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A novel 3D-printed head phantom 
with anatomically realistic 
geometry and continuously varying 
skull resistivity distribution for 
electrical impedance tomography
Jie Zhang, Bin Yang, Haoting Li, Feng Fu, Xuetao Shi, Xiuzhen Dong & Meng Dai

Phantom experiments are an important step for testing during the development of new hardware 
or imaging algorithms for head electrical impedance tomography (EIT) studies. However, due to 
the sophisticated anatomical geometry and complex resistivity distribution of the human head, 
constructing an accurate phantom for EIT research remains challenging, especially for skull modelling. 
In this paper, we designed and fabricated a novel head phantom with anatomically realistic geometry 
and continuously varying skull resistivity distribution based on 3D printing techniques. The skull 
model was constructed by simultaneously printing the distinct layers inside the skull with resistivity-
controllable printing materials. The entire phantom was composed of saline skin, a 3D-printed skull, 
saline cerebrospinal fluid (CSF) and 3D-printed brain parenchyma. The validation results demonstrated 
that the resistivity of the phantom was in good agreement with that of human tissue and was stable 
over time, and the new phantom performed well in EIT imaging. This paper provides a standardized, 
efficient and reproducible method for the construction of a head phantom for EIT that could be easily 
adapted to other conditions for manufacturing head phantoms for brain function research, such as 
transcranial direct current stimulation (TDCS) and electroencephalography (EEG).

Electrical impedance tomography (EIT) seeks to reconstruct the changes in impedance distribution within tissues 
caused by related physiological and pathological activities; using the data from injecting a set of currents into 
the body through surface electrodes and measuring the boundary voltages1. EIT has promising value in applica-
tions detecting or monitoring cerebral haemorrhage2, cerebral ischaemia3, brain oedema4 and other critical dis-
eases of the head1, 5 given its non-invasive nature, lack of radiation, functional imaging, and ability for real-time 
monitoring.

In general, in the process of brain EIT studies, phantom experiments are an important step for testing during 
the development of new hardware or imaging algorithms. By bridging between computer-based simulations and 
clinical measurements, studies in phantoms could systematically investigate the performance of the developed 
data-acquisition system, reconstruction algorithms, and imaging software6–8 and subsequently provide reasona-
ble information for further optimization or experiments. Therefore, to ensure the accuracy and reliability of the 
results of phantom experiments, there is a clear need for a realistic phantom that mimics the real geometry and 
resistivity distribution of the human head as closely as possible.

However, due to the sophisticated anatomical geometry and complex resistivity distribution of the human 
head, constructing an accurate phantom for EIT research remains significantly challenging, especially for skull 
modelling. As demonstrated by previous studies, the skull can be anatomically divided into distinct layers, includ-
ing the top and bottom layers of compact bone with high resistivity and the middle layer of diploe with relatively 
low resistivity9, 10. The resistivity of a specific skull section was thus determined by the percentage on thickness of 
diploe (PTD) and the resistivity distribution of the entire skull presented as spatially inhomogeneous owing to 
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variations in PTD throughout the skull11. Therefore, how to properly model the inhomogeneity is a critical issue 
for accurately building an EIT head phantom.

To date, numerous efforts have been made to create a head phantom for the brain applications of EIT. In 2004, 
the University College London (UCL) group established a simple spherical skull phantom with a realistic resis-
tivity of 83.3 Ω·m by casting plaster of Paris, but its shape significantly differed from the real head geometry12. 
The group also produced a head tank by employing a real human skull and a marrow or giant zucchini imitating 
the skin. The tank was successfully used in time difference and frequency difference EIT research, but the tank 
using dead skull tissue tended to overestimate the resistivity8. In 2012, Sperandio et al. constructed a four-shell 
diffusion phantom of the head for EIT using agar gel thickened saline of different concentrations, wherein they 
used a volume conductive film between shells to prevent ion transfer. The phantom included four layers for skin, 
skull, cerebrospinal fluid (CSF) and brain parenchyma and demonstrated accurate modelling of the resistivity 
of skull. However, the model was hemispherical and ignored the anatomical structure of head, which might 
lead to unreal current density distribution13. In 2014, our group fabricated a plaster phantom with anatomically 
realistic skull shape and spatially varying skull resistivity distribution. In this phantom, after obtaining a 3D skull 
geometry from computed tomography (CT) reconstruction, we anatomically divided the skull model into eight 
separated sections (one frontal bone, two sphenoid wing bones, two temporal bones, two parietal bones and one 
occipital bone), wherein each section had a specific resistivity value that was replicated by changing the ratio of 
dental-grade plaster to distilled water14. Although the resistivity distribution of this skull phantom represented 
to be inhomogeneous among sections, the resistivity was constant across each section. The phantom could not 
produce a continuously varying skull resistivity distribution because it was unable to model the multi-layer struc-
ture of skull.

