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Abstract
Background: Peripheral intravenous catheters (PIVCs) are the most commonly used invasive medical device, yet 
despite best efforts by end-users, PIVCs experience unacceptably high early failure rates. We aimed to design a new 
PIVC that reduces the early failure rate of in-dwelling PIVCs and we conducted preliminary tests to assess its efficacy 
and safety in a porcine model of intravenous access.
Methods: We used computer-aided design and simulation to create a PIVC with a ramped tip geometry, which directs 
the infused fluid away from the vein wall; we called the design the FloRamp™. We created FloRamp prototypes (test 
device) and tested them against a market-leading device (BD Insyte™; control device) in a highly-controlled setting with 
five insertion sites per device in four pigs. We measured resistance to infusion and visual infusion phlebitis (VIP) every 6 h 
and terminated the experiment at 48 h. Veins were harvested for histology and seven pathological markers were assessed.
Results: Computer simulations showed that the optimum FloRamp tip reduced maximum endothelial shear stress by 
60%, from 12.7 Pa to 5.1 Pa, compared to a typical PIVC tip and improved the infusion dynamics of saline in the blood 
stream. In the animal study, we found that 2/5 of the control devices were occluded after 24 h, whereas all test devices 
remained patent and functional. The FloRamp created less resistance to infusion (0.73 ± 0.81 vs 0.47 ± 0.50, p = 0.06) 
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and lower VIP scores (0.60 ± 0.93 vs 0.31 ± 0.70, p = 0.09) than the control device, although neither findings were 
significantly different. Histopathology revealed that 5/7 of the assessed markers were lower in veins with the FloRamp.
Conclusions: Herein we report preliminary assessment of a novel PIVC design, which could be advantageous in clinical 
settings through decreased device occlusion and reduced early failure rates.
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Introduction

Peripheral intravenous catheters (PIVCs) are used to 
access the vasculature for the delivery of fluids and often 
life-saving medications, with up to 90% of patients requir-
ing one during their hospital stay.1 PIVCs are the most 
widely used invasive medical devices,2 with over 2 billion 
purchased globally each year3 and the market set to exceed 
$8 billion by 2028.4 Although they play a significant role 
in medical practice and are used extensively, up to 50% of 
PIVCs fail within days once they are inserted into the 
vein.1,5 Commercially, there are a plethora of differently 
designed PIVCs available to clinicians. With the exception 
of the BD Nexiva™ Diffusics™ which has tear-drop holes 
at the distal tip to facilitate power-injection infusion of 
contrast media for computed tomography, many available 
PIVC have similar cannula sections; typically a straight 
section with symmetric tapered distal tip. Regardless of 
the PIVC selected, failure rates remain unacceptably high.

The principles in Virchow’s Triad of venous thrombosis6,7 
are particularly relevant to in-dwelling PIVCs and the design 
of new PIVCs. In the Triad, there are three factors involved: 
(1) endothelial injury; (2) abnormal blood flow, turbulence 
or blood stasis; and (3) hypercoagulability. While hyperco-
agulability is patient-specific and cannot easily be incorpo-
rated into a design brief, endothelial injury (i.e. damage) and 
turbulence or stasis (i.e. flow) are factors that are directly 
influenced by the PIVC, and thus can be improved through 
innovative device design.

Endothelial cells line the inside of veins and respond 
rapidly and sensitively to the mechanical conditions caused 
by blood flow.8 Shear stress, the frictional force of blood 
acting on the endothelium, is a fundamental mechanical 
force resulting from the flow of blood. At physiological 
levels, shear stress helps control the presentation of tissue 
factor on the surface of vascular cells, thus ensuring a nor-
mal coagulative balance. Supra- or sub-physiological lev-
els of shear stress yield a procoagulant state in the 
vasculature. Hence, excessively high, or low shear stress, 
can predispose patients to venous thrombosis. Exposure to 
high shear stress stimulates endothelial cell cilia disassem-
bly, disrupts vascular stability9 and causes inflammation of 
the vessel wall.10 We discovered that when the PIVC is not 
optimally positioned in the vein and is directing fluid 
towards the vein wall, shear stress can reach levels which 

are 3000 times over the physiological norm.11 Even if the 
PIVC is perfectly positioned in the vein, we found the 
shear stress to reach levels at least 13 times higher than the 
normal physiological level of the vein.12 This shear stress 
causing endothelial injury can be reduced by designing 
alternative forms to the typical PIVC distal tip.

