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Abstract 
The fabrication of multi-material medical phantoms with both patient-specificity and realistic mechanical properties is of great im-

portance for the development of surgical planning and medical training. In this work, a 3D multi-material printing system for medical 
phantom manufacturing was developed. Rigid and elastomeric materials are firstly combined in such application for an accurate tactile 
feedback. The phantom is designed with multiple layers, where silicone ink, Thermoplastic Polyurethane (TPU), and Acrylonitrile Buta-
diene Styrene (ABS) were chosen as printing materials for skin, soft tissue, and bone, respectively. Then, the printed phantoms were 
utilized for the investigation of needle-phantom interaction by needle insertion experiments. The mechanical needle-phantom interaction 
was characterized by skin-soft tissue interfacial puncture force, puncture depth, and number of insertion force peaks. The experiments 
demonstrated that the manufacturing conditions, i.e. the silicone grease ratio, interfacial thickness and the infill rate, played effective roles 
in regulating mechanical needle-phantom interaction. Moreover, the influences of material properties, including interfacial thickness and 
ultimate stress, on needle-phantom interaction were studied by finite element simulation. Also, a patient-specific forearm phantom was 
printed, where the anatomical features were acquired from Computed Tomography (CT) data. This study provided a potential manufac-
turing method for multi-material medical phantoms with tunable mechanical properties and offered guidelines for better phantom design. 
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1  Introduction 

In recent decades, medical phantoms play an im-
portant role in medical resident training and surgical 
planning. For example, in the field of surgical planning, 
traditional medical imaging techniques, i.e. Computed 
Tomography (CT), Magnetic Resonance Imaging (MRI), 
are main tools for diagnosis and preoperative planning, 
but these approaches fail to provide precise information 
of orientation and dimension, leading to misinterpreta-
tion and on-site improvisation[1]. Therefore, medical 
phantoms, working as tangible objects, benefit surgeons 
by providing spatial sense and tactile feedback, and help 
decreasing medical error during surgery. Although, bi-
ological tissues, i.e. cadavers and animal models, have 
been widely used in medical training, these materials 

still have several disadvantages. First, material proper-
ties of tissues in vitro are quite different from in vivo[2], 
and material properties dramatically change with time[3]. 
Second, biological tissues degrade too fast with very 
limited durability. Third, cadavers are not always feasi-
ble due to practical issues and bioethical considerations. 
To overcome these disadvantages, haptic robotic medi-
cal training platforms have been developed for better 
understanding of clinical procedures and decreasing 
medical errors in healthcare area[4,5]. However, the so-
phisticated haptic feedback models are needed when 
various surgical tools and tool properties, such as needle 
bevel, length and thickness, are taken into account[5]. 
Also, the success rate of injections depended on va-
riables associated with patient conditions including ob-
esity, site of injection, and subcutaneous fat depth[6]. 
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Thus, the research on developing medical phantoms 
with accurate and adaptive anatomical features is re-
quired, and it should be associated with a proper repli-
cate of the native tissues’ mechanical properties.  

Generally, materials used for phantom manufac-
turing are rigid-plastic and elastomeric materials. Ri-
gid-plastic materials, i.e. Acrylonitrile Butadiene Sty-
rene (ABS), Polylactic Acid (PLA) and VeroTM family 
resins, are very stiff (Young’s modulus ~ 1 GPa), which 
are used to mimic tissues of higher impact strength and 
less deformation. While, elastomeric materials, i.e. 
Thermoplastic Polyurethane (TPU), silicone, and Tan-
goTM family resins, are more flexible (Young’s mod-
ulus ~ 10 MPa – 100 MPa), allowing surgeons to per-
form different rehearsal operations on them, such as 
cutting and suturing. Using different materials, various 
medical phantoms have been fabricated. For example, 
Biglino et al.[7] used TangoPlus resin to fabricate arterial 
flow phantoms by PolyJet technique, in order to mimic 
arterial distensibility. Qiu et al.[8] 3D printed a prostate 
model with silicone-based material, showing similar 
mechanical properties in static and dynamic compres-
sion to prostate tissues. Jiang et al.[9] fabricated Poly-
vinylalcohol (PVA) phantoms to investigate the needle 
insertion of prostate tissues. Despite various applications 
of medical phantoms, phantoms manufactured in pre-
vious studies were based on a single material, which is 
difficult to mimic surgical operations involving injecting 
or cutting through multi-layer tissues. Thus, how to 
fabricate multi-material phantoms to mimic the nature of 
multi-layer tissues and to serve as surgical aids is still a 
problem in medical training and preoperative planning. 
In previous studies[10,11], phantoms with multiple layers 
have been produced by conventional means of moulding 
and casting. Li et al.[10] fabricated multi-layer PVA 
phantoms by varying the PVA concentration in each 
layer, aiming to study the insertion force vibration. 
Moreover, Pepley et al.[11] adjusted the ratio of 
PVC/softener/mineral oil in moulded multi-layer phan-
toms to regulate the needle insertion force. However, 
these moulded multi-layer phantoms are in bulk struc-
ture and lacking in anatomical features, and pa-
tient-specific phantoms with heterogeneous anatomical 
structures are too complicated to be fabricated by 
moulding and casting. The recently developed mul-