As an emerging manufacturing technology, 3D printing has been studied and applied in numerous different 
areas15, 16. In the field of biomedical engineering, exploring methods to accurately fabricate the human tissue 
model using 3D printing has received considerable attention17, 18, and one of the areas involves the construc-
tion of physical models for medical imaging experiment. Iida et al. proposed a 3D printed head physical model 
for positron emission computed tomography (PET)/single-photon emission computed tomography (SPECT) to 
evaluate imaging system performance19. Gatto et al. proposed a head model based on 3D printing and applied it 
to ultrasound imaging20, wherein the main focus of the study involved the ultrasound properties of the model. 
Regarding brain EIT, the ideal method to correctly replicate the complex resistivity distribution of the human 
head is an important prerequisite for constructing the EIT head phantom using 3D printing. In 2015, the UCL 
group proposed a novel 3D-printing-based method of creating EIT head phantoms with realistic geometry and 
spatially variable skull resistivity, in which a series of perforations were cut into the surface of the skull model. In 
addition, the exact resistivity could be controlled by the ratio of saline within the holes to solid insulating plastic 
or by altering the density or diameter of these holes21, 22. However, their 3D printed phantom did not model the 
trilayer structure of the skull, which was supposed to more accurately represent the resistivity distribution of 
skull10. In addition, similar to most previous studies, the researchers only used saline to replicate the resistivity 
distribution of brain parenchyma for simplification, instead of creating a model with structures representing 
superficial sulci and gyri.

Alternatively, in this study, we first attempted to directly control the resistivity of 3D printing materials by 
altering the mixture proportion of candidate conductive composites. Afterwards, based on 3D printing tech-
niques, a novel head phantom with anatomically realistic geometry and continuously varying skull resistivity was 
created, wherein we improved the modelling of the inhomogeneous distribution of skull resistivity by simulta-
neously printing the distinct layers inside using the proposed resistivity-controllable printing materials. In addi-
tion, the geometry of brain parenchyma with superficial sulci and gyri was also incorporated. The phantom was 
completely composed of saline skin, a 3D-printed skull, saline CSF and 3D-printed brain parenchyma. Its perfor-
mance was subsequently validated in terms of the accuracy of resistivity distribution and geometry.

Results
The relationship between the resistivity and proportions of ABS/CB10% for 3D-printed sam-
ples. Two types of acrylonitrile butadiene styrene (ABS)/carbon black (CB) particles with volume fractions of 
10% and 20% CB (referred to as ABS/CB10% and ABS/CB20%, respectively) were selected given that their resistiv-
ities cover the range of skull and brain parenchyma. The particles were fabricated into filament with a diameter 
of approximately 1.75 mm using a single screw extruder in preparation for 3D printing (Fig. S1)23. Cubic samples 
(20 mm x 20 mm x 20 mm) were printed using the prepared filaments for resistivity measurement. The resistivi-
ties of samples were measured by an impedance analyser and the four-electrode method (Fig. S1). The resistivities 
of two ABS/CB composites appeared relatively stable over the frequency and time domains (Fig. S2). To control 
the resistivity of 3D printing materials, the resistivity of the mixture of ABS/CB10% and ABS/CB20% with different 
proportions at the frequency of 1 kHz was investigated. The resistivities increased with the proportion of ABS/
CB10% for cubic samples as shown in Fig. 1. The exponential function was used to fit the resistivity to the propor-
tion of ABS/CB10% as the relationship between resistivity and content of conductive agent was always an exponen-
tial function24. The results are presented in Fig. 1, and the regression equation can be expressed as

