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Abstract Spring-actuated autoinjectors delivering vis-

cous drug solutions resulting from large drug concen-

trations require large spring forces which can create

high peak pressures and stresses within syringes. The

high peak pressures and stresses can lead to device fail-

ure. Measurements with a suite of novel instrumenta-

tion and analysis using numerical simulation explain

the peak pressures and peak stresses as originating from

mechanical impacts between moving components, the

large acceleration of the components, and surprisingly,

the production of tension waves in the liquid resulting

in cavitation. The presence and intensity of cavitation

depends on relative timing between the pressurization

and the acceleration of the syringe, which, in turn, de-

pends on the size and location of an air gap inside the

syringe. We show that production of localized but very

high pressures can result from shock wave focusing in

the conical section of the syringe.

Keywords Autoinjector · Viscous drug solution ·
High concentration drug solution · Pressure waves ·
Stress waves · Cavitation · Shock focusing

1 Introduction

Autoinjectors were first developed and introduced for

military applications in the 1970s for the delivery of

emergency drugs in the field [16]. Today, autoinjec-

tors are also used by civilians for emergency purposes

(e.g., epinephrine), but they are also extensively used

for long-term treatments requiring the frequent subcu-

natenous injection of biopharmaceuticals (e.g., etaner-

cept, adalimumab and darbepoetin alfa) [2].

The volume of a subcutaneous injection is limited

to approximately 1.0-1.5 mL [1,9,20] because subcuta-

neous tissues can only absorb a finite quantity of liquid.

Exceeding an injection volume of 1.5 mL generally cre-

ates some discomfort due to the accumulation of liquid
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under the skin [9]. Typical autoinjectors use a 1 mL

syringe [9, 21], and the maximum injection time a pa-

tient is willing to tolerate is typically around 10 to 15

seconds [9, 10].

The force required to extrude a volume V of drug

solution within a time T can be estimated assuming

a steady Poiseuille flow through the needle [15]. The

required force F or syringeability is:

F = 32 µ l

(
D2

d4

)(
V

T

)
, (1)

where µ is the viscosity of the drug solution, D is the

inner diameter of the syringe’s barrel, and d and l are

respectively the inner diameter and the length of the

needle.

Equation 1 shows that for a given combination of sy-

ringe, needle, injection time and volume, the required

force increases linearly with viscosity. This has signifi-

cant implications for device design for high concentra-

tion drug formulations with high viscosities. The con-

straints on injection time and needle size mean that

increasing the force F is the only practical alternative

to inject newly developed drug solutions with viscosities

as large as 25-30 cP [9].

Even if the specific design of each autoinjector de-

vice may differ, in most devices currently available on

the market, the mechanism is spring actuated [9,22,23].

Activation of the device may result in mechanical im-

pacts between the moving components of the autoinjec-

tor mechanism, and large accelerations/decelerations of

the moving components may occur. This can be an is-

sue when very viscous drug solutions are to be injected:

the large syringeability of the drug (see Eq. 1) means

that stiff springs must be used to power the autoinjec-

tor. When this is the case, the spring forces can result in

impact velocities and accelerations/decelerations which

are large enough to cause failure of the device [10, 21].

Peak pressures in excess of 6.9 MPa are believed to exist

within autoinjectors upon actuation [19].

Although the potential issues associated with the

use of very viscous drugs in autoinjectors have been ac-

knowledged in the literature, no detailed study of the

pressure and stress transients produced upon actuation
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Fig. 1 Schematic of the actuation sequence of a typical autoinjector device.

has been performed. There is a lack of detailed under-

standing of how the key design parameters affect the

device performances [25], and further research and de-

velopment is needed to extend the range of operation of

autoinjectors with respect to viscosity [1]. There is also

a need for physical measurements on actual devices [23].

This has led us to investigate the pressure and stress

transients in an autoinjector experimentally. We have

developed novel techniques where miniature pressure

transducers and miniature strain gauges are used to

measure the liquid pressure and the strains in the glass

syringe during actuation of an autoinjector. High speed

digital video cameras are also used to visualize and an-

alyze the motion of the various components within the

autoinjector. The goal of this research is to develop a
better understanding of the failure modes of the autoin-

jectors in order to improve upon the current designs,

and to make autoinjectors more robust and reliable. Ul-

timately, this deeper understanding of the mechanics of

autoinjectors will make it possible to use those devices

to safely inject the increasingly viscous drug solutions

under development.

The origin of the pressure and stress transients which

can occur in an autoinjector will first be discussed qual-

itatively in this paper. Then, the experimental methods

used to measure those transients will be described. This

will be followed with some results and discussions. To

end, the findings will be summarized in the conclusion.

2 Generation of Pressure and Stress Transients

Most autoinjectors are responsible for two main func-

tions: 1) insertion of the needle into the patient; 2) de-

livery of the medicament to the patient. For the pur-

pose of the present discussion, the sequence of events

depicted in Fig. 1 will be considered. The concepts and

explanations presented herein can however be adapted

to autoinjectors which operate differently.

Figure 1 is a simplified schematic of the internal

components and actuation sequence of an autoinjector.

In panel A the device is in its initial state just before

actuation. The needle shield has been removed, and the

device bottom features are in contact with the patient’s

skin. The pre-filled syringe is mounted inside the device

and it is sealed by a plunger-stopper. In panel B the de-

vice has been activated, and the spring-actuated driv-

ing rod is moving forward. The insertion mechanism

attached to the driving rod is in contact with the sy-

ringe and accelerates the syringe forward. This inserts

the needle into the patient. Once the needle reaches the

adequate depth for injection the syringe is decelerated

to a complete stop. In panel C the driving rod is mov-

ing independently from the insertion mechanism, and it

impacts on the plunger-stopper. The force exerted by

the spring-actuated driving rod on the plunger-stopper

pressurizes the syringe and the medicament is extruded

through the needle as shown in panel D.

In the sequence of events described above there are

three events which are capable of producing signifi-

cant pressure and stress transients in the syringe: 1)

the syringe acceleration; 2) the syringe deceleration; 3)

the impact of the spring-actuated driving rod on the

plunger-stopper. The origin of the pressure and stress

transients which can be generated by each of the three

events will be introduced in this section. More details

on these events will be provided in section 4 along with

experimental results.
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Fig. 2 Schematic of the growth and collapse of a cavity following the abrupt acceleration of a liquid-filled syringe.

