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Abstract Injection of polymeric microparticles is the

final step in the drug delivery process. Experience has

shown that blockage of the syringe mechanism can be a

problem under certain conditions leading to poor control of

the final product. Particle size and shape are postulated to

be significant factors. In this article 2D Discrete element

model (DEM) simulations of circles and semi-circles are

used to demonstrate the effect of shape on blockage of the

syringe mechanism. To corroborate the calculations, a

range of experiments on glass spheres and polymers show

good agreement with simulations of normally distributed

particle sizes. A similar scenario is also briefly modelled in

3D DEM showing similar trends.

1 Introduction

1.1 Medical microparticles

Medically approved polymers are commonly used to pre-

pare drug encapsulated microparticles for subcutaneous

injection into the human body [1]. Such particles are usu-

ally but not always spherical and are made by double

emulsion [2] and spraying techniques [3]. Often over-

looked is the administration of these microparticles, via

hypodermic syringe with a medical gauge needle. The

microparticles are suspended in a liquid injection vehicle

(usually a low viscosity aqueous solution such as car-

boxymethyl cellulose solution) and are injected under the

skin or intramuscularly. Large needle sizes are typically

employed in these procedures to eliminate the possibility of

blockages. However this approach is cautious, when per-

haps smaller needle sizes could be used to improve patient

comfort. For this reason this study investigates the effects

of particle shape and size in order to understand the key

factors that influence particle passage through a needle

orifice.

Two main types of particle shape are investigated,

spherical and hemispherical; to see what effect they have in

terms of blockage (Fig. 1). In both cases, the particles have

been fabricated using the Particles from gas saturated

solution technique (PGSS), where supercritical carbon

dioxide (scCO2) under mild temperatures and pressures has

been used to atomise the medical polymer poly(lactic-co-

glycolic acid), PLGA. Drug particles can be added in this

process to create sustained release formulations [4] but

have not been attempted for this study.

In this article we explore the effect of particle size and

shape upon injectability. Modelling is performed in 2D

(and some in 3D) using the DEM approach where model

particles were based upon circles and semi-circles. The key

target was to determine the injectability of spherical and

hemispherical particles through medical gauge slip-tip

needles. Commercially these are described as 19 & 21G.

These have outer diameters of 1.07 and 0.83 mm, respec-

tively and are large and painful for patient injection.

Smaller gauge needles (23 and 25G) are of 0.64 and

0.52 mm diameters [5], and are much less intrusive and
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painful for the end user. Thus this study focuses upon the

requirements to obtain a clean injection without particle

blockage for the range of needle gauges and particle sizes

mentioned. The DEM modelling and experimental behav-

iour observations are compared. One key balancing factor

is that drug delivery formulation particles are required to be

as large as possible to minimise drug burst release. The

question remains what is the smallest needle required for

the largest possible particle size that can minimise dis-

comfort but prevent a dose dump effect after injection?

It has also been found that varying the lactide and gly-

colide content in PLGA can vary the contact angle that a

hemisphere forms post PGSS production, which may in

turn affect the flow-ability of the end particles when

injected (Fig. 2). Two variants have been discovered:

firstly particles with a contact angle of 66 ± 6� have been

formulated with PLGA in a 50:50 ratio of lactide to gly-

colide; secondly hemispheres with a contact angle of

89 ± 11� have been measured [6] with a PLGA ratio of

100:0, which is in fact polylactic acid, PLA. These shapes

are approximated to 60� and 90� for initial investigation.

All experimental particles are assumed to be 90� in contact

angle.

The study is also extended to look briefly at the effect of

3D spherical and hemispherical particles in DEM.

1.2 Objectives

This study compares results of polygon DEM 2D simulations

with experiments on syringe flow in terms of whether

blockage occurs. It is recognised that 2D has significant

limitations but previous studies [7, 8] have shown it to be

useful in initial assessments. Some comparable 3D simula-

tions are also considered in less detail. Several techniques to

model non-spheres are evolving in DEM as reviewed by

Dziugys and Peters [9] and in Li et al. [10], Fraige et al. [7].