Thus, there is overwhelming evidence that the design of 
the cannula section of PIVCs needs improvement to reduce 
the unacceptable failure rates observed clinically. Our 
hypothesis is that incorporating the controllable aspects of 
Virchow’s Triad into the design of the PIVC distal tip will 
lead to better device functionality and reduced failure 
rates. Therefore, the aim of this study was to design a new 
PIVC distal tip and demonstrate proof of concept in a por-
cine model of intravascular (IV) access.

Methods

Virtual Prototyping

Computer-aided design.  Using the computer-aided design 
(CAD) tools in STAR-CCM+ (v12, Siemens, Germany), 
we simulated the geometries of a typical 20 Gauge (G) 
PIVC with an externally tapered symmetric tip, using 
dimensions implemented in previous investigations;12 
outer diameter 1.1 mm, inner diameter 0.8 mm. This acts as 
a typical geometry to which we compared novel PIVC 
designs.

We constrained our design with the following criteria:

•• The design must reduce the shear stress applied to 
the vein around the PIVC distal tip during 
infusion;

•• The design must improve infusion dynamics and 
promote diffusion of fluid into the bloodstream;

•• The design must be as simple as possible to facili-
tate large-scale production; and

•• The design must allow similar clinical application 
to existing PIVCs.

Through an iterative approach, we designed a novel 
asymmetric ramped tip that would ramp the infused fluid 
towards the centre of the vein (and thus the venous blood 
flow) and spare the endothelium from excessive shear 
stress. We named this design the FloRamp™, the geometry 
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of which is shown in Figure 1(a). We then investigated the 
optimal ramp geometry by modifying the ramp dimension 
to minimise shear stress without adversely directing the 
infused fluid into the superior vein wall.

Computer simulations of infusion.  We applied methods 
detailed in our recent publication.12 Briefly, we computa-
tionally inserted the PIVCs into a 100 mm long vein of 

3.3 mm diameter. The PIVC was inserted into the vein at 
an insertion angle of 20° before resting in the vein in an 
optimum configuration, with the majority of the device 
intravascular. We then infused a bolus of saline (NaCl 
0.9%) at a rate of 1 ml/s into venous blood flow of 28 ml/
min (velocity of 11 cm/s), with the blood set at 37°C and 
the saline set at 20°C. We ran all simulations on 512 cores 
of the Magnus supercomputer (Pawsey Supercomputing 

Figure 1.  Prototyping of the FloRamp. (a) The computer-aided design showing the asymmetric ramped distal tip (left) compared 
to a typical distal tip (right), with insets showing views from within (i) and from outside (ii) the FloRamp distal tip, and from within 
(iii) and from outside (iv) a typical symmetric distal tip. (b) Physical prototype produced by modifying a 20 G BD Insyte winged 
45 mm long catheter to incorporate the FloRamp tip; in the background, each box is 12.5 × 12.5 mm. Insert shows asymmetric 
ramped distal tip imaged using a light microscope.
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Centre, Perth) and extracted the resulting shear stress act-
ing on a 2 cm section of vein immediately downstream of 
the PIVC tip after completion of each simulation. We also 
analysed the overall distribution of shear stress in the vein 
and the diffusion of saline into the vein during infusion.

Physical Prototyping

After virtual prototyping, we produced the optimal 
FloRamp geometry. All physical prototyping was per-
formed at a specialised catheter manufacturing facility 
(Medical Murray, IL, USA). Similar to a previous study,13 
we decided to modify a commercial device to allow a true 
comparison of the FloRamp distal tip with an existing 
PIVC distal tip. We chose the 20 G BD Insyte™ winged 
45 mm long catheter (Becton Dickenson, Franklin Lakes, 
NJ, USA), as the BD Insyte is widely used and familiar to 
most infusion therapists. Furthermore, by modifying an 
existing device, we can determine the true impact of the tip 
design, eliminating any differences due to material formu-
lations, hub design, or other design factors that may con-
tribute to failure.

