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Abstract 

In Interventional Radiology (IR), minimally invasive procedures are conducted by traversing a patient’s vasculature via a small 
incision site. Because minimally invasive (MI) procedures rely on understanding haptic feedback, inexperienced surgeons cannot 
numerically confirm the amount of force that they are using which could lead to vessel rupture. The goal of this project was to 
develop a force sensing resistor (FSR) that could be attached to commercially available IR devices to provide IR surgeons with 
numerical feedback on how much force they are applying. To accomplish this aim, we created a thru-mode FSR made out of copper 
tape and velostat. Testing the thru-mode FSR alone using a voltage divider circuit showed that the FSR was able produce changes 
in voltage in response to different forces in its linear range. The FSR was also able to output distinct voltage differences in response 
to safe force values (0.4-0.6 N) and dangerous force values (5.1-8.9 N).  Attaching the FSR to a Cook Aortic Endograft, an IR tool, 
did not hinder the FSR’s ability to detect changes in force. To determine if the FSR was able to measure forces in a vessel-like 
structure, we modeled and 3D printed a phantom of the abdominal aorta (AA) and common iliac arteries (CIA) out of Elastin 50A 
resin. The FSR was capable of detecting force changes in the phantom. Lastly, we compared our FSR to a commercially available 
FlexiForce sensor and determined that there was a statistically significant difference in the voltage outputs (p value = 0.000137) 
and force readings (p value = 0.007) between the two sensors. Our FSR was more sensitive and cost efficient than the FlexiForce 
sensor. Our results validate the ability of our FSR to measure force and confirm its potential for use in minimally invasive 
procedures. 
 
Keywords: Interventional Radiology, educational tool, force sensing resistor, vessel rupture

Introduction 

In 2018, the global surgical device market was valued at USD 14.1 
billion. The evaluation of this market is expected to grow at a rate of 8.5 
percent annually from 2018 to 20261. MI tools are a part of this 
developing market. MI procedures are beneficial because they do not 
require a large incision. However, they limit surgeons’ visibility which 
becomes problematic in cases of abnormal patient anatomies. This 
limited visibility could cause procedure failure.  
 
An interhospital study found that 53 percent of surgical errors were due 
to inexperience with a procedure2. Another study determined that 
technical errors were the cause of 52 percent of patient injuries3. 
Additionally, 47 percent of MI surgeons reported a significant error in 
their surgery practices4. White et al. suggest that the detachment between 
visual and haptic feedback in MI surgeries is a main source of surgical 
error 4. As seen in Supplemental Fig. 1, when too much longitudinal force 
is applied to blood vessels they can rupture. The technical error rates in 
MI surgeries show that there is a need for devices that can train 
inexperienced operators as well as provide feedback to experienced 
operators. If surgeons had a better understanding of how external force 
applications on devices translated to device movements inside the body, 
patient injury rates due to technical error could be decreased. 
 
Currently, there are no devices being used in a clinical setting that can 
measure longitudinal force during MI procedures. Though there are 
multiple devices that have been developed in a research capacity to 
measure force during surgery, none have been applied to clinical use. 
Additionally, these devices tend to be highly specialized for a single 
operator or procedure and do not measure force directly at the vessel wall. 
For example, in a chest compression study, a glove was created to 

measure pressure, but the glove had to be customized to each physician’s 
hand and could not be reused by different people for other procedures5. 
The pressure data collected using the glove was also subject to motion 
artifacts that could have resulted from the fabric moving. Additionally, 
the glove required a long setup time and this could further delay the 
already extensive setup time in the operating room. In another study, a 
wire deflection sensing apparatus was created to measure force in coil 
embolization of intracranial aneurysms procedures6. While this device 
was operator independent, it was only able to measure the force of a 
guidewire on a vessel. Larger IR tools such as catheters and endografts 
are wider and could be more dangerous and in more need of force 
monitoring. 
 
Our solution is to create a force sensing resistor that is operator 
independent, can be attached to several IR tools, and can measure force 
directly at the vessel wall. We intend for this device to be used during MI 
procedures to reduce patient injury by providing surgeons with feedback 
on the amount of force that they are using. Our first aim was to design a 
force sensing resistor that could be attached to any IR tool. Our second 
aim was to construct two vascular phantoms that could be used to test 
whether or not our device was capable of measuring force in a structure 
with similar dimensions and material properties to a vessel. 