Fig. 3 Pressure at the bottom wall of a liquid-filled syringe
which is impulsively accelerated. The events labeled from A
through D correspond to the events shown in Fig. 2.

2.1 Syringe Acceleration (Event 1)

Upon device actuation the needle insertion mechanism

impulsively accelerates the syringe forward. The accel-

eration of the syringe can be substantial (i.e., 103 to

104 m/s2). Although the syringe is impulsively acceler-

ated as soon as the insertion mechanism is released, the

liquid contained inside the syringe is not. The acceler-

ation of the liquid is lagging behind the acceleration of

the syringe, and cavitation occurs at the bottom of the

syringe [4, 8]; a cavity forms at the bottom of the sy-

ringe. This is schematically depicted using Fig. 2 where

a liquid-filled container with a flat bottom wall is used

for illustration. The pressure inside the cavity forming

at the bottom wall is sub-atmospheric. This results in

the production of tension waves in the liquid which pro-

gressively accelerate the liquid forward until the cavity

collapses with great intensity. The collapse of the cav-

ity produces a large and abrupt pressure increase as the

liquid impacts on the bottom wall of the container.

A qualitative example of the liquid pressure history

at the bottom of the container is shown in Fig. 3. The

large and momentarily increase in liquid pressure cre-

ates stresses and strains in the walls of the syringe.1

2.2 Syringe Deceleration (Event 2)

The deceleration of the syringe upon reaching the right

penetration depth for the needle (see Fig. 1B) can be

substantial, as high as 103 to 104 m/s2. The fluid and

the solid elements near the point of contact come to

a stop abruptly, but the fluid and the solid elements

away from the point of contact are not immediately de-

celerated. Instead, they are decelerated upon arrival of

compression waves [7] propagating away from the con-

tact point as shown in Fig. 4. The compression waves

travel faster in the syringe than in the liquid, and both

waves create stresses and strains in the syringe as shown

in Fig. 5. The transient pressure and stress waves cre-

ated by abrupt syringe deceleration are analogous to

the water hammer events which can occur in plumbing

systems when a valve is abruptly closed [26].

2.3 Impulsive Acceleration of the Plunger-Stopper

(Event 3)

The extrusion of the liquid results from the pressuriza-

tion of the liquid by the force of the spring-actuated

driving rod on the plunger-stopper, as shown in panel

D of Fig. 1. In some devices, the driving rod will ac-

celerate to a substantial velocity, 6 to 8 m/s, before

impacting the plunger-stopper. When there is no air

gap between the plunger-stopper and the liquid, the

impulsive acceleration resulting from the impact of the

driving rod on the plunger-stopper results in the impul-

sive acceleration of the liquid immediately adjacent to

the plunger-stopper. This produces a compression wave

1 One common example of this type of pressure and stress
transient is when a beer bottle is broken upon its abrupt
acceleration. The abrupt acceleration can be generated by
holding the open bottle with one hand, and impacting on the
lip of the bottle with the other hand.
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Fig. 4 Simplified schematic showing the rapid deceleration of the syringe when it reaches its travel limit. The propagation of
the pressure and stress waves resulting from the rapid deceleration is shown.

Fig. 5 Radial deformation of the syringe resulting from its
interaction with a pressure wave in the liquid. The drawing
is not to scale, and the deformation of the syringe is exagger-
ated.

which propagates in the liquid away from the plunger-

stopper. The liquid pressure sharply increases upon ar-

rival of the compression wave as shown in Fig. 6. Fol-

lowing the sharp increase, the pressure slowly decays to

a quasi-static value Pqs which results from the quasi-

static spring force applied on the plunger-stopper.

When an air gap is present between the plunger-

stopper and the liquid the syringe is pressurized through

the slow, isentropic compression of the air gap. This re-

sults in a less abrupt pressure increase which now occurs

over a non-zero time ∆t as depicted in Fig. 6.

The pressure peak shown in Fig. 6 can have a much

higher magnitude than is needed to extrude the liquid,

even for drug solutions with small syringeability. The

pressure peak can be eliminated by applying the force

to the plunger-stopper gradually as shown in Fig. 6.

3 Experimental Methods

In this section the novel experimental methods we have

developed to measure the pressure and stress transients

Fig. 6 Pressure history along the barrel of the syringe upon
application of a force F on the plunger-stopper. The dashed
curve is for a quasi-static application of the force F . The
continuous and the dashed-dot curves are respectively for the
impulsive application of the force F on the plunger-stopper
without and with an air gap.

inside a minimally modified autoinjector (patent pend-

ing) are presented. The techniques presented herein are

specific to the instrumentation and investigation of a

SureClick autoinjector. It is however relatively straight-

forward to adapt the methods for the instrumentation

and investigation of other autoinjector devices. The meth-

ods are described in more detail by Veilleux and Shep-

herd [24].

3.1 SureClick Autoinjector

Figure 7 is a simplified schematic of the device we have

studied, the SureClick autoinjector used by Amgen. Note

that the precise details are not represented, but only the

key features; the driving rod, the spring, the syringe,
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Fig. 7 Schematic of the key features of a SureClick autoinjector.

Fig. 8 Syringe instrumented with a miniature pressure
transducers and miniature strain gauges.

the plunger-stopper, and the syringe carrier. Note that

the spring (stiffness of 500 N/m) is initially contained

within the hollow driving rod. The syringe is filled with

the liquid drug solution and mounted inside a plastic

carrier which is allowed to slide inside the shell. This

carrier acts as a guide to ensure proper motion and

alignment of the syringe. Note that no needle-insertion

mechanism is shown because we found it does not play a

significant role in the actuation sequence of this device.

When the user activates the device by depressing

the power pack button, the internal mechanism of the

power pack (not shown) releases the spring-actuated

driving rod. The driving rod is then accelerated and

impacts on the plunger-stopper, setting the syringe, the

carrier and the liquid contained inside the syringe into

motion (event 1 of section 2). This also initiates the

pressurization of the syringe (event 3 of section 2). Due

to the friction between the plunger-stopper and the sy-

ringe, events 1 and 3 are not entirely decoupled from

one another as we assumed in the previous section.