We designed and fabricated a glass tipping dye with the 
required asymmetric offset. We then placed the BD Insyte 
cannula into the dye, ensuring the offset was positioned 
correctly which is confirmed by the positioning of the 
winged hub, before heating the dye under pressure, ena-
bling the tip of the cannula to conform to the new asym-
metric shape (Figure 1(b)). Because the FloRamp tip has a 
slightly smaller outlet diameter, we paired a 22 G needle 
(B. Braun, Germany) with the 20 G FloRamp. All proto-
types were inspected for visual defects such as air bubbles, 
and after passing internal quality controls, they were pack-
aged for sterilisation.

Animal Study Design and Protocol

All procedures in this study were approved by the 
Queensland University of Technology (QUT) animal eth-
ics committee (UAEC #2000000023) and all research 
involving animals followed the NIH Guide for the Care 
and Use of Laboratory Animals.14 We used four white 
female pigs (weight 35 ± 2.3 kg), all less than 1 year old. 
The animals were procured locally (Medina Pastoral 
Piggery, QLD, Australia) and were transferred to the QUT 
Medical Engineering Research Facility on the campus of 
The Prince Charles Hospital. The pigs were acclimatised 
in the animal house for 7 days before the study. The experi-
mental protocol was designed to mimic clinical practice. 
However, to eliminate potential movement of the device in 
situ and provide robust comparisons of the PIVC designs, 
all animals were sedated throughout the 48 h study 
duration.

Prior to the study, the pigs fasted for 12 h with free 
access to drinking water. On the first day of the study, pigs 

were anaesthetised and ventilated before being placed in 
the prone position in the operating room. The marginal 
veins of the ears of each pig (Figure 2(a)) were randomly 
assigned to either a FloRamp (test) or a BD Insyte (con-
trol), and the cephalic veins (Figure 2(b)) of a pig were 
also assigned to either device. The outer surface of the ears 
was clipped, and the ear skin was wiped with an antiseptic-
soaked sponge and allowed to dry. Cephalic veins were 
accessed along the cranial surface of the radius on the right 
and left forelimb. A tourniquet was then applied at the base 
of the ear or around the forelimb at the level of the proxi-
mal radius to improve vein filling and increase venous 
dilation.

Because the FloRamp and BD Insyte are visually the 
same, clinical staff were unaware of which device they 
were inserting. PIVCs were inserted using standard tech-
niques at an insertion angle of approximately 20°. Once a 
flashback was observed, the cannula was advanced to the 
centre of the vein, before the introducer needle was slowly 
removed. An IV link (MicroClave Neutral Connector, ICU 
Medical, CA, USA) was connected to the hub of the device 
and the device was flushed with heparinised saline. The 
hub of each device was secured to the skin with tissue 
adhesive (Histoacryl, B. Braun, Germany), the tourniquet 
was removed and a sterile transparent dressing (Tegaderm, 
3M, MN, USA) was placed over the insertion site. A cus-
tom-made ear brace was then placed into the inside of each 
ear and secured with tape (Nexcare, 3M, MN, USA).

A continuous infusion (to keep vein open, TKVO) of 
saline at 0.5 ml/kg/h was administered throughout the 
study. Every 6 h, research nurses with more than 5 years of 
clinical experience recorded the Visual Infusion Phlebitis 
(VIP) score15 following accepted clinical practice to assess 
phlebitis and potential occlusion. TKVO was then stopped 
and 10 ml of NaCl 0.9% was flushed from the central infu-
sion line at 1 ml/s before the TKVO infusion was resumed. 
We previously deemed a flush rate of 1 ml/s to be a con-
servative rate applicable in clinical practice.11 Using clini-
cally accepted grading, the VIP score ranged from 0 to 5 in 
ascending order of severity. In addition, staff graded resist-
ance to infusion, where 0 meant no resistance to infusion, 
1 meant some resistance to infusion and 2 meant occlu-
sion. Animals were monitored continuously over the entire 
study.

