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ABSTRACT 

The use of large gauge (G) spinal anesthesia needles can increase complications due to buckling. 

The purpose of this study was to, first, create a model to repeatably simulate and quantify the 

behavior of spinal needles in buckling and, second, quantify the buckling behavior of spinal 

anesthesia needles with respect to the relative contribution of needle gauge, brand, tissue depth (i.e. 

patient size) and the use of a stylet. A repeatable spinal anesthesia procedure and buckling 

complication was simulated using a custom test fixture designed to match the boundary conditions 

of needle insertion as performed by an anesthesiologist and a uniaxial servohydraulic material 

testing machine (MTS, Eden Prairie MN). Buckling tests were performed with 22G, 24G, 25G and 

27G BD Whitacre, Havel Pajunk, Gertie Marx and B.Braun Pencan needles in a ballistics gelatin 

tissue surrogate. In analyzing axial force changes, critical buckling load results were 27.65±0.918N. 

Due to the large force magnitude that can be withstood by spinal needles in compression, it can be 

concluded that the problem of needle buckling is not a consequence of needle fragility. The 

differential between the resultant insertion force and the critical buckling force is more important 

to the detection of needle buckling than the critical buckling force alone. In clinic, a very small 

difference in these two forces could feel like expected resistance increase as the needle is further 

inserted into the multiple tissue layers. Comparison of the differential between the resultant 

insertion force and the critical buckling force, termed ∆FIC, should be considered when choosing a 

needle to best detect and prevent a buckling complication. Needle gauge was the most significant 

factor affecting ∆FIC results, followed by tissue depth, needle brand and use of a stylet. The results 

of this study can be used to determine which needle type is best for each patient. We hope that the 

information obtained from this study will help us obtain our long-term goal of improving spinal 

anesthesia procedural safety. 
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LIST OF ABBREVIATIONS 

G – gauge 

∆FIC – the force change from barrier contact to the critical buckling point 

CSF – cerebrospinal Fluid 

PDPH – postdural puncture headache 

L3 – third segment of the lumbar spine. 

L4 – fourth segment of the lumbar spine. 

∆FCB – the force change from the critical buckling point to the end of the buckling test 

K – effective length factor 

Le – effective length 

Ld – deformed needle region length 

 – angle between the undeformed and deformed needle region 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

1. CHAPTER 1. INTRODUCTION 

1.1. Clinical Problem 

Spinal anesthesias are perhaps one of the most common procedures performed in regional 

anesthesia, but do not exist without complications [1]. Despite their frequent use, spinal anesthesias 

are challenging to perform and can require decades of experience to become practiced. This is 

largely due the use of small gauge needles (22G and smaller) that are used to reduce cerebral spinal 

fluid (CSF) loss [2–4]. Reduction of CSF loss has decreased the most common complication of 

spinal anesthesias, post-dural puncture headaches (PDPH), but has increased complications due to 

needle buckling and fracture [4–7]. Small gauge needles are difficult to stear through the tissue 

layers of varying densities, making it easy for needle deviation to occur during insertion. Once the 

needle has deviated from its expected path, it can be unintentionally advanced into a calcified 

ligament or bony tissue, leading to needle deformation. The anesthesiologist is required to rely 

soley on minimal tactile feedback and a mental image of the anatomy to advance the needle safely. 

A "pop" is felt when the dura is punctured and CSF will flow from the needle when correct 

placement is achieved. If this does not occur, there is often no way to know what went wrong. 

The incidence of buckling failure is unknown [7]. One hospital reported 1:5000 needle fractures 

[6], while another reported 1:11,000 needle fractures [7]. A second review and prospective study 

of spinal anesthesia “failures” reported anywhere from 4.4 - 17% failure rate. Failure in this study 

was any procedure that required the administration of general anesthesia, which could be due to 

technical, surgical or pharmacologic variables [8]. However, there is evidence to support that 

buckling incidence is likely underreported. From previous literature, it is known that buckling and 

needle deformation increases with bony contact [9]. Furthermore, bony contact is common, having 

occurred in 40-49% of procedures using Quincke and pencil point needles [9]. Therefore, we can 

assume that buckling likely occurs in some instances of bony contact.  
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Buckling events have been associated with the following complications: dural perforations, 

increased dural punctures due to procedural repetition, PDPH incidence, intracranial hypotension, 

dry tap (no CSF flow due to bent needle), and tissue damage from sudden lateral deformation of 

the needle [5, 10–12]. Needle fracture can be additionally dangerous due to the close proximity to 

the cauda equina, or the bundle of spinal nerves within L2-L5. Fragments are often left if the patient 

does not experience discomfort, however, because spinal needles are stiff (as opposed to epidural 

catheters), fragments are more prone to migration to the spinal nerves [7]. Buckling or fracture 

complications are typically detected by dry tap, a noticeable resistance change during needle 

advancement or if pain is abnormal. If a problem is detected, procedural repetition is required. 

Needle fracture typically results in the necessity for surgical removal [7]. In either case, local 

anesthesia may not be able to be administered. These consequences of needle bucking 

complications are not only harmful to the patient, but also increase procedural cost due to the use 

of additional materials and physician time [13].  

1.2. Spinal Anesthesia Administration Procedure 

Spinal anesthesia is a type of lumbar puncture where local anesthetic is delivered to the 

subarachnoid space. The procedure is performed using a spinal needle, stylet and introducer. The 

introducer is a short and rigid needle that is inserted along the desired trajectory such that it 

punctures the skin. The stylet is inserted within the spinal needle to prevent tissue from occluding 

the needle. The needle and stylet are thread through the introducer so that the initial trajectory is 

straight. The needle is then carefully advanced between the L3 and L4 vertebral bodies until it 

reaches the subarachnoid space where anesthetic can be administered. During insertion, the needle 

passes through the skin, subcutaneous fat, muscle, supraspinous and interspinous ligaments, 

ligamentum flavum, epidural space, and finally the dura (see Figure 1-1) [1,  2]. Varying tissue 

types have different densities and topography and these factors vary additionally between patients. 



3 
 

The anisotropic nature of tissue types involved in a spinal anesthesia add to the challenge of straight 

needle insertion. 

Correct needle placement is achieved when clear CSF flow is seen back through the needle, 

demonstrating that the needle is in the subarachnoid space. Any blood within the CSF flow means 

traumatic placement has occurred. No CSF flow means the needle is either not in the subarachnoid 

space, blood is occluding the needle due to traumatic placement or the needle is in the subarachnoid 

space, but mechanical damage to the needle has occurred due to buckling. Both blood in CSF flow 

or no CSF flow are classified as placement failure [1,  2]. 

 

Figure 1-1. Sagittal cross-section view of lumbar spine and needle placement during a lumbar puncture 

[15]. 

1.3. History of Spinal Anesthesia Needle Development 

Spinal anesthesias have been performed since 1884 and are perhaps one of the most common 

procedures performed in regional anesthesia [1]. Consequently, spinal needle design has evolved 
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significantly over time to reduce complications and improve overall procedural safety. Three main 

changes to spinal needle design include the change from the asymetrical to the symmetrical bevel, 

cutting to non-cutting needle tips and the switch from using small gauge needles to large gauge. 

The asymmetrical beveled needle tip caused needle deviation from midline during insertion. As a 

result, previous comparative analyses of spinal anesthesia needles have been conducted primarily 

to examine needle deviation using needles with different bevel tips [4, 15–17]. This research 

resulted in the advancement of the pencil point needle tip that largely eliminated the problem of 

needle deviation during advancement.  A deviated needle trajectory will affect needle buckling 

prevalence because the needle is not loaded purely along its axis and will buckle under lower axial 

loads. Furthermore, pencil point needle tips are additionally beneficial as less tip damage occurs 

with bony contact when compared to asymmetrically beveled needles[9] . 

Spinal needle design has also evolved from cutting to non-cutting, or atraumatic. When dura fibers 

are cut, more CSF is lost through the hole created. Atraumatic needle tips are designed with a 

rounded bevel that spreads dura fibers, instead of cutting. When the needle is removed, the hole 

left behind is able to repair much quicker leading to less CSF loss. For this reason, pencil point 

needles are associated with a lower rate of PDPH [4]. 

Third, the use of large gauge (small diameter) needles has become more popular than the use of 

small gauge needles. This is because small diameter needles cause less damage to the dura, resulting 

in less likelihood for PDPH complications [2, 3, 20]. Unfortunately, large gauge needles are less 

resistant to buckling so procedural complications due to buckling have increased. 

Looking to the future, the ideal spinal needle needs to be easy to use, not increase PDPH incidence 

and have a low failure rate [20]. Ease of use means that the needle must have a large enough lumen 

space for CSF flow to be fast so that finding the subarachnoid space is straightforward. Lumen 

space also needs to be large enough for there to be low resistence to injected medicines so 
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administration is efficient. However, the needle outer diameter needs to be small so that damage to 

the dura and, therefore, CSF loss is minimal. Lastly, a low failure rate means that the needle must 

be mechanically sound. In summary, outer diameter must be small, lumen space, or inner diameter, 

must be large, but wall thickness cannot be too thin and sacrifice mechanical integrity. Thus, the 

optimal needle will be a comprise between these factors. It was found in a previous study that pencil 

point 25G and 27G have ideal lumen space for identifying the subarachnoid space and drug 

administration [20]. As discussed above, the effect of needle gauge on PDPH incidence has been 

investigated extensively. 22G and smaller needles have been shown to have the same reduced rate 

of PDPH frequency when compared to larger gauge needles [2]. 

1.4. Column Buckling Theory 

Buckling complications in a spinal anesthesia occur when a needle is advanced into a barrier. If the 

needle is advanced further once barrier contact occurs, loading will increase along the long axis of 

the needle until the needle can no longer resist this loading and lateral deformation occurs [9]. If 

this problem is examined from an engineering perspective, a needle can be studied as a slender 

column. Buckling is a common failure mechanism for slender columns. It occurs when loading 

along the long axis of the column exceeds the threshold that the column can withstand. The column 

becomes unstable and sudden lateral deformation occurs. The force threshold for when the column 

becomes unstable and buckling initiates is called the critical buckling point. The Euler buckling 

formula for the critical buckling point of a member can be seen below in Equation 1. 

𝑝 =  
(𝑛𝜋)2𝐸𝐼

(𝐿𝑒)
2       Eq. 1 

n – buckling mode  I – second moment of area 

E – elastic modulus  Le – effective length 
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The buckling mode refers to the shape of the buckled column, as seen in Figure 1-2.  

The elastic modulus is a material property of the column. Second moment of area is dependent on 

the cross-sectional area of the column. Effective length is the full length of the member for an ideal 

column that is pinned at either end. However, not all columns have pinned boundary constraints. 

Because the pinned condition means that rotation is not restricted, this is also the point at which 

there is zero moment. For other boundary constraints, the point along the column where there will 

be zero moment will be different than the ends. Therefore, the equation must be updated to include 

what is called the effective length factor, rather than the overall column length alone. The effective 

length is the distance between the two points along the column that have zero moment. 

Multiplication of an effective length factor and the overall column length result in the effective 

length (Equation 2).  

𝐿𝑒 = 𝐾𝐿     Eq. 2 

Le – effective length  L – overall column length 

K – effective length factor 

 

The closer both points where there is zero moment are, or the smaller the effective length, the 

higher the critical buckling load. A schematic of how boundary constraints change the effective 

length can be seen in Figure 1-3 [21]. 