= . − ..y e373 35 369 36 (1)x( /128 45)

where y is the resistivity of the mixed material of cubic samples and x is the proportion of ABS/CB10%.
The correlation coefficient of the fitting function is 0.995. Thus, the 3D printing materials with the resistivity 

consistent with skull and brain parenchyma could be accurately obtained using the equation.
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Skull model with inhomogeneous resistivity distribution. First, we obtained the computer-aided 
design (CAD) model of the skull by medical imaging and 3D reconstruction (Fig. S3). Second, the skull model 
was segmented in accordance with the suture, and the segmented skull model was sliced into a structure similar 
to that of the skull anatomy. Thus, the cross section was divided into a trilayer structure containing the diploe and 
the compact bone or single-layer compact bone structure according to the thickness (Fig. S3b and S3c). Finally, 
the eight skull sections with distinct layer structures were printed using materials whose resistivity was similar to 
the compact bone or diploe (Fig. 2a). The models were then spliced using conductive epoxy adhesive to obtain the 
entire skull model (Fig. 2b and c).

To evaluate the resistivity distribution of the proposed skull phantom, we made comparison between the 
previous study on the resistivity of live human skulls and the present 3D-printed skull phantom. Tang et al.11 
from our group performed the most recent study on skull resistivity. They classified the skull into six categories 
according to different structures of the skull samples: four categories without suture, including standard trilayer 
skull (79.43 ± 17.52 Ω·m), quasi-trilayer skull (144.71 ± 30.61 Ω·m), standard compact skull (265.46 ± 53.74 
Ω·m), and quasi-compact skull (198.24 ± 32.32 Ω·m); two categories with suture, including dentate suture skull 
(57.82 ± 17.78 Ω·m) and squamous suture skull (127.47 ± 41.20 Ω·m). Without suture, the resistivity of human 
skull varied with the thickness or PTD. The absence of diploe appeared to increase skull resistivity.

To compare the resistivity distribution of the 3D-printed skull with that of live human skull, we measured 
48 plugs excised from 3D-printed skull sections, as previously performed on live human skull11 (Fig. 3). Among 
the four categories of 3D-printed skull models without suture, the resistivity was shown in Table 1 (Mean ± SD, 
n = 12). The two-sample t test was applied to test the difference in resistivity for each skull category, and Table 1 
reveals no significant difference in resistivity between the proposed skull phantom and the live human skull 
(p > 0.05). Moreover, given that an inverse relationship existed between PTD of trilayer skull and resistivity at the 
frequency of 1 kHz11, we fit the relationship between PTD of 3D-printed model and resistivity, and the relation-
ship is consistent with that of human skull (Fig. 4). The comparison results indicated the resistivity distribution of 
3D-printed skull was similar to that of live human skull.

Regarding the geometric accuracy of the 3D-printed skull model, we defined and measured the linear distance 
of 15 landmarks for the left parietal bone and the entire skull model (Fig. S4). Table 2 presents the mean and per-
centage of the absolute differences for the linear measurements of those landmarks. All dimensional errors were 
less than 2%.

The establishment of the experiment platform and resistivity stability verification. A new head 
phantom with a four-layer structure was fabricated based on the 3D-printed skull model (Fig. 5). The four-layer 
structure included scalp, skull, CSF and brain parenchyma. In the process of creating the head phantom, the brain 
parenchyma model was successfully fabricated using 3D printing, and its resistivity was close to that of the head 
tissue by regulating the 3D printing material. The model also replicated the superficial sulci and gyri of brain 
parenchyma (Fig. 5a). Moreover, in addition to brain parenchyma and skull (Fig. 5b), an outer container used for 
fixing electrodes was also fabricated with the non-conductive ABS by 3D printing (Fig. 5c).