At the end of the study, pigs were euthanised with IV 
injection of 0.5 ml//kg Lethabarb via central cannula while 
under general anaesthesia. For histopathology samples, the 
ears and the cephalic veins of each pig were harvested via 
microsurgery and were fixed in 10% buffered formalin for 
at least 48 h, processed and embedded in paraffin. Sections 
(5 µm) obtained from the PIVC tip region, the insertion 
region and distally from the tip (Figure 2(c)), stained with 
haematoxylin and eosin and examined by light microscopy 
by an independent trained pathologist (QML Vetnostics, 
QLD, Australia) blinded to the slide identity. We followed 
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the methods described in Weiss et al.13 and assessed sam-
ples for mural inflammation, thrombus formation, exfolia-
tion of the endothelium, intimal proliferation, intimal 
oedema, intimal necrosis and mural haemorrhage. Each 
marker was graded on a scale of 0 to 4 (0 = none; 1 = slight; 
2 = mild; 3 = moderate; 4 = severe).16

Statistical Analysis

All measured data were collected on a study report form, 
collated and analysed in Microsoft® Excel (v16). 
Descriptive statistics are used to summarise subject and 
device characteristics, and outcomes are compared using 
Student’s t-test, with p < 0.05 deemed significant.

Results

Effects on infusion dynamics and endothelial 
shear stress

The optimum ramp geometry was a trade-off between 
reducing endothelial shear stress and improving infu-
sion dynamics; in particular, we did not want to direct 
the infused fluid into the upper vein wall. We found the 
ideal geometry to be a ramp size of 0.125 mm off the 

horizontal plane (Figure 3(a)), whereas 0.15 mm 
increased the velocity of the infusion and created an 
undesirable recirculation region downstream of the tip, 
below the saline fluid jet. Therefore, we deemed a ramp 
size of 0.125 mm to yield an adequate reduction in shear 
stress, while ensuring infused fluids remain central to the 
venous flow (Figure 3(b)). This ramp size reduced the 
maximum endothelial shear stress by 60%, from 12.7 Pa 
to 5.1 Pa, compared to a PIVC with constant internal 
diameter (Figure 3(c)).

Animal Study

All four animals completed the 48-h study and perfor-
mance of tested cannulas was followed throughout the 
period of investigation.

Resistance, VIP and failure rates

A key observation from the study was that 40% (2/5) of the 
control PIVCs became fully occluded during the 48 h time 
period (Figure 4(a)). Despite using a continuous back-
ground infusion (i.e. TKVO), these two failed devices 
became occluded between 18 and 24 h after insertion and 
the start of infusion therapy (i.e. TKVO). Although some 

Figure 2.  Pigs were sedated, ventilated, placed prone and continuously monitored throughout the study, with measurements and 
saline flushes every 6 h. (a) Marginal vein (arrow) of the ear and (b) cephalic vein used for vascular access. (c) Approximate locations 
at the insertion site, PIVC tip and distal to the PIVC, where samples were extracted for histopathology.
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Figure 3.  (a) Investigation of the ramped tip geometry determined that a ramp size of 0.125 mm is ideal as it reduces shear stress 
while ensuring optimum infusion dynamics, without impinging on the upper vein wall. (b) Diffusion of saline into the blood stream 
using the optimum tip geometry. Image shows the mass fraction of blood in the computer simulation during the bolus flush. (c) The 
optimum ramp geometry reduces the maximum shear stress on the endothelium by 60% compared to a standard PIVC tip.

resistance to infusion was observed, all FloRamp devices 
remained fully functional throughout the 48-h study.

A trend toward lower mean resistance was found in the 
test group compared to the controls (0.73 ± 0.81 vs 
0.47 ± 0.50, p = 0.06). As shown in Figure 4(a), in some 
veins both the test and control PIVCs experienced inter-
mittent resistance throughout the 48-h duration. Resistance 

was typically observed earlier in control devices; at 6 h for 
60% (3/5) of devices. Whereas the earliest sign of resist-
ance in a test device was 12 h (2/5 devices).

Mean VIP was lower in veins inserted with the test 
PIVCs compared to the controls, but such difference was 
not found to be statistically different (0.60 ± 0.93 vs 
0.31 ± 0.70, p = 0.099) (Figure 4(b)), with visual markers 



Doyle et al.	 7

of inflammation observed earlier in control devices. Sixty 
percent (3/5) of veins inserted with the test PIVC did not 
experience any VIP score compared to 20% (1/5) of veins 
inserted with a control PIVC.