Materials and Methods: 

Force Sensor Materials and Construction 

A thru-mode FSR was chosen because it is thin, capable of measuring 
small forces, and able to produce a linear relationship between force and 
voltage7. To construct our thru-mode FSR we used copper tape, velostat, 
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and double-sided tape. Copper tape made up the two outermost layers, 
velostat made up the two middle layers, and double-sided tape was the 
innermost layer (Supplemental Fig. 28). The copper tape served as the 
conductive layer and velostat acted as the pressure-sensitive layer. 
Double-sided tape was used to create a space between the two layers of 
velostat in order to utilize their pressure-sensing capabilities. These 
materials were also chosen because of their flexibility and relatively low 
cost. 
 
For the initial FSR prototypes that were not attached to an IR device, the 
material layers were cut into square shapes. These standalone FSR 
prototypes also had thin pieces of copper tape that attached to the copper 
layer of the sensor and extended off of the sensor (Supplemental Fig. 3). 
The copper tape extensions were used to connect the sensor to the circuit. 
For the FSRs built onto an IR tool, the materials were first layered in the 
same order as the standalone FSRs and were then wrapped around an IR 
device (Fig. 1). These mounted FSRs also had copper tape extensions to 
connect to the circuit. In this experiment, the FSRs were attached to a 
device called a Cook Aortic Endograft, which is commonly used in 
abdominal aortic aneurysm repair procedures9.  

Phantom Design and Construction 

Using Autodesk Fusion 360, two vascular phantoms were modeled. The 
first phantom was of the abdominal aorta (AA) and common iliac arteries 
(CIAs) (Supplemental Fig. 4). Based on literature values, the outer 
diameters of the AA and CIAs in the phantom were set to be 20.4 mm 
and 9.91 mm respectively and the vessel lengths were set to 130 mm and 
57.76 mm respectively10–12. The bifurcation angle between the two CIAs 
was set to 50.16 degrees10. A wall thickness of 2 mm was used for both 
the AA and CIAs13. The second phantom was of the inferior vena cava 
(IVC) and common iliac veins (CIVs) (Supplemental Fig. 5). Based on 
literature values, the outer diameters of the IVC and CIVs in the phantom 
were set to 20 mm and 11.5 mm respectively and the vessel lengths were 
set to 106 mm and 62.3 mm respectively14–17. The bifurcation angle 
between the two CIVs was set to 42 degrees18. A wall thickness of 1.5 
mm was used for both the IVC and CIVs19. 
 

From literature, the tensile strength of the AA and IVC were found to be 
1.18 MPa and 2.50 MPa respectively20,21. Elastic 50A resin, which has a 
tensile strength of 1.61 MPa, was the material used to print the AA and 
CIAs model on a Form 3 SLA printer22. The 3D printed AA phantom can 
be seen in Fig. 2. 

Circuit Methods 

In order to test our thru-mode FSR, we designed a voltage divider circuit. 
A voltage divider circuit was chosen because of its simple design, low 
cost, and linear output23. We used a 76 Ω resistor as the non-variable 
resistor in the circuit. This resistor value was chosen based on our initial 
tests of our FSR’s resistance which was measured using a multimeter. 
The initial tests demonstrated that when large forces were applied, our 
FSR’s resistance decreased to 2 kΩ. From data on other FSRs, we 
determined that the current through the FSR should be approximately 2.4 
mA23. Equation 1, where IFSR is the current through the FSR, RFSR is the 
resistance of the FSR, and V is the voltage, was used to solve for the 
circuit’s non-variable resistor value (RC).  
 

𝐼 =               (Equation 1) 

 
The voltage source was set to 5 V; however, it supplied a voltage of 4.89 
V. Solving for RC with V equal to 4.89 V, IFSR equal to 0.0024 A, and 
RFSR equal to 2000 Ω yielded a RC of 37.5Ω. We tested the circuit with 
a few different resistors around the range of 37.5 Ω to see which allowed 
the circuit to have the highest sensitivity with our FSR. A 76 Ω resistor 
produced slightly more change in voltage for changes in resistance than 
the 37.5 Ω resistor. Therefore, a 76 Ω resistor was used for testing. Our 
circuit is shown in Supplemental Fig. 6. A voltage probe was attached to 
the copper extension on each end of our FSR in order to determine the 
change in voltage across the FSR in response to applied force. 