When assembling the head phantom from different detached tissue models to integrate the four-layer struc-
ture, three small cylinders were attached to the inner surface of the skull to fix the parenchyma model, and a NaCl 
solution (concentration 0.9%, resistivity 0.56 Ω·m) with resistivity similar to the CSF (Table S1) was added to the 
space between the brain parenchyma and the skull to simulate CSF. Afterward, the skull was fixed in the outer 
container, and a NaCl solution with resistivity of 2.27 Ω·m, which is similar to that of scalp, was added to the space 
between skull and outer container to simulate the scalp. To prevent evaporation of the solutions, the head phan-
tom was sealed using a thin film. In addition, two layers of Ag/AgCl electrodes were attached to the inner surface 
of the outer container to subsequently connect a brain EIT device.

In addition, the stability of the phantom resistivity was investigated by measuring the transimpedance and 
comparing these values with the simulation results as reported previously13, 14. The transimpedance measurements 

Figure 1. The resistivities of 3D-printed samples after mixing ABS/CB10% and ABS/CB20% with different 
proportions (mean ± SD, n = 6) and the fitting curve between the resistivity and the proportion of ABS/CB10% 
(Frequency = 1 kHz).
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from different pairs of adjacent electrodes and simulation results were generally consistent, as shown in Fig. 6a 
and b. Specifically, the transimpedance between different pairs of adjacent electrodes was consistent with the 
simulation results at low frequencies (the deviation is less than 0.5%). After the frequency increased to 3 × 105 Hz, 
the measured transimpedance decreased slightly. Moreover, considering the stability of the resistivity distribution 
over time, the average deviations between transimpedance measurements and simulations were less than 2%, and 
the maximum deviation was less than 5% over 7 days (Fig. 6c and d).

EIT experiment results. The brain EIT device was able to acquire data stably after the head phantom was 
connected. The imaging experiment was performed by adding perturbation in five reserved holes, separately. The 

Figure 2. Separated skull model and completed skull model. (a) Separated skull model including eight sections; 
(b and c) completed skull model after splicing.

Figure 3. Live skull samples and 3D-printed skull samples11. (a) The live skull sample; (b) four categories of 
skull sample: standard trilayer skull, quasi-trilayer skull, standard compact skull, and quasi-compact skull; (c) 
3D-printed skull phantom sample; (d) four categories of 3D-printed phantom sample, which are the same those 
noted for the live human skull.
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imaging results were compared with the computer simulation, as shown in Fig. 7. The imaging results from the 
novel phantom for perturbation in different position is similar to computer simulation, including the location 
and shape of region of interest (ROI). This finding demonstrated the applicability and reliability of the novel head 
phantom for EIT experiments.

Discussion
To provide a more accurate experimental platform for further studies of brain EIT, we created a novel 3D-printed 
head phantom with anatomically realistic geometry and continuously varying skull resistivity. The head phantom 
was favourably validated in terms of accuracy of resistivity distribution and geometry as well as EIT imaging.

In general, 3D printing techniques offer particular benefits to model the sophisticated geometry, especially 
for irregular anatomical structures in medical applications. Nevertheless, we must obtain a method of accurately 

Characteristic
3D printed 
model (Ω·m)

Human skull 
(Ω·m) p

Standard compact 
skull 236.93 ± 47.35 265.46 ± 53.74 0.080

Quasi-compact skull 183.86 ± 27.28 198.24 ± 32.32 0.129

Quasi-trilayer skull 141.07 ± 17.59 144.71 ± 30.61 0.542

Standard trilayer skull 92.56 ± 21.30 79.43 ± 17.52 0.065

Table 1. Resistivity comparison between 3D printed skull phantom and live human skull (Frequency = 1 kHz). 
The data were presented as mean ± SD (n = 12), and the two-sample t test was applied to test the difference.

Figure 4. Relationship between PTD of 3D-printed trilayer skull and resistivity at the frequency of 1 kHz 
(correlation coefficient: r = −0.977).