Histopathological findings in cannulated veins

Pathological scores were lower in 5/7 of the markers 
assessed in veins inserted with a test device (Figure 4(c)), 
with differences in mural inflammation, exfoliation of 
endothelium and intimal necrosis of 19%, 30% and 42%, 
respectively. Veins inserted with test devices did not initi-
ate any intimal oedema or intimal necrosis. Thrombus for-
mation was marginally higher in test device veins as was 
mural haemorrhage, however mural haemorrhage was 
only observed at one tip location in one control device vein 
(1/9 sites), and two tip locations in one test device vein 
(2/9 sites).

Discussion

The key finding of our study is that a novel design modifi-
cation to the PIVC tip directs the infused fluid into the 
centre of the venous flow away from the endothelium, 
which reduces shear stress on the sensitive endothelial 
cells by 60%, and this reduction in endothelial injury and 
improvement in infusion dynamics potentially translates to 
an advantage over current PIVCs through a reduction in 
occlusion rate, resistance to infusion and VIP score.

Despite best efforts by the end-user, the premature fail-
ure of IV cannulas remains at almost 40%, which is unac-
ceptably high.17 Aligning with strong calls from the 
community for a change to the device itself,18 we set out to 
design an IV cannula that reduces the early failure of in-
dwelling PIVCs and through a pilot study, explored effi-
cacy and safety in a highly-controlled large animal model 
of IV access, using a protocol that closely mimics clinical 
practice.

The most important clinical implication of our study is 
the reduced occlusion rate of the FloRamp. We compared 
the FloRamp to one of the most widely used PIVCs on the 
market that is typical in design and material to most used 
in clinical settings. We observed two of the five control 
PIVCs to become fully occluded within 24 h of insertion. 
Despite the obvious small sample size, this 40% early fail-
ure rate is typical of current clinical practice,17,19 however 
it must be noted that not all failures are a result of occlu-
sion. Nevertheless, it is encouraging to observe no occlu-
sions in the FloRamp devices and this may be a result of 
reduced endothelial injury (i.e. shear stress) and flow stasis 
(i.e. infusion dynamics) due to the ramped tip.

In the SAVE Trial,19 approximately 40% of PIVCs 
failed in each arm of the study. In a trial investigating post-
insertion flushing,20 failure was 22% in the intervention 
group compared to 30% in controls. Most recently, in the 

PREBACP trial,17 37% of devices in the intervention 
group failed; an improvement of about 9%. Therefore, at 
best, one in five PIVCs fail, and at worst, two in five. 
Improvements in the PIVC design are likely to help reduce 
these rates, and the FloRamp may be a step towards this 
goal.

We designed an experimental protocol that mimicked 
current best clinical practice, including the use of a con-
tinuous infusion and regular PIVC flushes, and aimed to 
minimise any confounding factors on failure so that only 
the impact of the PIVC design was under evaluation. By 
sedating the animals, we ensured the device could not be 
dislodged via movement and used a contemporary ‘care 
bundle’ of aseptic touch, sterile dressings, securement of 
device and frequent monitoring and measurement of VIP 
score. For each flush procedure, we measured the resist-
ance, and compared to the control device, we found that 
the FloRamp enabled resistance-free infusion for longer 
before any noticeable resistance occurred. We observed 
only two FloRamp devices (2/5) to register a VIP score, 
compared to four control devices (4/5); however, the two 
FloRamp devices did begin to show signs of early phlebitis 
at 30 h and 48 h. This reduction in VIP has important impli-
cations as the VIP is a simple marker used widely in clini-
cal practice. Five of the seven histopathology markers we 
assessed were lower in veins inserted with the FloRamp, 
although no differences were statistically significant. Of 
particular note is the exfoliation of endothelium and inti-
mal proliferation, oedema and necrosis; the FloRamp was 
purposely designed to reduce endothelial shear stress act-
ing on the intima of the vein, with levels above 38 Pa 
known to strip endothelial cells from the intimal layer.21 
Furthermore, the effects of shear stress on platelet adhe-
sion and endothelial activation22–24 are well known and 
contribute to inflammation, coagulation and potentially 
PIVC failure. By reducing the shear stress, the FloRamp 
reduces the critical instigator of phlebitis (assessed here by 
VIP score and mural inflammation), which in turn down-
regulates the processes leading to intimal injury and ulti-
mate vessel occlusion.

