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ABSTRACT: Elastomeric components such as closures and stoppers play key roles in providing container closure integ-

rity (CCI), supporting a portfolio of injectable combination products and primary containers including needle shields

(NSs) in prefilled syringes (PFSs). Upon piercing through the elastomeric (i.e., synthetic rubber) components, the physi-

cal interaction between the needle and the deformable elastomer could result in the formation of small, random-shaped

particles fragmented and dislodged from the NS material due to cutting processes. This phenomenon, called coring,

poses a major risk in drug product contamination, as elastomer particle fragments can potentially be aspirated with the

medication and injected into a patient or prevent injection. Here, we present a combined computational and experimen-

tal approach to assess the incidence of coring. In particular, we first experimentally characterized the nonlinear finite

deformation behavior of five commonly used NS elastomers and calibrated constitutive models. Then, we performed fi-

nite element simulations validated with needle insertion experiments to compare the coring behavior of the NS elasto-

mers. We demonstrated that higher maximum failure strain under tension and higher deformation-stiffening properties

of the elastomer are contributing factors that attenuate coring and fragmentation. The experimental-numerical frame-

work presented is suitable for quantifying broad correlative and discovering relationships between device properties

governing the incidence of coring and fragmentation.

KEYWORDS: Prefilled syringe, Rigid needle shield, Coring, Elastomer material, Numerical modeling.

Introduction

Needle coring has been a long-standing concern among

clinicians. It is a phenomenon by which fragments of

rubber are torn off as a needle penetrates the rubber

stopper of a medication vial. The pieces of the rubber

stopper sheared off by the bevel tip could be lodged in

the bore of the draw needle, leading to clogging and

drug contamination. In addition to vial stoppers, the

material that cores the needle can be the elastomeric

needle shield (NS) as a component of prefilled syringe

(PFS) combination products or a patient’s own tissue

during injection. Elastomeric cores dislodged from the

bulk NS material can be aspirated into a syringe and

potentially injected into a patient (1), thereby coring

poses issues with both safety and patient experience

(e.g., potential for deleterious physiological effects).

Studies have reported incidences of coring varying

between 3% and 97% (2, 3), and 40.8% when a blunt

safety needle was used versus 4.2% using a sharp 18G

needle (1), with clinical implications ranging from

undetectable granuloma formation, localized ischemia

by inadvertent injection of a cored particle into an ar-

tery, and anaphylactic reactions to organ failure and

death (4). As such, coring is a potential cause of mor-

bidity and mortality and is likely underreported (5). On

the other hand, the biological safety implication of

small-particle rubber is still not fully understood (6, 7).

Although none of the following techniques is failproof,

common practices to attenuate coring have largely

focused on manual inspection, altering the angle of

entry into the rubber vial stopper or tissue (5), orienting

the needle bevel upward, controlling the aspiration

pressure, using small-gauge needles and changing the

syringe size (8, 9), and utilizing PFSs. Others have

elected to avoid the use of blunt drawing needles alto-

gether (10) or adopted specialized syringe attachments
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to decrease the incidence of coring (11), which has led to

other complications related to those devices (12). Use of fil-

ter needles for loading medication into syringes may elimi-

nate particulate fragments; however, filter implementation

is not readily feasible in ready-to-inject PFS products. As

discussed, these mitigation strategies have limited applica-

tions to PFSs, and these all neglect the root of the issue: ma-

terial failure of the elastomeric NS. There is limited

knowledge on how mechanical material properties influence

coring performance, thus more detailed research is needed

to document the true incidence of coring and test which

strategies of medication aspiration or infusion are most

effective to mitigate the risk of coring.

We developed an experimental-numerical framework that

includes several model cases to gain fundamental insight

into the physics of coring and potentially identify design

pathways to prevent the associated clinically relevant risks.

Given the inherently complex nature of the needle-NS

interaction, we used finite element (FE) modeling to cap-

ture the important coring response of five elastomers

directly obtained from commercial PFS products. To the

authors’ knowledge, predictive computational models char-

acterizing needle coring have not yet been reported. It is

noteworthy that coring is not a single aspect of rigid needle

shield (RNS) material candidate selection. Complementary

attributes of critical importance include biocompatibility

and vapor/oxygen transmission rate through the elastomer,

hence product-based evaluation must accompany material

downselection.

Materials and Methods

In the graphs below, we will provide a detailed overview of

sample preparation for mechanical testing, the development

of constitutive models for elastomeric materials, and the

framework for numerical simulations.