Landmark 
name CAD model (mm)

3D printed 
model (mm)

Absolute difference

mm %

AB 77.78 76.91 1.98 1.12

BC 99.22 101.01 0.93 1.80

CD 100.17 99.24 1.79 0.93

AD 121.73 119.75 0.87 1.63

T1 9.36 9.23 0.13 1.39

T2 6.32 6.29 0.13 0.47

T3 10.58 10.37 0.03 1.98

T4 7.85 7.72 0.21 1.66

H1 28.23 28.52 0.29 1.03

H2 14.91 14.71 0.2 1.34

H3 51.32 50.58 0.74 1.44

H4 12.25 12.28 0.03 0.24

SL 182.93 185.46 2.53 1.38

SW 147.21 149.62 2.41 1.64

SH 117.9 118.38 0.48 0.41

Table 2. Mean and percentage of the absolute differences for the linear measurements.
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controlling the resistivity of 3D printing materials before applying this technique to the construction of the EIT 
head phantom. In this study, as the conductive composite materials with ABS as the matrix are often used in 3D 
printing field and showed excellent electric properties25, 26, we attempted to alter the resistivity of ABS/CB com-
posites according to real values of human head tissues by proportionally mixing two types of ABS/CB particles 
in which we actually adjusted the content of conductive agent. Similar to the relevant studies27, the result showed 

Figure 5. The fabrication of the head phantom using 3D printing techniques, including the CAD model, 
detached physical model, and the spliced physical model. (a) The brain parenchyma model; (b) the skull model; 
(c) the outer container model including two layers of Ag/AgCl electrodes; (d) the completed head phantom 
including the four-layer structure.

Figure 6. Comparison of the transimpedance measurements and simulation results. (a and b) Comparison of 
transimpedances at 1 Hz – 1 MHz; (c and d) transimpedance stability over time for 7 days (Frequency = 1 kHz). 
M: Measurement; S: Simulation.
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that the relationship between material proportion and the corresponding resistivity approximately appeared an 
exponential function. Based on the empirical formula, we finally achieve to obtain the 3D printing materials with 
target resistivity. Another merit of ABS/CB composites is that, since CB is less susceptible to oxidation than metal 
conductive particles28, the resistivity of the printed objects also exhibited better temporal stability as shown in 
this paper.

With the proposed resistivity control method, the 3D printing technique can provide a standardized, efficient 
and repeatable solution for precise fabrication of an EIT head phantom. In particular, we were not only able 
to accurately construct the trilayer skull structure using materials with desired resistivity that fundamentally 
defined the continuously varying skull resistivity but also precisely replicate the superficial sulci and gyri of brain. 
Moreover, given that the head phantom with anatomically realistic geometry and resistivity distribution is also 
needed in studied of brain function, such as transcranial direct current stimulation (TDCS)29 and electroenceph-
alography (EEG)30, 31, and the proposed method can be rapidly reproduced using a similar 3D printer and ABS/
CB conductive composites, this study provides an available method for fabricating a more accurate head phantom 
for brain function studies related to bioelectricity and bio-magnetism.

Researchers have built numerous head phantoms for EIT study in the past6–8, 13. The most realistic is a head 
phantom based on a plaster skull14. Compared with that head phantom, although the resistivity distribution of the 
plaster skull model was inhomogeneous among sections for skull components, the resistivity was constant across 
each section. In contrast, the resistivity distribution of 3D-printed skull model varies continuously with thickness 
or PTD, namely, the resistivity decreases with the increase of PTD, which is consistent with the live human skull11. 
On the other hand, a four-layer structure of the 3D-printed head phantom is more similar to the real human head 
than the three-layer structure, and the 3D-printed phantom contains a brain parenchyma model, which includes 
the structure of superficial sulci and gyri. Consequently, the novel head phantom possessed continuously varying 
skull resistivity distribution and a more accurate anatomically geometry, providing a more accurate platform for 
brain EIT research.

However, the proposed 3D printed EIT head phantom also needs further improvements. First, the resistivity 
of skull and brain parenchyma are represented as anisotropic, and this anisotropy has effects on brain EIT32. 
However, we ignored the resistivity anisotropy in our phantom for the sake of simplicity, which is a common 
practice. Second, the human brain parenchyma includes more complex components and structure. For example, 
the white matter only contains axons, whereas grey matters contain soma and axons. The ventricle exists in the 
centre of the parenchyma. However, we did not build these components separately. Third, some minor tissues 
for human head, such as meninges and blood vessels, are ignored. Fourth, despite of the complex structure and 
resistivity distribution of the suture, we did not accurately model the suture. In future studies, we may incorporate 
these properties into the construction of the head phantom. In addition, as the real human scalp is a soft solid 
object and the contact between the scalp and electrodes is an important point, we may introduce a soft conductive 
material for 3D printing instead of saline to fabricate a more realistic scalp tissue.