ti-nozzle 3D printing technology is found to be a prom-
ising approach to effectively fabricate patient-specific 
multi-layer phantoms based on patient information ob-
tained from 3D imaging technology. Zein et al.[12] 
manufactured the artificial livers with TangoTM and 
VeroTM family resins using Polyjet technology, and 
demonstrated the identical anatomical and geometrical 
landmarks in phantoms and native livers. Also, Wake et 
al.[13] used HeartPrint Flex and VeroTM family resins to 
fabricate kidney phantoms with renal tumour by Polyjet 
technology, showing spatial relationship of tumour to the 
renal artery, vein, and collecting system.  

For current medical training studies, the function of 
medical phantoms is not only required to mimic the 
anatomical features of tissues[13–15], but also to represent 
the mechanical properties of tissues[16,17]. Forte et al.[18] 
developed a composite hydrogel to mimic the mechan-
ical response of brain tissue under loading. Leibinger et 
al.[15] developed several phantom materials to match the 
physical properties of brain tissues, including stiffness, 
fracture behaviour, and transparency. Due to the wide 
use of medical needles in medical training, i.e. sutur-
ing[19], epidural anaesthetic procedure[20], and percuta-
neous procedures[21], the mechanical interaction between 
needle and phantom is of great importance to effective 
medical training. de Jong et al.[22] used PVA as a liver 
tissue mimicking material to study the image-guided 
needle interventions. Wang et al.[23] demonstrated the 
feasibility of using silicone-based material to mimic soft 
tissues for needle insertion phantoms with realistic hap-
tic feedback. However, the needle-phantom interaction 
in multi-material phantoms has not been systematically 
studied yet. Besides experimental studies, Finite Ele-
ment Analysis (FEA) was utilized for needle insertion 
modelling. For example, Oldfield et al.[24] used a FEA 
with cohesive elements to model the needle insertion 
into soft tissue phantoms, enabling direct comparison of 
numerical and experimental force–displacement 
plots and energy distributions. However, more sophis-
ticated finite element models have to be established to 
identify the crack creation, relaxation, cutting and full 
penetration during needle insertion into phantoms.  

In this study, a 3D printing method is presented to 
fabricate a heterogeneous phantom, which is used to 
mimic the needle-tissue interaction. Rigid and elasto-
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meric materials are firstly combined together using a 3D 
printing method, for a needle-phantom with adjustable 
tactile feedback. FEA analyses and bench-top tests were 
carried out to systemically investigate the influences of 
material and manufacturing parameters on the mechan-
ical properties of the printed model. This study provides 
a method for manufacturing multi-material phantom 
with tunable mechanical properties and helps understand 
the mechanism of needle-phantom interaction, leading 
to facilitate design modifications to the phantom.  

The materials and manufacturing method are in-
troduced in section 2, including a multi-nozzle extru-
sion-based 3D printing system was utilized to manu-
facture the multi-material phantoms. Customized sili-
cone ink, TPU, and ABS were chosen as printing mate-
rials for skin, soft tissue, and bone layers, respectively. 
The influences of manufacturing conditions, i.e. the 
silicone grease ratio in silicone ink, skin-soft tissue in-
terfacial thickness, and the infill rate of soft tissue layer, 
on needle-phantom interaction were systematically in-
vestigated by needle insertion experiments. In section 3, 
a FEA was performed to investigate the process of 
needle insertion into multi-material phantom. The nu-
merical results agreed well with experimental needle 
insertion force-depth curves, which is discussed in sec-
tion 4. 