 

Figure 1-2. Schematic of differing buckling modes 

Second mode buckling (n = 2) 

Third mode buckling (n = 3) 

F 

F 

First mode buckling (n = 1) F F 

F 

F 
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Figure 1-3. Various boundary conditions combinations and corresponding buckling shapes [22]. 

1.5. Factors Hypothesized to Influence Buckling Behavior of Spinal Needles 

There are several theoretical mechanical and clinical factors that are assumed to affect needle 

buckling and the anesthesiologist’s ability to detect buckling during a procedure. Theoretical 

mechanical factors include boundary conditions, cross-sectional area, length of the member and 

material properties. The boundary conditions describe how the column is secured at either end. 

Boundary conditions that restrict more motion will make the column less susceptible to buckling 

by limiting lateral motion. The ratio of the member length and cross-sectional area, or slenderness 

ratio, affects ability to resist deformation when loaded axially. A column with a large slenderness 

ratio (i.e. a long and slender column) is more susceptable to buckling than one with a small 

slenderness ratio (i.e. short and wide column). Lastly, material properties are important to consider 

as well because material stiffness will affect a buckling scenario [23]. 

Clinical factors include needle type, patient size, use of a stylet, use of an introducer and needle 

insertion rate. It has been reported that needle gauge may affect buckling incidence as smaller gauge 

needles are less resistant to buckling and resistance changes are less palpable [24]. Different 

manufacturers make needles from the same materials and follow the same specifications for outer 

diameter of the needle (gauge size), but they may have different specifications for wall thickness 

and stylet diameter. These potential variations would change the cross-sectional area of same gauge 

needles manufactured by different brands and, therefore, affect how the needle performs in a 
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buckling complication. Patient size has also been documented as a factor that could affect buckling 

complications. Due to how slender spinal needles are, it is difficult to feel changes in resistance 

that would signify potential complications when advancing the needle. Thus, it is difficult to feel 

increased resistance if a barrier has been met before damaging the needle [24]. This is particularly 

true for obese patients due to the larger tissue depth that the needle is required to travel [7, 25, 26]. 

The larger the ratio of needle length (i.e. tissue depth) to needle diameter, the smaller the force 

required to buckle the needle. This can increase buckling risk [21, 27]. The stylet is used to prevent 

needle occlusion with tissue. However, it is assumed that because there is additional material 

involved, that the stylet increases needle stability. This has yet to be recognized in the literature. 

Lastly, the rate at which the needle is advanced would most likely affect buckling risk due to the 

viscoelastic nature of human tissue [23, 28]. 

1.6. Motivation and Study Purpose 

The gap in knowledge addressed in this study is two-fold. First, despite the challenges posed by 

buckling complications, a mechanical analysis of the buckling behavior of spinal anesthesia needles 

has yet to be performed. While the problem of column buckling in air has been well studied in civil 

and mechanical engineering applications, buckling of a member as slender as a needle within a 

medium is understood to a lesser extent. In this study, the practical medical complication of spinal 

needle buckling is approached from an engineering perspective to investigate how buckling 

incidence and severity can be reduced. Second, though a large variety of spinal anesthesia needles 

are used clinically, a comparative analysis of mechanical performance during needle buckling has 

yet to be conducted. This information would better inform anesthesiologists as to how to reduce 

buckling complications by providing quantitative data regarding the resiliency of different needle 

types. Therefore, the overall goal of this study was to quantify the buckling behavior of spinal 

anesthesia needles with respect to the relative contribution of needle gauge, brand, tissue depth (i.e. 
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patient size) and the use of a stylet. This goal was accomplished through the following specific 

aims. 

Aim 1: Develop a repeatable model of spinal needle insertion and buckling in a tissue medium. 

This model was developed to eliminate extraneous variables so the problem of needle 

buckling in a medium could be isolated. The model was used to study and quantify the 

buckling characteristics of spinal needles.  

Aim 2: Quantify buckling behavior of a spinal anesthesia needle using the model developed in 

aim 1. 

Aim 2 was completed to 1) determine if any detectable changes occur during a buckling 

event that could be used to improve buckling event detection and 2) identify characteristics 

that make a needle superior in a buckling complication. 

Aim 3: Determine if and to what degree needle gauge, needle brand, the use of a stylet and tissue 

depth (i.e. patient size) influence buckling event severity. 

The model developed in aim 1 and knowledge obtained in aim 2 was used to compare 

needle types in a buckling scenario while taking into consideration patient factors. 

In this report, chapter 2 will discuss model development completed to accomplish aim 1 and 

knowledge obtained from aim 2. Chapter 3 will discuss work completed to accomplish aim 3. 
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2. CHAPTER 2: MODEL DEVELOPMENT & CHARACTERIZATION OF SPINAL 

NEEDLE BUCKLING BEHAVIOR 

2.1. Introduction  

Small diameter spinal anesthesia needles are used to reduce post-dural puncture headache (PDPH) 

incidence. Though effective in reducing PDPH prevalence, the use of small diameter needles may 

have increased procedural complications due to needle buckling and fracture [7]. Buckling is a 

common failure mechanism for slender beams, such as needles when they are subjected to 

compressive axial loading. Buckling occurs when a critical load is exceeded, causing sudden lateral 

deformation of the member and a loss of load-carrying capacity [21]. In spinal anesthesia 

procedures, buckling can occur when a needle is advanced into an unforeseen barrier, such as bony 

tissue or a calcified ligament. It can require decades of experience to compensate for this 

complication as it is challenging to detect. Reported complications from needle buckling include 

surrounding tissue damage, needle tip deviation from intended straight trajectory due to sudden 

lateral deformation, loss of directional control of the needle, inability to penetrate tissue due to loss 

of load carrying capacity and the necessity for procedural repetition or even surgical removal of a 

fractured needle fragment [4, 19]. Pain, PDPH, intracranial hypotension (IH) and multiple dural 

perforations from procedural repetition can also result from needle buckling [26]. Despite the 

challenges posed by buckling complications, buckling behavior of spinal anesthesia needles has 

remained largely understudied. Additionally, no standardized model has been developed to 

simulate and study these complications with repeatability. The ability to study needle buckling 

characteristics with a repeatable model could help improve needle design to better compensate for 

these complications. 

Previous work has focused on avoiding a buckling event by improving needle insertion directional 

control. Despite having eliminated deviation during insertion with the success of the symmetrical 

beveled needle design, a comparison of symmetrical and asymmetrical beveled needles found an 
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occurrence of bony contact or resistive calcified ligaments in 40-49% of procedures for both needle 

types [9, 16]. In a prior study, at least one bone contact occurred in 60% of patients, two bone 

contacts occurred in 30% of patients and up to five bone contacts were reported in some patients 

[30]. With the high prevalence of contact with a resistive barrier during insertion, it can be assumed 

that buckling is unavoidable and not uncommon. Consequently, our focus must shift towards 

understanding and reducing buckling event occurrence and severity. It is unknown if there are 

perceptible tactile changes before and after buckling. The ability of the user to perceive these 

changes and avoid a buckling complication is also unknown [7, 25, 26]. The primary objective of 

this study is to develop a model to study and quantify the buckling characteristics of spinal needles. 

The second objective of this study was to determine if any detectable changes occur during a 

buckling event that could be used to improve buckling event detection. 

2.2. Methodology 

A repeatable spinal anesthesia procedure and buckling complication were simulated within a 

ballistics gelatin tissue surrogate. The test was performed with a novel custom test fixture designed 

to match how the needle is held and advanced by an anesthesiologist. Ballistics gelatin has been 

documented as a tissue simulant that resembles human muscle tissue density and viscosity [31]. 

This material has also been validated as a tissue simulant for procedures involving needle 

advancement into biological tissue [28]. Additionally, the translucent property of the gelatin 

allowed for visual analysis of the needle throughout the buckling event. 

In this study, needle force, displacement data and visual information from the simulated procedure 

were used to examine needle bucking. The spinal anesthesia procedure and buckling event were 

divided into four major phases for comparison to determine where major changes occur throughout 

the test. These phases were as follows: needle insertion, axial loading once barrier contact has 

occurred, critical buckling point, and needle buckling. The critical buckling point is defined as the 

point at which the needle can no longer withstand the axial loading applied and lateral deformation 
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initiates. In this study, the needle buckling region of the test occurs after the critical buckling point 

where lateral deformation has initiated and the needle continues to deform as further axial loading 

is applied. The deformed shape was examined to confirm how the column (the spinal needle) was 

supported at either end. This information was established from qualitative analysis of video and 

quantitative measurements of needles post-testing. 

2.3. Procedure Simulation 

A repeatable spinal anesthesia administration procedure and buckling complication was simulated 

using a novel test fixture (Figure 2-1). To reproduce the procedural complication of needle 

buckling for this study, three major phases of a spinal anesthesia administration procedure were 

simulated: needle insertion through an introducer, needle advancement through a transparent tissue 

surrogate, and needle contact with a barrier to induce buckling. The needle was threaded through 

an introducer and secured by the needle grip (Figure 2-1) on the shaft. This simulates how the 

anesthesiologist grips the needle during insertion [32]. A uniaxial servo hydraulic Landmark 

material testing machine (MTS, Eden Prairie MN) was used to advance the needle into a ballistics 

gelatin tissue surrogate to a barrier to induce buckling. The needle was inserted into the gelatin at 

a speed of 2.5 mm/sec until a compressive force limit of -10 N was reached, indicating that the 

barrier had been met. Once barrier contact had occurred, the needle was advanced an additional 8 

mm at a rate of 0.25 mm/sec to induce buckling. Needle insertion speed was chosen to be 

comparative to the speed at which an anesthesiologist would insert the needle into tissue. Needle 

advancement speed once buckling initiated was chosen to be significantly slower to ensure that the 

buckling event was quasi-static and velocity effects could be eliminated. Force-displacement data 

was measured using a 500 N load cell (Interface, 1500ASK-50, Scottsdale AZ).  
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Needle Grip 

Gelatin Tissue Surrogate 

Needle Introducer 

Needle 

Barrier 

Force applied 

Figure 2-1. Needle Insertion and Buckling Model System 



14 
 

 Study Design 

Needle gauge (G) and brand were chosen to reflect frequent clinical use (Table 2-1). 22G BD 

Whitacre, Havel Pajunk and IMD Gertie Marx spinal needles were chosen to develop this testing 

model and quantify spinal needle buckling behavior.  Needles were tested in a 50 mm gelatin tissue 

surrogate (10% Ballistics Gelatin, Clear Ballistics, Fort Smith, Arkansas) to represent average 

patient size [33]. A two-tailed unpaired t-test was conducted using an alpha value of 0.05 and a 

beta of 0.8 to compare results of each individual needle testing group to each other to determine if 

there were any differences between needle brands chosen.  

Tissue 

Depth 
Gauge 

Test Matrix 

Brand or Company 

BD 

Whitacre 

Havel 

Pajunk 

Gertie 

Marx 

50 mm 22 n = 10 n = 10 n = 10 

 

 Parameter Calculation  

Phases of Buckling 

The simulated buckling event was divided into four phases for comparison. The start and end points 

for the four phases were defined within each individual test from force-displacement data collected.  

Phase 1, termed needle insertion, was uninterrupted needle insertion through the tissue surrogate to 

the barrier. The start of this region was defined as the point at which force began to increase from 

baseline as the needle entered the gelatin. The end of this region was defined as the end of the linear 

force increase associated with uninterrupted needle insertion and before the force spike due to 

barrier contact. Stiffness and energy values were calculated for this region to describe how much 

force and work is required to advance the needle freely through the tissue surrogate. These 

parameters served as a baseline to which later regions during the buckling event could be compared. 