The main objectives here are to consider the validity of DEM

for syringe blockage and how it might be utilised practically.

2 Materials and methods

2.1 Materials

PLGA RG502H (13 kDa) was purchased from Boehringer

(Ingelheim, Germany). Pharmaceutical grade CO2 (99.99%)

Fig. 1 a SEM of glass spheres sieved in the nominal range 75–80 lm. b PLGA hemispheres sieved in the nominal range \100 lm

Fig. 2 Contact angle variation as a function of lactide content. a 50% lactide. b 100% lactide. Measurements taken with ImageJ using the low

bond axisymmetric drop shape analysis plug-in [6]
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and zero grade N2 were supplied by BOC (Nottingham, UK).

All high pressure stainless steel pipes and connectors were

from Swagelok (Manchester, UK). Micron sized glass beads

were also used (Nottingham University).

2.2 Particle production

The PGSS technique uses the weak solubility of scCO2 to

mix polymers. The supercritical gas lowers the melting or

glass transition temperature of polymers causing them to

form a gas saturated solution [11]. The procedure involves

use of a high pressure vessel. Polymer and CO2 are added and

the temperature and pressure are raised to above the critical

point conditions (31.1�C & 73.8 bar). This causes the poly-

mer to liquefy. The plasticised mixture is then stirred to

enable mixing with any drug additives. The polymer/drug

mixture is atomised through a nozzle generating particles

[12] which are collected in a cyclone downstream of the

device. On spraying, the CO2 evaporates causing the melt-

ing/glass transition temperature to rise again. This solidifies

the polymer, creating the shape of the particles that would

eventually be injected into a patient.

The PGSS technique produces spherical and near

spherical particles. Near perfect spheres are produced in

quantities of less than 100 mg per 2 g batch, for this reason

glass beads are used in the experimental section of this

article as their shape was guaranteed spherical (Fig. 1).

Standard PGSS particles can be further processed to

make hemispheres. A hemispherical particle is a PGSS

particle that has undergone secondary plasticisation. This is

achieved by spreading the particles out on Teflon� sheets,

re-exposing them to CO2 in a pressure vessel, depressu-

rising and sieving the correct fraction for injection. The

hemispheres produced are shown in Fig. 3, they are

smooth, non-porous and are of a sufficient number in the

batch making process to be experimented upon for this

article.

2.3 Injection testing procedure

An injection force of 10 N is considered to be the upper

limit value acceptable for a 1 ml syringe [13]. If this value

was exceeded then the injection was deemed a blockage.

1 ml slip-tip disposable syringes and matching needles (BD

& Co, Franklin Lakes, USA) were used in the experimental

with a TA HD Plus texture analyser (Stable Micro Systems,

Goldaming, UK) to measure the force of injection as a

function of syringe plunger movement. This is shown in

Fig. 4.

The particles were suspended in an injection vehicle

(Water with 1.5% Carboxymethyl cellulose, 0.9% Sodium

Chloride), with a dose of 200 mg/ml. The temperature of

the injection vehicle was controlled at 10�C giving a vis-

cosity of 0.13 ± 0.01 Pa.s. Three repeats were taken for

each sample tested.

2.4 Experiments for DEM comparison

Monodisperse and normal distributions were simulated

using DEM. Distributions were then experimentally tested

Fig. 3 SEM image of hemispheres with sliced example showing

internal structure Fig. 4 Texture analyser apparatus used for injectability studies
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with a 23G needle attached to 1 ml syringes. To facilitate

the experiments glass spheres were used in a variety of

sieved distributions, whereas polymer hemispheres were

made using the secondary plasticisation process. The size

range of the nominal sieved fractions were more accurately

measured using laser diffraction, specifically a Helos/BR

(Sympatec, Clausthal, Germany) and were approximated

by normal distributions truncated between d10 and d90 to

describe 80% of the particle population in the simulation as

the DEM program required defined boundaries for it to

work within a reasonable time limit.