2  Materials and methods 

2.1  Materials and characterization  
ABS filaments with diameter of 1.75 mm (PA-777E, 

CHIMEI, China) and TPU filaments with diameter of 
1.75 mm extruded from TPU granules (TPU365A, 
Desmopan, Germany) were used for Fused Deposition 
Modeling (FDM) printing. The customized silicone ink 
was prepared by adding silicone grease (F-01, RUNSA, 
China) into silicone sealant with room temperature 
vulcanization formulation (737, DOWSIL, US). The 
customized silicone ink was vacuumed before pneu-
matic dispensing printing.  

The mechanical properties of printing materials 
were characterized by uniaxial tensile tests[25] using a 
dynamic mechanical analysis instrument (ElectroForce, 
TA Instruments, US). ABS, TPU and silicone sealant 
were fabricated as dumbbell specimens by moulding 
with a length of 25 mm, a width of 4 mm and a thickness  

Table 1  Bulk properties of polymer materials (a measured by 
experiments, b supplied by the vendors) 

 ABS TPU Silicone sealant

Young’s modulus (MPa)a 743.0 6.8 1.1 

Ultimate tensile strength (MPa)a 32.0 16.0 1.4 

Tensile straina 0.29 26.84 12.29 

Density (Kg·m−3)b 1070 1154 1040 

Thermal conductivity (W·m−1·k−1)b 0.1 0.1 / 

Specific heat (J·kg−1·K−1)b 1423.5 1800 / 

Decomposition temperature (˚C)b 375 280 / 

 
of 2 mm. In the uniaxial tensile test, ABS, TPU and 
silicone sealant samples were stretched at displacement 
rates of 1 mm·min−1, 450 mm·min−1, 450 mm·min−1 
respectively, and Young’s modulus of samples was cal-
culated as the slope of the linear region in the 0% – 0.1% 
strain range of the stress-strain curves.  

The material properties of bulk TPU, ABS and si-
licone sealant are listed in Table 1. The Young’s modulus 
of native human bone varies from 0.1 GPa to  
30 GPa, which depends on the type and position[26]. 
Titanium alloy biomimetic parts are commonly used in 
the load bearing bone reconstruction treatments[27–29]. In 
this research, as a mimic of hard tissues the artificial 
bone is used as a support, which does not require a high 
load bearing property. ABS is therefore selected due to 
its accessible manufacturing conditions. Compared with 
the soft materials used on the phantom, ABS is assumed 
to be rigid in this research. 

 

2.2  Multi-nozzle 3D printing system for phantom 
fabrication  
The schematic of custom-made multi-nozzle 3D 

printing system was developed as shown in Fig. 1, con-
sisting of a building stage and extrusion nozzles. The 
extrusion nozzles travel parallel to the X-Y plane over a 
building stage, while the building stage lowers along the 
z direction by a predetermined distance after one layer is 
deposited. The extrusion-based 3D printing system 
consists of three printing nozzles, two FDM liquefier 
nozzles to extrude ABS and TPU filaments, respectively, 
and a pneumatic dispensing nozzle to extrude the cus-
tomized silicone ink. The manufacturing conditions are 
listed in Table 2, and the printed phantom specimens 
were kept in an oven under 80 ˚C for 1 h to accelerate 
vulcanizing process before further measurements.  
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Fig. 1  Schematic of custom-made multi-nozzle 3D printing sys-
tem. 
 
