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Abstract 

 

Initial management of chest tubes influence the efficiency of fluid drainage, course of disease recovery, and 

length of hospital stay. Thus, improving the current standard of care and reducing its associated pain is one 

common goal among patients, healthcare providers (HCPs), insurance companies, and public health 

officials.  The central purpose of this study was to determine the origin of pain using an in silico modeling 

approach. A survey was distributed to medical professionals in order to gauge their opinions on the current 

standard of care and associated pain with the chest tube.  Over 85% of providers believed that chest tubes 

or chest tube dressings needed improvements (n = 71), and 90% of these HCPs were willing to adopt a new 

protocol (n = 61).  On average, providers ranked the pain associated with the chest tube as a 4.75 ± 1.58 

(mean ± s.e.m) on the standard pain scale.  Furthermore, over half of them believed that pain originated 

from the intercostal space or pleural cavity.  Subsequently, a multi-layer, computer-aided design (CAD) 

model of the thoracic cavity was developed.  A chest tube, along with its associated sutures, were included 

in the model in order to simulate the chest tube-chest wall junction.  Static stress finite element analysis 

simulations were conducted to determine the stresses, strains, and deformations present in each connective 

tissue when external loads were applied to the chest tube.  Results suggest that the majority of stress lies on 

the intercostal muscles and ribs, whereas the majority of strain and deformation lies on the skin and adipose 

tissue.  These simulation results – coupled with the survey finding that 85% of HCPs want the standard of 

care improved – indicate that a true clinical need exists in the realm of pain management following 

thoracotomy and sternotomy procedures.  

 

Keywords: Chest tube, pain, thoracic cavity connective tissues, finite element analysis

Introduction 

In the United States, doctors perform approximately 1 

million chest tube (CT) insertions each year.1  Common 

indications for a chest tube thoracostomy include a 

pneumothorax, hemothorax, pleural effusion, pyothorax, 

and chylothorax.2  Oftentimes, pleural chest tubes are used 

to drain excess fluid or air from the pleural cavity that 

results from thoracic injury or trauma. Trauma, specifically, 

is the leading cause of fatality for younger individuals, with 

approximately 25% of those cases being attributed to 

primary thoracic injuries alone.3 Some estimate that chest 

tubes inserted after thoracic trauma comprise over 10% of 

all chest tubes thoracostomies.1  On the other hand, 

mediastinal CTs are commonly used after open heart 

surgery in order to drain postoperative blood and fluid from 

the mediastinum.4  It is estimated that around half of all 

chest tube insertions occur in the context of thoracic 

surgery.1   

After a chest tube is inserted into the pleural 

space or into the mediastinum, the incision is sutured on 

both sides of the tube, and the remaining skin flaps are 

stitched up the sides of the tube base.  The suture thread 

is then wrapped around the tube several times and 

knotted.2 An occlusive gauze or dressing is placed around 

the chest tube to stabilize it, keep the wound dry, and 

ensure that no air leaks are present. 

mailto:guilford@virginia.edu
https://www.zotero.org/google-docs/?n9dXq8


Coleman and Miller et al., 07 May 2021 – preprint copy - BioRxiv 

2 

Typically, a chest tube is kept in a patient until the 

draining fluids and air fall below a certain threshold.  This 

usually lasts anywhere between two to 14 days.  Initial 

management of chest tubes and chest tube dressings 

influence the efficiency of fluid drainage and intensity of 

pain; both of these factors play major roles in dictating 

hospital stay duration and associated medical costs.5,6 Thus, 

there exist ethical, medical, and economic incentives to 

improve the current standard of care.  

Two main concerns with the chest tube itself are 

those of pain management and tube kinking and occlusion.  

Studies show that small-bore chest tubes (≤14 French) are 

less painful than large-bore drains, yet bigger tubes are often 

necessary for larger pneumothoraces or to drain highly 

viscous fluid from the pleural cavity.7,8 These drains are also 

sturdier and less likely to become inadvertently occluded. 

