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simulation model for ultrasound-guided vascular puncture. 
Evaluation by specialists demonstrated adequate fidelity, usability, 
and reproducibility, indicating that the model is an effective and 
accessible teaching and training tool for the technique.
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	❚ Highlights
	■ Ultrasound improves success rates and reduces 
complications during vascular puncture.

	■ Simulation-based training enables safe and effective 
acquisition of procedural skills.

	■ A low-cost, reproducible simulation model was developed.

	■ Specialists validated the model as effective for teaching and 
training.
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	❚ ABSTRACT
Objective: To develop a low-fidelity, low-cost simulation model for ultrasound-guided vascular 
puncture that is easily reproducible and validated by an expert panel. Methods: Sequential tests 
using different materials were conducted based on phantom models described in the literature. 
The final model underwent evaluation by 12 volunteer expert physicians, who assessed usability, 
fidelity, and reproducibility during repeated ultrasound-guided punctures. Feedback was collected 
using a Likert scale instrument. Results: All specialists agreed on model fidelity, including 
echogenicity, scenario reproduction, and tactile sensation, as well as suitability for training and 
reproducibility. Overall, positive responses accounted for 85.83% of evaluated items. Conclusion: 
The proposed simulation model closely resembled the scenario of central venous puncture in 
human tissue and represented an effective and accessible tool for teaching ultrasound-guided 
vascular puncture techniques.

Keywords: Central venous access; Ultrasonography, interventional; Ultrasonography; Education, 
medical; Simulation training; Phantoms, imaging 

	❚ INTRODUCTION
Central venous access (CVA) can be performed using anatomical landmark 
techniques or ultrasound-guided approaches. The ultrasound-guided 
approach improves patient safety by enabling visualization of anatomical 
variations, thrombi, and stenoses and by allowing real-time verification of 
puncture and catheter placement.(1) Moreover, simulation contributes to 
the development of skills and competencies through realistic scenarios that 
support clinical reasoning and the application of procedural techniques.(2)  
These scenarios enhance patient safety by refining techniques through 
repetition, improving problem-solving, and enabling the identification 
and correction of errors committed by professionals compared with purely 
theoretical education.(3) Studies have reported reductions in mechanical 
complications, a 12% increase in first-puncture success, and a 72% decrease 
in inadvertent arterial puncture.(4,5) Consequently, several guidelines over 
the past few years have recommended ultrasound-guided CVA, with the 
most robust statistical evidence for the internal jugular vein.(5-14) However, 
simulation-based training for operating physicians remains essential for the 
effective application of this technique.

Simulation enables the development of skills and competencies in a 
controlled and protected environment without posing risk to patients,(15) while 
also improving technique and shortening the learning curve.(16) In this context, 
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simulation promotes the motor coordination required 
for simultaneous needle puncture and transducer 
manipulation.(17) Training can be conducted using low-,  
medium-, or high-fidelity simulators. Although high-
complexity simulators are commercially available, 
studies indicate that, in educational settings, the level 
of training fidelity is not necessarily associated with 
simulator realism, as other factors such as scenario 
design also influence performance.(18,19)

For ultrasound-guided puncture simulation, training 
phantoms(20) are available and may be synthetic or 
biological, as well as homemade or commercial. One 
limitation of commercial models is their high cost, 
which hinders widespread adoption.(21) Homemade 
phantoms provide a cost-effective alternative that offers 
adaptability and allows repetitive practice.(22) In an effort 
to promote ultrasound-guided CVA, this article aims to 
describe the construction of a homemade phantom with 
a favorable cost–benefit ratio that is easily reproducible, 
simple to store, suitable for repeated puncture, and 
ultrasonographically similar to human tissue, validated 
by a panel of experts.

	❚ OBJECTIVE
This study aims to develop a low-fidelity, low-cost 
simulation model for ultrasound-guided vascular puncture 
that is easily reproducible and validated by a panel of 
experts.