Table 2  Manufacturing conditions of multi-material phantoms 

 TPU ABS Silicone ink

Nozzle temperature (˚C) 215 210 / 

Layer thickness (mm) 0.2 0.2 0.6 

Temperature of building stage (˚C) 60 60 / 

Printing speed (mm·s−1) 6 6 5 

Extrusion pressure (psi) / / 35 

Diameter of nozzle (mm) 0.5 0.5 0.838 

Silicone grease ratio (R) / / 0% – 30% 

Interfacial thickness (H) (mm) 0.8 – 2.0 / / 

Infill rate (I) 20% – 50% / / 

 
To systematically understand the influence of 

manufacturing conditions on the needle-phantom inte-
raction, the standard phantom specimens were designed 
as shown in Fig. 2. The standard phantom specimen 
consists of a skin layer and a soft tissue layer. The skin 
layer was set to be 2 mm thick, within the range of hu-
man skin thickness (1 mm – 4 mm)[30], while the thick-
ness of soft tissue layer was set as 25.5 mm, which is the 
average thickness of soft tissue layer of a patient’s fo-
rearm CT model. The cross section of all specimens is a 
20 × 20 mm2 square. The ABS plates were attached to 
the bottom and side surfaces to fix the standard phantom 
specimens, leaving the top surface free for the needle 
insertion experiment. The mechanical properties of the 
skin layer were regulated by changing a material para-
meter, silicone grease ratio (R), which indicates the 
weight ratio of silicone grease to customized silicone ink. 
Two other parameters, infill rate (I) and interfacial 
thickness (H) (Fig. 2), were applied to describe the 
structural feature of standard phantom specimens. A 45˚ 
orientated grid pattern is selected as the infill of the 
specimen, which offers proper support. The infill layer 

has different needle force feedback with the interfacial 
layer, the number of force peaks is a reasonable replicate 
of the needle-tissue interaction characteristic for human 
forearm. I refers to the volume ratio of the printed grid 
lines to the infill area marked by dash line in Fig. 2d, and 
changing the I only changes the density of grids, rather 
than the width of the grid lines. H refers to the thickness 
of skin-soft tissue interface. The interfacial thickness 
plays an important role in modelling interfacial puncture, 
and the infill is designed to mimic tissue heterogeneity. 
Different properties of needle-phantom interaction are 
achieved by the variation of infill rate, interfacial 
thickness and silicone grease ratio of standard phantom 
specimens. 

 

2.3  Needle insertion experiment on phantoms  
As shown in Fig. 2a, the needle insertion experi-

ments were performed on phantoms using a dynamic 
mechanical analysis instrument (ElectroForce, TA In-
strument, USA), which included a linear motion stage, a 
needle and a load sensor. Needles with lancet points 
were chosen for needle insertion experiments due to 
their wide use in biopsy, vessel access, brachytherapy 
and other procedures[31]. The 30-gauge (outer diameter: 
0.3 mm) disposal sterile syringe needles with two be-
vels at tip (SUNGSHIM, Korea) were utilized in the 
study (Fig. 2b).  

The standard phantom specimen (Fig. 2c) was used 
in needle insertion experiment to investigate the me-
chanical interaction between needle and phantom. All 
the insertion tests were carried out at a constant insertion 
velocity of 0.1 mm·s−1, and the insertion depth was  
9.5 mm. 

 
2.4  Statistical analysis 

More than 5 independent experiments were per-
formed for each condition in this study. All curves of 
insertion force-depth were filtered by Savizky-Golay 
filter (polynomial order two). Data were expressed as 
mean ± standard deviation. 

3  FEA of needle insertion into standard 
phantom specimens 

3.1  Constitutive model  
In this study, a finite  element  model  is  conducted   
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Fig. 2  (a) Experimental setup of needle insertion experiment, (b) needle tip of the 30-gauge syringe needle, (c) standard phantom spe-
cimen, (d) schematic of standard phantom specimen, and (e) 3D printed standard phantom specimen. 
 
using the commercial finite element software ABAQUS 
to understand needle-phantom interaction. The needle 
was considered as a rigid body[24], where TPU and sili-
cone rubber are assumed to be isotropic, homogeneous 
and nearly incompressible materials. In order to describe 
the nonlinear elasticity of these two materials, a hyper-
elastic constitutive model was implemented, where 
strain energy density function is in a polynomial form 
as[32,33]: 

2
10 1 01 2 20 1

2
11 1 2 02 2

( 3) ( 3) ( 3)

( 3)( 3) ( 3) ,

U C I C I C I

C I I C I

      

   
      (1)                       

where U is the strain energy density function; C10, C01, 
C20, C11 and C02 are the material constants, which are 
fitted via mean stress-strain curve using a material 

evaluation tool provided by ABAQUS; 1I and 2I  are the 

first and second deviatoric strain invariant. The 
stress-strain relation can be calculated as[34,35]: 

,





U
S

E
                                (2) 

where S is the second Piola-Kirchhoff stress tensor and  

E is the Green strain tensor.   
The phantom material failure model was consi-

dered in needle insertion simulation to determine the 
failure and deletion of phantom element. The criteria for 
element failure is described as when 

v s , 
 

                                (3) 

in a certain element, the element will be deleted from 

mesh, where v is the von Mises equivalent stress of 

element, and s is the ultimate stress of material.  