Survey findings from Shalli et al., reveal that although pain 

is worse with large-bore tubes, “physicians generally err on 

the side of caution to avoid clogging and insert tubes with 

larger diameters.”9 Thus, there exists an inherent tradeoff 

between risk of occlusion and pain associated with these 

drainage systems.  

The success of this “high stakes, low-frequency" 

procedure depends on the skill level of the healthcare 

provider; those with little experience or exposure to the 

procedure often have trouble with insertion and properly 

securing the tube to the body.8,10 Although simulation 

training laboratories exist to teach future physicians on the 

chest tube thoracostomy and median sternotomy 

techniques, they are often inadequate. A survey found that 

only 14.3% of medical students who completed one of these 

training programs actually felt confident in their skillset.11 

Additionally, none of the digital training programs have 

been widely implemented into a curriculum, leaving 

students with little to no “hands-on” practice.12 Most of the 

programs that have been incorporated into to the curriculum 

focus on placement of the tube after trauma, rather than 

surgical entry into the chest wall or closing the wound 

around the tube after placement. 

There also exists very minimal literature and 

documentation on training programs and simulations for 

cardiothoracic surgeons who implant CTs after 

cardiovascular surgery.  Since a thoracotomy typically 

accompanies a larger, more complex procedure, simulations 

and models are often generated to focus on improving the 

actual surgical operation, rather than the mechanism for 

merely opening the chest wall.  For example, Yamada et al., 

generated a computer model of the heart to train physicians 

on minimally invasive techniques to repair the mitral valve, 

yet they ignore the chest cavity entirely.13 Furthermore, it 

seems that even when the thoracic cavity is constructed in a 

CAD software, the ultimate goal is to print the model for 

hands-on use, rather than conducting finite element analysis 

for mechanical simulations. For example, Bergquist et al., 

describes a technique to model and print a personalized 

chest wall in order to inform the best approach for thoracic 

cavity reconstruction surgery.14  This model, however, 

focuses mainly on the ribs and intercostal space; it falls 

short in accounting for the connective tissue layers of the 

chest wall.  There currently exists no free, accurate, and 

publicly available model of the chest cavity that includes the 

ribs, muscle, adipose tissue, and skin. 

As previously mentioned, the pain associated with 

chest tubes has been acknowledged, yet there exists little 

information on this exact unmet clinical problem. Thus, the 

current research component of the project seeks to survey 

healthcare providers to determine specific location, cause, 

and severity of pain associated with the chest tube.  The 

design component aims to utilize a finite element analysis 

method to analyze stress, strain, and deformation on the 

thoracic cavity when external loads are applied to a chest 

tube.  This second component of the project operates under 

the assumption that pain following a thoracotomy is due to 

nociceptive somatic afferents, which initiate the sensation 

of pain and are activated by mechanical stimuli.15,16  The 

third and final goal of the current project aims to assess 

whether the thoracic cavity model and finite element 

analysis is predictive of clinical observations of pain 

associated with chest tubes.  

We hypothesized that the largest source of pain is 

due to the forces impingent on the subcutaneous suture and 

that an accurate thoracic cavity model will show large 

stress, strains, or deformations at the suture-skin junction.  

Materials and Methods 

Survey on Pain Associated with the Chest Tube (Protocol 

#4075) 

The current study was approved by the University of 

Virginia’s Institutional Review Board for the Social and 

Behavioral Sciences (IRB-SBS), and all healthcare 

providers gave informed consent prior to the study.  

Between January 27, 2021 and April 19, 2021, a Survey on 

Pain Associated with the Chest Tube was distributed to 

1,202 different HCPs at 17 different institutions across the 

United States.  Doctors, nurses, physician assistants (PAs), 

and respiratory therapists were surveyed from the following 

institutions: Virginia Commonwealth University, the 

University of Virginia, Duke University, the University of 

North Carolina at Chapel Hill, University of Pittsburg, 

Stanford University, Emory University, University of 

Colorado at Boulder, University of California in Los 
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Angeles, Vanderbilt University, University of Washington, 

University of Wisconsin, Medical College of Georgia, 

University of Southern California, University of Maryland 

at College Park, and the University of Arizona.  