A few milliseconds after actuation the syringe carrier

reaches its travel limit, and both the liquid and the sy-

ringe stop moving (event 2 of section 2). Injection of

the drug into the patient then follows.

3.2 In-situ Measurement Technique

An essential diagnostic in studying an autoinjector is

high speed imaging of the moving components. This

makes it possible to verify the sequence of events and

timing within the device. Quantitative image analysis

enables measurements of the impact velocity between

the various components, and the acceleration of the

components. For high speed imaging to be possible, the

shell of the autoinjector must be optically clear. In our

case the optically-clear shells were fabricated through

stereolithography.

Another essential diagnostic is the measurement of

liquid pressure. To enable this the syringe needle is re-

moved, and a miniature pressure transducer (e.g., PCB

Piezotronics 138M186) is positioned inside the syringe.

The transducer is reconnected to the amplifying elec-

tronics using magnet wires routed through the opening

where the needle was attached.

The last essential diagnostic is the measurement of

glass deformation (i.e., strains) in the axial and the

hoop directions. The strains can be used to estimate

the stresses in the glass. For this purpose miniature

strain gauges (e.g., C2A-06-015LW-120 from Vishay –

Micro-Measurements) are attached to the outside wall

of the syringe. A schematic of the instrumented syringe

is shown in Fig. 8.

The autoinjector is assembled with the instrumented

syringe (see Fig. 9), and it is mounted on a special fix-

ture to keep it steady during actuation. This is depicted

in Fig. 10. Also shown are the digital high-speed cam-

era(s) and the light source(s) adequately positioned to

image the internal components of the autoinjector.

One limitation of the techniques described above is

that instrumentation of the syringe is limited to its bar-

rel. Unfortunately, the pressure transducer is too large

to be installed within the conical section of the syringe.

Also, the outer surface of the syringe in the vicinity of

the cone and the tip of the syringe is generally irreg-

ular, and the radius of curvature is small. This makes

it virtually impossible to attach strain gauges to the

surface of the syringe in this region.
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Fig. 9 Autoinjector instrumented with a miniature pressure transducer and miniature strain gauges.

Fig. 10 Schematic showing a digital high-speed camera, a
light source, and an instrumented autoinjector mounted in a
special fixture before actuation.

4 Results and Discussion

In this section we provide details about two configura-

tions which have been studied experimentally. The first

case presented is for a SureClick autoinjector with a BD

HyFlow 1 mL glass syringe without an air gap inside the

syringe; there is a direct contact between the plunger-

stopper and the liquid drug solution. The second case

presented is for the same device and syringe, but with

an air gap located between the plunger-stopper and the

liquid drug.

In both experiments the syringe is filled with a drug

solution with a viscosity of 8 to 12 cP. The exact value

of the viscosity depends on the temperature of the so-

lution. Throughout actuation the autoinjector is main-

tained in a vertical, tip-down configuration as depicted

in Fig. 10.

The syringe is instrumented with three strain gauges

positioned and oriented as shown in Fig. 8. There is one

strain gauge below the plunger-stopper and one strain

gauge above the cone of the syringe to measure the

circumferential deformation of the glass (i.e., the hoop

strains εθ). In addition, there is a strain gauge above the

cone of the syringe to measure the axial deformation

of the glass (i.e., the axial strains εz). The pressure

transducer is located approximately half-way between

the plunger-stopper and the cone of the syringe.

4.1 No Air Gap

The first configuration studied is when there is no air

gap within the syringe. Multiple experiments have been

performed with this configuration, but only one repre-

sentative case is reported.

The position and velocity of the driving rod, the

plunger-stopper and the syringe have been obtained

from careful post-processing of the videos recorded us-

ing a digital high-speed camera. The position and the

velocity of each component is shown in Fig. 11.

Initially, prior to actuation, all internal components

of the autoinjector are at rest. Following actuation of

the device the driving-rod accelerates toward the plunger-

stopper. At 0 ms the driving rod impacts on the top

surface of the plunger-stopper at a velocity of approxi-

mately 6.5 m/s. The initial acceleration of the plunger-

stopper and the syringe following this impact event is

approximately 15,000 m/s2 or 1,500 times the gravi-

tational acceleration. The acceleration of the syringe

occurs nearly simultaneously with the acceleration of
the plunger-stopper: within 0.1 ms.

The initial acceleration of the syringe is created by

two mechanisms. First, there is friction between the

plunger-stopper and the syringe. Second, the liquid pres-

sure on the bottom wall of the syringe accelerates the

syringe downward. When there is direct contact be-

tween the plunger-stopper and the liquid, the liquid

pressure rises rapidly after the impact event, promptly

initiating acceleration of the syringe. The peak inter-

nal liquid pressure during this acceleration event is ap-

proximately 2 MPa. This results in a downward force

of 56 N on the syringe and the syringe carrier. The

combined mass of the syringe and the syringe carrier is

approximately 8 g, and Newton’s Second Law of motion

implies that the acceleration due to the liquid pressure

applied on the syringe is about 7,000 m/s2. This anal-

ysis indicates that friction between the syringe and the

plunger-stopper as well as pressurization of the liquid

are equally important in creating the initial acceleration

of the syringe.
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Fig. 11 Position and velocity of the moving components in a SureClick autoinjector without an air gap.

Fig. 12 Liquid pressure in a SureClick autoinjector without
an air gap.

The initial, rapid acceleration of the syringe is fol-

lowed by a much smaller acceleration of constant mag-

nitude. This takes places between 0.75 ms and 2.5 ms,

and the magnitude of the acceleration is approximately

2,000 m/s2. During that time there is no relative motion

between the driving rod, the plunger-stopper and the

syringe; all components are moving together. This con-

stant acceleration results from the steady spring force of

approximately 28 N. The total mass accelerated by the

spring is approximately 12.5 g. Newton’s Second Law

implies the expected acceleration is 2,240 m/s2, com-

parable to the measured acceleration of 2,000 m/s2.