The friction between phantom and needle during 
needle insertion was described by Coulomb friction 
model, where friction stress along the needle direction is 
defined as: 

= ,p                                  (4) 

where p is the contact pressure and μ is the friction 
coefficient. 
 

3.2  Determination of material constants  
The material constants of the strain energy density 

function in Eq. (1), C10, C01, C20, C11 and C02 were de-
termined for TPU and silicone rubber by numerically 
fitting the experimental results of the uniaxial tensile 
tests using material evaluation in ABAQUS.   

To determine s and μ for TPU and silicone rubber, 
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the needle insertion experiment was carried out, and the 
puncture force and puncture depth were recorded. The 
needle insertion tests were carried out on a TPU sample 
with 2 mm thickness and a silicone rubber sample with 
0.8 mm thickness at a constant insertion velocity of  
0.1 mm·s−1, with the insertion depth of 3.5 mm, and the 
cross sections of both TPU and silicone rubber samples 
are 20 × 20 mm2. Also, the finite element modelling was 

performed, and s and μ were adjusted to numerically fit 

the experimental data of puncture force and puncture 
depth. 

 
3.3  Finite element modelling  

The numerical model of needle insertion into the 
standard phantom specimen (as illustrated in Figs. 2d 
and 2e) was developed to systematically analyse the 
influence of manufacturing conditions on the 
needle-phantom interaction. As shown in Fig. 3, the 
needle model was built based on the geometric infor-
mation of needles in experiments, while the thickness of 
skin layer, interface and soft tissue layer of standard 
phantom model were 2 mm, 0.8 mm and 12.75 mm, 
respectively. The thickness of infill in soft tissue layer 
was 0.4 mm. Based on the boundary constraint in needle 
insertion experiment, the bottom, left and right surfaces 
of the standard phantom model were fixed, and the 
axisymmetric boundary condition on Y-Z plane was set 
during simulation. Mesh of the area in contact with the 
needle was refined as shown in the insets in Fig. 3. 

4  Results 

4.1  Insertion force-depth curves of needle-standard 
phantom specimen interaction  
The needle insertion experiments were performed 

to characterize the mechanical interaction between 
needle and phantoms. The representative insertion 
force-depth curve of a needle insertion into a standard 
phantom specimen (I = 50%, H = 0.8 mm, R = 0%) is 
shown in Fig. 4, and the needle insertion process is di-
vided into three stages. The first insertion stage covers 
the curve from initial position to point A, which cor-
responds to the needle penetration of skin layer (point A 
in Fig. 4). In this stage, the insertion force increases 
when the needle tip contacts the skin layer surface and 
deforms skin layer, and then the needle tip  inserts  into   

 
Fig. 3  The finite element model of needle insertion into standard 
phantom specimen. 
 

 
Fig. 4  Representative insertion force-depth curve of the needle 
insertion into the standard phantom specimen. 
 
the skin layer, until the touching of soft tissue layer. It is 
noticed that the needle puncturing force at the skin sur-
face cannot be clearly defined in the insertion 
force-depth curve of the first stage. The second stage of 
needle insertion is defined from point A to point B, 
corresponding to penetration of skin-soft tissue interface. 
In this stage, insertion force rapidly increases when the 
needle presses and deforms the soft tissue surface. Then, 
the needle punctures the skin-soft tissue interface, and 
the insertion force peak is obtained in the insertion 
force-depth curve (point B in Fig. 4). The third stage 
covers the curve from point B to the end, which cor-
responds to the insertion of soft tissue layer. In this stage, 
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several force peaks appear in the insertion force-depth 
curve (peaks C, D and E in Fig. 4) due to the process of 
needle tip contact, deforming and penetrating through 
the infill of soft tissue layer. Therefore, the parameters of 
the insertion force-depth curves i.e., puncture force, 
puncture depth, and number of force peaks are utilized to 
further characterize the insertion force-depth curves. 
 