The survey was largely interested in uncovering 

consensus regarding pain intensity and location from the 

provider’s standpoint.  In one section of the analysis, the 

average pain scale rating was broken down for each location 

using Equation 1:  

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑅𝑎𝑡𝑖𝑛𝑔 =
∑ 𝑖(𝑛𝑖,𝑙)10

𝑖=0

𝑛𝑙
             [1] 

where i refers to the pain scale rating, n refers to the number 

of providers selecting that origin as one source of pain, and 

l corresponds to the location.   

Autodesk Fusion 360: Computer-Aided Design 

Our thoracic cavity model was developed in CAD and 

includes the skin, adipose tissue, intercostal muscles, and 

two ribs. All of these components were made from forms, 

which are T-spline representations of bodies that are highly 

useful for sculpting and molding.  The final design is shown 

in Figure 1.   

The skin, shown as the mustard-colored layer in 

Figure 1, includes the epidermis and dermis in a combined 

layer that was sketched to be 4 millimeters thick.17 This 

conflation of skin layers was possible owing to their highly 

similar biomechanical properties. Research from Storchle et 

al., found that the mean subcutaneous fat thickness on the 

anterior and posterior trunk was around 4 millimeters for 

males whose body mass index (BMI) falls below 28.5 

kg/m2 (n = 10).18  It is important to note, however, that this 

soft tissue layer is the most variable between people and 

genders. Lastly, Yoshida et al., measured the intercostal 

muscle thickness with ultrasound imaging during rest and 

maximal breathing.19  Results from their study indicate that 

the intercostal muscles are around 3 millimeters thick at rest 

and around 5 millimeters thick at maximal breathing.  Thus, 

the intercostal muscle layer, which includes the external, 

internal, and innermost intercostal muscles, was set to be 4 

millimeters thick.   

  The two ribs were modeled off Slobodan Simić’s 

representation of a female’s 4th and 5th rib.  His CAD 

model was initially created from segmented digital imaging 

communications in medicine (DICOM) files that were 

obtained from the University of Iowa’s Human Visual 

Project.20  The ribs used in our thoracic cavity model were 

made by sculpting a cylindrical form around the ribs found 

in Simić’s CAD model.   

 Since CAD does not have built-in materials that 

represent biological tissues, certain biomechanical 

properties, including as Young’s Modulus, Poisson’s Ratio, 

shear strength, density, damping coefficient, yield strength, 

    

A) 

 

B) 

 
C) 

 

D) 

 
 

Fig. 1. 7th-iteration thoracic cavity model.  (A) Front view of the thoracic cavity model. (B) Side view of the thoracic 

cavity model. (C) Underside view of the thoracic cavity model.  (D) Close-up view of the suture. Numbers refer to specific 

suture-skin junctions.  One corresponds to the anterior superior suture position.  Two corresponds to the posterior superior 

suture position.  Three corresponds to the anterior inferior suture position, and four corresponds to the posterior inferior 

suture position.   

1 2 

3 4 
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and tensile strength, were found for each connective tissue 

type.  These parameters – listed in Supplementary Table 1 -

- were used to create CAD materials for the final simulation. 

 An “incision,” measuring 19.3 millimeters in 

length, was made through the skin, fat, and muscle layers.  

The incision was aligned parallel with the ribs, and a hole 

for the chest tube was created directly in the middle of the 

incision.   

 The dimensions of the chest tube were based on a 

typical 26 French (Fr) gauge tube; it had an external 

diameter of 8.7 millimeters and a wall thickness of 1.2 

millimeters.  The chest tube was modeled from flexible 

polyvinyl chloride (PVC), which is a material widely used 

in the clinic.   