	❚METHODS
Puncture model
A literature search was first conducted using the keywords 
“Phantom AND venous access” and “Homemade AND 
vascular access.” In the first stage, materials were tested 
as substitutes for blood vessels, evaluating diameter, 
tactile sensation, ease of puncture, and compatibility 
with ultrasound imaging.

In the second stage, the composition of the phantom 
was developed based on three models previously 
reported in the literature. The criteria assessed 
included model echogenicity, tactile sensation during 
puncture, needle visualization, presence of artifacts, 
and storage stability outside refrigeration. Based on 
the tested and selected compositions for construction 
of the CVA puncture phantom, model reproducibility 
was assessed by two medical students at different times. 
They received instructions regarding the production 
steps, and after fabrication, the models were evaluated 
using ultrasound.

Validation by experts
A panel of experts was selected using convenience 
sampling based on the following criteria: residence in the 
project city, a specialty registered with the professional 
council, performance of ultrasound-guided punctures 
on a monthly basis, and at least five years of experience 
in ultrasound use. The specialists tested the developed 
phantom and completed a 14-item checklist using a Likert 
scale. The checklist includes four questions addressing the 
specialist’s experience with ultrasound-guided punctures, 
while the remaining items evaluate the proposed model. 
These items were based on similar studies assessing 
homemade phantom models for training physicians in 
ultrasound-guided puncture.(17,23,24) The questions were 
adapted to reflect the specific characteristics intended to 
be addressed by the developed model as well as model 
usability, reliability, and reproducibility during serial 
ultrasound-guided punctures.

Statistical analysis
Data analysis was performed using non-parametric 
measures, including the median and interquartile range. 
Differences between group medians (surgeons versus 
non-surgeons) were tested using the Mann-Whitney–
Wilcoxon test. To assess the degree of agreement 
among specialists, Gwet’s AC2 agreement test was  
performed.(25-27) Analyses were conducted using the R 
statistical environment with a quantitative approach. The 
agreement coefficient was evaluated at a 5% significance 
level, with 95% confidence intervals reported.

	❚ RESULTS
Phase 1 – Development of a puncture model
Model structure: A tubular balloon demonstrated the 
best overall performance for vessel simulation after 
diferent materials tests. To accommodate the phantom, 
a disposable polypropylene container measuring 15.5cm 
in length, 10.5cm in width, and 5.5cm in height was 
used. Regarding the vessel simulator, seven different 
materials were selected and assessed for compatibility 
with human vessel diameters, tactile feedback during 
puncture, puncture success rate, and ultrasound image 
quality. The results are summarized in table 1.

Following testing, the material that best fulfilled 
the criteria was the tubular balloon. The balloon was 
positioned inside the container through two lateral 
openings created with a heated metal object and then 
filled with water. To prevent deflation, a 20cm Luer-
lock extension set, a three-way stopcock, and a 10mL 
syringe were attached.
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Table 1. Material performance according to the pre-selected criteria 

Material Compatible 
diameter

Tactile 
sensitivity 

during 
puncture

Puncture 
success

Ultrasound 
imaging

Chest drain ++ – – – x

Nasogastric tube – – – – – x

Tubular part of the urine 
collection bag

++ – – – x

Foley catheter (16 Fr) – – + + – –

Latex tube + + ++ – –

Plastic straw – – ++ + – –

Tubular balloon + +++ +++ +++
+ good; ++ very good; – inadequate; – – very inadequate; x not tested.

Composition
Nine formulations were testd and composition F 
best met the predefined criteria for the model. The 
formulation of the homemade phantom was based 
on recipes available in scientific databases, using 
ballistic gelatin(28-30) as the main component, along 
with a composition containing psyllium(23) and another 
in which corn flour(31) was replaced with cornstarch. 
Different recipes were prepared (Table 2), varying both 
the quantity and combination of ingredients (Figure 1), 
until the initial objective was achieved. At the end of the 
experiments, Composition F satisfied all the established 
criteria (Table 3 and Figure 2).