4.2  Puncture force and depth on standard phantom 
specimens  
The puncture force occurs when needle tip pene-

trates through skin-soft tissue interface, which generally 
measures the minimum force required to insert into soft 
tissue layer. The influence of manufacturing conditions, 
i.e. I, H and R (Table 2), on puncture force is shown in 
Figs. 5a – 5c. It can be found that puncture force in-
creases with increasing I and H, while decreasing R. 
Before skin-soft tissue interfacial puncture, soft tissue 
layer is compressed by needle pressure, thus the in-
creasing of I adds more supports of soft tissue, and the 
stiffness of soft tissue is enhanced. Also, increasing the 
H leads to a larger compressive modulus of soft tissue. 
Therefore, the puncture force increases with both I and 
H of soft tissue layer. While, the silicone grease en-
hances the lubricity of skin layer, reducing the friction 

between the needle shaft and the whole skin layer, thus a 
smaller puncture force is found when R is increased. 
Based on the results in Figs. 5a – 5c, H is the most ef-
fective parameter affecting the puncture force, while R 
only slightly adjusts the puncture force. 

Figs. 5d – 5f illustrate the influence of I, H and R on 
puncture depth. Puncture depth is found to increase with 
H and R, and decrease with I. Obviously, a larger H 
increases the puncture depth by increasing the physical 
thickness of skin-soft tissue interface. While, influence 
of I and R regulate the puncture depth mainly by 
changing skin-soft tissue interface stiffness. Larger R 
leads to a softer skin layer as well as a more deformable 
skin-soft tissue interface, thus the puncture depth be-
comes larger. While, a smaller I reduces supports of 
skin-soft tissue interface during needle insertion. When 
R increases or I decreases, the skin-soft tissue interface 
is easier to deform under the needle pressure, leading to 
a larger puncture depth. It can be concluded that H has a 
significant effect on puncture depth, while I and R have 
the slighter degree of impact on puncture depth. 

 
4.3  Number of insertion force peaks   

As shown in Fig. 6, once needle inserts into soft 
tissue layer, local peaks of insertion force appear  in  the  

 

 
Fig. 5  Average and standard deviation of (a, b, c) puncture force and (d, e, f) puncture depth for needle insertion into standard specimens 
with different I, H, R. 
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Fig. 6  (a) Representative insertion force-depth curve for needle insertion into standard phantom specimens with different I and (b) number 
of insertion force peaks for needle insertion into standard phantom specimens with different I. 

 
insertion force-depth curve. Since the local peaks of 
insertion force occur due to the needle penetration of 
infills in the soft tissue layer, I significantly influences 
the number of local peaks of insertion force in the in-
sertion force-depth curve. As shown in Fig. 6, the 
number of local peaks of insertion force increases when I 
increases from 20% to 50%. The increase of I leads to a 
denser infill, so when more infills are punctured during 
needle insertion, more local peaks of insertion force are 
shown in the insertion force-depth curve. Therefore, 
suitable degrees of specimen heterogeneity can be ob-
tained by adjusting I in order to mimic different tissues. 

 

4.4  Numerical simulation of needle insertion into 
standard phantom specimen  

The values of material constants in the numerical 
model are listed in Table 3. ABS parts are considered as 
rigid bodies, and their elastic behaviours are neglected. 
As shown in Figs. 7a and 7b, there are good agreements 
between numerical fitting strain-stress curves and expe-
rimental stress-strain curves, which demonstrates that 
the values of C10, C01, C20, C11, and C02 in the numerical 
model are appropriate as the material constants of con-
stitutive equations of silicone and TPU. Also, in Figs. 7c 
and 7d the numerical and experimental results of needle 
insertion into silicone and TPU materials are very close, 

so the material constants s and μ in Table 3 are appro-

priate to describe phantom material failure  and  friction  

Table 3  Material constitutive parameters 

 TPU Silicone rubber 

C10 (MPa) −5.23 × 10−1 −4.59 × 10−2 

C01 (MPa) 2.16 2.41 × 10−1 

C20 (MPa) 2.75 × 10−5 7.29 × 10−6 

C11 (MPa) 7.52 × 10−3 1.49 × 10−6 

C02 (MPa) 1.53 × 10−1 2.28 × 10−2 

μ 0.2 0.2 

s (MPa) 8 2 

 
between needle and phantom. 