Sutures of Nylon 6/6, were modeled to go through 

the skin incision on both sides of the tube, effectively 

“closing” the openings.  A close-up of the suture is shown 

in Figure 1D. A separate “ring-like” form represented the 

suture-tube junction.  Although the sutures are not a perfect 

representation of the way clinicians close the thoracostomy 

or sternotomy incision, it seemed to be a sufficient 

representation of the tube-skin connection, which is further 

elaborated upon in the results section.  

Finite Element Analysis  

Two final simulations were settled upon to represent the 

forces and stresses that could impinge on the tube.  Both 

simulations used a 45 Newton (N) force; this corresponds to 

roughly 10 pounds.  The Pleur-evac A-8000 chest drain 

system weighs 3.2 pounds when empty and 8.8 pounds 

when full.21  Thus 10 pounds was selected in order to 

account for any tugging on the tube due to the drainage 

system, chest tube, or other movements. The first simulation 

was intended to represent “pulling” on the tube and was 

applied perpendicularly, away from the body. This type of 

outward force would likely be present when a person would 

stand upright, or when a person is lying supine in bed with 

the tube pulling down toward the ground.  In the second 

simulation, the force was applied in the positive normal 

direction to the end of the tube and was intended to represent 

existing forces that may push on the tube, which would 

occur if a patient rolled onto the side where with the tube. 

 For both simulations, rough contact sets were made 

between the tube and each of the tissues it penetrates.  This 

was necessary to ensure that the tube itself neither welded 

nor slipped through the layers of the thoracic model.  The 

ribs were constrained so that they would not move in 

simulation space.  Additionally, the far edges of the skin, 

fat, and muscle layers were constrained, since the edges in 

the model were arbitrarily decided upon and were far 

enough away from the incision site.  In a real body, the 

muscle would extend beyond the arbitrary end-point chosen 

and be attached to a different tissue or organ.  

 After successfully executing the simulations, the 

maximum stress, displacement, and strains were measured 

for each tissue.    

 

Differentiating Stress, Strains, and Deformations Within the 

Skin  

Probe sets were created at various points in order to 

investigate the differences in stress and strains at the 

incision site versus the suture-skin junction.  Specifically, 

the stress, strains, and deformations at eight points 

surrounding the insertion site and four points corresponding 

to each suture-skin junction were recorded and compared.   

Results 

Survey of Healthcare Providers 

Between January 27, 2021 and April 19, 2021, a Survey on 

Pain Associated with the Chest Tube was distributed to 

1,202 different healthcare providers at 17 different 

institutions across the United States.   

A total of 71 healthcare responders completed the 

survey; this corresponds to a 5.9% response rate.  

Physicians constituted 65% of the responder pool, nurses 

constituted 27% of the responder pool, and physician 

assistants (PA) comprised 7% of the responding HCPs.  The 

further breakdown of doctors and nurses is illustrated in 

Supplementary Figure 1.  Lastly, one of the responders, 

denoted as “other,” was a respiratory therapist.  They have 

been included in the aggregated data results, yet this group 

was not used in any statistical analysis when investigating 

differences in responses based on healthcare profession or 

title. 

 

The Chest Tube Needs Improvements 

Respondents were first asked whether they believed the 

chest tube or chest tube dressing needed improvements.  In 

total, 61 out of 71 responders (>85%) believed that the chest 

tube needed some form of improvement.  Of those providers 

that thought adjustments were necessary, 77% believed that 

the tube only needed minor changes, while the remaining 

23% thought that a major revamp was necessary.  

Subsequent statistical analysis revealed that doctors were 

more likely to believe that the chest tube need 

improvements when compared to nurses (two-tailed, 

Fisher’s exact test, p = 0.0146).  The detailed breakdown of 

survey responses is shown in Supplementary Figure 2.  

The 61 healthcare providers, who desired 



Group 4D, 07 May 2021 – preprint copy - BioRxiv 

5 

improvements, were later asked whether they were likely to 

adopt a new protocol that addressed issues regarding the 

chest tube.  The detailed survey responses are shown in 

Supplementary Table 2, but overall, 90% of these HCPs 

admitted to being either somewhat or extremely likely to 

adopt a new protocol.  

