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Pre-filled Syringe Failure Analysis using Abaqus/Standard

Summary

Failure of pharmaceutical packaging incurs the risk of
negative health outcomes and expensive product recalls.
Pre-filled syringes represent a growing portion of the drug
packaging market. During its working life, a syringe ex-
periences stresses that may result in material damage.
Specifically, the syringe barrel may develop microcracks
that coalesce and propagate, causing the syringe to frac-
ture and its contents to lose sterility.

Abaqus/Standard offers the technologies necessary to
include fracture and failure in the syringe design process.
The extended finite element method (XFEM) allows for
the analysis of crack initiation and propagation along an
arbitrary, solution dependent path without the need for
remeshing. In this Technology Brief, the application of
XFEM to the failure analysis of a pre-filled syringe is dem-
onstrated.

Introduction

The pre-filled syringe was introduced in the early 1980s,
and pharmaceutical companies have recently trended
towards providing products in this delivery form. Accord-
ing to a report from Visiongain [1], the market grew to an
estimated value of $2.5 billion in 2010.

The delivery method’s advantages over the traditional vial
and syringe option have been fueling this rapid growth.
Prefilled syringes allow for more convenient drug admini-
stration, more accurate dosage, and higher assurance of
sterility. Without the extra step of extracting from a vial,
the likelihood of administering the wrong drug or dosage
is greatly reduced.

For pharmaceutical companies, using pre-filled syringes
reduces the amount of drug overfill required and de-
creases overall cost. This is especially important for mak-
ers of valuable potent biotechnology drugs.

Background

Because a prefilled syringe serves as both delivery de-
vice and storage container, sterility of the drug during
transfer and transportation must be maintained. After the
product is sealed into the syringe, two to three years may
pass before the time of injection. Compromise in the sy-
ringe integrity could lead to contamination of the contents,
which may result in serious medical consequences. Al-
though much focus has been placed on the long-term
performance of elastomer plungers, recent product recalls

Key Abaqus Features and Benefits

e Fracture and failure analysis using the extended
finite element method (XFEM)

e Simulation of assembly processes via the resolu-
tion of initial contact interference

e Robust nonlinear capabilities including elas-
tomeric materials and large sliding contact

have accelerated interest in understanding the potential of
syringe barrel cracking.

Prefilled syringe barrels are made of high-quality borosili-
cate glass or clear plastic like cyclic olefin copolymer
(COC). The barrels can develop microcracks when they
go through molding, sterilization and labeling processes.
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Figure 1: Syringe assembly
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Figure 2: Initial crack inserted in the inside surface of the
barrel at a 45 degree angle to the barrel axis

The microcracks may not be detectable at the time of
quality inspection. As the barrels with microcracks un-
dergo deformation during plunger insertion, packaging,
transportation and handling, the cracks may propagate if
the stress around the crack front reaches a critical level. If
the cracks extend far enough and create a pathway for
microbiological contamination to reach the sealed drug,
sterility will be compromised.

The nonlinear analysis capabilities of Abaqus/Standard
have long been helping manufacturers analyze the seal-
ing integrity of syringes [2, 3]. In addition, Abaqus capa-
bilities in fracture and failure analysis have been used in
the prediction of medical device failure [4]. The Abaqus
implementation of XFEM is a powerful tool for predicting
crack initiation and propagation independent of the finite
element mesh. In this study we illustrate how this ad-
vanced fracture analysis technique can be used to study
the likelihood of a crack causing the loss of sealing integ-
rity in a syringe barrel.

Analysis Approach

A plastic syringe assembly was created using Abaqus/
CAE. The model includes a barrel, plunger, and stopper
(Figure 1). The barrel is comprised of Topas® COC grade
5013 plastic. An initial crack on the inner surface of the
syringe, at 45 degrees to the barrel axis, was inserted to
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Figure 3: Propagation of the crack as the pressure in-
creases

simulate the effect of microcracks developed during
manufacture (Figure 2).

The plunger insertion was simulated by resolving contact
interference between the stopper and the barrel. After
assembly, frictional contact was assumed between the
barrel and rubber stopper. Fluid pressure inside the
closed cavity was then applied as a linear function of time
to simulate the increase in pressure as the plunger was
inserted into the barrel. XFEM was used to model the
propagation of the initial crack due to stress around the
crack front.

Results and Discussion

As the pressure increases, the crack first extended onto
the exterior surface of the barrel (Figure 3a) indicating the
loss of sterility of the drug inside the syringe. It then trav-
eled along the circumferential direction of the barrel
(Figures 3b-c).

In this example, the size and location of an initial flaw is
assumed. In general, it is not necessary with the XFEM
method to specify an initial crack; the approach can pre-
dict where cracking will begin. However, this simulation is
meant to represent a worst-case scenario given that the
crack is positioned immediately adjacent to the plunger
stopper, where high stress is expected due to the sealing
pressure the stopper asserts on the barrel.

A systematic approach is required to study various combi-
nations of initial crack location, size and orientation. Some
of them may not propagate at all under the operating
loading conditions, while others may propagate only along
either the interior or exterior surface of the barrel and will
not cause loss of sterility. Such knowledge could provide
guidelines for improving manufacturing and quality control
processes.

Conclusion

The utility of XFEM for assessing the propensity of a plas-
tic syringe barrel to crack during assembly has been dem-
onstrated. Similar to prefilled syringes, XFEM may also be
used to study fracture and failure in other drug delivery
devices such as automatic injectors and cartridges. Other
fracture and failure analysis techniques are available in
Abaqus/Standard for the study of pharmaceutical pack-
age sealing properties; for example, debonding of blister
packs could be modeled with cohesive elements. These
techniques could help drug delivery and pharmaceutical
packaging designers develop more reliable, longer lasting
devices that would ultimately benefit the industry and its
patients.
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For additional information on the Abaqus capabilities referred to in this brief, please see the following Abaqus 6.11 docu-
mentation references:

e Analysis User's Manual
— ‘Modeling discontinuities as an enriched feature using the extended finite element method,” Section 10.7.1

— ‘Modeling contact interference fits in Abaqus/Standard,” Section 34.3.4
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