Calibration Curve Generation 

We created calibration curves for our FSR and a comparative commercial 
resistor called a FlexiForce sensor. These calibration curves were 
generated in order to understand how the voltage differences outputted 
by our sensor relate to applied force and compare to the FlexiForce’s 
voltage outputs. The calibration curves were generated by placing 
standard weights on the sensors while they were connected to the voltage 
divider circuit. The voltage across the sensors was recorded for different 
weight values (20, 50, 100, 150, 200, 250, 500, and 1000 grams). Three 
trials were performed for each weight value. Calibration of our force 
sensor on the Cook Aortic Endograft was similar, but consisted of 
hanging the weights off of the sensor instead of placing them on top of 
the sensor. This setup is shown in Fig. 3.  

Fig. 1. 3D diagram of our FSR wrapped around an IR device. The 
copper, velostat, and double-sided tape layers were wrapped around a
Cook Aortic Endograft.  

Fig. 2. 3D printed phantom of the AA and CIAs. The physiologically 
accurate dimensions for the phantom were determined from literature. 
Elastic 50A resin was used to print the phantom. 
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Comparison to a Commercial Sensor 

In order to determine if there was a statistically significant difference 
between the force readings outputted by our FSR attached to a Cook 
Aortic Endograft and a FlexiForce sensor, we applied a constant force to 
both sensors at the same time.   A C-clamp was used in order to apply the 
same amount of force to both sensors at the same time. This set-up is 
shown in Fig. 4.  

 

Results: 

Proof of Concept 

After constructing our initial standalone thru-mode FSRs, we needed to 
determine if they were able to measure force. The sensors were calibrated 
using standard weights to determine if there was a relationship present 
between force and voltage measured across the FSR. Fig. 5 shows this 
relationship in the sensor’s linear reading range. This range contains the 
expected range of forces for safe operation (0.4-0.6 N)24.  
 
The sensors were then tested across a wider range to include force values 
that have been shown to cause vessel rupture (5.1-8.9 N)25. This 
relationship is shown in Supplemental Fig. 7. The voltage response to 
force relationship over the larger force range was shown to be less linear 
(R2 = 0.6813) across all three trials. This nonlinearity could be due to the 
design of the sensor as well as overuse without sufficient recovery time. 

We constructed the standalone sensor to be flat, which resulted in less 
space between the layers of the sensor. This limited space reduces the 
maximum displacement between the layers of velostat. This, in turn, 
decreases the maximum force the sensor can read. This is because the 
layers of the sensor are as close as possible at a smaller applied force 
compared to a sensor with a greater gap between the velostat layers.  The 
sensor was also repeatedly loaded and no time was given to allow the 
materials of the sensor to recover and return to their original shape. This 
could cause similar voltage readings to be produced across different force 
values if the materials are still in their compressed state from the previous 
trial. Although the relationship between force and voltage is not perfectly 
linear, there is a distinct difference in voltage between the safe force 
values and the dangerous force values. 

FSR on a Device 

Our proof of concept determined that our FSR was capable of measuring 
force in the correct range. Therefore, we developed a similar FSR that 
could be placed on an IR device. After attempting to add a sensor to 
several small catheters, we decided to attach our FSR to a Cook Aortic 
Endograft (Supplemental Fig. 8). This device has a larger diameter 
compared to other IR tools and thus is more prone to causing vessel 
rupture. Additionally, the large diameter was more suitable for the size 
of our early-stage prototyped FSR.  

Fig. 3. Experimental set-up for measuring the voltage response to 
force for the FSR attached to a Cook Aortic Endograft. Known weights 
were hung on the sensor and the voltage output of the FSR was recorded. 

Fig. 4. Experimental setup for measuring a constant force applied to 
both the FSR on a Cook Aortic Endograft and a FlexiForce sensor. 
constant force was simultaneously applied to both sensors using a C-
clamp and the voltage outputs for both sensors were recorded.  