The representative numerical needle insertion 
process was shown in Figs. 8a – 8f. Also, numerical and 
experimental representative insertion force-depth curves 
of standard phantom specimen (I = 20%, H = 0.8 mm,  
R = 0%) were shown in Figs. 8g and 8h, respectively. It 
is noticed that typical insertion stages are observed from 
numerical results, which show similar trends with ex-
perimental results. For instance, in Figs. 8g and 8h 
points A and B correspond to the needle penetration of 
skin layer (Fig. 8c) and skin-soft tissue interface (Fig. 8d), 
respectively. Points C and D refer to force peaks caused 
by punctures of infills (Figs. 8e and 8f). It can also be 
seen from insets in Figs. 8d – 8f) that a higher stress 
always appears in the elements near the needle tip, and 
the values of von Mises stress are 7.84 MPa, 8 MPa and 
6.92 MPa respectively, which are close to TPU ultimate 
stress 8 MPa. When the failure criteria (Eq. (3))  
is satisfied  elements are deleted from the  mesh,  which      



 
Journal of Bionic Engineering (2021) Vol.18 No.2 

 

354 
      

 
Fig. 7  Numerical and experimental stress-strain fitting curves of (a) silicone and (b) TPU. Numerical and experimental results of (c) 
puncture depth and (d) puncture force in needle insertion into silicone rubber and TPU. 
 
realizes emergence of crack and needle insertion. 
Therefore, this simulation model helps understand me-
chanical needle-phantom interaction.  

One goal of this work is to understand the relation 
between manufacturing conditions and needle-phantom 
interaction. H is a structural parameter indicating the 
thickness of skin-soft tissue interface. Figs. 9a and 9b 
show that both interfacial puncture force and depth in-
crease with H, which has a consistent trend with the 

experimental results. s is a material parameter mea-

suring the maximum stress that the material can stand 
during needle insertion process. In order to achieve the 
heterogeneity of biological tissues, a gridding infill 
structure was designed inside the soft tissue layer as 
shown by Fig. 2d. In the numerical simulation of needle 
insertion, puncture forces and depths when needle pe-

netrates through the skin-soft tissue interface, the first 
and second gridding infills inside the soft tissue layer 
were recorded in Figs. 9c and 9d. It is also found that 
both the puncture force and puncture depth increase with 

s. Since some material parameters, i.e. s, are not easy 

to regulate in experiments, needle insertion modelling is 
an ideal complement to experimental observation and 
offers guidelines for phantom design.  

5  Discussion 

Since biological tissues are generally mechanically 
heterogeneous, the insertion force does not proportion-
ally increase with the insertion depth during needle in-
sertion. For instance, liver, functioning to filter and 
process blood, contains a substantial number of arteries 
and veins and is  considered  as  heterogeneous[36,37].  To       
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Fig. 8  Insertion process of needle insertion simulation into standard phantom specimen (I = 20%, H = 0.8 mm, R = 0%). (a) Initial position; 
(b) insertion into skin layer; (c) penetration of skin layer; (d) puncture of skin-soft tissue interface; (e) puncture of the first infill; (f) 
puncture of the second infill; (g) numerical and (h) experimental insertion force-depth curve of the needle insertion into standard phantom 
specimen. 
 
provide a more realistic needle-phantom interaction in 
medical training, in this study, we developed a mul-
ti-material 3D printing technique for manufacturing 
phantoms with multiple layers using customized silicone 
ink, TPU and ABS. The Young’s modulus of silicone 
sealant (1.11 MPa), TPU (6.80 MPa) were found to be in 
the same level of the Young’s modulus of skin (0.1 MPa – 
2 MPa[38]) and muscle (0.42 MPa – 12.03 MPa[39]). 
Moreover, except for multi-layer structure, infill struc-

tural design was used to adjust the mechanical hetero-
geneity of printed phantoms. Hence, the penetration 
through multiple layers and interior structures leads to 
force peaks in the insertion force-depth curve during 
needle insertion. The number of insertion force peaks 
reflects the degree of heterogeneity of a phantom during 
the needle-phantom interaction. In addition, the puncture 
of phantom infills induces sudden jumps in the insertion 
force-depth curve, so the infill structural design provides        
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Fig. 9  (a, c) Puncture force and (b, d) puncture depth of needle insertion simulation into standard specimen with various H and s. 
 
a more flexible strategy to manufacture phantoms with 
multiple degrees of heterogeneity. Since the degree of 
heterogeneity significantly varies for different or-
gans/tissues, the infill structural design and subsequent 
multi-material 3D printing method can be utilized to 
obtain a better mimicry of biological tissues.  