Conclusion
In this study, a novel head phantom with anatomically realistic geometry and resistivity distribution for brain EIT 
was developed based on the 3D printing techniques. We especially fabricated the skull model with continuously 
varying resistivity by independently and simultaneously printing the trilayer skull structures using materials with 
distinct resistivity. Consequently, the new phantom not only had a precise geometry of the human head but also 
an accurate resistivity distribution similar to that of the real human head, suggesting that it is suitable for future 
studies in brain EIT. In addition, the proposed construction method in this paper may be easily adapted to other 
conditions for manufacturing head phantoms for brain function research, such as EEG and TDCS.

Figure 7. Comparison of electrical impedance imaging results. (a) Simulation results of imaging; (b) images 
from 3D-printed head phantom.
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Methods summary
The method of accurately controlling the resistivity of materials for 3D printing. First, several 
types of high-quality commercial ABS/CB conductive composite particles were obtained and analysed with 
regards to resistivity properties. Next, we carefully selected two types with resistivity values that closely covered 
the range of head tissues. Finally, based on the two selected types of ABS/CB composite particles, we built a math-
ematical relationship between the mixture proportions of materials and the corresponding resistivity. According 
to the mathematical relationship, we finally achieved a synthetic resistivity-controllable 3D printing material by 
altering the proportion of those two types of ABS/CB particles.

Fabrication of skull phantom with realistic inhomogeneous resistivity distribution. The skull 
model was created using the dual-nozzle 3D printer (Makerbot Replicator 2X, Makerbot, USA). One nozzle 
printed the shell (compact bone) with the material with a resistivity of 220 Ω·m, and the other nozzle simultane-
ously printed the infill (diploe) with the material with a resistivity of 20 Ω·m, in which the thickness of outer shell 
is fixed and inner fill varied with the thickness of the skull parts. Additionally, the total thickness of the two outer 
shells was 4.2 mm. Due to the large variation in thickness of the skull, when the thickness of skull section was less 
than 4.2 mm, the model was automatically printed as a single compact bone structure without the diploe layer, 
which was also similar to real skull tissue. Finally, the separated 3D-printed skull model sections were spliced 
together with conductive epoxy adhesive, whose resistivity is similar to the resistivity of the suture. After the skull 
model was printed, the resistivity distribution of the 3D-printed skull model was verified by direct comparison 
with resistivity measurements of live human skull.

Construction of the entire novel head phantom and validation of the resistivity stability. After 
the fabrication of the skull model was completed, the brain parenchyma model was printed with material with the 
same resistivity as the real tissue, and the outer container structure for the entire head phantom was printed with 
non-conductive ABS. Then, we selected a NaCl solution with resistivity consistent with scalp or CSF to simulate 
the corresponding tissue. Finally, four tissue models (scalp, skull, CSF, and brain parenchyma) were combined 
to form a completed head phantom, and the stability of the phantom resistivity was verified by measuring its 
transimpedance.

EIT Experiment based on the new 3D printed head phantom. The EIT experiment was performed 
to verify the applicability of the head phantom. The EIT imaging system was a high-precision electrical imped-
ance apparatus from our research group33. Prior to the experiment, 10 ml 0.06% NaCl solution (the resistivity is 
6.4 Ω·m at 25 °C, which is the same as that of the brain parenchyma model) was added to the five reserved holes 
in the brain parenchyma model. During the experiment, 10 ml 0.54% NaCl solution was added to the holes to 
simulate the cerebral haemorrhage as the concentration of the solution became 0.3% and resistivity became 1.64 
Ω·m. Meanwhile, we conducted a computer simulation to verify the physical model experiment. In the computer 
simulation, the resistivity distribution and disturbance target is similar to that of the head phantom.

Data Availability. All data generated or analysed during this study are included in this published article (and 
its Supplementary Information files).