The proposed formulation resulted in a model 
suitable for practical use, lightweight, and without strict 
storage requirements. It weighs 530g, enabling transport 
without refrigeration. The ingredient ratio consists of 
500mL of water, 60 g of gelatin, 100mL of glycerin, and 
36g of psyllium, along with 10 drops of food coloring, 
with a total preparation time of approximately three 
hours (Figures 3 to 6). Furthermore, the model can be 
preserved for up to seven days at room temperature or 
up to 60 days under refrigeration.

Table 2. Ingredient proportions for each composition per 1L of water

Recipe Glycerin Unflavored 
gelatin Cornstarch Psyllium Agar-

agar

Ballistic gelatin 400mL 96g – – –

A 330mL 480g – – –

B 250mL 120g – 60g –

C – 50g 60g – –

D 250mL 112g – 90g –

E 46mL 92g 46g – –

F 200mL 120g – 72g –

G – – 20g – 51g

H – 120g – 72g –

Figure 1. Flowchart of model development

Table 3. Comparative test results for the characteristics of the different models 

Model Echogenicity Consistency Artifacts Acoustic 
shadow

Needle 
visualization

Ballistic 
gelatin

– – – o +

A – – – o +

B + o – – +

C + – – + –

D + + o o o

E + + + + o

F + + + + +

G + o o + +

H + + + + o
– negative result; o neutral result; + positive result.

A disposable plastic container was prepared to 
accommodate the phantom. Using a heated corkscrew 
or another pointed metal object, two small lateral 
openings were created approximately 1.5cm from the 
bottom of the container. The closed end of a tubular 
balloon was inserted through one opening using forceps, 
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Figure 3. Phantom production

1

3

5

2

4

6

Figure 4. Phantom production
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Figure 5. Phantom production
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Figure 2. Ultrasound images of Composition F showing transverse and 
longitudinal views of the simulated vessel, needle puncture using 18G and 22G 
needles, and model integrity after 45 and 55 punctures
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dissolved. Food coloring (10 drops) was added and 
mixed until a homogeneous color was obtained.

The prepared mixture was poured into the container 
containing the balloon. The model was placed in the 
freezer for approximately 10 minutes to accelerate initial 
solidification and was then transferred to refrigeration. 
The phantom became ready for use after approximately 
3-4 hours and could be used to simulate both in-plane and 
out-of-plane ultrasound-guided puncture techniques. 
During training, puncture practice could initially be 
performed using only the needle to develop eye–hand–
screen coordination. The syringe could subsequently be 
incorporated to enhance procedural simulation. When 
pressure within the balloon decreased after repeated 
punctures, the balloon could be refilled through the 
extension set to allow continued use of the model.

Phase 2 – Expert panel
The expert panel comprised 12 specialists, including six 
surgeons and six non-surgeons, of whom five reported 
performing ultrasound-guided vascular punctures one 
to five times per week. The median number of punctures 
performed was 17.5, ranging from 5 to 100. Responses 
regarding the model were recorded using a Likert scale 
and are presented in figure 7. According to Gwet’s AC2 
coefficient, the agreement index among specialists was 
95.5%.

The evaluation criteria included scenario realism, 
echogenicity, tactile sensation, identification of the 
vessel lumen, image artifacts, reproducibility, needle 
visualization, and suitability for training. Overall, 
85.83% of the evaluations were reported as positive.

	❚ DISCUSSION
In clinical practice, ultrasound-guided puncture has 
consistently reduced mechanical complications associated 
with CVA.(32,33) Simulation-based training has therefore 
become an important strategy to enhance patient safety. 
In response to this need, the present study developed 
a phantom with a favorable cost–benefit ratio for 
large-scale training, based on testing of materials 
previously reported in the literature. Furthermore, 
with the increasing use of ultrasound in medical 
practice, an easily reproducible teaching tool may also 
be incorporated into the academic setting to facilitate 
large-scale training of medical students, as already 
demonstrated by other authors.(23)

Gelatin-based models have been described as a 
strategy to reduce production costs,(21) which guided 
the selection of gelatin as the base material for the 
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Figure 6. Phantom production

and the procedure was repeated on the opposite side 
to allow the balloon to traverse the container. Care 
was taken to maintain the smallest possible opening to 
prevent leakage of the mixture.