 

The Primary Goal of a New Chest Tube Dressing Should be 

to Minimize Pain 

HCPs were also asked to rank the order of importance for 

changes that should be made to the chest tube dressing.  The 

three options consisted of: minimizing pain, reducing 

kinking/occluding, and increasing dressing absorbency.  Of 

the healthcare providers that believed chest tubes should be 

improved, 43% of them ranked “having a mechanism to 

minimize pain” as the most important change, while 38% 

thought “reducing kinking and occlusions” should be the 

top priority.  Lastly, only 19% of responders thought that an 

increased absorbency should be the main focus.   

 The results from this ordinal ranking question were 

then broken down based on healthcare provider.  The results 

are shown in Supplementary Table 3.  Interestingly enough, 

slightly more physicians thought the top priority should be 

to reduce kinking than to minimize pain.  On the other hand, 

nurses showed the opposite trend, with 66% of them 

desiring a less painful chest tube and only 25% of them 

believing kinking to be the main issue.  Although these two 

findings seem to conflict, a device that stabilizes the chest 

tube to reduce its associated pain will likely address the 

kinking and bending issue that occurs with this drainage 

system as well. 

 

Intensity and Origination of Pain  

All responding healthcare providers were asked to estimate 

how painful chest tubes are for patients, using the standard 

pain scale (0 = no pain, 10 = unable to move).  The 

frequency of pain scale ratings is shown in Figure 2.  On 

average, the survey responders estimated that patients 

ranked pain associated with the chest tube as a 4.75 ± 1.58 

(mean ± s.e.m). When the pain scale ratings were broken 

down by healthcare provider, physicians, nurses, and PAs 

estimated the average pain to be a 4.65 ± 1.66, 5.00 ± 1. 49, 

and 4.40 ± 1.34 (mean ± s.e.m), respectively. All providers 

thought the average pain a patient endures falls between 

“moderate” and “distracting,” and there was no significant 

difference between pain scale ratings among the HCPs. 

While the HCPs estimated the pain to fall between 

a 4 and 5 on the pain scale rating, a prior study by Refai et 

al., reveals that patients ranked the static and dynamic pain 

associated with the chest tube as a 2.6  ± 2.0 and a 4.1  ± 

2.1, respectively.5  These patient-provided pain ratings are 

similar to those provided by healthcare professionals, 

thereby supporting the accuracy in clinical observations of 

pain from the healthcare provider’s standpoint.   

 In a “check all that apply” question, healthcare 

providers were asked to select the locations from which they 

thought the pain originated from.  The answer choices 

included the intercostal space, pleural cavity, incision, skin, 

and subcutaneous suture.  The results are outlined in Table 

1.  It appears that the majority of responding doctors, nurses, 

and PAs believe that pain originates from the intercostal 

Table 1. Percent of all responding HCPs selecting that 

specific location as one origin of pain.   
Dr. Nurse  PA  Other  

Intercostal 

Space 
82.6% 63.2% 80.0%  

Pleural Cavity 58.7% 63.2% 60.0%  

Incision 30.4% 26.3% 20.0% 100% 

Subcutaneous 

Suture 
21.7% 5.3% 20.0%  

Skin 26.1% 21.1%   
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Fig. 2. Frequency of Pain Scale Ratings given by 

healthcare providers when estimating the average pain that 

a chest tube patient endures (n = 71).  
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space and pleural cavity.    Fewer than half of the providers 

thought pain emanates from the incision, suture or skin.  

These findings run entirely counter to the initial hypothesis 

that suggested the largest source of pain was due to the 

forces impinging on the subcutaneous suture.  

 The average pain scale ratings were calculated for 

each location.  The results are illustrated in the heatmap 

shown in Figure 3.   

 Results reveal that the average pain scale rating, 

given by HCPs who selected the dermis as one location of 

pain, was significantly higher than any other pain origin.  

This finding shows that while many providers do not 

believe the dermis to be a common source of discomfort, 

when the provider does believe that pain originates from the 

skin, the pain is significantly worse and more intense.    