Approximately 2.5 ms after the impact of the driv-

ing rod on the plunger-stopper, the syringe, the plunger-

stopper and the driving rod are all traveling downward

at a velocity of approximately 8 m/s when the syringe

suddenly reaches its travel limit. All components are

Fig. 13 Strains on the barrel of the syringe in a SureClick
autoinjector without an air gap.

then rapidly decelerated; the magnitude of the decel-

eration is approximately 36,000 m/s2. This means the

shell of the autoinjector applies a force of 450 N on the

assembly formed by the syringe and its content, the sy-

ringe carrier, the plunger-stopper, the driving rod and

the spring. The assembly does not immediately come

to rest after reaching its travel limit; it rebounds once

between 3 ms and 6 ms. The rebound of the assembly is

primarily due to the compliance of the syringe carrier

and the shell of the autoinjector.

The transient events end approximately 8 ms after

the impact of the driving rod on the plunger-stopper.

When the syringe comes to rest, the plunger-stopper

and the driving rod are pushed into the barrel of the

syringe to extrude the liquid drug. The motion of the

plunger-stopper and the driving rod during this quasi-

static phase of the actuation is however very small (≈-
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0.004 m/s), and can’t be observed in Fig. 11 because

of the vertical scale. The velocity of the moving com-

ponents is approximately 3 orders of magnitude larger

during the transient events than it is during the extru-

sion phase.

The liquid pressure history is shown in Fig. 12. Prior

to actuation of the autoinjector the liquid drug is at at-

mospheric pressure. After the transient events are over

(i.e., after 8 ms), the pressure in the syringe is approx-

imately constant and equal to 1 MPa, 10 times atmo-

spheric pressure. This is the pressure which is produced

by the spring force applied on the plunger-stopper (Pqs =

F/A where A is the syringe inner cross-sectional area)

to extrude the volume of liquid within an acceptable

injection time. In the first 8 ms we observe 3 transient

events with significant pressure excursions above the

required extrusion pressure of 1 MPa.

The first excursion of the pressure occurs at around

0.5 ms when the pressure rapidly jumps to approxi-

mately 2 MPa. This pressure jump results from the im-

pulsive acceleration of the plunger-stopper into the liq-

uid as described in section 2 (event 3). We use acoustic

theory to estimate the peak pressure rise ∆P due to

the impulsive acceleration of the plunger-stopper:

∆P = ρlclw , (2)

where ρl is the liquid density, cl is the liquid sound

speed, and w is the velocity of the plunger-stopper im-

mediately after impact. The velocity of the plunger-

stopper after impact is 3.7 m/s, and Eq. 2 predicts the

peak pressure is 5.5 MPa. This is substantially more

than what was measured experimentally because Eq.

2 assumes the creation of pressure waves in the liquid

is decoupled from the acceleration of the syringe, but

this is not the case due to friction between the plunger-

stopper and the syringe. For this reason Eq. 2 is an

upper bound on the expected peak pressure.

Following the impulsive acceleration of the plunger-

stopper, the syringe is rapidly accelerated (event 1 of

section 2) creating tension waves within the liquid. This

results in the pressure dropping immediately after the

driving rod impact event, another factor in the reduc-

tion of the peak pressure from the ideal value predicted

by Eq. 2. In the present case of no air gap, the liquid is

pressurized before the syringe is accelerated. This has

the important consequence that the tension waves pro-

duced through syringe acceleration are not sufficient to

reduce the pressure below the vapor pressure. The cav-

ity formation shown in Fig. 2 is suppressed, and the

pressure transient shown in Fig. 3 is eliminated.

The second excursion of the pressure occurs between

2.5 and 3.5 ms, resulting from the rapid deceleration of

the syringe (event 2 of section 2). During the decelera-

tion of the syringe the liquid pressure reaches 4 MPa, or

40 times atmospheric pressure. This is a pressure which

is 4 times larger than the pressure needed to extrude

the drug solution.

The third excursion of the pressure occurs between

6 and 7 ms, and results from the rebound of the sy-

ringe. The origin of this transient event is identical to

that of the transient taking place between 2.5 and 3.5

ms: it is due to the deceleration of the syringe after the

rebound. The maximum pressure due to this second de-

celeration of the syringe is approximately 2 MPa. This

is two times less than the peak pressure observed dur-

ing the first deceleration because the deceleration is of

lesser magnitude.

The strain signals are shown in Fig. 13. A strain

gauge measures the ratio of total deformation to the

initial dimension of the material to which it is attached

(ε = ∆L/L). The strains are indicated in micro-strains

(µε), and 1 µε corresponds to a deformation of 1×10−4 %.

A positive strain indicates the material is being stretched

or is under tension, and a negative strain indicates the

material is being compressed.

Hoop strain signals exhibit the same features as the

pressure signal because the circumferential deformation

of the syringe is primarily caused by the liquid pres-

sure. The circumferential deformation is initially zero

because the liquid is initially at atmospheric pressure.

After the transient events (i.e., after 8 ms) there is

a residual, positive hoop strain of approximately 50 -

60 µε. The residual hoop strain is due to the pressure

of 1 MPa that is required for drug solution extrusion.

This can be confirmed using a static shell theory to

relate hoop strains and internal pressure [13]:

εθ =
PR

h

(1− ν2)

E
, (3)

where R is the average radius of the syringe, h is the

thickness of the syringe’s walls, and E and ν are respec-

tively the Young’s modulus and the Poisson’s ratio of

the syringe material. Equation 3 predicts a hoop strain

of 52 µε for an internal pressure of 1 MPa; this strain

is in reasonable accord with the observed values.

The initial pressure transients in the syringe result

in much larger hoop strains, up to 320 µε, or over 6

times the strains observed during the extrusion phase

of operation. The largest peak value of the hoop strains

occurs when the syringe is rapidly decelerated, and the

liquid pressure is maximum. The peak hoop strain is

larger at the bottom of the syringe, in the vicinity of

the cone area where the point of contact between the

syringe and the shell of the autoinjector is located.