Insertion Stiffness was defined as the force-displacement slope of the needle insertion region. 

Table 2-1. Test matrix depicting types of needles tested 

and test repetition 
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Insertion Energy was defined as the area under the needle insertion region of the force-displacement 

plot.  

Phase 2, termed axial loading, was the portion of the test after barrier contact and before buckling 

initiated where the needle was loaded along its’ long axis. The start of this region was defined as 

the point at which the force spiked due to barrier contact. The end of this region was defined as the 

critical buckling point, or the peak force for that test. Stiffness and energy values were calculated 

for this region to determine how resistant the needle was to deformation when loaded axially, or 

how well the needle could withstand loading before buckling. Comparative analysis of insertion 

and axial loading parameters is additionally useful clinically to determine if there are detectable 

changes that occur when the needle comes into contact with a barrier. Axial loading stiffness was 

defined as the force-displacement slope of the axial loading region. Axial loading energy was 

defined as the area under the axial loading region of the force-displacement plot.  

Phase 3, or the critical buckling point, was the point at which the needle can no longer resist the 

axial force applied and buckling initiates. The critical buckling point was defined as the peak force 

for each test. The force at this point, or the critical buckling load, was reported to represent this 

phase. A needle with a larger critical buckling load would allow the user the potential advantage of 

being able to redirect the needle once barrier contact was detected, but before needle buckling. The 

user may have difficulty detecting barrier contact prior to buckling if the critical buckling load is 

low. 

Phase 4, termed needle buckling, was continued buckling as the needle was further advanced after 

the critical buckling point.  The start of this region was defined as directly after the critical buckling 

point. The end of this region was defined as the point where the needle was no longer advanced, or 

where the displacement value reached an additional 8mm past barrier contact as described in the 

procedure simulation section of this report. Buckling energy was calculated for this region to 

understand how much force could be absorbed by the needle as it was buckled further. 
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Understanding this region of the test allows insight into how the needle performs once it has 

buckled and deviated from its intended path. Buckling energy was defined as the area under the 

needle buckling region of the force-displacement plot. A diagram of the phases of buckling and 

associated calculated parameters can be seen in Figure 2-2.  

Needle insertion and axial loading stiffnesses were calculated using a custom line fitting program 

created using MatLab 2014a software (MathWorks, Natick MA). Stiffnesses were not calculated 

for buckling regions because these data were not linear. Because data in the insertion and axial 

Figure 2-2. Phases of needle buckling and a visual representation of parameters that were calculated 

to represent them. Phase 1 = needle insertion; Phase 2 = axial loading; Phase 3 = critical buckling 

point; Phase 4 = needle buckling. 𝑥1 = start of needle insertion region; 𝑥2 = end of needle insertion 

region; 𝑥3 = start of axial loading region; 𝑥4 = critical buckling point; 𝑥5 = end of buckling region. 

Phase 2: Axial 

Loading 
Phase 4: Needle 

Buckling 
Phase 1: Needle 

Insertion 
Phase 3: Critical 

Buckling Point 
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loading regions were not perfectly linear for all tests, a line fitting program was designed to achieve 

the best line fit with the largest amount of data within these regions. A line fit and R2 value were 

calculated for every selection of at least 20% of that regions’ data. Sections of data that produced 

line fit equations with R2 values greater than 0.99 were then selected. Of these selections, the 

section with the largest region of data was chosen as the final stiffness value for that region. Needle 

insertion energy (𝐸𝐼) was the area under the force-displacement curve from the start (𝑥1) to the end 

of the needle insertion region (𝑥2). Axial loading energy (𝐸𝐴) was the integrated force-displacement 

curve from the start of the axial loading region (𝑥3) to the critical buckling point (𝑥4). The buckling 

energy (𝐸𝐵) was the area under the force-displacement curve from the critical buckling point (𝑥4) 

to the end of the buckling region (𝑥5). A visual representation of the bounds, 𝑥1 through 𝑥5, used 

for each region can be seen in Figure 2-2. Phases of buckling, critical buckling load, stiffness 

parameters and energy parameters were defined and plotted over force-displacement data for each 

individual test. Figure 5-1 in the Appendix shows these plots for one test.  

In addition to the parameters calculated to compare the four phases of buckling, force changes 

between major parts of the buckling event were reported as well. The difference between the force 

at the end of the needle insertion phase (𝑥2) and critical buckling load (𝑥4), termed ∆FIC, was 

included in the results to represent the force change after barrier contact occurs, but before buckling 

has started.  

Additionally, the absolute force change from the critical buckling load (𝑥4) to the end of the 

buckling test  (𝑥5), termed ∆FCB, was included as a measure of load carrying capacity loss that 

occurred when the needle buckled. 

Analysis of the buckling direction of BD Whitacre and Havel Pajunk 22G needles tested at 50mm 

tissue depth was also conducted. Methodology for how this was calculated is included in section 

5.3.1 of the Appendix and the results can be seen in Figure 5-7 of the Appendix. 
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Buckling Shape 

All buckling tests were filmed for visual analysis of the buckling shape. Post-test measurements 

were taken from all deformed needles. Every needle exhibited the same permanent deformation 

shape: the majority of the length remained visibly straight until a point of deviation. This point of 

deviation is correlated to the point of maximum deviation from midline during buckling. The 

deformed needle region length (Ld) was measured using imageJ software (NIH, Bethesda MD) and 

is defined as the length of needle measured from the point of deviation to the distal needle tip. A 

schematic of this measurement can be seen in Figure 5-2 in the Appendix. The definition and 

equations for effective length (Le) and the effective length factor (K) can be seen in Eq. 1 and Eq. 

2 in chapter 1.4. In our case, the overall length is equivalent to the tissue depth. By definition, the 

buckling shape is theoretically symmetrical within the effective length. Therefore, effective length 

factor, K, was calculated with Eq. 3. 

𝐾 =  
𝐿𝑑∗2

𝐿
                       Eq. 3 

With an effective length factor closer to 1, we can expect that the needle will buckle under a smaller 

axial load. An effective length factor closer to 0 would indicate that the ends of the needle are more 

constrained and, therefore, the needle would be able to withstand larger axial loading before 

buckling. Furthermore, it was hypothesized that in a spinal anesthesia administration procedure the 

needle is fixed at the hub, meaning that it is unable to translate or rotate about that point, and pinned 

at the distal tip, meaning that it is likely that it is unable to translate and is able to rotate about that 

point. By calculating the effective length factor, we were able to test this prediction to determine if 

the model created was simulating buckling as we expect it to occur in vivo. 

2.4. Results  

Buckling test force-displacement data showed consistent results (Figure 2-3), verifying that the 

model and testing methodology was repeatable. Visible needle deviation did not occur during 
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insertion. This was likely because all needles tested had symmetrical bevels and the tissue simulant 

was uniform. It was observed that the force increased linearly as the needle was advanced due to 

friction created by the tissue surrogate on the needle. It was also noted that post-testing, all needles 

were deformed permanently, demonstrating that yielding occurred at some point within the 

buckling portion of the test. 

 

 Phases of Buckling 

Four phases of buckling were analyzed to determine how parameters of force and displacement 

changed throughout uninterrupted needle insertion, barrier contact and buckling. Calculated energy 

parameters (Figure 2-4(A)) demonstrated that energy required to penetrate the gelatin was similar 

to the energy absorbed by the needle during the buckling phase. However, because the insertion 

phase is linear, insertion energy is proportionate to the tissue depth. Therefore, this may not be true 

for larger or smaller tissue depths. Additionally, it was seen that the needle absorbed very little 

energy during axial loading compared to buckling. Stiffness during insertion was significantly less 

Figure 2-3. Average force-displacement curve for all 22G BD Whitacre, Havel Pajunk and IMD Gertie 

Marx Needles Tested at 50mm Tissue Depth. Shaded region represents the standard deviation at every 

point along the curve. 



20 
 

than that of axial loading, intuitively demonstrating that the needle is more stiff than the gelatin 

tissue surrogate (Figure 2-4(B)).  

Critical buckling load (Figure 2-5(A)) and ∆FIC (Figure 2-5(B)) results demonstrated the large 

increase in force that occurred when the barrier was reached. These results corresponded to a 379% 

- 436% force increase when barrier contact occured. ∆FCB results (Figure 2-5(C)) demonstrated the 

significant loss of load carrying capacity that occurred when the needle buckled. This change 

corresponded to a 49 - 104% force reduction from the critical buckling load to maximum buckling. 
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Figure 2-4. (A) Energy of needle insertion, axial loading and buckling regions. (B)  Stiffness of needle 

insertion and axial loading regions. 

 

1
0

20

40

60

80

100

120

140

160

180

200

134.9 
21.45

25.90 
10.12

144.1 
9.362

En
er

gy
 (

J)

 

 

Insertion Axial Loading Buckling



21 
 

 Buckling Shape 

It was observed that the needles buckled in a “c” shape (Figure 2-6), referred to as first-mode 

buckling. Needle deformation occurred closer to the barrier. Results from the deformed needle 

region length measurements and calculated effective length factor can be seen in Figure 2-7(A) 

and Figure 2-7(B), respectively.    
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Figure 2-5. (A) Critical bucking load. (B) Change in force from end of insertion region to critical 

buckling point (∆FIC  = 𝐹𝑥4
− 𝐹𝑥2

). (C) Change in force from the critical buckling point to the end of the 
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Figure 2-6. Photo and diagram of bucking shape 
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2.5. Discussion 

A needle insertion and buckling model was designed to effectively simulate a spinal anesthesia 

procedure and buckling complication as performed by an anesthesiologist. Force-displacement data 

(Figure 2-3) showed consistent results across all needles tested, verifying reproducibility. These 

data, measurements of deformed needles taken post-testing and video of buckling tests were 

examined to analyze the buckling behavior of spinal needles. The boundary conditions of the 

buckling test were verified from measurements of deformed needles and calculated effective length 

factors. The results presented in Figure 2-7 align closest with a fixed-pinned boundary condition 

configuration, which corresponds to a theoretical effective length factor of 0.7 [21]. Therefore, it 

was verified that the boundary conditions were fixed at the shaft of the needle and pinned at the 

needle tip. These boundary conditions verified that the model was able to simulate buckling as we 

expect it to occur in vivo. 

Needle deformation occurred closer to the barrier, suggesting minimal lateral movement at the 

needle hub. This is likely due to lateral support from the gelatin on the needle. From this 

observation, we propose that buckling is better detected from axial force or displacement. While 

the results presented in this study demonstrate a buckling shape with simple fixed-pinned boundary 
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Figure 2-7. (A) Deformed needle region length. (B) Effective length factor. * = p<0.05  
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conditions and an effective length the corresponds to the full height of the tissue surrogate, it is 

hypothesized that this may not be true for a larger gauge needles or buckling in larger tissue depths. 

If lateral force exerted by the buckled needle is less that the force of the gelatin on the needle, we 

expect the buckling shape will vary from the shape presented here. In this case, the lateral support 

of the gelatin may shorten the needle’s effective length so that buckling is concentrated to a shorter 

segment of the needle. A shorter effective length could potentially decrease buckling detectability 

as the event will be occurring farther from the user and could also increase yield potential of the 

needle as the bending strain will be less distributed along the length of the buckling needle. 