 Additionally, there appeared to be a significant 

difference in pain scale rating between the pleural cavity 

and the intercostal space, as depicted in Figure 3. The 

intercostal nerves, which are the anterior rami of the first 11 

thoracic nerves, transmit signals between the intercostal 

muscles and the costal and cervical portions of the parietal 

pleura.22,23 The visceral pleura, which directly encompasses 

the lungs, lacks sensory innervation and cannot feel 

pressure, pain, or temperature fluctuations.24,25  Thus, the 

lack of nociceptors in part of the pleurae may explain the 

discrepancy in survey results with regard to location of pain 

associated with the chest tube.   

 

Additional Survey Findings 

 Respondents were allowed to provide feedback in 

the comments section of the survey.  In total, 19 out of the 

71 responders left additional comments.  Those who wrote 

additional feedback mentioned that chest tube pain is highly 

related to chest tube type (n=2).  Specifically, providers 

believe that pleural chest tubes are more painful than 

mediastinal tubes.    They also mentioned that pain 

associated with the tube is highly dependent on diameter of 

the tube (n=4).  Smaller tubes cause less pain, but they 

become kinked or clot off much more frequently.  These 

findings support prior results from Rahman et al., and Shalli 

et al., who also acknowledge the inherent tradeoff between 

chest tube size and chest tube kinking.7,9    

 Regarding the actual pain associated with chest 

tubes, two providers thought the pain was sharp, and three 

HCPs thought that this pain worsened with chest movement 

and sometimes hindered the patient’s ability to take deep 

breaths.  This feedback coincides with a previous report that 

pain associated with the chest tube after forced expiratory 

effort is slightly higher than static pain.5 Thus, movement 

and forces on the tube are the likely causes of pain.   

Finite Element Analysis  

A heatmap of maximum stress, strain, and deformations 

within each layer are shown in Figure 4.  Illustrations 

depicting the distribution of Von Mises stress, strain, and 

deformations in each component of the thoracic cavity 

model are shown in Figure 5 on the following page. 

 

Stresses Concentrate on the ribs  

As illustrated in Figure 5, it appears that when the chest tube 

is pushed or pulled, the majority of the stress is concentrated 

on the skin and within the ribs themselves. Specifically, 

 
Fig. 4. Heatmap illustrating the maximum (A) stress, 

(B) strain, and (C) deformation within each layer of the 

thoracic cavity model.   
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Fig. 3. Heatmap illustrating the differences in the 

average pain scale rating between locations (n=71). The 

numerical values provided are given as the average pain 

scale rating in L1 minus the average pain scale rating in L2.  

Results analyzed using a one-way ANOVA with multiple 

comparisons.   
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stresses appear to concentrate at the insertion site and at the 

4th suture-skin junction, which is labeled in Figure 1D for 

reference. With regard to the ribs, the stresses seemed to be 

the greatest in the fifth rib, closest to the insertion site.  As 

depicted in Figure 4A, the maximal overall stress was found 

in the ribs, which bears a 0.47 MPa and 0.66 MPa stress for  

a 45N force inwards and outwards, respectively. These 

results, coupled with survey responses that rank pain within 

the intercostal space as a 4.85 ± 0.06  

on the standard pain scale, hint that stress concentrations 

may be a major determinant of perceived discomfort 

radiating from the intercostal space.  
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Fig. 5. Distribution of stress, strain, and deformation in each layer of the thoracic cavity model.  
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 One such explanation linking stress to bone pain 

may lie in the activity of periosteal afferent nerve fibers.26 

Although little is understood about the physiology of these 

neurons, preliminary research suggests that “the 

overwhelming majority of the periosteal afferents are 

mechanically sensitive.” This therefore implies that changes  

in pressure and static stress are predominantly responsible 

for increases in activity of nociceptors in bone. 

Findings from Ge et al., offer evidence that muscle 

mechano-nociceptors are more responsive to stress than to 

other mechanical stimuli.27 Specifically, they have shown 

that the neuronal response for muscle mechano-nociceptors, 

derived from a Rat Gracilis Muscle model, is 

“significantly…and substantially more highly correlated 

with compressive stress than force, strain, or displacement.” 