Furthermore, the printed multi-layer medical 
phantoms were applied in the study of needle-phantom 
interaction. Here, the needle-phantom interaction was 
characterized by skin-soft tissue interfacial puncture 
force and puncture depth, and the number of insertion 
force peaks. In previous studies, mechanical properties 
of tissue-mimicking phantoms are mainly adjusted by 
changing the material components[17,23,40] and number of 
freeze-thaw cycles during PVA phantom preparation[22] 
to match the mechanical properties of biological tissues. 
However, printing conditions were rarely reported to 
tune the needle-phantom interaction properties of tissue 

mimicking phantoms. This is the first time, to our 
knowledge that the needle-phantom interaction is ad-
justed by 3D printing conditions, i.e. H and I of phan-
toms, and the printing material component, i.e. the sili-
cone grease ratio in R, to achieve tuneable mechanical 
properties.  

Besides mechanically heterogeneity and tuneable 
mechanical properties, patient specificity is also of great 
importance for phantom serving as a kind of surgical 
planning aid. With the help of medical imaging systems, 
the proposed method has a great potential of manufac-
turing the patient specified phantoms. Therefore, a 
phantom with detailed forearm anatomical features was 
printed as demonstration in Fig. 10. The model was 
reconstructed from a patient’s CT data with the resolu-
tion of 1 mm (Fig. 10a). To mimic the heterogeneity of 
human forearm, i.e., epidermis, dermis, subcutaneous fat, 
muscles and bones, the patient-specific phantom was 
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divided into three layers (Fig. 10b): skin layer (including 
epidermis and dermis), soft tissue layer (including sub-
cutaneous fat and muscle) and bone layer. Here, the 
customized silicone ink, TPU and ABS were utilized to 
print the skin, soft tissue and bone layers, respectively. 
Since the thickness of human epidermis and dermis are 
0.02 mm – 0.15 mm and 1 mm – 4 mm, respectively[36], 
the total thickness of skin layer was set as 2 mm, and the 
skin layer was bonded to soft tissue layer by silicone 
sealant. Bone layer was constructed following the me-
thod introduced in Ref. [41]. Therefore, phantom with 
patient specificity can be 3D printed by the manufac-
turing method, and this patient specific forearm phantom 
is able to provide anatomical information of orientation 
and dimension, which better assists surgical planning 
and medical training. For the development of more so-
phisticated phantom, mimicking the realistic materi-
al-tissue interaction at cellular level remains to be ex-
plored[42–44]. Further investigations are needed to eva-
luate the similarity between the printed phantom and the 
original tissues, including in vivo tests and big data 
analysis, which would help optimizing the filament and 
the printing parameter selection. 

6  Conclusion 

In this work, medical phantoms with multi-layer 
structure and tuneable mechanical properties were fa-
bricated by a multi-material 3D printing system. The 
needle-phantom interaction was studied by needle in-
sertion experiment and finite element simulation, and 
mechanical properties of phantom insertion can be al-
tered in a controlled manner by varying manufacturing 
conditions including structural parameters and material 
parameters. Larger silicone grease ration in skin layer 
leads to smaller puncture force and larger puncture depth. 
Increasing interfacial thickness significantly increases 
puncture force and puncture depth. Larger infill rate in 
soft tissue layer leads to larger puncture force and 
number of force peaks while smaller puncture depth. 
Moreover, with the anatomical information from CT 
image, patient-specific phantoms were also fabricated. 
This study is helpful for the development of realistic 
needle insertion phantoms, which can be further used for 
clinical training and surgical planning.  

In addition to these achievements, more efforts need  

 
Fig. 10  (a) 3D forearm model reconstructed from CT image and 
(b) 3D printed patient-specific forearm phantom. 
 
to be done on the development of patient specified 
medical   phantom   with  integrated  functionality.  Soft 
electronic sensors, as developed previously[45,46], will be 
embedded in phantoms to record the space- and 
time-varying stress and deformation during phantom 
performance, which significantly broadens the applica-
bility of phantom in surgical planning and medical 
training. In vivo experiments needs to be done to collect 
the patient specified data, as a reference for the altering 
of the filament concentration and printing parameters. 
Moreover, this study only focused on the 
needle-phantom interaction, but more physical properties 
of medical phantoms, i.e. radiological fidelity, thermal 
distribution after ablation procedure, have to be devel-
oped. 
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