References
 1. Bayford, R. H. BIOIMPEDANCE TOMOGRAPHY (ELECTRICAL IMPEDANCE TOMOGRAPHY). Annual Review of Biomedical 

Engineering 8, 63–91 (2006).
 2. Dai, M. et al. In Vivo Imaging of Twist Drill Drainage for Subdural Hematoma: A Clinical Feasibility Study on Electrical Impedance 

Tomography for Measuring Intracranial Bleeding in Humans. Plos One 8, e55020 (2013).
 3. Xuetao, S. et al. Preliminary research on monitoring of cerebral ischemia using electrical impedance tomography technique. 

Engineering in Medicine and Biology Society, 2008. EMBS 2008. International Conference of the IEEE. 1188–1191 (2008).
 4. Fu, F. et al. Use of Electrical Impedance Tomography to Monitor Regional Cerebral Edema during Clinical Dehydration Treatment. 

Plos One 9, e113202 (2014).
 5. Bayford, R. & Tizzard, A. Bioimpedance imaging: an overview of potential clinical applications. Analyst 137, 4635–4643 (2012).
 6. Yasin, M., Böhm, S., Gaggero, P. O. & Adler, A. Evaluation of EIT system performance. Physiological measurement 32, 851 (2011).
 7. Tidswell, A., Gibson, A., Bayford, R. & Holder, D. S. Validation of a 3D reconstruction algorithm for EIT of human brain function 

in a realistic head-shaped tank. Physiological measurement 22, 177 (2001).
 8. Tidswell, A. et al. A comparison of headnet electrode arrays for electrical impedance tomography of the human head. Physiological 

measurement 24, 527 (2003).
 9. Akhtari, M. et al. Conductivities of three-layer live human skull. Brain topography 14, 151–167 (2002).
 10. Sadleir, R. & Argibay, A. Modeling skull electrical properties. Annals of Biomedical engineering 35, 1699–1712 (2007).
 11. Tang, C. et al. Correlation between structure and resistivity variations of the live human skull. Biomedical Engineering, IEEE 

Transactions on 55, 2286–2292 (2008).
 12. Liston, A. D., Bayford, R. H. & Holder, D. S. The effect of layers in imaging brain function using electrical impedance tomograghy. 

Physiological Measurement 25, 143–158 (2004).
 13. Sperandio, M., Guermandi, M. & Guerrieri, R. A four-shell diffusion phantom of the head for electrical impedance tomography. 

Biomedical Engineering, IEEE Transactions on 59, 383–389 (2012).
 14. Li, J.-B. et al. A new head phantom with realistic shape and spatially varying skull resistivity distribution. Biomedical Engineering, 

IEEE Transactions on 61, 254–263 (2014).
 15. Murphy, S. V. & Atala, A. 3D bioprinting of tissues and organs. Nature biotechnology 32, 773–785 (2014).
 16. Ambrosi, A. & Pumera, M. 3D-printing technologies for electrochemical applications. Chemical Society Reviews 45, 2740 (2016).
 17. Rengier, F. et al. 3D printing based on imaging data: review of medical applications. International journal of computer assisted 

radiology and surgery 5, 335–341 (2010).
 18. Shi, C. et al. The role of three-dimensional printed models of skull in anatomy education: a randomized controlled trail. Scientific 

Reports 7, 575 (2017).
 19. Iida, H. et al. Three-dimensional brain phantom containing bone and grey matter structures with a realistic head contour. Annals of 

nuclear medicine 27, 25–36 (2013).



www.nature.com/scientificreports/

9Scientific RepoRts | 7: 4608  | DOI:10.1038/s41598-017-05006-8

 20. Gatto, M. et al. Three-Dimensional Printing (3DP) of neonatal head phantom for ultrasound: Thermocouple embedding and 
simulation of bone. Medical engineering & physics 34, 929–937 (2012).