This evidence, along with the idea that the majority of 

periosteal fibers are mechanically sensitive, suggest that 

stress specifically activates nociceptors in intercostal region 

Therefore, it seems likely that the current FEA results are 

somewhat predictive of the primary muscle pain that HCPs 

have observed in patients. 

 

Skin and Adipose Tissue Bear Most of the Strain and 

Deformation 

From images in Figure 5 that depict the FEA distribution of 

strain throughout the model, it appears that the majority of 

the strain and deformation occurs largely in the skin and 

adipose tissue.  As previously revealed in Figure 3, HCPs 

rated the dermis as significantly more painful than all other 

locations. Together, these two results suggest that skin 

deformations and strain may be the primary cause of dermal 

pain.  

Nociceptors in skin and their respective 

mechanotransducers offer one physiological mechanism 

that can relate FEA results to perceptions of pain.   Within 

the context of the chest tube thoracostomy procedure, it can 

be assumed that primary innervation of cutaneous 

nociceptors involve primarily type I A𝛅 afferents and C-

fibers.28 Type I A𝛅 fibers are known to mediate acute, well-

localized pain.  While there have been several candidates 

for the primary mechanotransducer responsible for 

converting mechanical stimuli into electrical responses, 

TRPV2 seems to be the likely culprit.28  It is an osmotic-

stretch activated ion channel that is robustly expressed in 

medium- and large-diameter A𝛅 fibers.  Osmotic stretch 

could arguably be due to either stress or strain upon tissue; 

however, stress or force alone -- without deformation -- 

would not activate a TRP channel.  Therefore, the results of 

our simulations, which indicate strain as the primary 

mechanical response within skin, support the explanation 

that stretch activated TRP channels may elicit dermal 

discomfort.   

C-fibers are responsible for the “slow,” aching pain 

that a patient may feel after a chest tube has been in place 

for a sustained period of time.28 Research suggests that 

certain C-fibers, known as “silent nociceptors,” only 

become sensitive to noxious mechanical stimuli if they are 

"primed" with inflammatory mediators present in the 

surrounding skin.15 Thus, if the thoracostomy site is not 

properly covered and wound exudate leaks from the incision 

site, the nearby cutaneous nociceptors may become 

“primed” to sense mechanical stimuli, such as pulling or 

tugging.  This may cause mechanical allodynia where even 

the slightest touch can trigger the immense pain.  Although 

the survey results found that HCPs were largely 

unconcerned with absorption around the incision site, 

wound exudate and silent nociceptors must still be included 

in the discussion around a device-based approach to reduce 

pain associated with the chest tube.   

 

Mechanical Response in the Skin are not Location-

Dependent  

As illustrated in Figure 6, the stress and strain values around 

 

Fig. 6. Bar graphs depicting the (A) stress, (B) strain, and (C) displacement within the skin layer at 8 points surrounding 

the incision and 4 point representing each suture-skin junction.   Outliers are marked with a red “X” (Grubbs alpha = 0.05). 
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the sutures versus the incision site are not significantly 

different.  This therefore suggests that pain within the skin 

itself is not spatially-dependent.  A Grubbs outlier test 

revealed one outlier among the raw stress and strain values 

taken from the suture.  This indicates that under external 

load, the stress and strain may concentrate near one suture-

skin junction, rather than be distributed equally across all 

dermal-stitch intersections.  

Conclusion 

This research has shed light on the severity, cause, and 

location of pain in patients with chest tubes. The finite 

element analysis revealed that stress responses to external 

loads exist concentrate in the ribs, while strain and 

deformations occur within the skin and adipose tissue.  

