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Development of a realistic venepuncture
phantom
Abstract: Venepuncture is one of the most common invasive

procedures performed worldwide, however, complications
still occur. Currently, commercial single layer silicone
phantoms used for venepuncture training do not accurately
imitate the geometry and mechanical properties seen in the
various patient groups. This paper presents the development of
a realistic artificial venepuncture phantom. Three multilayered
tissue phantoms are developed simulating venepuncture sites
of paediatric, adult and geriatric patients. Silicone materials of
different stiffnesses were selected to imitate the epidermis,
dermis, subcutaneous fat, muscle and superficial veins. Singleaxis indentation tests were carried out on silicone samples and
the multi-layered phantom inserts to characterize the material
properties. The measured Young's moduli for the artificial
dermis, fat and muscle show sufficient agreement with
corresponding literature values. However, characterization of
the complete phantom inserts showed stiffnesses four times
larger than prior in-vivo studies. Future studies will work on
developing a more comparable in-vivo study.
Keywords: Venepuncture, Tissue phantom, Indentation

testing, Silicone molding

https://doi.org/10.1515/cdbme-2020-3104

1 Introduction
Blood sampling and the administration of medication has
been used for decades in diagnostic and therapeutic health care
procedures [1]. Venepuncture, the process of obtaining access
to the superficial vessels of the venous system by an injection
needle, is carried out thousands of times a day by medical
professionals (phlebotomists) worldwide [2].
The anatomy of the venepuncture site varies from patient
to patient due to age, sex and pre-existing diseases [3], which
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impedes the performance of a correct venepuncture without
complications. Possible complications can occur, e.g. if the
needle is inserted only partially into the vessel, causing
leakage of blood and the formation of hematomas in the
surrounding tissue [2]. In addition, improper needle insertion
can lead to painful and severe damage when puncturing an
artery or nerve instead of the vein [4].
Venepuncture is commonly performed by a clinician
identifying the target blood vessel and then inserting a needle
at the estimated appropriate angle and depth. Therefore, a
proper and painless venepuncture depends on the experience
and abilities of the phlebotomist. Furthermore, for a clinician
to learn or continuously improve their skills of venepuncture
without requiring patients there are commercially available
artificial intravenous or venepuncture trainers imitating the
anatomy of venepuncture site.
Venepuncture trainers usually consist of a rigid
scaffolding structure containing tubes to simulate the blood
vessels, covered with a softer skin-like sheathing. However,
the significant disadvantage of such commercial models are
the single-layered skin structure and scaffold do not
adequately represent the actual multi-layered tissue
composition at the venepuncture site and the different
mechanical tissue properties. In addition, due to the
unchangeable position and cross-section of the artificial veins,
the typical anatomical variance and thus, the conditions to
simulate different patients cannot be modified.
In order to enable a more realistic simulation of human
tissue at the preferred puncture site of the forearm [1], a
modular venepuncture phantom is investigated which
considers a multilayer tissue structure with the individual
mechanical properties. Three phantom inserts with different
layer thicknesses and vein cross-sections enable the imitation
of the typical structure of three different patient groups;
paediatric, adult and geriatric.
This paper describes the development process of the
venepuncture phantom, focusing on the characterization of the
mechanical properties (Youngs modulus) of the individual
layers and the complete phantom, and an appropriate layer
structure geometry. Finally, the results of the characterization
are described, and potential improvements are discussed.
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2 Material and Methods
2.1 Venepuncture Site Characteristics
The preferred sites for venepuncture are veins of the volar side
of the forearm at the cubital fossa, which typically comprises
of the epidermis, dermis, subcutaneous fat with embedded
veins and muscle. The outermost epidermis layer at the
venepuncture site is very thin and shows no significant effects
of age-related changes [5]. In contrast, the dermis, and the
immediate subcutaneous fat increase with adulthood and then
decrease at higher ages due to biochemical absorption
processes [6] The blood vessels for venepuncture are
embedded in the subcutaneous fat tissue [7] and the depth is
defined by the superimposed skin layers. The muscle layer is
required be sufficiently large for all phantom inserts to ensure
that the rigid substrate below the insert has no negative
influence on both the material characterization and needle
insertion [8, 9].
The veins for venepuncture are the median cubital,
basilica and cephalic vein. The diameter and wall thickness of
these veins also change with age. The inner diameter of the
veins increases until adulthood with a constant wall thickness
to inner diameter ratio of 0.2 [1, 10]. The veins of geriatric
patients have the same inner diameters as healthy adults
however, the blood vessel walls also thin with age [11].
A summary of the geometric properties of the phantom
inserts derived from literature are shown in Table 1.
In general, human tissue is characterized by a viscoelastic
strain behaviour [12]. A method to characterise this is the
Young's modulus obtained by measuring the stress-strain ratio
for a purely elastic deformation at low strains (< 0.3) [12]. In
regard to this, a summary of the Young's modulus found in
literature can be seen in Table 1.