2.5 DEM 2D model

2.5.1 Sphere 2D model

The basic form of this DEM model [8] is fairly standard with

a linear spring and dashpot contact mechanics approach and

has been applied here to silo flow to mimic the syringe. It is

essentially a 2D model with a fixed particle thickness in the

3rd dimension. It uses an explicit time stepping approach to

numerically integrate the motion of each particle from the

resulting forces acting on them at each timestep. The inter-

particle and particle wall contacts are modeled using the

spring–dashpot–slider analogy with rolling friction. Contact

forces are modeled in the normal and tangential directions

with respect to the line connecting the particles centres.

Further details can be found in Fraige et al. [8].

2.6 Polygon 2D model

A representation of the polygon particle model and

potential contact types is shown in Fig. 5. Defining the

particle contact with perfect polygons can be difficult in

some situations. Since real granular materials do not have

perfect vertices a small circle is located at each vertex as

shown. Each convex polygon is defined by a number of

different radial distances from a reference point at specified

angles such that the outer angle at each vertex is always

greater than 180�. To determine whether two particles

interact the separation distance needs to be calculated. This

algorithm incorporates calculating the distance from a

vertex in polygon B to the boundary line of polygon A with

two possibilities as shown in Fig. 5, vertex circle-boundary

line contact and inter-vertex circle contact.

2.7 Application of model to syringe flow

An example of the polygon DEM model used here to

model the hemispheres is shown in Fig. 6b, c. In this study

cohesion is negligible, contact damping is assumed to be

quite high due to the interstitial liquid and a moderate value

of friction is assumed. Gravity flow is used to replicate the

syringe flow. The side walls of the DEM vessel are at 4� to

vertical measured from a 23G needle cross-section (BD

Fig. 5 Polygon contact model showing vertex circle-boundary line

contact (Case 1) and inter-vertex circle contact (Case 2)

Fig. 6 Snapshot of 2D DEM

model replicating syringe flow

showing blockage of circles

(a) and semi-circles (c) in 23G

needle, and close-up of

modelling polygon (b)
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MicrolanceTM 3). The major assumption here is that the

phenomenon of blockage is dominated by the solid phase,

namely size and shape of the particles. Fluid drag effects

are not modelled here. These would add an extra driving

force to the particles, but essentially when the particles

block it is assumed that they will not be dislodged by this

extra force. The principal DEM data are shown in Table 1.

3 Results and discussion

3.1 2D-model and experimental results

3.1.1 Mono-sized simulation

19, 21, 23 & 25G needles were modelled with circles, 60�
and 90� contact angle particles. For each needle and shape

the blocking point was found. This involved selecting a

particle size and either increasing or decreasing the diam-

eter in order to find the limit at which particles could not

flow—this was achieved to the nearest micron and assigned

as the critical particle diameter, dp.

Table 2 shows the critical particle diameter required to

just cause a blockage for the simulations of near mono-

sized systems. For circles the ratio of orifice, B, to dp had

an average of 3.7 ± 0.4 over the four needle types used.

For 90� contact angle particles (semi-circles) this ratio

reduced to 2.9 ± 0.3 meaning that larger semi-circle

diameters can pass through a given gauge needle.

However, by equating dp of semi-circles to, de the diameter

of a circle with equivalent area, shows that the semi-circles are

more likely to block in terms of particle size based on area i.e.

amount of material in the particle. A further simulation with

60� contact angle particles using a 23G orifice shows it is more

likely to cause blockage based on de. (Note that these 2D

simulations have a fixed length in the third dimension, hence

equivalent area is the same as equivalent volume. The circles

are in fact discs restricted to planar motion.)

The flow characteristics of circles and partial circles

with contact angles of 60� and 90�, Fig. 7, were studied in

a simulation campaign. The three particles had equal areas.

The results showed that they all flowed through the 23G

needle simulation geometry but with different flow rates as

illustrated in Fig. 8. The 90� partial circles flowed fastest

whilst the circles were the slowest. This is somewhat

counter-intuitive given the conclusions on blockage above.