Periosteal afferent nerve fibers and osmotic-stretch 

activated TRP channels offer one such explanation 

supporting the conclusion that stress is the predominant 

trigger of intercostal pain, while strain or deformation is the 

predominant cause of dermal discomfort.  Thus, it seems as 

though the model is somewhat predictive of clinical 

observations of pain. Ideally, the presented research will lay 

the groundwork for future studies where in silico finite 

element analysis can model and predict locations and 

severity of pain. Furthermore, the simulations may also be 

used to help design devices to address and reduce pain in 

the thoracic cavity and beyond. 

 

Limitations 

As with any computer-aided design, limitations exist in the 

model and in the in silico simulation results themselves.   

First and foremost, a computer model is only as accurate as 

its parameters. In the current design, a plethora of 

assumptions were made with respect to the shape, size, and 

properties of each component of the thoracic cavity. For 

example, the thickness of adipose tissue was set to be 4 

millimeters, yet this value is largely dependent on body size 

and weight.  Therefore, the model likely loses its predictive 

power for pain in underweight and overweight individuals.  

Some of the biomechanical parameters listed in 

Supplementary Table 1 were derived from simulations, 

rather than discrete Instron testing.  Thus, there exists a 

propagation of uncertainty inherent to the model and the 

FEA results that it produces.  Lastly, the simulation itself is 

approximate, and given the impossible nature of isolating a 

section of the thoracic cavity, the error between the FEA 

results and the real biomechanical properties of the chest 

wall will never be fully understood. 

 

Future Directions 

Immediate next steps for the current work include gathering 

more information from healthcare providers and extending 

market research to include patients as stakeholders.  More 

simulations with varying loads, different directions, and 

different diameter chest tubes would also provide a more 

complete picture of how magnitude and direction alter stress 

concentrations and deformations within each layer of the 

model.  Lastly, simulations can be used to inform prototypes 

that can reduce stresses and strains in the skin, adipose 

tissue, muscle, and ribs.   
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Supplementary Table 1: Biomechanical properties necessary to skin, adipose tissue, muscle, and trabecular bone 

in CAD.  

 Skin Adipose Tissue Muscle Trabecular Bone 

Thickness (mm) 4  29 4 18 4 19 N/A 

Young’s Modulus (GPa) 0.01230 1E-631 0.002532 14.833 

Poisson Ratio 0.4834 0.435 0.432 0.6236 

Shear (MPa) 0.00537 0.007538 0.00103 39 20.740 

Density (g/mL) 1.11634 0.909441 1.0641 1.7541 

Damping Coefficient 0.242 2.2543 2.2543 0.419544 

Yield Strength (MPa) 2145 0.00146 0.0547 44.148 

Tensile Strength (MPa) 27.245 0.012549 0.33750 2.6 51 
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Supplementary Fig. 1. Breakdown of responding 

healthcare providers based on profession and title. 
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Supplementary Fig. 2. Healthcare provider’s opinions 

on whether the chest tube or chest tube dressing needs 

improvement (n=71).   



Group 4D, 07 May 2021 – preprint copy - BioRxiv 

5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Table. 2. Healthcare provider’s 

likeliness to adopt a new and improved chest tube or 

chest tube dressing.   
Dr. Nurse  PA  Other  Total  

Extremely 

Unlikely 
1    1 

Somewhat 

Unlikely 
   1 1 

Neither 2 1 1  4 

Somewhat 

likely 
21 5 2  28 

Extremely 

likely 
18 7 1  26 

Total 42 13 4 1 60 
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Supplementary Table. 3. Breakdown of prioritization of changes to be made to the chest tube (n=58).  Three out of 

the 61 providers who thought that the chest tube needed improvements did not complete the question.  They are excluded 

from subsequent data analysis.  
 Dr. Nurse PA Other Total 

Minimize Pain 
Count 15  8 1 1 25 

% within HCP 37% 66% 25% 100% 43% 

Reduce Kinks/Clots 
Count 19 2 1  22 

% within HCP 46% 17% 25%  38% 

Increase 

Absorbency 

Count 7 2 2  11 

% within HCP 17% 17% 50%  19% 

Total 
Count 41 12 4 1 58 

% within HCP 100% 100% 100% 100% 100% 