The expansion of the syringe in the circumferential

direction due to the internal pressure causes the glass
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to contract in the axial direction. This is known as the

Poisson effect [11]. Under a uniaxial stress, when only

one stress component is non-zero, there is a simple re-

lation between the axial and the hoop strains [11]:

εz = −νεθ . (4)

It is possible to use the results from Fig. 13 to show that

Eq. 4 is reasonably well verified before 2.5 ms and after

8 ms, which suggests the hoop stress is the dominant

stress component during those time periods.

The high frequency oscillations in the axial strains

observed between 0.75 ms and 2.5 ms have not been

explained yet. This could result from the excitation of

a natural frequency of the coupled system formed by the

syringe carrier, the syringe, and the liquid it contains.

This could also be the result of an interaction between

the syringe and the shell into which it is sliding.

The axial strains resulting from the rapid decelera-

tion of the syringe at around 2.5 ms are more complex.

A part of the axial strains again results from the Pois-

son effect: the large internal pressure creates a circum-

ferential deformation which, in turn, creates an axial

deformation. There is however an additional compo-

nent to the axial strains which comes from the stress

wave generated within the glass itself as the syringe is

decelerated. This stress wave originates from the 450 N

force which is applied on the syringe assembly at the

point of contact with the shell of the autoinjector.

It is possible to estimate the peak axial stress σz in

the glass upon the rapid deceleration of the syringe as:

σz = −2ρsLa , (5)

where ρs is the density of the glass, L is the length of

the syringe barrel, and a is the magnitude of the decel-

eration. This estimate has been obtained using stress

wave theory [14]; Eq. 5 is obtained by solving the wave

equation (this is shown in Appendix A). Equation 5

predicts a peak axial stress of -8.3 MPa for an acceler-

ation of 36,000 m/s2, and a glass syringe barrel length

of 50 mm.

The stresses in the syringe are inferred from the

measured strains shown in Fig. 13. The calculation uses

Hooke’s law assuming plane stress [3]. For the plane

stress assumption to be valid requires the radial stress

to be negligible relative to the axial and hoop stresses.

This will be verified a posteriori. The hoop (σθ) and

axial (σz) stresses are:

σθ =
E

1− ν2
(εθ + νεz) , (6)

σz =
E

1− ν2
(εz + νεθ) . (7)

The maximum hoop stress is σθ ≈ 22 MPa, and the

maximum axial stress is σz ≈ -8.3 MPa. The maximum

axial stress is in agreement with the value obtained us-

ing Eq. 5.

The radial stress on the outer wall of the syringe

barrel, where the measurements were performed, is due

to atmospheric pressure alone. The radial stress σr on

the outer wall is ≈ -0.1 MPa, which is small compared

to the hoop and axial stresses. This suggests the plane

stress assumption is justified.

The failure of glass, a brittle material, is gener-

ally predicted using the maximum principal stress the-

ory [3, 11]. The theory states that failure occurs when

the maximum principal stress σ1 exceeds the uniaxial

tensile strength of the material. The principal stresses

σ1 > σ2 > σ3 are obtained through diagonalization of

the stress tensor [3].

In our experiments we have not measured the prin-

cipal stresses, but from both finite-element simulations

and the Lamé solution for a long cylinder under pres-

sure [3] we know that the shear stresses are negligible

along the barrel of the syringe. Therefore, σ1 ≈ σθ,

and we infer the peak value of the maximum princi-

pal stress on the outer wall of the syringe is 22 MPa.

The stresses on the inner surface of the barrel in the

vicinity of the cone (to be discussed later), where stress

concentrations will occur, or where the shear stresses

are non-negligible, can be significantly larger than 22

MPa.

The magnitude of the stress is one of several factors

to consider in evaluating the potential for the failure

of the syringe. A complete assessment of the proba-

bility of glass failure is challenging [5, 17]. Glass is a

brittle material which fails in tension, and its failure is

mainly governed by the presence of microscopic flaws

where stress concentration occurs [5]. There exists a

large gap between the theoretical strength and the prac-

tical strength of glass. There is also great variability

in the permissible working stress, the value of which

is influenced by factors such as the type of glass, the

condition of the glass and its surface, and the heat or

chemical treatment applied during manufacturing [17].

Typical values of the working stress of glass can vary

somewhere between 6 MPa and 90 MPa [17]. This sug-

gests the transient events taking place within the sy-

ringe produce tensile stresses which are capable of caus-

ing failure of the glass syringe at a low but detectable

occurrence rate.

To summarize, pressure and strain measurements

have been performed along the barrel of a syringe with-

out an air gap between the plunger-stopper and the

liquid drug. We found that the transient events tak-

ing place within the first 8 ms of device actuation can
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result in significant accelerations and decelerations of

the components, and in substantial impact velocities.

As a consequence the instantaneous pressure reaches

values which are up to 4 times higher than the pres-

sure required for drug extrusion. These transient in-

ternal pressure creates measurable strains within the

syringe, and we infer that significant stresses are cre-

ated within the glass. The impact of the syringe on the

shell of the autoinjector also creates strains and asso-

ciated stresses within the syringe. Overall, the stresses

are large enough to be considered as a potential factor

in the syringe failures that have occurred during patient

use of autoinjectors.

4.2 With an Air Gap

The second configuration studied is when there is an

air gap within the syringe. Multiple experiments have

been performed with various air gap sizes, but only one

representative case with an initial air gap size δ0 of 3

mm is reported and discussed. We recall the autoinjec-

tor is in a vertical, tip-down configuration meaning the

air gap is initially located between the plunger-stopper

and the liquid drug solution.

The position and velocity of the driving rod, the

plunger-stopper and the syringe are shown in Fig. 14.

There is a gap in the syringe’s motion data between

1.6 ms and 2.2 ms because the motion of the plunger-

stopper and the driving rod is not accessible throughout

the entire test. Data from other tests has shown that

the plunger-stopper, the driving rod and the syringe all

move together 1.25 to 1.5 ms after the impact of the

driving rod on the plunger-stopper.

The impact of the driving rod on the plunger-stopper

occurs at 0 ms. There are noticeable differences be-

tween Fig. 11 (no air gap) and Fig. 14 (with an air

gap). One difference is the change in timing between

plunger-stopper and syringe acceleration. Without an

air gap the syringe and the plunger-stopper are accel-

erated together at the same rate, but this is not the

case when an air gap is present.