Analyses of axial loading and buckling regions found large stiffness and minimal energy values 

during axial loading and large energy values during continued buckling. These data show the 

needle’s limited ability to displace axially and a large increase in force feedback prior to buckling 

when bearing a compressive load. Buckling is better detected with axial force feedback rather than 

displacement as larger changes were seen to this metric when the needle encountered a barrier. 

Additionally, due to the minimal energy that can be absorbed when loaded axially, needles are 

prone to buckling. Therefore, the needle will fail under much smaller loading than the material 

ultimate failure load. While the needle will buckle easily, far more energy is required to fracture 

the needle as indicated by the large buckling region energy results. Future investigation to 

determine the yield point of the needle will provide further insight as to how much a buckled needle 

can be further advanced before permanent deformation and fracture occurs. 

It was observed that the reaction force of the tissue on the needle during insertion increased linearly 

due to frictional forces from the tissue surrogate on the needle surface area. The difference between 

the force just before barrier contact and critical buckling load was the largest force change observed 

in the buckling event. We propose that this metric, which we have termed ∆FIC, is the best indicator 

of a buckling event. A very small ∆FIC could feel like the expected proportional increase in force 

and cause a failure to detect barrier contact and subsequent buckling. A large ∆FIC would increase 
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barrier contact detectability because the user would be able to more easily distinguish that force 

change from the expected linear resistance increase during uninterrupted needle insertion.  

It has been reported previously that the threshold for detectable force change is a consistent 7-10% 

for forces within the ranges of 0.5-200 N for most muscle groups [34]. Therefore, the 379% - 436% 

force change measured during barrier contact is well above the detectable threshold for humans. 

However, this highly detectable force change may not occur for all procedures. Factors such as the 

use of larger needle gauges and performing the procedure in obese patients who possess a larger 

tissue depth for the needle to travel could result in a smaller ∆FIC. 

Force-displacement results from this study were in reasonable agreement with force data from a 

spinal anesthesia performed in a human cadaveric specimen. A study performed by Ambastha et 

al. (2016) recorded uniaxial force feedback during a spinal anesthesia procedure in a cadaveric 

specimen using an 18G spinal needle. Results of this study reported a steady increase in force 

magnitude from 0-5 N as the needle was advanced into the tissue, with a slight spike when skin 

puncture occurred [35]. These data can be compared to the uninterrupted needle insertion data 

where frictional forces on the needles surface area caused a steady force increase as the needle was 

advanced into the tissue surrogate. Ambastha et al. also reported force feedback of 3.5 N when 

supraspinous and interspinous ligaments were punctured and 2 N when dura puncture occurred 

[35]. These results are in agreement with a study conducted by Westbrook et al. (1994) that reported 

the force of dural puncture in patients to be 2.06 and 0.882 N for 22G and 27G pencil point spinal 

needles, respectively [36]. These data can be compared to the uninterrupted needle insertion data 

of our study that found a range of 0 - 5.48±0.671 N. Additionally, the study conducted by Ambastha 

et al. (2016) also recorded force feedback during a spinal anesthesia where bony contact occurred. 

In this procedure, a steady increase in force magnitude from 0-5 N as the needle is advanced into 

the tissue, with a slight spike when skin puncture occurred. When bony contact occurred there was 

a clear and sudden force increase to a peak of 11.45 N. These results show reasonable agreement 
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with the major phases of our simulated procedure. During uninterrupted needle insertion we found 

a range of 0 - 5.48±0.671 N with a sudden force increase when barrier contact occurred. The 

difference in force magnitude between the peak force reported by Ambastha et al. and the peak 

force of 27.7±1.44 N found in our study can be attributed to the possibility that the peak force 

recorded by Ambastha et al. may not have been the critical buckling point. The could have been a 

point when the needle was being loaded axially, but had yet to buckle. It is impossible to know if 

the needle had buckled at the peak force that was recorded in this study as the procedure was 

performed in opaque native tissue. Therefore, we cannot directly compare this force magnitude to 

results of our study. However, we can relate the relative changes in force that were found during 

this procedure to our simulated spinal anesthesia procedure.  

We hypothesize that differences in needle gauge, brand and tissue depth could affect the needles’ 

ability to resist a buckling complication. Therefore, future analysis will include a comparison of 

simulated buckling of several types of needles in different tissue depths. A comprehensive 

evaluation of how needle types perform with varying patient factors will provide more quantitative 

information to further inform how spinal needles could be chosen for procedures. 
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3. CHAPTER 3: CHOOSING THE RIGHT NEEDLE FOR YOUR PATIENT: HOW 

NEEDLE TYPE INFLENCES BUCKLING EVENT SEVERITY WITH 

CONSIDERATION FOR PATIENT FACTORS 

3.1. Introduction  

Small diameter spinal anesthesia needles are used to reduce the most common complication of a 

spinal anesthesia administration procedure, post-dural-puncture headaches (PDPH). Though 

effective in reducing PDPH prevalence, the use of smaller diameter needles has introduced 

increased procedural complications due to needle buckling and fracture [3, 4]. Several spinal 

anesthesia brands and gauges are used commonly for this procedure, but it is unknown if some 

needle types perform superiorly to others in their ability to resist a buckling complication. There 

are several factors that are assumed to affect buckling. First, it has been documented that it is 

difficult to feel changes in resistance during needle advancement that would signify potential 

complications. This lack of tactile feedback can limit the physician’s ability to feel increased 

resistance if a barrier has been met before damaging the needle [24]. This is particularly true for 

obese patients due to the larger tissue depth that the needle is required to travel through [7, 25, 26]. 

A larger ratio of needle length (i.e. tissue depth) to needle diameter corresponds to a smaller force 

required to buckle the needle, thus increasing buckling risk [21, 27]. Second, it is assumed that 

some stability is gained from the use of a stylet, though this has yet to be recognized in the literature. 

Third, it is understood that needle gauge affects needle strength, but it is unknown by how much. 

Additionally, it is unknown if same gauge needles manufactured by different brands possess 

superior strength to others. Thus, the goal of this study was to determine how needle gauge, brand, 

tissue depth (i.e. patient size) and the use of a stylet influence buckling events in a spinal anesthesia 

administration procedure. 
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3.2. Methodology 

A spinal anesthesia administration procedure and buckling complication model was developed (see 

chapter 2). Ballistics gelatin tissue surrogates of different depths were used to compare the 

performance of different needle gauges and brands in their ability to resist a buckling complication. 

Additionally, some needles were tested without a stylet to determine if the use of a stylet affects 

strength in a buckling event. 

 Study Design 

A power analysis was performed with critical buckling load results from preliminary testing of 22G 

(n=10), 24G (n=10), 25G (n=10) and 27G (n=10) IMD Gertie Marx needles in a 50mm tissue depth. 

Based on a pooled standard deviation of 0.7457N and a minimum difference of 3.9790N that was 

determined meaningful, the minimum effect size was 5.3. An alpha value of 0.05, a power of 0.8 

and this effect size yielded a sample size of 3. Due to their frequent use clinically, 22G, 24G, 25G 

and 27G and BD Whitacre, Havel Pajunk, IMD Gertie Marx, and B. Braun Pencan brands were 

selected for testing. Tissue depths of 50mm and 70mm were chosen to represent average and obese 

patients [26, 33, 37]. Due to a lack of availability of needles, not all brands and gauges were tested 

in both tissue depths. Depending on needle availability and if data needed to be eliminated from 

testing, each testing group contained 8-12 tests. Testing data were eliminated if needle buckling 

occurred above the system (outside of the gelatin) due to malalignment of the needle grip and 

introducer. A summary of the number of tests performed for each group can be seen in Table 3-1. 
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Table 3-1. Test Matrix 

Tissue 

Depth 

Needle 

Gauge 

Needle Brand 

BD Whitacre Havel Pajunk Gertie Marx 
B. Braun  

Pencan  

50mm 

22 n = 10 n = 10 n = 10   

24   n = 8 n = 10 n = 12 

25 n = 10 n = 10 n = 10   

27 n = 8 n = 8 n = 10 n = 10 

70mm 

22   n = 10 n = 10   

24   n = 9 n = 10   

25   n = 10 n = 8   

27 n = 10 n = 10 n = 10 n = 10 

 

 Parameter Calculation 

Force-displacement curves from each needle testing group were averaged to better visualize any 

differences due to needle gauge and brand over the course of the full buckling test. Displacement 

from each test was normalized such that the end of the test was 1mm. Force and normalized 

displacement data were then interpolated so that intervals between data points were consistant 

across all tests. The normalized displacement data was then multiplied by the original maximum 

displacement value (58mm for the 50mm tissue depth and 78mm for the 70mm tissue depth). The 

average and standard deviation of the force values at each displacement interval were calculated 

once all force-displacment traces from each needle group had been interpolated with this method. 

It was identified in Chapter 2 that the largest and, therefore, most detectable difference seen 

throughout the buckling event is the axial force change that occurs from when the needle contacts 

a barrier to the critical buckling point. The critical buckling point is defined as the point at which 

the needle can no longer withstand the axial loading applied and buckling initiates. This metric, 

termed FIC, represents the change in force the anesthesiologist would feel once barrier contact had 

occurred, but buckling had not initiated. Detection of this force change would allow the user to 

redirect the needle and prevent a buckling complication. A needle with a larger and consequently 

more detectable FIC would be a superior choice to avoid a buckling complication. FIC was 
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calculated as the differential between the critical buckling load and the force at the end of 

uninterrupted needle insertion, prior to the force spike that occurred from barrier contact.  

In addition to FIC results, the absolute force change from the critical buckling point to the end of 

the test was also reported. This parameter, termed FCB, was included to compare the loss of load 

carrying capacity that occurred after buckling for different needle testing groups. Comparison of 

this metric across varying needle groups is useful clinically to understand if some needles are more 

resistant to further deformation after buckling has initiated. Needles with a smaller FCB would be 

superior in that they would be more resistant to permanent deformation and needle fracture. FCB 

was defined as the differential between the force at the end of the test, or when the needle had been 

advanced an additional 8mm after barrier contact, and the critical buckling load.  

The force at the critical buckling point, or the critical buckling load, was reported for all needle 

testing groups as well. This metric was the peak force for each test. A visual representation FIC, 

FCB, the critical buckling load (x4), x2 and x5 can be seen in Figure 3-1. 



30 
 

 

 

 Statistical Analysis 

An analysis of variance (ANOVA) was conducted using an alpha value of 0.05 and a beta of 0.8. 

The ANOVA was run to compare each individual needle testing group to each other to determine 

the effect of needle gauge, brand, tissue depth and the use of a stylet on performance in a buckling 

complication. For example, all Havel brand 22G needles tested in the 50mm tissue depth with 

stylets would be one testing group, and all Havel brand 24G needles tested in the 50mm tissue 

Figure 3-1. Force-Displacement of one needle tested with labeled corresponding phases of buckling and 

parameters calculated. 



31 
 

depth with stylets would be another testing group. This analysis was performed for each calculated 

parameter. The results of this statistical analysis can be seen in Tables 5-4 – 5-7 in the Appendix. 

Additionally, needle insertion stiffness and energy, axial loading stiffness and energy and buckling 

energy parameters were calculated for all needles tested in this chapter. Tables and figures of these 

parameters can be seen in the Appendix in Tables 5-2 – 5-3 and Figures 5-10 – 5-20. 