Materials, Sample Preparation, and Mechanical Tension

Testing

Five commercial elastomeric NS samples, labeled R1,

R2, R3, R4, and R5, were selected for this study. Due to the

small amount of material available in the RNS, we were not

able to use standard sizes. We prepared experimental rubber

samples by extracting strips of material directly from the

five NS samples. Cylindrical blocks were extracted from

forward sections for needle insertion tests (Figure 1A, top),

while tensile strips were cut from the aft section of the

RNS, flattened, and sculpted into full and half dog-bone

geometries (Figure 1A, bottom). We determined that this

method gave us the most uniform test samples, with a rec-

tangular cross section and repeatable test data. We used cal-

ipers to measure the width and thickness of the gage

section at three points and computed the average area

for these measurements. We applied a speckle pattern

with a light coating of black and white paint for

strain analysis using digital image correlation (DIC)

and Correlated Solutions’ Vic-2D software. We per-

formed uniaxial tensile tests using full and half dog-

bone samples with an electromechanical load frame

and screw style tensile grips from AdMet at a dis-

placement rate of 1 mm/s, with a nominal strain rate

of 0.2/s. The tension tests were conducted using AS

D638-14 as a guideline.

We used DIC (Figure 1B and Figure S-1) to measure engi-

neering strain throughout the progressive deformation to

characterize the stress–strain responses of R1–R5 samples

as reported in Figure 1C. We calibrated a constitutive

model (a third order hyperelastic Ogden model) for the

rubber materials (dashed lines in Figure 1C, see “Constitu-

tive Models of Elastomeric Needle Shields” in Methods

and Table S-I for the material model calibration and coef-

ficients). The calibrated models showed excellent agree-

ment with the experimental curves over the entire strain

range, particularly as the materials approach failure. The

calibrated Ogden material models have a normalized mean

absolute difference error (NMAD) of 3.6%, 2.9%, 0.10%,

9.7%, and 6.0% for R1, R2, R3, R4, and R5, respectively.

The models with higher errors correspond to experimental

data with more scatter, which is likely driven by sample

preparation methods from the limited material available in

the elastomeric NS. At small strains (inset of Figure 1C),

the models match the results well, although R4 shows a

higher stress response. We expect this to have a small

impact on the results of the coring simulation, as a major-

ity of the deformation is at higher stress and strains where

the material model is more accurate.

Figure 1C shows that all the samples failed during ten-

sion testing before reaching out to engineering strain

e ¼ 5, except R1 that stretched over 500% without fail-

ure, indicating that R1 is more ductile than the other

materials. R3 and R4 exhibited comparable engineer-

ing stress–strain behavior with larger stresses at failure

(i.e., higher stiffness), whereas R2 and R5 underwent

lower stresses during elongation (Figure 1D). We addi-

tionally performed notched tension tests to ensure all

elastomers including R1 arrived at failure. DIC snap-

shots at zero strain and nonuniform strain fields before

tears (i.e., propagated through each cross-section
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leading to complete failure) as well as the correspond-

ing stress–strain curves are provided in Figure S-2.

Constitutive Models of Elastomeric Needle Shields

The constitutive behavior of the rubber candidates was

captured using a third order hyperelastic Ogden material

model (15), whose strain energy function is U ¼
X3

i¼1

2li ðk1
ai þ k2

ai þ k3
ai � 3Þ=ai2 þ

X3

i¼1
ðJ � 1Þ2i=Di;

where li; ai; Di; i ¼ 1; 2; 3 are the model parame-

ters reported in Table S-I. Here, ki ¼ J�1=3ki;
i ¼ 1; 2; 3 represent the deviatoric principal stretches,

ki; i ¼ 1; 2; 3 are the principal stretches, J ¼ detðFÞ,
and F is the deformation gradient. Four of the Ogden

model parameters are related to the conventional initial

shear modulus, denoted by G0, and initial bulk modulus,

denoted by K0, at zero strain: G0 ¼ m 1 þ m 2 þ m 3,

K0 ¼ 2=D1. Material failure is not explicitly captured in

the Ogden model.

Needle Insertion Tests

We started experimental characterization of the coring

behavior using perpendicular needle insertion tests.

We performed the needle insertion tests by displacing

the needle 4mm down into the cylindrical samples.

We cut cylindrical samples for needle insertion tests

from the RNS using a scalpel, with the cut lines shown

in Figure 1A. After cutting, we ground the ends to

make a more uniform surface on the needle insertion

side and to remove the chamfers on the as-manufac-

tured end. We performed needle insertion tests using

staked-in standard 25 G needles to cut into cylindrical

specimens, which were secured using a double-sided

tape, at an insertion rate of 1mm/s to a depth of 4mm.