Just after impact of the driving rod on the plunger-

stopper the acceleration of the plunger-stopper is ap-

proximately 27,000 m/s2, and the acceleration of the

syringe is approximately 7,000 m/s2. The acceleration

of the plunger-stopper is almost twice as large as for

the no-air-gap case due to the damping effect of the

air gap; the pressure within the air gap takes a rela-

tively long time to increase. Without an air gap the

pressure below the plunger-stopper increases abruptly

after impact, immediately accelerating the liquid and

the syringe.

The acceleration of the syringe with an air gap is

approximately 50% smaller than the acceleration of a

syringe without an air gap. Because the air gap pressure

and the liquid pressure slowly increase when there is

an air gap, acceleration of the syringe results almost

entirely from the friction between the syringe and the

plunger-stopper. With an air gap the liquid pressure

applied at the bottom of the syringe only contributes

minimally to the acceleration of the syringe.

Deceleration of the syringe is observed between 0.4

ms and 1 ms after the impact event. The magnitude of

the deceleration is approximately 8,000 m/s2. We have

studied in separate tests the motion of the syringe car-

rier (not shown) and found that the deceleration results

from an elastic interaction between the syringe and the

carrier. The deceleration of the syringe upon reaching

its travel limit at approximately 2.8 ms is 26,000 m/s2.

The characteristics of this deceleration are almost iden-

tical to the no-air-gap case, but it is of lesser magnitude.

The liquid pressure is shown in Fig. 15. The events

taking place after 2.5 ms (i.e., the transients due to sy-

ringe deceleration and syringe rebound) are very sim-

ilar to what has been observed and discussed without

an air gap. This, along with the results from other ex-

periments, suggests the deceleration of the syringe and

the other moving components is relatively insensitive to

the presence of an air gap between the plunger-stopper

and the liquid. In this test, the baseline of the pres-

sure transducer signal shifted during actuation of the

autoinjector. As a consequence, the extrusion pressure

is incorrectly registered as 0.4 MPa, which is inconsis-

tent with the hoop strains in the syringe (see Fig. 16).

Using the hoop strains we infer the extrusion pressure

to be around 1 MPa.

The transient events taking place within the first 2.5

ms following impact of the driving rod on the plunger-

stopper are different from what was observed without

an air gap. The pressure does not increase immediately

after the impact of the driving rod on the plunger-

stopper, but instead decreases. This pressure decrease

is caused by the syringe acceleration which creates ten-

sion waves as discussed in section 2 (event 1).

With an air gap, pressurization of the liquid does

not occur before the syringe is substantially acceler-

ated. Without pre-pressurization of the liquid, the ten-

sion waves are sufficient to reduce the liquid pressure

to sub-atmospheric values, which results in transient

cavitation: bubbles form, grow and collapse. One such

rapid bubble collapse occurs at 0.8 ms. This results in

the production of a sharp and substantial pressure wave

with a magnitude close to 10 MPa, or 100 times atmo-

spheric pressure (10 times the pressure needed for the

extrusion phase). The oscillatory pressure signal indi-
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Fig. 14 Position and velocity of the moving components in a SureClick autoinjector with an air gap.

Fig. 15 Liquid pressure in a SureClick autoinjector without
an air gap.

cates that the bubbles grow and collapse multiple times,

resulting in successive sharp peaks of decaying ampli-

tude. It has been confirmed using high speed imaging

that cavitation is indeed responsible for these features

of the pressure trace.

To obtain clearer images of the bubble dynamics

due to cavitation, an experiment has been performed

with a non-instrumented syringe. A sequence of images

showing the growth and collapse of a cavitation bubble

within the cone of the syringe is shown in Fig. 17. Bub-

ble growth begins at frame 1 when acceleration of the

syringe begins. The cavity grows for approximately 360

µs or until frame 13. The collapse of the cavity is rapid

(within 60 µs), and occurs over the span of 2 frames

(frames 14 and 15).

When an air gap is present the large acceleration

of the syringe consistently causes bubbles or cavities

Fig. 16 Strains on the barrel of the syringe in a SureClick
autoinjector without an air gap.

to form and collapse in the cone of the syringe. Cav-

itation bubbles can also form away from the cone as

illustrated in frame 4 of Fig. 17. As expected, the exact

location of bubble growth and collapse varies between

experiments. Cavitation bubbles collapsing close to a

wall can produce significant wall stresses [4].

The hoop and axial strains are shown in Fig. 16. The

distinctive signature of the collapsing bubble is visible

on the hoop strains measured above the cone of the sy-

ringe. One would however expect the peak hoop strains

to be larger than 300 µε in order to be consistent with

the peak pressure of 10 MPa. We recall the peak hoop

strains were approximately 320 µε for a peak pressure

of 4 MPa when there was no air gap.

This inconsistency can be explained by the location

of the collapse relative to the strain gauge. The collaps-

ing bubble which produced the large pressure signal of
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Fig. 17 Growth and collapse of a cavity in the cone area and evidence of cavitation occuring outside the cone during device
actuation (frames separated by 30 µs).

10 MPa was very close to the pressure sensor, but rela-

tively far from the strain gauges. Following the collapse

and rebound of a cavitation bubble, a spherical shock

wave is produced and propagates away from the bubble.

The magnitude of the spherical wave decays rapidly as

it travels away from the bubble [4].

The strain gauge located below the plunger-stopper

does not exhibit the distinctive signature of cavitation

in the form of multiple pressure peaks. This is because

that strain gauge was essentially responding to the air

gap pressure which is isolated from the weakened cavi-

tation pressure pulses arriving at this location.

In summary, the presence of an air gap between the

plunger-stopper and the liquid modified the timing be-

tween pressurization and acceleration of the syringe.

With an air gap the acceleration takes places before

the liquid pressure increases, and cavitation occurs. The

collapse of the cavitation bubbles can create significant,

but highly localized pressures within the liquid. The

collapse of a bubble close to a wall can result in sub-

stantial wall stresses capable of causing failure of the

syringe. The pressure and stresses transients generated

upon deceleration of the moving components occurring

when the syringe reaches its travel limit are not signif-

icantly affected by the presence of an air gap.