3.3. Results 

Visual analysis of buckling test video footage showed that no noticeable needle deviation from the 

straight intended path occurred during needle insertion. This is likely due to the use of the 

introducer, symmetrical beveled needles and a uniform tissue simulant. Therefore, it is reasonable 

to assume that loading was along the long axis of the needle once barrier contact occurred and any 

lateral loading was insignificant. It was also observed that all needles were permanently deformed 

after the buckling test, but none were fractured. This demonstrates that all needles were buckled 

sufficiently for yielding to occur, but not enough to fracture them. 

 Force-Displacement Curves 

Small standard deviations throughout the force-displacement data within each needle testing group 

verified that the needle insertion and buckling model created for this study was repeatable (Figure 

3-2 and 3-3). It was observed that force increased linearly during uninterrupted needle insertion. 

This force increase can be attributed to frictional force from the gelatin tissue surrogate on the 

needle surface area. A steep spike in force was seen when the needle came into contact with the 

barrier until the needle buckled and force steadily decreased. When average force-displacement 

curves are compared by gauge (Figure 3-2), it can be seen that there are noticeable differences in 

force between the tests. When comparing these same average force-displacement curves by brand 

(Figure 3-3), far less noticeable differences in force were seen between tests in most cases.   
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Figure 3-2. Average force-displacement curves for different gauge needles from each brand tested at 50mm 

tissue depth. Shaded regions represent the standard deviation at each point along average force-

displacement curves. 
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 FIC, FCB and average critical buckling loads results 

FIC results (Figure 3-4(A)) showed substantial variation between different gauges and between 

same gauge and brand needles tested at two tissue depths. Variation between same gauge needles 

manufactured by different brands was far less noticeable. Similar trends were seen in FCB results 

(Figure 3-4(B)) with the exception of 22G needles that had very similar loss of load carrying 

capacities when tested at the two tissue depths. Similar to FIC and FCB results, average critical 

buckling loads (Figure 3-4(C)) from different needle testing groups varied substantially between 

different gauges, but far less noticeably between same gauge needles manufactured by different 

Figure 3-3. Average force-displacement curves for same gauge needles manufactured by different brands 

and tested at 50mm tissue depth. 
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brands. Additionally, far less variation was seen from same gauge and brand needles tested at two 

tissue depths.  
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FIC, FCB and critical buckling load results for needle testing groups tested with and without a 

stylet can be seen in Figure 3-5(A-C). Havel Pajunk 24G FIC and all critical buckling load results 

were significantly different between needle groups tested with and without a stylet. BD Whitacre 

27G FIC and FCB were not statistically significantly different between needle groups tested with 

and without a stylet. 

 Buckling Shape 

It was observed from video footage of buckling tests that the buckling shape from different needle 

testing groups varied substantially. Table 3-2 depicts images and corresponding schematics from 

one buckling test in each needle testing group at the point of maximum buckling. The buckled 
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needle is highlighted in each image and the schematic shows the differences seen in effective length 

(Le), overall length (L), buckling mode (n), and lateral deformation from midline between each 

testing group. Significant buckling shape differences were seen for different gauge needles tested 

at different tissue depths. Buckling shapes were very similar for same gauge needles manufactured 

by different brands tested at the same tissue depth and thus were not included. 

3.4. Discussion 

The goal of this study was to quantify the buckling behavior of spinal anesthesia needles with 

respect to the relative contribution of needle brand, gauge, tissue depth and stylet use. To 

accomplish this goal, a model of a spinal anesthesia administration procedure and buckling 

Table 3-2. Buckling Shapes and Corresponding Schematics for Different Needle 

Testing Groups 
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complication was developed to reproduce this procedural complication repeatably. The testing 

system developed demonstrated good precision within all needle testing groups as evidenced by 

the small standard deviations calculated for force-displacement curves, FIC, FCB and critical 

buckling load results.  

Force-displacement results from this study were in reasonable agreement with existing literature. 

Ambastha et al. (2016) recorded uniaxial force feedback during a spinal anesthesia procedure in a 

cadaveric specimen using an 18G spinal needle. From this study, force magnitudes ranging from 

0-5 N during needle insertion were reported with a slight force spike when skin puncture occurred 

[35]. This is in agreement with force feedback data recorded in this study, which increased steadily 

from 0-5 N as the needle was advanced into the gelatin tissue surrogate. Ambastha et al. also 

recorded force feedback during a spinal anesthesia in a cadaver where bony contact occurred [35]. 

Again, a steady increase in force magnitude from 0-5 N with a slight spike during skin puncture 

was recorded during uninterrupted needle insertion. When bone contact occurred, a steep spike of 

11.45 N was recorded. This corresponds to major phases of our simulated procedure. The difference 

in force magnitude of peak force reported by Ambastha et al. and peak force of 27.7±1.44 N from 

the most similar, 22G, needles tested in our study can be attributed to the possibility that the peak 

force recorded by Ambastha et al. may not have been the critical buckling point. This peak force 

could have been a point when the needle was being loaded axially, but had yet to buckle. It is 

impossible to know if the needle had buckled at the peak force that was recorded in this study as 

the procedure was performed in opaque native tissue. Therefore, we cannot directly compare this 

force magnitude to results of our study. However, we can relate the relative changes in force that 

were found during this procedure to our simulated spinal anesthesia procedure. These comparisons 

can be further validated by comparing results recorded by Ambastha et al. with previous work. 

Ambastha et al. reported force feedback of 3.5 N when supraspinous and interspinous ligaments 

were punctured and 2 N when dura puncture occurred. This is in agreement with results from 
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Westbrook et al. (1994) who reported force of dural puncture in patients to be 2.06 and 0.882 N for 

22G and 27G pencil point spinal needles, respectively [35, 36]. Comparisons made between this 

existing literature and our study results validate our model design as well as the use of uniform 

ballistics gelatin as a tissue surrogate for this experiment. 

It was seen from average force-displacement curves that gauge altered performance of the needle 

significantly throughout the experiment. This is in accordance with previous literature that has 

reported needle gauge as a factor that influences placement failure incidence [4]. Tests with same 

gauge needles manufactured by different brands yielded average force-displacement curves that 

were tightly grouped. Some differences could be seen when comparing needle brand, but it is clear 

that needle gauge was a more influential factor throughout needle insertion and buckling. 

FIC results from needle groups tested in two tissue depths differed by up to 5 N, except for 27G 

needle groups where differences were less. It has been reported that obesity, or an increase in tissue 

depth, affects barrier contact detectability [7, 25, 26]. Our findings support these clinical 

observations. The differences between FIC results from different gauge needles groups were both 

clinically and statistically significant (p<0.05), with few exceptions. Differences between average 

FIC results from 24G and 25G Havel Pajunk needles tested in 70mm tissue depth as well as 25G 

and 27G IMD Gertie Marx tested in 70mm tissue depth were not statistically significant (p>0.05). 

While differences in FIC results from needles manufactured by different brands were seen, no 

overall trends could be identified.  

Theoretically, it is expected that a member with a larger effective length and, therefore, larger 

slenderness ratio would be more susceptible to buckling. This means that the member will have a 

smaller critical buckling load as the slenderness ratio is increased, provided other factors remain 

constant. From this understanding, it was expected that the additional effective length involved in 

the 70mm tissue depth would affect the ability of the needle to resist loading after buckling, 
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resulting in similar or greater FCB results from needle groups tested in the 70mm tissue depth. 

Similar results from the two tissue levels would indicate that the additional effective length 

involved in buckling within a larger tissue depth does not affect the needle’s ability to resist loading 

after it has buckled. If FCB results from 70mm tissue depth groups were larger than that of the 

50mm tissue depth groups, this would indicate that the additional effective length further limits the 

needle’s ability to resist loading after buckling. However, FCB from 22G needles tested at the two 

tissue depths were very similar, while FCB from most 24G, 25G and 27G needles tested in the 

70mm tissue depth were statistically significantly (p<0.05) smaller than that of the 50mm tissue 

depth. 27G BD Whitacre and B. Braun Pencan needles tested at the two different tissue depths did 

not have statistically significant (p>0.05) differences in FCB. 27G Havel Pajunk needles did have 

statistically significant (p>0.05) differences in FCB, but the average FCB from the 70mm tissue 

depth was larger than that of the 50mm tissue depth. It is possible the lateral support from the 

gelatin resulted in a lesser loss of load carrying capacity in the needle groups tested in the 70mm 

tissue depth. It was also seen that FCB results were smaller for smaller gauge needle groups. All 

needles tested have very similar surface areas so it can be expected that lateral support from the 

gelatin is very similar between needles gauges. Therefore, this difference is potentially because the 

lateral force of deflection from the needle could be larger than the lateral frictional support from 

the gelatin in larger needle gauges. This could be especially true for 22G needles tested that had 

very similar FCB results at the two tissue depths. The deflection force for these needles was too 

great for the gelatin to support the buckling needle. Differences were seen in FCB results from 

same gauge needles manufactured by different brands, but no trend was seen overall. 

Critical buckling load results from needle groups tested at two different tissue depths were often 

neither clinically nor statistically significantly different. Differences between small gauge needles 

tested at two different tissue depths were statistically significant, but to a lesser extent than FIC 

results from the same needle groups. This is potentially because lateral force from the gelatin tissue 
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surrogate on the needle surface area was able to better support larger needle gauges because they 

had a smaller deflection force. If the deflection force from the needle was less than the lateral 

supportive forces from the gelatin, the gelatin may have aided the needles’ ability to resist buckling 

resulting in larger critical buckling loads. All comparisons of critical buckling loads from different 

gauge needles were statistically significant (p<0.0001). Critical buckling loads from different brand 

needles were more significant for smaller gauge needles. Again, this could be because lateral 

support from the gelatin was less effective in aiding the needles’ ability to resist buckling because 

of the large stiffness and deflection forces from small gauge needles. Comparisons of large gauge 

needles manufactured by different brands were not significant (p>0.05), except for IMD Gertie 

Marx 27G needles that had statistically significantly smaller (p<0.05) critical buckling loads than 

same gauge needles from different brands. Overall, the effect of brand was less than the effect of 

tissue depth or needle gauge on critical buckling loads. A comparison of theoretical and 

experimental critical buckling load results from the 50mm and 70mm tissue depth can be seen in 

Figures 5-8 and 5-9. 

For most muscle groups in humans, the detectable force change is a consistent 7-10% for forces 

within the ranges of 0.5-200 N [34]. The force change from barrier contact to where buckling 

initiated ranged from 98.363 - 452.95% for all needle groups. This force change is substantially 

above the detectable threshold for humans. Therefore, it is possible that in cases similar to the ones 

simulated in this experiment (i.e. using needle types tested in normal or obese patients) that the 

anesthesiologist would be able to detect barrier contact prior to buckling. This would allow for the 

user to redirect the needle before deformation occurred. However, this is further complicated by 

the linear resistance increase during needle insertion. Though the force change during barrier 

contact is substantial, it may feel similar to the expected continued increase in resistance as the 

needle is advanced further. Therefore, needles with larger FIC results are still advantageous for 

barrier contact detection. 
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Interestingly, no clinically significant differences between ∆FIC, ∆FIC and critical buckling load 

results from needle groups tested with and without a stylet. These data indicate that the stylet may 

not significantly improve mechanical integrity of the needle. However, it is possible that the stylet 

can reduce crimping and needle fracture. 

The buckling shape from many needle groups tested differed from theoretical buckling shapes of 

columns with the same boundary conditions. It was verified in Chapter 2 that the boundary 

conditions in this experiment were pinned at the base and fixed at the top. Buckling of a slender 

column in air with fixed-pinned boundary conditions would yield a single mode (n=1) deformed 

shape with the effective length (Le) comprising 70% of the overall length (L). Furthermore, it is 

defined from the theoretical formulas for Euler buckling in air that deformation is symmetrical 

along the long axis of the column within the effective length. However, it can be seen that buckling 

shapes from many needle groups tested in this study deviated from theoretical expected shapes. 