2.2 Artificial material characterisation

the different artificial tissue types within the phantom,
different samples were tested. The characterization of the
materials was performed by indentation testing, similar to that
described in [13]. A spherical indenter of brass, with a tip
radius of 5 mm, was inserted into cylindrical silicone samples
measuring the resulting force as a function of strain (see Figure
1). The indenting process and the force-displacement
measurement was performed with the Quasar 25 materials
testing machine (Galdabini (S.P.A.), Italy) provided the load
cell TQ03.04.05 (Galdabini (S.P.A.), Italy) with a nominal
value of 3 kN and a resolution of 0.15 N. Four different
samples were created for characterisation of the individual

Figure 1: Set-up of the mechanical testing machine with the load
cell (1), indenter (2) and sample in the test fixture (3).

tissue types. The different silicone materials used in the
phantom were purchased from KauPo Plankenhorn e.K.,
Germany.
Each sample was periodically indented 6 times (𝜀𝑚𝑎𝑥 = 0.3),
with simultaneous force-displacement measurement. In
addition, the test was performed at three different strain rates
(𝜀̇ = 0.1 s-1 / 0.01 s-1/0.001 s-1) derived from indentation tests
on human skin or artificial viscoelastic materials from
literature [13, 14, 15]. The Young’s Moduli, 𝐸, was
determined by fitting the theoretical force-displacement curve,
Eq. 1 proposed by Dimitriadis et al. [9], to the values obtained
from indentation testing.

Due to the wide range of Young's Moduli, the comparative
simple processing and long-term durability of the mechanical
properties, silicone was selected as the tissue-imitating
material. To determine the corresponding Young’s Moduli of

𝐹=

16𝐸
√𝑅𝛿 3 (1 + 0,884𝜒 + 0,781𝜒 2 + 0,386𝜒 3
9
+ 0,0048𝜒 4 )

(1)

Table 1: Summary of the specified dimensions and material characteristics for the different artificial tissue types of the phantom inserts.
Pediatric
Thickness of epidermis in mm
Thickness of dermis in mm
Thickness of fat in mm
Thickness of muscle in mm
Vein inner diameter in mm
Vein wall thickness in mm

1.0
1.5
1.5 – 3.0
0.15 – 0.3

Adult
0.15
1.5
2.0
>5
4.0 – 6.0
0.4 – 0.6

Geriatric
1.0
1.5
4.0 – 6.0
0.2 – 0.3

Young’s Modulus in kPa
1000 - 2000
25 -75
1-5
75 - 100

References
[5, 14]
[5, 15, 16, 17]
[6, 15, 17]
[8, 9, 15]

2000- 3000

[1, 10, 18, 19, 20]
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This approximation formula considers the indenter tip radius
𝑅 and the specimen height ℎ. The height of the test specimen
is included by the correction parameter 𝜒, which needs to be
calculated for each displacement 𝛿 . The curve was fit to
minimise the root-mean-square error (RMSE) between the
measured data and Dimitriadis’s et. al model.
After the evaluation of the silicone samples, the inserts
were manufactured by injection moulding. The mechanical
characterization of the manufactured phantom inserts was then
also performed under the same testing conditions. Since
paediatric and geriatric inserts differ only in the size of the
embedded veins, the indentation test was only performed the
paediatric insert. The indentation was performed between the
artificial veins, thus the stiffness of vein tubing had no
influence on the determined total Young's modulus.