4.3 Pressure in the Cone

Until now we have studied and discussed the transients

using measurements performed along the barrel of the

syringe. The pressure inside the cone of the syringe can

however be significantly different from the pressure in

the barrel of the syringe due to shock focusing. The
small size of the cone makes it difficult with our exist-

ing instrumentation to perform spatially resolved mea-

surements of the pressure inside the cone. Instead, nu-

merical simulations have been performed using the LS-

DYNA software [12] to investigate and quantify shock

focusing.

A cross-sectional view of the geometry used in the

numerical simulations is shown in Fig. 18. The left-

hand-side of Fig. 18 shows the initial configuration: a

shock wave is traveling downward in a syringe-like ge-

ometry filled with water. The diameter of the barrel is

D, the diameter of the tip wall is d, and the cone has

a constant half-angle α. Ahead of the shock wave the

pressure is P0, and behind the shock wave the pressure

is Ps. The shock wave is weak (i.e., Ps � ρlc
2
l ) and

can be considered an acoustic disturbance traveling at

sound speed cl.

All simulations were performed in 2D axisymmetric

mode using an inviscid solver. The contraction ratio
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Fig. 18 Cross-sectional view of the geometry used in the
numerical simulations. The left-hand-side is the initial con-
figuration, and the right-hand-side is the situation after the
shock wave has entered the cone.

Fig. 19 Evolution of the amplification factor of the cone with
half-angle α.

D/d is equal to 9. The pressure rise across the shock was

arbitrarily set to Ps−P0 = 1 MPa. The half angle α was

varied between 5 and 90 deg. The computational grid

is constructed using 750,000 to 2,250,000 shell elements

depending on the half-angle α.

The right-hand-side of Fig. 18 illustrates the physi-

cal situation after the shock wave has entered the cone.

When the incident shock wave enters the cone, a re-

flected and a diffracted wave form. Because this is an

acoustic problem the reflection of the incident wave on

the wall is regular [6], and the angle between the wall

and the incident wave is the same as the angle between

the wall and the reflected wave. The diffracted wave

forms as a result of the wave turning the corner be-

tween the straight section of the syringe and the cone.

The reflected and the diffracted waves converge to-

ward the axis of symmetry of the cone. This means some

of the energy transported by the waves is focused on

the axis of symmetry. Although it is typical to think of

pressure as a force per unit area (N/m2), it is also pos-

sible to think of pressure as an energy density (J/m3).

It then becomes easier to understand the amplification

mechanism: the focusing of the energy transported by

the shock waves on the axis of symmetry increases the

energy density. This, in turn, translates into a substan-

tial increase in liquid pressure.

We now define the pressure Ptip to be the spatial

average of the pressure over the tip region of diameter

d. The maximum value of Ptip is used to define an am-

plification factor λ which quantifies the shock focusing

effect taking place within the cone:

λ =
(Ptip)max

Ps
. (8)

Values of λ for various half-angles α are shown in

Fig. 19. The case α = 90 deg. corresponds to the situa-

tion where no cone is present: the syringe is terminated

by a flat wall. For this case, acoustic theory [18] pre-

dicts an amplification factor should be λ = 2, and this

is indeed what has been obtained through numerical

simulations.

The numerical simulations suggest the amplification

factor increases exponentially as the half-angle of the

cone is reduced. This means a deeper cone which con-

verges at a shallower angle tends to focus more energy

at its tip. The exponential relation between λ and α is

expected to depend on the contraction ratio D/d.

The numerical results demonstrate the cone of a sy-

ringe can substantially amplify sharp pressure waves.

Earlier we reported the measurement of peak pressures

around 10 MPa upon the intense collapse of a cavita-
tion bubble. When such an intense collapse occurs in

the vicinity of the cone, the resulting sharp pressure

waves will travel into the cone, they will be amplified,

and the wall stresses in the cone could be much larger

than what has been measured along the barrel of the

syringe.

The simplified geometry used in the simulations re-

ported above is not exactly that of an actual pre-filled

syringe. In most pre-filled syringes the half-angle is not

a constant, but varies with axial location. A simula-

tion was performed with the nominal geometry of a

BD HyFlow 1 mL pre-filled syringe. Initially, the mag-

nitude of the incident shock wave is 1 MPa. A sequence

of images showing the evolution of the pressure and

the displacement of the wave fronts is shown in Fig.

20. The left-hand-side of each panel illustrates the loca-

tion of the incident, reflected and diffracted wave fronts

(the color scale is not meaningful). The right-hand-side

of each panel depicts the pressure field using the color

scale shown at the top of Fig. 20.
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Fig. 20 Amplification of a sharp pressure wave in the conical section of a BD HyFlow 1 mL pre-filled syringe.

Between 2.75 and 4.75 µs the diffracted wave and

the reflected wave form and converge toward the axis of

symmetry. While this occurs, the pressure becomes non-

uniform in the radial direction; the pressure is larger in

the vicinity of the axis of symmetry. Between 5.75 and

6.75 µs a region of substantial pressure develops in the

cone of the syringe where the cross-sectional area is

minimum. The pressure there is approximately 5 MPa,

or 5 times larger than the initial magnitude of the pres-

sure wave prior to entering the cone.

To summarize, numerical simulations have shown

the potential for significant amplification of sharp pres-

sure waves as they travel into the conical geometry ter-

minating the syringe. The amplification results from a

geometrical effect which tends to focus the energy on

the axis of symmetry. The magnitude of the amplifica-

tion depends on the detail of the geometry of the cone,

but shallower half-angles tend to create a larger ampli-

fication effect. An amplification factor of approximately

5 has been predicted for a typical pre-filled syringe ge-

ometry.
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5 Conclusion

The actuation of a typical autoinjector can be separated

in two phases: 1) the transient phase; 2) the extrusion

phase. The transient phase is generally very short (i.e.,

a few miliseconds), and the extrusion phase is typically

long (i.e., a few seconds). The extrusion phase is sim-

ple to understand since it is quasi-static and a dynamic

analysis is not required. During the extrusion phase, the

liquid pressure P = F/A produced by the spring-force is

essentially constant in time. On the contrary, the tran-

sient phase is composed of highly dynamic events cre-

ating transient pressures within the drug solution, and

rapidly changing stresses in the syringe.