The 22G needles tested at the 50mm tissue depth exhibited a buckled shape that was closest to the 

theoretical expectation as this profile had a single mode, an effective length that was approximately 

70% of the overall length and deviation was largely symmetrical within the effective length. All 

other needle groups varied from these three criteria. We hypothesize that this is due to a variety of 

factors, including tissue surrogate support and non-uniformity of the needle cross-sectional area. 

27G needles tested in the 50mm tissue depth and 24G, 25G, and 27G needles tested in the 70mm 

tissue depth exhibited second mode buckling. Single mode buckling is expected for a similar 

experiment performed in air, however, the additional factor of the tissue surrogate may have 

provided lateral support that behaved as a bracing material along the length of the needle. Bracing 

is a commonly used technique in civil and mechanical engineering applications to reduce buckling 

potential of a column. By bracing a column, the overall length is reduced to the length between 

fixed points, greatly increasing the critical buckling force. It is unclear if support from the tissue 

surrogate was strong enough to reduce buckling event severity because FIC results decreased 
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proportionately as needle gauge was increased. This was true across all needle gauges tested with 

no noticeable variation from needle groups that exhibited second mode buckling. From a clinical 

perspective, this variation in deformation is still important as needle groups with second mode 

buckling could have more than one point along the needle where yeilding and fracture could occur. 

Many needle groups possessed profiles where deformation was concentration towards the platform. 

These groups had neither deformation that was symmetrical within the effective length nor effective 

lengths that comprised 70% of the overall length. The cross-sectional geometry of spinal needles 

includes a tube (i.e. the needle) with a column (i.e. the stylet) fit within it. It is possible that a 

combination of gelatin support and crimping of the needle could have contributed to deformation 

being concentrated towards the platform.  

 

4. CHAPTER 4: LIMITATIONS, FUTURE DIRECTIONS AND CONCLUSIONS 

4.1. Limitations and Future Directions 

It is important to note the limitations of this study. First, while the needle insertion and buckling 

model produced repeatable results that were in agreement with the literature, it did eliminate two 

major factors that are present in the actual procedure. The first factor is the anesthesiologist, which 

was replaced in our model by the uniaxial material tester. Fixation of the needle within the needle 

grip and advancing the needle uniformly with a uniaxial actuator eliminates any lateral movement 

at the needle hub during insertion. While some resources advocate against this practice, it is 

common for anesthesiologists to move the needle hub parallel to the tissue surface to redirect the 

needle as it is advanced [1, 3]. By controlling both speed and direction of insertion, needle 

advancement was greatly simplified in the model. In clinic, lack of directional or speed control 

during insertion greatly complicates the buckling scenario as the needle is unlikely to be perfectly 

straight and perpendicular to a barrier surface if contact occurs, as it was in the model. This means 

that many needles are likely already buckled or under the influence of a lateral deflective force 
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before a larger and more perceptible buckling event were to occur. Additionally, the force required 

to buckle the needle is likely much smaller in vivo than was reported in this study.  

The second major factor eliminated in the model was the patient, which was replaced by the gelatin 

tissue surrogate. The tissue surrogate, while not homogenous, is far more uniform than the various 

tissues a needle must travel through in a spinal anesthesia procedure. The gelatin uniformity 

resulted in far smoother force-displacement traces than was seen in a previous study where the 

procedure was performed in a cadaveric specimen [35]. However, the uniformity of the gelatin 

allowed for highly repeatable testing and very minimal needle deviation during insertion. 

Additionally, the gelatin tissue surrogate is non-biological and, therefore, lacked lubricative 

properties of biological tissue. This could have potentially resulted in larger frictional forces during 

needle insertion, though force-displacement results from this portion of testing were in reasonable 

agreement with the literature [35, 36].  

In addition to the identified limitations to the model, only two tissue depths were tested in this 

study, which is not enough data points to extrapolate expected buckling behavior in larger tissue 

depths. Further testing of larger tissue depths should be included to understand how needles 

perform in patients of more than the two sizes examined in this study. 

The questions raised from observed buckling shapes in this study are interesting as they vary from 

uniform column buckling in air; a system that has been well studied. Further computational 

modeling of this experiment is required to better understand how gelatin support and the needle 

and stylet geometry affect buckling behavior. Future work will address these questions from a 

mechanical engineering perspective through finite element modeling of this system. 

4.2. Conclusions 

The goal of this study was to quantify the buckling behavior of spinal anesthesia needles to improve 

knowledge for how to best detect a buckling event. This study offers the first analysis of buckling 
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behavior of spinal anesthesia needles and a novel method for simulating a spinal anesthesia 

procedure and buckling complication. ∆FIC is the largest change in force and the best indicator of 

a buckling event. A very small ∆FIC could feel like the expected proportional increase in force 

during needle advancement and cause a failure to detect barrier contact and subsequent buckling. 

Barrier contact may be challenging to detect before buckling occurs, but the large stiffness increase 

that occurs during needle axial loading may be used to prevent permanent needle damage. Plastic 

deformation of the needle occurs later in the buckling deformation, which means redirection of a 

strait un-deformed needle is possible if the user detects the point of buckling or soon after it has 

begun. A needle with the largest ∆FIC should offer the best ability to detect a buckling complication. 

Needle gauge was the most significant factor to affect ∆FIC results, followed by tissue depth, needle 

brand and lastly, the use of a stylet. ∆FIC comparisons from different gauge needles manufactured 

by the same brand yielded p-values of <0.03, with the exception of Gertie Marx 25G and 27G 

needles tested at 70mm tissue dpeth (p>0.05). ∆FIC  comparisons of same gauge and brand needles 

tested at different tissue depths produced p-values of <0.0001. No trend was found that would 

indicate that any one needle brand was superior or inferior to any other brand tested, though 

differences were seen amongst select comparisons of same gauge needles manufactured by 

different brands. Data collected in this study indicate that stylet use does not significantly improve 

the needles’ ability to resist buckling. The results of this study should be consulted to determine 

which needle gauge and brand is superior depending on patient size. We hope that the information 

obtained from this study will aid resident and practicing anesthesiologist knowledge for how to 

reduce incidence and severity of buckling complications beyond the current teaching methods of 

practice alone.  
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5. APPENDIX 

5.1. Data Processing 

For all tests, stiffness, energy and critical buckling load parameters were plotted over force-

displacement data. This allowed for visual confirmation that all phases of buckling had been 

defined appropriately for each test. To verify that stiffness calculations had been performed 

correctly, an additional plot was made for each test that included the force-displacement data, R2 

value from the line fit and the % of the needle insertion or axial loading regions that were used for 

the calculation. These verification plots for test 1 of the 22G BD Whitacre needles tested in the 

50mm tissue depth are included in Figure 5-1, below, as an example. 
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Figure 5-1. Specimen Label: 22G BD Whitacre 50mm tissue depth test 1. Force-displacement data plotted 

with the critical buckling load and calculated stiffness and energy values (top). Force-displacement data 

plotted with stiffness values. Percentage of total region values are how much of the needle insertion or 

axial loading regions were included in the stiffness calculation as a result of the custom line fitting 

program (see Chapter 2). R2 values included to show goodness of line fit for stiffness calculations 

(bottom).Deformed Needle Region Measurements 
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After performing buckling tests, measurements were taken from all deformed needles. Post-testing, 

every needle exhibited the same permanent deformation shape such that the majority of the length 

remained visibly straight until a point of deviation. This point of deviation is correlated to the point 

of maximum deviation from midline during buckling. The length of this deformed region was 

measured using calipers and the angle of needle deviation was measure using imageJ software. A 

schematic of these measurements can be seen in Figure 5-2. 

  

Figure 5-2. Schematic of Measurements Taken from Deformed Needles. 𝐿d = deformed needle region 

length; θ = angle of needle deviation 
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5.3. Buckling direction calculations 

 Methodology 

Needle buckling direction was calculated using two 

camera views positioned 60 from each other. A 

diagram of this set up can be seen in Figure 5.3. 

Two known lengths, |𝑂𝐴| and |𝑂𝐵|, were measured 

from images taken from front camera and side 

camera views at maximum buckling, respectively. 

The two known lengths and known angle between 

them (60) were then used to calculate the angle of 
Figure 5-3. Diagram for Needle Buckling 

Direction between 90 and 180 

60 

θ 
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y 

𝑂 
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𝐷 
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𝛾 
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Top View 

Path of Buckled 

Needle 

Front Camera 
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Side 

Camera 

60 

|𝑂𝐴| 

|𝑂𝐵| 

Side View 

|𝑂𝐴| 

Front Camera View 

Side Camera View 

|𝑂𝐵| 

Figure 5-4. Geometry of Needle Buckling Direction Calculation 
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needle deformation, ∠𝛾, measured from 𝑂𝐴⃑⃑⃑⃑  ⃑. This calculation can be seen below in Equation 4. 

𝛾 = tan−1 (
|𝐷𝐴|

|𝑂𝐴| 
)                       Eq. 4 

A diagram of the geometry used to calculate needle buckling direction can be seen in Figure 5-4. 

∠𝛾 was then adjusted to be measured from the defined origin. This adjustment differed depending 

on the quadrant in which buckling occurred. The adjustment equations to measure buckling angle 

from defined origin can be seen in Table 5-1. 

Buckling quadrants were determined visually by plotting each projection in MatLab 2014a. 

Diagrams for buckling directions in the other three quadrants can be seen below in Figure 5-5. 

 

Figure 5-5. Diagram for Needle Buckling Direction between 0 and 90 (left), 180 and 270 (middle), and 

270 and 360 (right) 

Table 5-1. Adjustment Equations to Measure Buckling Angle from Defined Origin 

0 - 90 90 - 180 180 - 270 270 - 360 

𝜃 =  90 − 𝛾 𝜃 =  90 + 𝛾 𝜃 =  270 − 𝛾 𝜃 =  270 + 𝛾 
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Calculations used to plot the projections and determine |𝐷𝐴| can be seen in the equations below 

and in Figure 5-6.  

|𝐶𝐵| =  |𝑂𝐵| sin30° 

|𝑂𝐶| =  |𝑂𝐵| cos 30° 

𝐵𝑥 = |𝐶𝐵| 

𝐶𝑦 = 𝐵𝑦  =  |𝑂𝐶| 

𝑂𝐵⃑⃑ ⃑⃑  ⃑
𝑆𝑙𝑜𝑝𝑒 = 

𝐵𝑦 − 𝑂𝑦

𝐵𝑥 − 𝑂𝑥
 

𝐵𝐷⃑⃑⃑⃑⃑⃑ 
𝑆𝑙𝑜𝑝𝑒 = − 

1

𝑂𝐵⃑⃑ ⃑⃑  ⃑
𝑆𝑙𝑜𝑝𝑒

 

𝐵𝐷⃑⃑⃑⃑⃑⃑ 
𝑦−𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = −𝐵𝑥 ∗ 𝐵𝐷⃑⃑⃑⃑⃑⃑ 

𝑆𝑙𝑜𝑝𝑒 + 𝐵𝑦 

𝐷𝑥 = |𝑂𝐴| 

𝐷𝑦 = 𝐵𝐷⃑⃑⃑⃑⃑⃑ 
𝑆𝑙𝑜𝑝𝑒 ∗  𝐷𝑥 + 𝐵𝐷⃑⃑⃑⃑⃑⃑ 

𝑦−𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 

|𝐷𝐴| =  𝐷𝑦 

+y 

+x 

(𝐷𝑥,  𝐷𝑦) 

(𝐵𝑥 ,  𝐵𝑦) (𝐶𝑥,  𝐶𝑦) 

60 
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y 
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0 

𝐶 

(𝑂𝑥 ,  𝑂𝑦) 

(𝐴𝑥 ,  𝐴𝑦) 

𝐵𝐷⃑⃑⃑⃑⃑⃑ 
𝑦−𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 

𝐵𝐷⃑⃑⃑⃑⃑⃑ 
𝑆𝑙𝑜𝑝𝑒 

Figure 5-6. Diagram for calculation of |𝐷𝐴| 

 

Known Values 

𝑂𝑥  0 

𝑂𝑦  0 

|𝑂𝐴| Front camera measurement 

|𝑂𝐵| Side camera measurement 
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 Results 

In an analysis of all BD Whitacre and Havel Pajunk needles it was found that needles did not buckle 

in a consistent direction despite fixing the introducer in the same orientation for all tests. The results 

from this analysis can be seen in Figure 5-7. These results indicate that stylet orientation does not 

affect buckling direction.  