The open end of the tubular balloon was then cut and 
connected to a 20cm extension set. The threaded portion 
of the extension set was positioned over the balloon and 
gently tightened to secure the connection while ensuring 
that the balloon material remained wrapped around 
the connector. The balloon was stretched inside the 
container, and a syringe was attached to the extension 
set to remove air and create a vacuum. The balloon was 
then slowly filled with fluid until it assumed a tubular 
configuration, simulating a vessel.

For preparation of the phantom matrix, 60g of 
unflavored gelatin was first dissolved in 100mL of cold 
water. The mixture was heated over medium heat, and 
an additional 400mL of water was gradually added 
while stirring until the gelatin dissolved completely. 
Subsequently, 100mL of glycerin was incorporated, and 
the mixture was maintained over medium heat until 
boiling. After boiling, the solution was allowed to rest for 
approximately 10 minutes. Psyllium (36g; Metamucil) 
was then added and stirred rapidly until completely 
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phantom developed in this study. Despite favorable 
results reported previously,(29,30) these models did 
not demonstrate ultrasound characteristics closely 
resembling human tissue. To improve the echographic 
quality of homemade models, other studies have tested 
materials such as psyllium(23) and cornstarch.(31) In the 
experiments conducted in this study, psyllium produced 
a satisfactory ultrasound image,(23,34) consistent 
with previous reports. In contrast, the cornstarch-
based model(31) demonstrated acceptable ultrasound 
performance for puncture but showed inferior results 
regarding post-puncture artifacts compared with psyllium 
(Table 4).

Owing to difficulty in sourcing ballistic gelatin from 
American models,(29) a mixture of gelatin and glycerin 
was tested as an alternative. The addition of glycerin 
improved storage durability and increased resistance to 
biological proliferation, thereby extending refrigeration 
time compared with gelatin-only models.(35) Previous 
studies(36) have also identified agar as a suitable material 
for phantom production. When tested in combination 
with the other ingredients, agar produced satisfactory 

results; however, image quality deteriorated after several 
days of storage. 

Using the final proportions, a phantom that fulfilled 
the initial objectives was successfully developed. In 
terms of cost, the model was approximately ten times 
less expensive than currently available commercial 
phantoms and comparable in price to other gelatin-
based models, such as the one developed at Thomas 
Jefferson University (Philadelphia, PA, USA).

Regarding durability, the phantom withstood up to 
100 consecutive punctures during testing, supporting its 
use for training. Because simulation fidelity depends 
on the scenario created, the proposed model supports 
medium-complexity training. Validation by specialists 
showed that 85.83% of evaluations were favorable 
across the assessed characteristics. The main drawback 
is progressive deterioration, particularly when the 
model is used by inexperienced trainees or stored for 
prolonged periods outside refrigeration.

The primary limitation of this study relates to the 
expert panel, which evaluated the model based on 
the perspective of experienced physicians rather than 

Figure 7. Distribution of responses from specialists on the Likert scale

Table 4. Comparison of characteristics among various phantoms

Type Echogenicity Accessibility Cost Repeated use Tactile sensation Needle artifact Shelf storage

Gelatin Hypoechoic Easy Low ++ ++ Moderate Low

Blue Phantom Hypoechoic Difficult High +++ ++ Low Total

Meat Hyperechoic Very easy Low + +++ Low None

Proposed model Hyperechoic Easy Low ++ ++ Low Moderate
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the intended target population. Consequently, the 
model may not fully reflect its use by inexperienced 
operators. In addition, participant selection was based 
on convenience sampling, which may have introduced 
bias into the results. Although the checklist completed 
by the panel was based on the literature, it has not 
been formally validated. Therefore, further studies are 
required to assess the effectiveness of the model.

	❚ CONCLUSION
The model proved to be a valuable option for simulating 
ultrasound-guided punctures owing to low cost, ease of 
transport, and the ability to reproduce realistic puncture 
scenarios. Further research is recommended to support 
large-scale training and comparative evaluations with 
commercial models.
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