It shows that particle flow is a complex phenomenon.

However, a recent theoretical study [14] showed that

frictionless ‘‘needle shapes’’ in 2D flow faster than equiv-

alent circles.

Table 1 Principal DEM data used in 2D polygon model

DEM parameters Values

Number of particles 70–800

Example particle diameters (cm)

Circle 0.00548

90� Contact angle 0.00775

60� Contact angle 0.01000

Density (g/cm3) 1.3

Friction coefficient 0.5

Particle tangential stiffness, (dyn/cm) 10,000

Particle normal stiffness, (dyn/cm) 10,000

Normal damping coefficient (dyn s/cm) 0.05

Table 2 2D DEM predictions for blockage of circles, semi-circles and 60� contact angle particles for four common medical gauge needles

Needle Circles 90� Contact angle (semi-circles) 60� Contact angle particle

Gauge B (lm) dp (lm) B/dp dp (lm) B/dp de (lm) B/de dp (lm) B/dp de (lm) B/de

25 260 67 3.88 88 2.96 62 4.19 – – – –

23 340 91 3.73 112 3.04 79 4.30 115 2.96 63 5.40

21 510 127 4.02 168 3.04 119 4.29 – – – –

19 690 222 3.11 247 2.79 175 3.94 – – – –

B needle inner diameter, dp critical particle diameter, de equivalent area circle diameter

Fig. 7 DEM 2D representation of particles a 60� contact angle particle, b 90� contact angle particle (semi-circle). c 180� contact angle particle

(circle). All with equivalent areas and arbitrary scale particle diameters of 100, 77.5 and 54.8 lm, respectively
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3.1.2 Normal particle size distribution

2D simulations were adapted to account for a distribution

of particle sizes. The simulations are compared with

laboratory experiments of normal distributions of glass

spheres or PLGA hemispheres, testing whether they would

flow through 23G needles attached to 1 ml syringes. The

semi-circles in the 2D simulations were of the same contact

angle as that of the polymer hemispheres, i.e. 90�.

Two sieved fractions of glass spheres were sized

(Table 3) using a Helos/BR laser diffraction apparatus

(Sympatec, Clausthal, Germany). The first set was regarded

as the smaller fraction. The DEM modelling of 2D circles

predicted that this sample would flow under all experi-

mental conditions tested. Our measurements using the

Texture Analyser confirmed this to be true (Fig. 9). The

second set of particles, the larger fraction, was predicted to

block and this was proven in the injection tests.

Fig. 8 2D DEM flow

comparison between 60 and 90

(semi-circle) and 180� (circles)

contact angle particles. Each

particle has equivalent area

(Fig. 7)

Table 3 Comparison of 2D DEM and experiment for a range of

glass sphere distributions through a 23G needle—d10 10% of particles

below this size, d90 90% of particles below this size

Nominal sieve range

(lm)

d10

(lm)

d90

(lm)

DEM Experiment

Set I: 75–80 50.32 85.47 Flow 39 Flow

Set II: 75–80 62.25 87.66 Block 39 Block

Fig. 9 Successful injection

with glass spheres. Experiment

result from Table 3 for the size

distribution d10: 50.32 to d90:

85.47 lm. Dashed line is the

acceptability limit
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The effect of particle size distribution on the flow of

PLGA hemispheres was tested by separating a sample with

a wide range of particle sizes into two sub sets by sieving.

These were nominally smaller and larger than 100 lm. The

two fractions were then sized more accurately by laser

diffraction (Table 4). For the smaller sized fraction the

simulations predicted a successful flow of particles, this

was nearly correct in the experiment as two out of the three

samples tested flowed (Fig. 10). The larger fraction was

predicted to block and did so with three repeats.

The results from Table 3 shows that 2D DEM gives

good predictions for the glass spheres and reasonable

agreement for polymer hemispheres (Table 4), which is

encouraging given the simplifications and assumptions

employed in the modelling. These results support the idea

that particle geometry is the key factor in blockage.