30°

210°

60°

240°

90°270°

120°

300°

150°

330°

180°

0°

Figure 5-7. Buckling direction for all BD Whitacre and Havel Pajunk needles tested. Buckling direction is 

the direction of lateral displacement from a top-down view of the gelatin tissue surrogate. The center of the 

polar plot refers is the midline where the needle is inserted. 
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5.4. Theoretical vs. Experimental Critical Buckling Load Comparison 

The expected critical buckling load was calculated using the Euler buckling formula (Eq. 1) to 

compare to experimental results collected. Theoretical critical buckling loads were calculated for a 

continuum of outer diameters ranging from 0.3-0.7mm, which extend just beyond the outer 

diameters of 22 - 27 gauge size. The boundary conditions chosen for the calculation were fixed-

pinned to match experimental boundary conditions. The inner diameter used was a constant 0.2mm 

for all outer diameters as an estimate of wall thickness and the existence of the stylet. The elastic 

modulus used was 193GPa, which is the elastic modulus for medical grade stainless steel. Figure 

5-8 compares theoretical critical buckling results calculated for a 50mm length needle and all 

experimental results collected at the 50mm tissue depth. Figure 5-9 compares theoretical critical 

buckling results calculated for a 70mm length needle and all experimental results collected at the 

70mm tissue depth.  
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Figure 5-8. Theoretical and experimental critical buckling load results for a 50mm tissue depth. 

 

Figure 5-9. Theoretical and experimental critical buckling load results for a 70mm tissue depth. 
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5.5. All Calculated Parameters 

Table 5-2. Average Insertion Energy, Insertion Stiffness, Axial Loading Energy, Axial Loading 

Stiffness and Critical Buckling Load for All Needle Groups 
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22G 138.6 23.39 0.10 0.02 39.11 4.54 16.94 1.86 26.17 0.68 

24G                     

25G 73.92 29.14 0.08 0.01 8.53 2.41 20.13 4.50 16.25 1.07 

27G 112.8 9.07 0.07 0.01 3.59 1.53 31.12 9.07 11.25 0.31 

7
0

m
m

 

22G                     

24G                     

25G                     
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22G 135.9 12.76 0.10 0.01 20.53 2.89 27.03 3.50 28.94 0.96 

24G 96.68 16.29 0.09 0.01 12.72 1.49 23.42 2.73 19.02 0.85 

25G 84.83 34.66 0.08 0.01 10.73 3.86 17.30 3.93 16.48 0.76 

27G 76.02 9.53 0.07 0.01 4.08 2.25 30.18 12.70 11.10 0.40 
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22G         26.04 3.31 21.08 2.95 28.25 0.82 

24G         10.37 2.05 18.36 2.56 16.75 0.52 

25G         9.67 2.13 20.34 4.61 15.78 0.62 

27G         5.04 1.16 18.24 10.60 10.98 0.28 
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22G 130.3 27.09 0.11 0.01 18.08 2.77 28.37 3.77 27.88 1.12 

24G 71.93 10.52 0.06 0.01 7.81 2.47 24.82 6.97 17.49 0.88 

25G 58.21 10.72 0.05 0.01 5.08 1.47 26.19 16.89 13.46 0.42 

27G 94.92 13.35 0.08 0.00 3.37 1.25 18.75 13.70 9.43 0.58 
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22G         18.18 2.29 23.76 4.21 25.12 1.11 

24G         11.82 5.82 18.61 8.60 15.58 0.72 

25G         7.56 2.14 19.13 8.90 13.39 0.71 

27G         3.49 1.05 13.91 7.44 9.54 0.49 
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22G                     

24G 109.9 33.20 0.11 0.03 12.86 4.24 25.82 4.37 20.59 0.95 
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27G          5.91 2.57 14.37 9.92 10.69 0.19 
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Table 5-3. Average Buckling Energy, Ld, angle, FIC and FCB for All Needle Groups 
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22G 137.1 3.54 20.40 0.97 10.68 1.61 20.70 0.55 7.10 1.08 

24G                     

25G 84.70 6.16 15.06 0.69 17.02 1.57 12.59 0.97 7.53 0.65 

27G 63.88 4.41 12.90 0.63 21.23 2.07 7.15 0.19 4.47 0.30 
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27G 64.35 2.73 17.61 2.26 12.59 3.74 5.75 0.34 3.71 0.23 
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22G 148.4 13.07 20.23 0.58 12.67 1.28 23.54 0.96 11.12 0.92 

24G 97.41 8.95 17.72 2.51 15.46 2.10 14.64 1.27 8.00 1.15 

25G 85.16 5.59 15.57 1.31 16.78 1.61 12.42 0.63 7.31 0.72 

27G 61.14 2.47 12.96 0.71 20.47 2.43 7.70 0.52 4.91 0.41 
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22G 147.4 5.09 20.89 1.79 12.83 1.93 21.18 0.87 10.93 0.99 

24G 99.67 4.50 17.29 0.75 14.14 0.90 10.49 0.44 5.39 0.61 

25G 92.57 5.57 17.33 1.65 15.31 2.12 9.74 0.54 5.19 0.61 

27G 66.89 2.36 20.23 9.36 13.19 2.88 5.74 0.26 3.73 0.33 
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22G 146.8 4.02 17.92 1.19 11.58 1.80 22.32 1.31 11.64 1.52 

24G 72.91 24.34 15.99 0.86 12.78 1.45 14.33 1.17 8.75 2.61 

25G 66.83 3.64 14.30 0.45 15.96 1.65 10.67 0.43 7.04 0.57 

27G 55.97 2.48 12.43 1.11 18.95 1.80 5.41 0.40 3.37 0.50 
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22G 127.1 3.90 23.33 0.78 10.31 1.15 19.67 0.97 11.59 1.29 

24G 79.88 3.75 16.98 1.10 16.45 1.59 11.48 0.52 6.79 0.69 

25G 68.13 15.08 16.96 2.40 16.25 2.10 7.02 0.57 4.23 1.28 

27G 51.36 5.29 12.95 0.49 17.89 2.86 6.42 0.31 4.29 0.43 
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27G 63.31 3.00 22.05 15.26 15.66 2.42 5.30 0.25 3.32 0.62 
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Figures 5-10 – 5-20 depict average results of each calculated parameter for all needle testing 

groups. Figures 5-10 and 5-11 do not include needle groups tested at 70mm tissue depth as these 

results would simply be a linear continuation of data collected at 50mm and therefore, not be 

informative to our research questions.  
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Figure 5-10.  Comparison of average insertion stiffness at 50mm tissue depth. 
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Figure 5-11.  Comparison of average insertion stiffness at 50mm tissue depth. 
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Figure 5-12.  Comparison of average axial loading energy at different tissue depth. 
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Figure 5-13. Comparison of average axial loading stiffness at different tissue depth. 
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Figure 5-14.  Comparison of average buckling energy at different tissue depths. 
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Figure 5-15. Comparison of average deformed needle region length (ld) at different tissue depths. 
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Figure 5-16. Comparison of average angle of needle deviation () at different tissue depths. 
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Figure 5-18. (left) Axial loading energies from needle groups tested with and without a stylet. (right) Axial 

loading stiffnesses from needle groups tested with and without a stylet. 

Figure 5-17. (left) Needle insertion energies from needle groups tested with and without a stylet. (right) 

Needle insertion stiffnesses from needle groups tested with and without a stylet. 

Figure 5-19. (left) Buckling energies from needle groups tested with and without a stylet. (right) Deformed 

needle region length (Ld) from needle groups tested with and without a stylet. 
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5.6. Statistical Analysis 

An analysis of variance (ANOVA) was conducted using an alpha value of 0.05 and a beta of 0.8. 

The ANOVA test was run to compare each individual needle testing group to each other. For 

example, the average of all Havel brand 22G needles tested in the 50mm tissue depth with stylets 

would be compared to all Havel brand 24G needles tested in the 50mm tissue depth with stylets. 

This analysis was performed for each calculated parameter. The results of this statistical analysis 

can be seen below in Tables 5-4 – 5-7. Table 5-4 contains p-values from statistical comparisons 

of testing groups with the same needle brand and tissue depth, but different needle gauges. This 

table has been included to highlight the question of how needles of different gauge sizes influence 

needle buckling. Table 5-5 shows p-values from statistical comparisons of needle groups with the 

same needle gauge and tissue depth, but different needle brands. This table highlights the question 

of whether the use of different brand needles influences needle buckling. Table 5-6 contains the p-

values from statistical comparisons of needle groups with the same needle brand and gauge, but 

different tissue depths. This table emphasizes the question of whether tissue depth influences needle 

buckling. Lastly, Table 5-7 contains p-values from statistical comparisons of needle groups tested 

with and without a stylet to highlight the question of whether the use of a stylet influences needle 

buckling.

Figure 5-20. Angle of needle deviation () from needle groups tested with and without a stylet. 