We have found there are three types of events which

can occur during the transient phase to create substan-

tial pressures and stresses: 1) the large acceleration of

the syringe; 2) the large deceleration of the syringe;

3) the impulsive application of a force on the plunger-

stopper. Although the origin and the nature of each

transient event is different, they can all produce pres-

sures and stresses in the syringe which are far in excess

of what is needed for the normal operation of the au-

toinjector. In any case, the instantaneous pressure and

stresses are much larger during the transient phase than

they are during the extrusion phase.

We developed novel experimental techniques to mea-

sure the pressure and stress transients within a mini-

mally modified autoinjector. The syringe was instru-

mented with a miniature pressure transducer and mul-

tiple miniature strain gauges. High speed digital cam-

eras are also used to visualize the motion of the various

components during actuation.

We applied these techniques to study the transient

phase in a SureClick autoinjector. We found that the

presence of an air gap is a key parameter and substan-

tially affects the transient events. This is because the

presence and size of an air gap controls the relative

timing between pressurization and acceleration of the

syringe.

Without an air gap, pressurization and acceleration

of the syringe occur almost simultaneously. No cavita-

tion takes place in the syringe, and we observed peak

pressures which are 4 times larger than the pressure

needed for the timely extrusion of the drug. When there

is an air gap, pressurization of the syringe happens after

its acceleration. Cavitation is observed, and the max-

imum liquid pressure results from the rapid collapse

of cavitation bubbles. Liquid pressures 10 times larger

than what is needed to achieve the normal functions of

the device have been observed.

Numerical simulations have been performed to un-

derstand the pressure field in the cone of the syringe.

We were able to demonstrate that shock focusing of

sharp pressure waves can occur in the conical section

terminating the syringe. This can result in liquid pres-

sures which are much larger in the cone than in the

barrel of the syringe. The tensile hoop stresses which

are produced by the large liquid pressure, especially in

the cone of the syringe, can cause failure of the glass

syringe at a low but detectable rate. Additional numer-

ical simulations are in progress to predict the complete

stress field in the vicinity of the cone.

The magnitude of the pressure and stresses during

the transient phase can be substantially diminished by

reducing the acceleration/deceleration of the compo-

nents. Reducing the impact velocities between the mov-

ing components is also effective in diminishing the peak

pressure and stresses. Although we did not report on

mitigation techniques in this paper, we have developed

a damping system which proved successful at reducing

the magnitude of the pressure and stress transient. This

is discussed by Veilleux and Shepherd [24].
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Appendix A.

The axial stresses in the syringe barrel when it is rapidly

decelerated can be estimated using stress wave theory

and acoustics [14, 18]. The estimate is obtained by as-

suming the stresses in the syringe during the deceler-

ation are uniaxial, which makes it possible to approxi-

mate the syringe barrel as a one-dimensional bar. This

assumption is reasonable as long as the magnitude of

the axial stresses remains large compared to the mag-

nitude of the hoop and the radial stresses.

The physical problem which needs to be solved in

order to obtain the stress estimate is as follows. At time

t < 0, the syringe barrel of length L is moving at a con-

stant velocity U0 in the negative z direction. At times

t > 0 a force F is applied on the syringe end located at

z = 0. The force F is oriented in the positive z direction

and decelerates the syringe at a rate a. The end of the

syringe located at z = L corresponds to a stress free

end.

The initial velocity U0 of the syringe is not impor-

tant in this problem, and it can be eliminated because

it is the rate of change of the velocity which creates

stresses. The equivalent mathematical problem is for-

mulated using an acoustic potential φ(z, t) and neces-

sitates solving the wave equation:

φtt(z, t) = c2φzz(z, t) , (0 < z < L, 0 < t <∞) , (9)

φ(z, 0) = 0 and φt(z, 0) = 0 , (0 < z < L) , (10)

φz(0, t) = at and φt(L, t) = 0 , (0 < t <∞) , (11)

where:

σz(z, t) = ρsφt(z, t) , (12)

and

u(z, t) = φz(z, t) . (13)

Note that c corresponds to the sound speed in the solid

syringe wall. The following linear transformation is per-

formed:

φ(z, t) = ψ(z, t)− (L− z)at , (14)

and the reformulated mathematical problem is:

ψtt(z, t) = c20ψzz(z, t) , (0 < z < L, 0 < t <∞), (15)

ψ(z, 0) = 0 and ψt(z, 0) = (L− z)a , (0 < z < L), (16)

ψz(0, t) = 0 and ψt(L, t) = 0 , (0 < t <∞). (17)

The solution is obtained using separation of variables.

Once the solution ψ is found, the linear transformation

http://www.lstc.com/manuals
http://www.lstc.com/manuals
http://www.drug-dev.com/
http://www.drug-dev.com/
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given by Eq. 14 is used to recover φ:

φ(z, t) =

∞∑
n=1,3,...

16L2a

c0n3π3
sin
(nπc0

2L
t
)

cos
(nπ

2L
z
)

− (L − z)at . (18)

The stresses are calculated using Eq. 12:

σ(z, t) = ρs

∞∑
n=1,3,...

8La

n2π2
cos
(nπc0

2L
t
)

cos
(nπ

2L
z
)

− (L − z)a . (19)

Because of the cos
(nπ

2L
z
)

term, the maximum stresses

are attained at z = 0, where:

σz(0, t) = ρs

∞∑
n=1,3,...

8La

n2π2
cos
(nπc0

2L
t
)
− ρsaL , (20)

and one can show this is exactly equal to the periodic

extension of:

σz(0, t) =


−ρsact, if 0 ≤ t ≥ 2L

c
,

ρsa(ct− 4L), if
2L

c
≤ t ≥ 4L

c
.

(21)

Thus, the peak axial stresses occurs at t = 2L/c and

are equal to:

σz(0, 2L/c) = −2ρsaL . (22)
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