Fig. 5. Voltage versus force calibration curve for a standalone FSR. 
Known weights were placed on top of the sensor and the voltage outputs 
were recorded on the y-axis. The curve shows a linear relationship (R2 = 
0.9851) between force and voltage. 
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A calibration curve was generated for the sensor wrapped around the 
Cook Aortic Endograft. The determined relationship between force and 
voltage across the FSR is shown in Fig. 6. From Fig. 6, it can be seen that 
our FSR, when attached to an IR device, has a linear relationship between 
force and voltage across both safe and unsafe force levels. This indicates 
that the FSR attached to an IR tool can detect the difference between safe 
and unsafe forces. We suspect that wrapping the FSR around the device 
produced better linearity (R2 = 0.9817) compared to the sensor laying flat 
on a surface (R2 = 0.6813) because the wrapped configuration allowed 
for additional pockets of air to form which increased the space between 
the layers of the FSR, thereby increasing the maximum displacement for 
force application.  

Comparison to a Commercial Sensor 

Next, our FSR attached to a Cook Aortic Endograft was compared to a 
commercial FSR called a FlexiForce sensor. In order to conduct this 
comparison, a calibration curve was created for the FlexiForce sensor 
(Fig. 7). Comparing the FlexiForce’s calibration curve to that of the FSR 
on the Cook Aortic Endograft (Fig. 6), it can be seen that FSR on the 
Cook Aortic Endograft produces a larger change in voltage in response 
to force than the FlexiForce sensor.  
 
Using a C-clamp, a constant force was applied to both sensors at the same 
time and voltages were recorded. The calculated force readings for each 
of the sensors were determined by inputting the voltage outputs into each 
sensor's respective calibration curve equation. Fig. 8A shows the average 
voltage output and standard deviation from five repeated trials for each 
of the two sensor types. A two tailed Welch’s t-test with α = 0.05 was 
performed to determine if the voltage recordings from the FlexiForce 
sensor and our FSR were significantly different. The t-test determined 
that there was a significant difference between the voltage readings, with 
a p value of 0.000137. Because of the difference in responsiveness to 
force seen in the calibration curves, we suggest that this significant 
difference between the voltages is due to our FSR being more sensitive 
to changes in applied force than the FlexiForce sensor. This means that 
our FSR has greater variation. Fig. 8B shows the average calculated force 
values and standard deviation from five repeated trials for each of the two 
sensor types. Running a two-tailed Welch’s t-test, on the calculated force 
values for our FSR’s and the FlexiForce showed that there was a 

Fig. 6. Voltage versus force calibration curve for the FSR attached to 
the Cook Aortic Endograft. Known weights were hung on top of the 
sensor and the voltage outputs were recorded on the y-axis. The curve 
shows a linear relationship (R2 = 0.9817) between force and voltage. 

Fig. 7. Voltage versus force calibration curve for the FlexiForce 
sensor. Known weights were placed on top of the sensor and the voltage 
outputs were recorded on the y-axis. The curve shows a linear relationship 
(R2 = 0.9677) between force and voltage. 

Fig. 8. Average voltage outputs (8A) and calculated force values (8B)
for the FlexiForce sensor and our FSR attached to an IR device. A two 
tailed Welch’s t-test with α = 0.05 showed a significant difference between 
the sensors’ voltage outputs (p = 0.000137) and a significant difference 
between the sensors’ calculated forces (p = 0.007). 
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significant difference (p value = 0.007) between the two sensors’ 
calculated force values. This difference between the sensors’ calculated 
force values could be due to our FSR having a lower precision than the 
FlexiForce sensor, as suggested by the higher variance in our FSR’s 
voltage readings.  

FSR Testing in a Phantom 

In order to determine if our FSR device was capable of measuring force 
applied to a vessel-like structure with elastic properties, the FSR attached 
to the Cook Aortic Endograft was inserted into the AA phantom and 
pressed against the wall of the phantom (setup shown in Supplemental 
Fig. 9). A voltage change was displayed during this force application on 
the vessel wall. This indicates that our device is capable of measuring 
forces applied to vessel-like materials. Forces up to 9.8 N were measured 
inside the phantom. At this force, the phantom did not break even though 
this is a force that vessels could rupture at. This is most likely due to the 
higher tensile strain of the phantom material compared to the tensile 
strain of a human aorta. 