We aligned the needle to be perpendicular and cen-

tered on the cylindrical specimen and inserted the nee-

dle with an AdMet universal test frame, measuring

force and displacement as well as recording the test

with a digital video camera. We inspected the needle

visually after each test to determine if the needle was

clogged and did not notice any clogged needles. Each

material was tested n¼ 3 times.

The experimental setup used to cut into the prepared

cylindrical R1–R5 specimens is shown in Figure 1E

(see “Needle Insertion Test” in Methods, and Video

S-1 illustrating the insertions of standard 25 G nee-

dles into all five elastomer blocks and the correspond-

ing force–displacement curves). The snapshots of

needle insertion into R1 (low stiffness) and R4 (high

stiffness) cylindrical rubber specimens at different

levels of applied displacement, H¼ 0, 1, 2, 3, and

4 mm, are presented in Figure 1F. Negligible tilting

of the rubber with a small needle deflection was

recorded during the needle insertion into R1. How-

ever, the stainless-steel needle experienced a substan-

tial degree of visible bending, despite its high elastic

modulus, as it entered R4. The excessive tilting of R4

caused small deviations in the insertion angle, which

were less evident in the lower-stiffness elastomer,

R1, although they did not significantly impact the

force response.

Numerical Simulations

All the simulations were carried out using the commer-

cial FE package Abaqus 2020 (SIMULIA, Providence,

RI). We determined the Coupled Eulerian Lagrangian

Figure 1

Experimental characterization of the elastomeric needle shields and needle insertion tests. (A) Sample prepara-

tion for needle insertion (cylindrical specimens, top) and uniaxial tension (dog-bone and half dog-bone speci-

mens, bottom) tests. Three exemplary rubber samples R1, R2, and R3 are shown. (B) Exemplary digital image

correlation (DIC) snapshots showing the progressively deformed shape of the half dog-bone sample R1 under

uniaxial tensile loads at different levels of applied engineering strain, e 5 0, 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0.

(C) Experimental engineering stress–strain response curves of R1–R5 under monotonic uniaxial tension tests

(solid lines) tested at 1mm/s. The dashed lines are calibrated hyperelastic Ogden material models. The inset

shows the small-strain behavior. The x marker represents failure. (D) Engineering failure strains and stresses

of the five rubber candidates under uniaxial tensile tests up to e 5 5. The data is reported as mean ± S.D. of

N5 3 measurements for each group. NF denotes no failure observed. (E) Experimental setup used for needle

insertion testing. (F) Experimental snapshots showing needle insertion into R1 (negligible tilt with a small nee-

dle deflection) and R4 (excessive tilt with a large needle deflection) cylindrical rubber specimens at different

levels of applied displacement, H5 0, 1, 2, 3, and 4mm.
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(CEL) technique as the most viable candidate for the

needle insertion problem, as it is able to support the

necessary material model definition, large deforma-

tions, and sharp boundaries (i.e., needle geometry) and

can handle cutting of materials well. In contrast to

implicit Lagrangian methods, the explicit CEL method

can be more computationally expensive but handles

contact, cutting, and material failure without an

explicit failure model and is explicitly stable. The fully

Lagrangian Abaqus Explicit approach requires a

detailed definition of the material failure conditions

and is error-prone or fails for some material model–

needle combinations (i.e., not a reliable choice for this

problem), and due to the element sizes needed for a

Lagrangian method, the fully Lagrangian approach is

slower than the CEL. We generated three-dimensional

(3 D) FE models of the needle (imported from Solid-

Works) and the five rubber candidates to simulate the

needle insertion process and investigate RNS coring.

We modeled the 25G standard needle (inner diameter

of 0.277mm and outer diameter of 0.385mm) as a rigid

body with no strain using a rigid body constraint and

the rubber samples as nonlinear hyperelastic elastomers

described in “Constitutive Models of Elastomeric Nee-

dle Shields”. Two element types were used to construct

the model: tetrahedral quadratic modified element

(Abaqus element type C3D10M, seed size¼ 50 lm) for

the needle and linear quadrilateral element (Abaqus

element type EC3D8R, seed size¼ varied from 35 lm
to 90 lm, with smaller elements near the needle inser-

tion) for the elastomers. We applied a constant dis-

placement rate of 1mm/s. We used a rigid body

coupling for the needle to simulate the body as a rigid

body. We performed a mesh refinement study and veri-

fied that the FE solutions are convergent results and are

not severely affected by small changes in mesh size.