Figure 2: : Fitting of the curve according to Dimitriadis et al. [9] to
the experimental loading data of the dermis sample.

3 Results
The different cylindrical samples and complete inserts were
tested, and the Young's moduli determined. The results for the
strain rate 𝜀̇ = 0.01 s-1 are shown in Table 2. In addition,
Table 2 also shows the respective component mixing ratio of
the silicones used. Figure 2 shows an example plot measured
from the dermis silicone sample.

4 Discussion
The presented venepuncture phantom enables the imitation of
the different patient groups with the anatomic variation in
layer thickness and vein size (see Figure 3). For the described
strain rate (𝜀̇ = 0.01 s-1), the theoretical curve according to
Dimitriadis et al. [9] show very good agreement to the
experimental data for both the sample and the complete insert
testing (𝑅 2 > 0.98). The determined Young's moduli of the
silicones imitating the human dermis (𝐸Dermis = 65.20 kPa),
fat
(𝐸Fat = 3.60 kPa),
and
muscle
tissue
(𝐸Muscle = 96.60 kPa), are within the desired range (Table 1).
For the epidermal layer and the blood vessels the selected
silicone shows an insufficient Young's modulus
(𝐸E/V ≈ 800 kPa) not within the required range
(1000 – 3000 kPa, Table 1). However, it was assumed that this

Figure 3 (a) Photograph of the complete infant insert and (b)
comparison of the layer thickness of infant (left) and adult insert
(right).

had negligible influence on the overall phantom stiffness due
to it them having relatively thin layers (Table 1).
After comparing the determined Young's moduli for
the adult (𝐸Adult = 79.20 kPa) and paediatric/geriatric
(𝐸I/E = 77.50 kPa) inserts with the values of in-vivo studies
(𝐸 = 10-20 kPa) [13, 15], it becomes apparent that differ
considerably and are about four times higher than values
presented in these studies. This could indicate that the Young's
moduli defined of muscle, fat and dermis silicone are too high
or the thickness of the layers are incorrect and should be
further investigated. However, a fair comparison between the
penetration tests performed in this work and those from the
literature is difficult due to the different test conditions such as
indenter geometry, penetration velocity and/or the selection of
the mathematical model for the determination of the Young's
modulus. Thus, further evaluation of the developed inserts
should be first performed by comparison with in-vivo
experiments performed in an identical manner.

Table 2: Average values of Young's modulus of the different silicone specimen from indentation test with a strain rate of ε̇ = 0. 01s −1. The
component mixture for the fat layer was extended by adding a third component (slacker) to adjust the actual Young's modulus.
Tissue type
Epidermis/Vein
Dermis
Fat
Muscle
Complete insert

Calculated Young’s Modulus in kPa
796.8
65.2
3.6
96.6
77.5 (Paediatric /Geriatric)/79.2 (Adult)

R2
0.996
0.998
0.983
0.997
0.995

Material
Dragon Skin 30
Ecoflex 0030
Ecoflex 0050 + Slacker
Ecoflex 0050
-

Mixing ratio A:B
1:1
1:1
1:1:1*
1:1
-
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From Figure 2 it appears that the layer thicknesses of silicone
are consistent and at the defined value. However, a proper
determination of the manufactured layer thicknesses and the
cross-section of the artificial veins was not carried out. Thus,
in order to assess the usability of the manufacturing process
and to relate the mechanical characteristics of the phantom
inserts to the geometric parameters, the layer thicknesses and
the cross-section of the veins should be determined, e.g.
through ultrasound imaging.
Overall, a realistic venepuncture site phantom was
developed with four different layers of varying mechanical
properties and layer heights to imitate three different age
groups. Future work will focus on a direct comparison to invivo experiments and the qualitative analysis by medical
professionals.
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