We followed the histopathological methods reported in 
a previous study investigating a novel PIVC design. Weiss 
et al.13 also inserted 20 G BD Insyte PIVCs into the veins 
of porcine ears, however their study lasted 12 days, com-
pared to our 2-day study, with typical clinical practice indi-
cating PIVC usage for short-term administration of fluids 
and medication (2–3 days). After 12 days from cannula-
tion, Weiss et al. found much greater intimal proliferation, 
intimal oedema and mural haemorrhage, whereas the con-
trol devices in our study exhibited much greater mural 
inflammation, exfoliation of endothelium and intimal 
necrosis. These comparisons to our study are interesting; 
our sedated pigs were studied for a much shorter time, 
whereas the pigs in their study were free to move about, 
eat and drink, with the authors noting that the pigs were 
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Figure 4.  Observations from the animal trial of five comparative experiments of test devices (FloRamp) versus control devices (BD 
Insyte). Experiment #3 was a cephalic vein with the others being marginal ear veins. (a) Measures of resistance taken every 6 h show that 
resistance to infusion generally began earlier in control PIVCs and that 40% of control devices (2/5; Experiments #1 and #5) became 
completely occluded after 24 h in vivo. (b) VIP score represents a visual marker of inflammation (thrombophlebitis) and the test devices 
had reduced VIP scores compared to the controls. (c) Mean ± SD histopathology markers showing 5/7 markers were lower for veins 
with test PIVCs. Only 3/5 veins were used for comparative histology as we excluded comparisons with the two veins that occluded.
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‘constantly trying to remove the devices’. The authors also 
state that the securement devices used did not eliminate 
relative motion between the catheter and vein. Nevertheless, 
Weiss et al. report much lower inflammation and general 
tissue damage. It is important to emphasise that in our 
study we applied inclusive qualitative assessment of injury, 
i.e. VIP, which resulted in injury dynamics in line with 
clinical observations in humans.

A key advantage of the FloRamp is its simplicity as it 
is a relatively straightforward dimension change that 
captures important engineering and biomedical princi-
ples; yet heralds a significant change in the PIVC design, 
ameliorating some of the impact of cannulation and infu-
sion. This subtle design change lends itself to the regula-
tory process involved in medical devices, as well as the 
scale at which PIVCs are produced. Furthermore, as it is 
ergonomically identical to a typical PIVC, there is no 
additional end-user training required to use in practice. 
Thus, the FloRamp specifically addresses calls from the 
vascular access community for PIVC producers to revisit 
PIVC design.18

Although there are many strengths to our study, there 
are also some notable limitations. First, this was a pre-
liminary study of only five vascular access sites in four 
pigs, and the small sample size should be considered 
while interpreting performance of the novel device, in 
particular, the statistical comparisons between devices. 
Second, as two control devices occluded halfway through 
the experiment, we excluded those veins from the quanti-
tative histological analysis. This further reduced the sam-
ples for histological comparison. Third, our 48 h 
experiment was relatively short and in a future study the 
duration should be extended until at least 72 h, or prefer-
ably, only terminated on failure of the PIVC. Fourth, 
while the pig is a useful model for vascular access, there 
are differences to human anatomy with the fatty subder-
mal layer of the skin being thicker in pigs, which may 
have impacted the VIP measurements, and therefore 
studying the FloRamp in humans is the next logical step. 
Fifth, we did not determine the interrater variability in 
the VIP observations or measurement of resistance to 
infusion, and this could have varied from nurse to nurse. 
Sixth, we did not measure vein diameter or proximity to 
valve prior to insertion, and this would be useful data to 
collect in subsequent studies, especially to ensure that the 
catheter to vein ratio was appropriate. Finally, this was a 
well-controlled animal study using sedated pigs and 
while the protocol may resemble some clinical scenarios 
such as intensive care, the findings may not translate to 
typical clinical care.

In conclusion, despite best efforts from end users, pre-
mature failure of PIVCs remains a significant healthcare 
problem. Here we report a new PIVC distal tip with an 
asymmetric ramp that appears to hold promise, outper-
forming a market leading device in a well-controlled study 
using an animal model of vascular access.
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