We simulated the problem in a 3 D computational do-

main and used one symmetry plane to fully define the

geometry. We modeled the elastomer with a Eulerian

domain that was sufficiently large to contain the mate-

rial at the completion of the test, and the needle as a

rigid Lagrangian representation. A significant part of

the needle insertion force is likely due to friction

between the outer circumference of the needle and the

elastomer as well as a function of local surface topog-

raphy that is not captured by the smooth surfaces in

the numerical domain. As such, we simulated friction

coefficients between 0.01, 0.1, 0.15, and 0.3, treated

as a calibration parameter in silico, and improved

model predictions to match experimental force-

displacement profiles. In particular, the friction coefficient

corresponded to the sudden drops in the force vs. dis-

placement curves. The authors chose the friction coeffi-

cients that best matched the tested response.

Results and Discussion

Figure 2A illustrates a commercial PFS product with a

two-component NS closure system, including a rigid

thermoplastic cap encompassing the soft elastomer

insert. The variation in sizes and geometries of the NS

closure systems used in this study are presented in Fig-

ure S-3. Our hypothesis is that coring occurs in PFSs

due to physical NS-needle interactions (i.e., cutting the

elastomer and generating dislodged particles). We per-

formed benchtop tests in which we inserted the PFS

needle into the elastomeric NS. The contents of PFS

injectate samples expelled and collected into separate

beakers revealed visibly entrained submillimeter elas-

tomeric particles with various shapes and sizes.

Figure 2B shows an X-ray computed tomography scan

of the representative damage to the elastomeric NS, as

well as images showing the shapes and sizes from an

optical microscope. Formation of cores (i.e., frag-

mented microparticles) not visible to the naked eye

have been previously reported (4, 13, 14). The micro-

particles we found due to NS coring are consistent with

the literature.

We aimed to develop predictive computational models

characterizing needle coring. We constructed 3 D nu-

merical models of the 25 G needle and the five rubber

materials (Figure 3A) and employed FE analyses to

model the needle insertion problem and capture the large

deformation of the rubber and potential coring. We used a

CEL formulation with explicit time integration in the com-

mercial FE package Abaqus (see “Numerical Simulations”

in Methods). Figure 3B illustrates cross-sectional numerical

snapshots showing progressively deforming elastomers at

various applied displacement, H¼ 0, 1, 2, 3, 3.5, and 4mm,

throughout needle penetration into R1. The peninsula-

shaped rubber fragments initially dislocate as the heel of the

needle contacts R1, and full detachment from the bulk

occurs at deeper penetrations. Such fragments will leave the

needle upon injection and show up as coring particles. The

insertion of the 25G standard needle into R1–R5 rubber

candidates obtained from FE simulations are presented in

Video S-2.

The corresponding measured force-displacement profiles

(solid lines) are reported in Figure 3C. The responses are
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characterized by a gradual linear increase with two force-

drop occurrences at offsets of approximately 1.0 and

2.3mm measured from the elastomeric cylinder’s top sur-

face (see Videos S-1 and S-2 for individual force-displace-

ment curves). Inspection of the needle insertion tests and

simulations revealed that these force-drops correspond to

the instances as the tip and heel of the needle puncture the

material, respectively. The drop in force value correlates

with the release of elastic strain energy at the site of punc-

ture, which was also reflected in the stress contours showing

maximum von Misses stresses at the needle tip and heel

(Figure 3B).

The simulations reproduced experimental force-dis-

placement and elastomer separation leading to debris

filling the needle core. Figure 3C superposes experi-

mental-numerical force-displacement curves, revealing

close agreement between the force magnitude vs dis-

placement trend for R1–R5. CEL models have inherent

limitations in constitutive models, which make

advanced failure criteria difficult to implement. In our

simulations and test results, we did not observe com-

plete blockage of the needle core. The assumption of a

rigid needle can explain some of the discrepancy

between the simulation and test results. In some tests

(as shown in Figure 1F), the needle bends, changing

the angle of insertion into the elastomeric NS. This can

cause some discrepancies, but modeling the needle as

deformable was computationally not tractable.

Based on the numerical simulations and experimental

observations, the larger an elastomer’s tensile failure

strain and strain stiffening response, the more resistant

the material is to the coring phenomenon. Using the

failure strain and the strain-stiffening as favorable

properties, R1–R5 are ranked as follows from the least

to the most likely to experience coring during needle

insertion: R1, R3, R4, R5, and R2. R1 having the larg-

est failure strain among R1–R5 is expected to perform

the best, whereas R2 with the lowest failure strain

would exhibit the worst coring performance. R3 and

R4 deliver similar coring performance, but R3 is

expected to perform better as it features a higher strain

stiffening at large strains. R5 has a lower failure strain

than R1–R3 but is expected to perform better than R2

due to its substantial strain stiffening response at high

strains.

