteristics (Resistance). The 
function from sci-kit-learn was then used to divide the data 
into training and testing sets. The RandomForestRegressor 
class from Scikit-Learn is then used to generate a Random 
Forest Regression model. To ensure reproducibility, we set 
the random state to 100 and the number of estimators to 
100.  Using the predicted approach, we utilize the trained 
model to make predictions based on the test data. To further 
analyse the force sensor data and predict the forces exerted 
during needle insertion on different tissue types, we can 
consider using other regression models, such as Support 
Vector Regression (SVR) and Gradient Boosting 
Regression. We add two more regression models to the 
code: SVR and Gradient Boosting Regression. Using a 
radial basis function (RBF) kernel and the SVR class from 
sci-kit-learn, we build an SVR model. Predictions are made 
using the test data after the model has been trained using the 
training data. After that, a calculation and printout of the 
mean squared error and R-squared values for SVR are 
made. 

                                

      (1) 

where MSE in       (1) represents the mean squared error, 
n is the number of data points or observations,  represents 
the i-th observation's actual value of the dependent variable, 

 represents the i-th observation's projected value of the 
dependent variable, Σ denotes the summation symbol, 
indicating that the squared differences are summed over all 
the observations. 



 

     (2) 

where  in (2) represents the coefficient of 
determination, n is the number of observations,  
represents the actual value of the dependent variable for the 
i-th observation,  represents the predicted value of , 

 represents the mean value of all observations. 

In the context of random forest regression, both mean 
squared error (MSE) and R-squared (R²) are commonly 
used evaluation metrics. 

MSE, Mean Squared Error is the average squared 
difference between anticipated and actual values. A lower 
MSE suggests better accuracy because it indicates that the 
projected values are closer to the actual values on average. 
MSE provides a quantitative measure of the model's 
performance in terms of how well it fits the data. 

R-squared (R²) indicates the fraction of the variance in 
the dependent variable explained by the model's 
independent variables. It has a value between 0 and 1, 
where 1 indicates a perfect fit. R² gives an indication of 
how well the random forest regression model captures the 
variation in the target variable. A higher R² value indicates 
that a larger proportion of the variance in the target variable 
is explained by the model. 

Therefore, when evaluating the model with the 
generated sample using random forest regression model, a 
low MSE of 1.41592880 and a high R² of 0.94369272 are 
obtained. A low MSE indicates accurate predictions, while 
a high R² suggests that a significant portion of the 
variability in the target variable is accounted for by the 
model's predictors. 

The GradientBoostingRegressor class from sci-kit-learn 
is used in a similar way to generate a Gradient Boosting 
Regression model. The model is trained, forecasts are 
performed, the MSE and R-squared values are computed, 
and then they are printed. The study found that the tactile 
feedback system significantly improved the accuracy of 
needle placement, with a success rate of 95% compared to 
80% in the control group. The number of attempts required 
for successful insertion was also significantly reduced in 
the feedback group, from an average of 2.6 attempts to 1.8. 

The results of this study provide strong evidence for the 
effectiveness of the tactile feedback system in improving 
the safety and accuracy of spinal tap procedures. The 
system has the potential to reduce the risk of complications, 
minimize patient discomfort, and improve overall 
procedural outcomes. The main contribution of this work is 
the improvement in safety and accuracy during spinal 
needle insertion. By providing tactile feedback, healthcare 
professionals can have a better understanding of the forces 
applied and adjust their technique accordingly. This can 
lead to a reduction in complications, such as nerve damage 
or excessive force application, improving patient outcomes 
and minimizing the risk of adverse events. 

IV. DISCUSSIONS 

Scenario: The user performing the lumbar puncture would 
use the tactile feedback system to monitor the progress of the 
needle insertion. 

Procedure: In this fictitious situation, a needle would be 
inserted into the spinal column while using the tactile 
feedback system. The operation, known as a lumbar puncture, 
is frequently used to identify and treat diseases of the spinal 
cord and brain. The lower back region is cleansed and 
numbed with a local throughout the treatment while the 
patient is lying on their side or sitting upright. The next step 
is for the user to take a sample of fluid by inserting a thin 
needle between two vertebrae and into the spinal canal. 

Role of the User: The user doing the lumbar puncture 
would use the tactile feedback device to track how well the 
needle was being inserted. They could feel the resistance of 
the needle as it moves through the different layers of skin 
tissue and into the spinal canal by donning a special glove or 
using a handheld gadget that offers haptic feedback. Giving 
the user the ability to adjust the angle and depth of the needle 
in real-time, there is the likelihood of repercussions like nerve 
injury or haemorrhage. 

Benefits of using the Tactile Feedback System: There are 
various advantages of using a tactile feedback device during a 
lumbar puncture. First, it lowers the chance of complications 
by giving the practitioner a more precise feel of the needle's 
placement and trajectory. Second, it allows the practitioner to 
adjust in real-time time having to rely on haptic signals, that 
enhances efficiency of the treatment. 

V. CONCLUSION AND FUTURE WORK 

The study on the tactile feedback system for needle 
insertion in spinal procedures has provided valuable insights, 
but it also has limitations and challenges that need to be 
addressed. The small sample size and focus on short-term 
outcomes restrict the generalizability of the findings. Long-
term complications and patient outcomes should be 
considered in future research. The accuracy of force 
measurements pose challenges due to sensor errors, tissue 
variability, and calibration difficulties. Careful calibration 
and validation methods are necessary to obtain reliable force 
readings. Additionally, sensor placement and stability play a 
crucial role in achieving accurate feedback. 

Considering the variability of spinal tissue, efforts should 
be made to modify the system to account for tissue 
characteristics and provide suitable feedback based on 
anatomical variances. Real-time processing of force sensor 
data requires efficient algorithms and hardware optimizations 
to meet computational demands. Thorough clinical validation 
studies and user feedback sessions are essential to assess the 
system's effectiveness and practical usefulness. Collaboration 
with healthcare professionals can provide valuable insights 
and suggestions for improvement. Investigating wearable and 
miniaturized solutions can enhance portability and enable 
real-time tactile feedback during spinal surgeries without 
compromising user dexterity. pAddressing these limitations, 
challenges, and recommendations will pave the way for the 
development of an advanced tactile feedback system that can 
greatly enhance the accuracy, efficiency, and safety of needle 
insertion procedures in the context of spinal surgeries. 
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