Discussion 

As the MI device market continues to grow, the need for a force feedback 
system for these types of devices for these types of devices also increases. 
Without force feedback, training of experienced clinicians as well as 
residents and medical students on how to safely navigate a new IR device 
through a patient’s vasculature is limited.  If operators exert dangerous 
levels of force on a vessel wall, rupture can occur and may have 
devastating effects on the patient. To address this gap in current IR 
training procedures, we developed an FSR from copper tape, velostat, 
and double-sided tape that could be attached to IR devices. Our FSR was 
able to successfully detect both safe and dangerous force values in a 
vessel-like structure when attached to an IR tool. In addition to being thin 
and cost efficient, our FSR was also shown to be more sensitive to 
changes in force compared to a commercially available FSR. These 
findings suggest that our FSR when attached to a IR device could be a 
viable teaching tool for training IR clinicians and students in operating 
devices. Unlike previous force sensing devices, our device is capable of 
measuring force at the vessel wall in an operator independent fashion. 
The simple setup of our device also improves upon previous force sensing 
technology that required time consuming set-up protocols. 

Limitations and Future Work 

Our current FSR requires further prototyping to address several residual 
design shortcomings. One flaw in our current FSR design is that after 
measuring large force values, the FSR requires a recovery period before 
it can be used again. This recovery period is needed to allow the layers 
of the sensor materials to return to their original shape. In order to be able 
to make multiple successive measurements in a training or clinical 
setting, the layers of the FSR will need to be replaced with materials that 
have a shorter recovery time. Another deficit in our current FSR design 
is that while it is highly sensitive to changes in force, it is also imprecise. 
This would need to be addressed in future work to ensure our FSR is 
providing consistent information on applied forces. Additionally, our 
current FSR design only utilizes one sensor on a device. In order to 
measure force throughout the entire length of a vessel, several sensors 
would need to be attached to an IR device. Another flaw in our design in 
its current prototype is that it is not sterilizable. This would be an 
important factor to address to take the device into clinical testing.  
 
In future research and development of our force sensing tool, it will be 
important to test the design across multiple IR devices of various sizes. 

Additionally, phantoms of other vascular structures should be modeled 
and printed in order to further test the robustness of our device. Future 
studies may also include the development of a more physiologically 
accurate material for phantom construction. Additionally, our current 
force sensing system lacks a user-friendly interface that can easily alert 
operators when they are applying dangerous levels of force. This should 
be developed in the future to improve the usability of our device. Lastly, 
future studies should work to explicitly examine and quantify force 
direction and magnitude in order to determine the force vectors measured 
by our device.  
 
Because of the COVID-19 pandemic and restricted lab access, our team 
was limited in the amount of prototyping and testing that could be 
conducted on our proposed FSR. With limited lab access, we were also 
unable to test our FSR in an animal model to determine the effects of a 
physiological environment on the sensor’s ability to detect force. 
Additionally, the pandemic prevented us from recruiting experienced IR 
surgeons and residents to test our device in order to gather data on 
dangerous versus safe force values. 
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Supplementary Fig. 1. Aortic Section Removed in IR Procedure.  
Aortic segment removed due to inappropriate amounts of force 
applied during the procedure. 

Supplementary Fig. 2. Layers of a thru mode force sensing resistor.  
Layers of a thru mode force sensing resistor. This diagram demonstrates 
how the conductive layers, pressure sensitive layers, and adhesive layer 
combine to create an FSR. 

Supplementary Fig. 3. Force sensor iterations with a flat 
configuration. Multiple iterations of force sensing resistors in a 
flat configuration.  
 

Supplementary Fig. 4. CAD model of the aorta and common iliac arteries.   
This image shows the CAD design for the phantom aorta.  

Supplementary Material:  
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Supplementary Fig. 5. CAD model of the vena cava and common iliac 
veins. This image shows the CAD design for the phantom vena cava.  
 

Supplementary Fig. 6. Circuit set-up for calibration of flat sensor. 
Circuit set-up for calibration of flat sensor. This is a voltage divider circuit, 
where voltage is measured across the sensor. 

Supplementary Fig. 7. Average voltage of a flattened sensor over the 
entire range. The sensor has less of a linear relationship but has different 
voltage responses for safe and unsafe forces. 

Supplementary Fig. 8. Device prototype.  Our FSR 
placed on an abdominal aortic endograft device.  
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Supplementary Fig. 9. Phantom device testing set-up.  
Experimental set-up for testing functionality in a phantom. Our sensor is 
wrapped around the Cook aortic endograft device and placed in the 
phantom. A FlexiForce sensor was also tested inside this phantom.  