 
 

 

Table 5-4. P-Values from Comparison of Gauge within Brand 

Needle 

Brand 

Tissue 

Depth 

Needle 

Gauge 

Needle 

Insertion 

Energy 

Needle 

Insertion 

Stiffness 

Axial 

Loading 

Energy 

Axial 

Loading 

Stiffness 

Critical 

Buckling 

Load 

Buckling 

Energy 

Deformed 

Needle 

Region 

Length 

Deformed 

Needle 

Region 

Angle 

DFIC DFCB 

BD 

Whitacre 
50mm 

22G vs. 25G <0.0001* 0.0002* <0.0001* 0.3913 <0.0001* <0.0001* 0.0034* <0.0001* <0.0001* 0.3370 

22G vs. 27G 0.0017* <0.0001* <0.0001* 0.0004* <0.0001* <0.0001* 0.0001* <0.0001* <0.0001* <0.0001* 

25G vs. 27G <0.0001* 0.0378* 0.0002* 0.0057* <0.0001* <0.0001* 0.2610 <0.0001* <0.0001* <0.0001* 

Havel 

Pajunk 

50mm 

22G vs. 24G <0.0001* 0.1649 <0.0001* 0.3602 <0.0001* <0.0001* 0.1916 0.0048* <0.0001* <0.0001* 

22G vs. 25G <0.0001* 0.0343* <0.0001* 0.0095* <0.0001* <0.0001* 0.0104* <0.0001* <0.0001* <0.0001* 

22G vs. 27G <0.0001* <0.0001* <0.0001* 0.4237 <0.0001* <0.0001* 0.0002* <0.0001* <0.0001* <0.0001* 

24G vs. 25G 0.1453 0.5389 0.1338 0.1219 <0.0001* 0.0039* 0.2607 0.1764 <0.0001* 0.1513 

24G vs. 27G 0.0165* 0.0011* <0.0001* 0.1045 <0.0001* <0.0001* 0.0191* <0.0001* <0.0001* <0.0001* 

25G vs. 27G 0.2786 0.0046* <0.0001* 0.0013* <0.0001* <0.0001* 0.1744 0.0002* <0.0001* <0.0001* 

70mm 

22G vs. 24G <0.0001* 0.0037* <0.0001* 0.4759 <0.0001* <0.0001* 0.0529 0.1690 <0.0001* <0.0001* 

22G vs. 25G <0.0001* 0.0023* <0.0001* 0.8416 <0.0001* <0.0001* 0.0492* 0.0078* <0.0001* <0.0001* 

22G vs. 27G <0.0001* <0.0001* <0.0001* 0.4445 <0.0001* <0.0001* 0.7137 0.6969 <0.0001* <0.0001* 

24G vs. 25G 0.0155* 0.9477 0.5839 0.6039 0.0040* 0.0820 0.9831 0.2181 0.0271* 0.6605 

24G vs. 27G 0.4423 <0.0001* <0.0001* 0.9749 <0.0001* <0.0001* 0.1135 0.3181 <0.0001* 0.0004* 

25G vs. 27G 0.0874 <0.0001* 0.0003* 0.5719 <0.0001* <0.0001* 0.1087 0.0226* <0.0001* 0.0015* 

Gertie 

Marx 

50mm 

22G vs. 24G <0.0001* <0.0001* <0.0001* 0.3400 <0.0001* <0.0001* 0.3308 0.2412 <0.0001* <0.0001* 

22G vs. 25G <0.0001* <0.0001* <0.0001* 0.5579 <0.0001* <0.0001* 0.0459* <0.0001* <0.0001* <0.0001* 

22G vs. 27G <0.0001* <0.0001* <0.0001* 0.0102* <0.0001* <0.0001* 0.0026* <0.0001* <0.0001* <0.0001* 

24G vs. 25G 0.0740 0.2550 0.0297* 0.7122 <0.0001* 0.1258 0.3974 0.0002* <0.0001* 0.0002* 

24G vs. 27G 0.0030* 0.0047* 0.0005* 0.1034 <0.0001* <0.0001* 0.0745 <0.0001* <0.0001* <0.0001* 

25G vs. 27G <0.0001* <0.0001* 0.1713 0.0463* <0.0001* 0.0066* 0.2990 0.0014* <0.0001* <0.0001* 

70mm 

22G vs. 24G <0.0001* 0.0002* <0.0001* 0.1663 <0.0001* <0.0001* 0.0005* <0.0001* <0.0001* <0.0001* 

22G vs. 25G 0.0002* 0.8365 <0.0001* 0.2406 <0.0001* <0.0001* 0.0010* <0.0001* <0.0001* <0.0001* 

22G vs. 27G <0.0001* <0.0001* <0.0001* 0.0086* <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* 

24G vs. 25G <0.0001* 0.0010* 0.0015* 0.8944 <0.0001* 0.0056* 0.9898 0.8451 <0.0001* <0.0001* 

24G vs. 27G 0.0343* 0.0002* <0.0001* 0.2069 <0.0001* <0.0001* 0.0262* 0.1195 <0.0001* <0.0001* 

25G vs. 27G <0.0001* <0.0001* 0.0023* 0.1861 <0.0001* <0.0001* 0.0371* 0.0966 0.0865 0.9053 

B.Braun 

Pencan 
50mm 24G vs. 27G 0.8310 <0.0001* <0.0001* 0.1285 <0.0001* <0.0001* 0.5709 <0.0001* <0.0001* <0.0001* 
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Table 5-5. P-Values from Comparison of Brand within Gauge 

Gauge 
Tissue 

Depth 
Needle Brand 

Needle 

Insertion 

Energy 

Needle 

Insertion 

Stiffness 

Axial 

Loading 

Energy 

Axial 

Loading 

Stiffness 

Critical 

Buckling 

Load 

Buckling 

Energy 

Deformed 

Needle 

Region 

Length 

Deformed 

Needle 

Region 

Angle 

FIC FCB 

22G 
50mm 

BDW vs. HAV 0.7220 0.3272 <0.0001* 0.0072* <0.0001* 0.0048* 0.9227 0.0324* <0.0001* <0.0001* 

BDW vs. IMD 0.2804 0.4646 <0.0001* 0.0024* <0.0001* 0.0152* 0.1702 0.3280 <0.0001* <0.0001* 

HAV vs. IMD 0.4686 0.0879 0.0507 0.7177 0.0013* 0.6859 0.2022 0.2418 0.0003* 0.2514 

70mm HAV vs. IMD <0.0001* 0.0151* <0.0001* 0.4704 <0.0001* <0.0001* 0.1766 <0.0001* <0.0001* 0.1451 

24G 
50mm 

HAV vs. IMD 0.0026* <0.0001* 0.0003* 0.7216 <0.0001* <0.0001* 0.4058 0.0130* 0.3808 0.1158 

HAV vs. PEN 0.9230 <0.0001* 0.9134 0.5269 <0.0001* 0.1791 0.1657 0.1573 0.8875 0.0425* 

IMD vs. PEN <0.0001* <0.0001* <0.0001* 0.7795 <0.0001* <0.0001* 0.6685 0.1885 0.4120 <0.0001* 

70mm HAV vs. IMD <0.0001* 0.5866 0.2585 0.9475 0.0006* <0.0001* 0.8694 0.0157* 0.0040* 0.0029* 

25G 
50mm 

BDW vs. HAV 0.1550 0.4954 0.0790 0.4478 0.4709 0.9078 0.7765 0.7927 0.6206 0.6170 

BDW vs. IMD 0.0411* <0.0001* 0.0062* 0.1037 <0.0001* <0.0001* 0.6764 0.2515 <0.0001* 0.2809 

HAV vs. IMD 0.0006* <0.0001* <0.0001* 0.0175* <0.0001* <0.0001* 0.4834 0.3763 <0.0001* 0.0476* 

70mm HAV vs. IMD 0.2863 1.0000 0.1129 0.7596 <0.0001* <0.0001* 0.8473 0.3345 0.1346 0.3856 

27G 

50mm 

BDW vs. HAV <0.0001* 0.9031 0.7234 0.8206 0.6786 0.5370 0.9758 0.4601 <0.0001* 0.0223* 

BDW vs. IMD 0.0195* 0.1811 0.8700 0.0019* <0.0001* 0.0609 0.8038 0.0210* 0.0922 0.1372 

BDW vs. PEN 0.5791 0.0997 0.6792 0.0007* 0.4639 0.7178 0.5025 0.3461 <0.0001* 0.0015* 

HAV vs. IMD 0.0207* 0.1430 0.5916 0.0041* <0.0001* 0.2191 0.7792 0.1234 0.0012* 0.0169* 

HAV vs. PEN <0.0001* 0.0762 0.9677 0.0137* 0.7672 0.3119 0.5230 0.8698 0.0006* 0.3904 

IMD vs. PEN 0.0814 0.7411 0.5405 0.6581 <0.0001* 0.0181* 0.3301 0.1440 0.9727 0.9699 

70mm 

BDW vs. HAV 0.0456* 0.6111 0.7467 0.7275 0.5698 0.5215 0.1473 0.5195 0.0425* 0.2033 

BDW vs. IMD <0.0001* 0.0002* 0.3556 0.1314 0.0001* 0.0012* 0.0104* <0.0001* 0.1771 0.3866 

BDW vs. PEN 0.0679 0.4324 0.3102 0.1659 0.7562 0.7930 0.0146* 0.0011* 0.0392* 0.2170 

HAV vs. IMD <0.0001* 0.0195* 0.2130 0.2450 <0.0001* 0.0001* <0.0001* <0.0001* 0.1883 0.3663 

HAV vs. PEN 0.8610 1.0000 0.4885 0.2988 0.3798 0.3666 0.3139 0.0080* 0.0008* 0.0332* 

IMD vs. PEN <0.0001* <0.0001* 0.0534 0.9012 0.0004* 0.0028* <0.0001* 0.0167* 0.1346 0.3856 
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Table 5-6. P-Values from Comparison of Tissue Depth 

Tissue 

Depth 
Needle Group 

Needle 

Insertion 

Energy 

Needle 

Insertion 

Stiffness 

Axial 

Loading 

Energy 

Axial 

Loading 

Stiffness 

Critical 

Buckling 

Load 

Buckling 

Energy 

Deformed 

Needle 

Region 

Length 

Deformed 

Needle 

Region 

Angle 

FIC FCB 

50mm vs. 

70mm 

BD Whitacre 27G 0.3269 0.5591 0.4270 0.0036* 0.1815 0.9108 0.0146* <0.0001* <0.0001* 0.1146 

Havel Pajunk 22G 0.0002* 0.0009* <0.0001* 0.1107 0.0356* 0.7867 0.7124 0.8602 <0.0001* 0.6711 

Havel Pajunk 24G 0.0364* 0.1998 0.0841 0.2110 <0.0001* 0.5984 0.8240 0.1902 <0.0001* <0.0001* 

Havel Pajunk 25G <0.0001* 0.0171* 0.3947 0.4114 0.0305* 0.0624 0.3301 0.1117 <0.0001* <0.0001* 

Havel Pajunk 27G <0.0001* 0.2339 0.4679 0.0027* 0.7142 <0.0001* 0.0002* <0.0001* <0.0001* 0.0145* 

Gertie Marx 22G 0.0155* 0.4226 0.9395 0.2160 <0.0001* <0.0001* 0.0030* 0.1680 <0.0001* 0.9104 

Gertie Marx 24G 0.4277 0.0004* 0.0015* 0.9057 <0.0001* 0.0793 0.6163 0.0004* <0.0001* <0.0001* 

Gertie Marx 25G <0.0001* <0.0001* 0.0624 0.9229 0.8381 0.7567 0.1662 0.7667 <0.0001* <0.0001* 

Gertie Marx 27G <0.0001* <0.0001* 0.9268 0.1936 0.7455 0.2449 0.7732 0.2503 0.0025* 0.0428* 

B.Braun Pencan 27G 0.1682 0.7291 0.1565 0.1061 0.3409 0.5983 <0.0001* <0.0001* 0.0002* 0.3353 

 

 

Table 5-7. P-Values from Comparison of Stylet vs. No Stylet 

Use of Stylet Needle Group 

Needle 

Insertion 

Energy 

Needle 

Insertion 

Stiffness 

Axial 

Loading 

Energy 

Axial 

Loading 

Stiffness 

Critical 

Buckling 

Load 

Buckling 

Energy 

Deformed 

Needle 

Region 

Length 

Deformed 

Needle 

Region 

Angle 

DFIC DFCB 

Stylet vs. No 

Stylet 

BD Whitacre 27G <0.0001* 0.6718 0.8411 0.1251 0.0007* 0.0088* 0.4016 0.8411 0.4711 0.2258 

Havel Pajunk 24G 0.1502 0.0026* <0.0001* 0.8373 0.0028* 0.4205 0.0009* <0.0001* <0.0001* 0.8526 
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