3.2 DEM 3D model and results

3.2.1 Sphere intersection model

A small number of simulations were carried out with a 3D

model. Near-hemispheres have been modelled based on the

approach described in Li et al. [10], which has been termed

the sphere intersection method. Figure 11 illustrates the

principle involved and shows an example contact situation.

An example of the model sphere flow here is shown in

Fig. 12 and the hemisphere model in Fig. 13. This is

similar to the 2D model in that it is gravity flow without

interstitial fluid. It is on a larger scale flowing through a

square orifice in a flat-bottomed rectangular silo. Hence

this is only an illustration of the principle in 3D not a direct

model of the syringe. Li et al. [10] describe how this model

has been validated against simple laboratory experiments

of sphero-disc particles. The principal data are similar to

the 2D model in Table 1 except that it is geometrically

scaled up to a nominal 1 cm maximum size to facilitate the

DEM (allowing a larger time-step). Note the hemisphere is

approximated by making one of the component spheres

much larger than the other (Fig. 11a).

3.2.2 Model results

The first simulation set investigates the blocking point of

spheres and hemispheres as they pass through the square

Table 4 Comparison of 2D DEM and experiment for a range of

polymer hemisphere distributions through a 23G needle

Nominal sieve range

(lm)

d10

(lm)

d90

(lm)

DEM Experiment

Set I: \100 35.75 108.94 Flow 29 Flow &

19 Block

Set II: 100–150 35.97 143.96 Block 39 Block

Fig. 10 Blocked injection with

PLGA hemispheres. Overall

failure. Experiment result from

Table 4 for the size distribution

d10: 35.75 to d90: 108.94 lm.

Dashed line is the acceptability

limit

Fig. 11 Principle of the sphere–sphere intersection model. a Particle

described by region of intersection. b 2D representation of contact

example and direction of normal force
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orifice. The particle sizes are shown in Table 5. Both types

have the same volume, and both are monodisperse. The

orifice size was adjusted to find the critical point at which

flow stops. The results in Table 5 show that spheres flow

through a smaller orifice than the hemispheres. This is

consistent with the 2D results shown in Table 2.

The second simulation set compares a case where both

above particle types flow through the same orifice. The

width of the orifice was chosen to be proportional to a 23G

needle (noting that the square 23G-based orifice is not the

same as the true rounded version). The results in Fig. 14

show that the spheres flow about 5% faster than the

hemispheres. The hemispheres show a sudden drop at one

point indicating a tendency to blockage. Hence the 3D flow

results are consistent with the blockage results unlike the

2D case discussed in Section 3.2.

4 Conclusions and further work

The flow and blocking phenomenon in the syringe injection

of polymer microparticles is reasonably represented by the

2D circle and polygon DEM simulations. 2D DEM simu-

lations of near mono-sized particles showed that the semi-

circles are more likely to block when compared with an

equivalent area circle. Experiments injecting glass spheres

and polymer hemispheres gave reasonable agreement with

Fig. 12 Example of DEM 3D sphere flow simulation showing

discharging case. (Front & back walls not shown for clarity)

Fig. 13 Example of DEM 3D with hemispheres. a Filling. b Discharging. c Blocked

Table 5 3D DEM predictions of blockage for square orifice. Here

B is the orifice side length

Shape dp (cm) B (cm)

Sphere 0.79 1.82

Hemisphere 1.0 2.10

All particles have the same volume. Number of particles = 300
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the DEM distribution simulations. Some comparable 3D

DEM modelling flow through a square orifice geometry

showed that spheres flowed faster than equivalent volume

near-hemispheres with identical material properties.

The contact angle of the hemispheres is a significant

factor considering whether a flat or bulbous shape flows

more successfully. Further DEM simulations in 3D should

investigate these shapes in more detail. These ‘‘dry’’ DEM

simulations have the potential to help optimise particle

design here.
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