Figure 2

Needle shield (NS) coring in a prefilled syringe (PFS). (A) A PFS with a NS closure system (middle) composed

of a rigid translucent thermoplastic cap and compliant rubber insert (left). Magnified cross-sectional view of

the elastomeric NS in contact with the staked-in needle (right). (B) Representative X-ray computed tomography

(XRCT) image of a NS after removal from a PFS. Visible elastomeric submillimeter particles detached from

the rubber insert were observed suspended in the injectate after injecting the PFS.
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Conclusion

Coring presents a risk of compromising patient safety

and promoting drug contamination. To address this, the

current study prospectively evaluated elastomeric RNS

materials by developing an experimental-numerical

workflow to bring insight into needle coring perform-

ance. We experimentally characterized five commer-

cially available elastomeric materials and used this

empirical data to calibrate finite-strain constitutive

models. The FE simulations were validated by con-

ducting needle insertion experiments. Based on our

simulations and experimental observations, we deter-

mined that material properties of the elastomeric NS

can significantly influence the incidence of coring. In

particular, larger maximum strain-to-failure and stiff-

ening with deformation suppressed coring. This study

brings awareness about the potential implications of

established numerical models, enabling the user to

modify important parameters and investigate their

effects on coring, serving as a predictive tool to study

the needle insertion problem. These FE simulations can

predict the response of different material combinations,

effect of needle geometry, influence of process condi-

tions such as needle geometry, insertion rate, and ori-

entation, on the resulting force-displacement responses

and degree of coring. In particular, early in silico pre-

dictions of the needle and NS system can prevent fail-

ures later in the design process that prevent the timely

release of a PFS system. Predicting needle coring early

in the design process means that changes to the assem-

bly process, manufacturing tolerances, materials, or

needle designs are tractable. More comprehensive fol-

low-up investigations to understand the impact of such

potential underlying mechanisms are warranted. Additional

work to use these predictive FE models to simulate different

anticoring technology should be performed, including blunt

vs. sharp needles, insertion angles, and needle designs. The

current model framework has great potential to assist phar-

maceutical companies in the informed selection and design

of PFSs for novel therapies. By addressing this critical yet

Figure 3

Numerical characterization of needle insertion into the elastomeric needle shields. (A) FE meshed model con-

sists of a rigid 25G needle based on the needle image and rubber matrix. (B) Representative numerical snap-

shots showing cross-sectional views of progressively deformed shapes of R1 at an insertion rate of 1mm/s at

various levels of applied displacement, H5 0, 1, 2, 3, 3.5, and 4mm. (C) Experimental (solid lines) and numeri-

cal (dashed lines) needle insertion force as a function of insertion depth for R1–R5 samples at a constant uniax-

ial displacement rate of 1mm/s. The inset shows small displacement behavior. The experimental data are

reported for N5 3 measurements for each group.
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often overlooked aspect during the early stages of combina-

tion product development, our approach can contribute to

more effective and patient centric drug delivery solutions.
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Supplementary Materials

Figure S-1

Images of the rubber materials under monotonic tensile testing. The snapshots show the progressively

deformed shape of R1, R2, R3, and R4 half dog-bone samples at different levels of applied engineering strain,

e 5 0, 0.5, 1.0, 2.0, 3.0, and 4.0.
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Figure S-2

Mechanical characterization of the notched elastomeric samples under notched tension. (A) Representative ex-

perimental digital image correlation (DIC) snapshots showing undeformed (left) and stretched configurations

just before failure (right) for R1–R3 notched half dog-bone samples under tensile loads. A notch (approxi-

mately half the initial width of the samples) was cut into the test samples using a scalpel. These photos demon-

strate that R1 is significantly more ductile than the other materials. (B) Experimental engineering stress–strain

response under monotonic notched tension tests are shown (N53 repeats). The x marker represents failure.

The tests were performed with a constant displacement rate of 1 mm/s.

Figure S-3

Experimental images of the prefilled syringe (PFS) closure systems considered in the study. Three exemplary

needle shield (NS) closure systems composed of translucent thermoplastic caps and elastomer inserts, R1, R2,

and R3, are shown.
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Supplementary Vidoes

Supplementary videos S1 and S2 are available online.

TABLE S-I

Model Parameters of the Third Order Constitutive Hyperelastic Ogden Material Models for the Five Rubber

Candidates R1–R5.
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