 21. Holder, D. S. Electrical Impedance Tomography of brain function. Clinical Neurophysiology 117, 1–6 (2008).
 22. Avery, J. Improving electrical impedance tomography of brain function with a novel servo-controlled electrode helmet, UCL 

(University College London), (2015).
 23. Baechler, C., DeVuono, M. & Pearce, J. M. Distributed recycling of waste polymer into RepRap feedstock. Rapid Prototyping Journal 

19, 118–125 (2013).
 24. Liang, X., Ling, L., Lu, C. & Liu, L. Resistivity of carbon fibers/ABS resin composites. Materials Letters 43, 144–147 (2000).
 25. Wei, X. et al. 3D Printable Graphene Composite. Scientific Reports 5, 11181 (2015).
 26. Hwang, S., Reyes, E. I., Moon, K. S., Rumpf, R. C. & Kim, N. S. Thermo-mechanical Characterization of Metal/Polymer Composite 

Filaments and Printing Parameter Study for Fused Deposition Modeling in the 3D Printing Process. Journal of Electronic Materials 
44, 771–777 (2015).

 27. Ou, R., Gerhardt, R. A., Marrett, C., Moulart, A. & Colton, J. S. Assessment of percolation and homogeneity in ABS/carbon black 
composites by electrical measurements. Composites Part B Engineering 34, 607–614 (2003).

 28. Leigh, S. J., Bradley, R. J., Purssell, C. P., Billson, D. R. & Hutchins, D. A. A simple, low-cost conductive composite material for 3D 
printing of electronic sensors. PloS one 7, e49365 (2012).

 29. Seo, H., Kim, H. I. & Jun, S. C. The Effect of a Transcranial Channel as a Skull/Brain Interface in High-Definition Transcranial Direct 
Current Stimulation—A Computational Study. Scientific Reports 7 (2017).

 30. Collier, T. J. et al. Creation of a human head phantom for testing of electroencephalography equipment and techniques. Biomedical 
Engineering, IEEE Transactions on 59, 2628–2634 (2012).

 31. Montes-Restrepo, V. et al. Influence of skull modeling approaches on EEG source localization. Brain topography 27, 95–111 (2014).
 32. Abascal, J.-F. P. et al. Use of anisotropic modelling in electrical impedance tomography; description of method and preliminary 

assessment of utility in imaging brain function in the adult human head. Neuroimage 43, 258–268 (2008).
 33. Xuetao S, Fusheng Y, Feng F, Ruigang L & Xiuzhen, D. High precision Multifrequency Electrical Impedance Tomography System 

and Preliminary imaging results on saline tank. 27th Annual International Conference of the Engineering in Medicine & Biology 
Society 1492–1495 (2005).

Acknowledgements
The authors thank Mengxing Tang from Imperial College London and Zhanqi Zhao from Furtwangen University 
for revising the paper. This work was supported by the National Natural Science Foundation of China under 
Grant 31600799.

Author Contributions
Conceived and designed the experiments: J.Z., X.D., M.D. Carried out the experiments: J.Z., B.Y., H.L., X.S., M.D., 
F.F. Analyzed the data: J.Z., B.Y., H.L., F.F., X.S. Wrote the paper: J.Z., M.D. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-05006-8
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-05006-8
http://creativecommons.org/licenses/by/4.0/

	A novel 3D-printed head phantom with anatomically realistic geometry and continuously varying skull resistivity distributio ...
	Results
	The relationship between the resistivity and proportions of ABS/CB10% for 3D-printed samples. 
	Skull model with inhomogeneous resistivity distribution. 
	The establishment of the experiment platform and resistivity stability verification. 
	EIT experiment results. 

	Discussion
	Conclusion
	Methods summary
	The method of accurately controlling the resistivity of materials for 3D printing. 
	Fabrication of skull phantom with realistic inhomogeneous resistivity distribution. 
	Construction of the entire novel head phantom and validation of the resistivity stability. 
	EIT Experiment based on the new 3D printed head phantom. 
	Data Availability. 

	Acknowledgements
	Figure 1 The resistivities of 3D-printed samples after mixing ABS/CB10% and ABS/CB20% with different proportions (mean ± SD, n = 6) and the fitting curve between the resistivity and the proportion of ABS/CB10% (Frequency = 1 kHz).
	Figure 2 Separated skull model and completed skull model.
	Figure 3 Live skull samples and 3D-printed skull samples11.
	Figure 4 Relationship between PTD of 3D-printed trilayer skull and resistivity at the frequency of 1 kHz (correlation coefficient: r = −0.
	Figure 5 The fabrication of the head phantom using 3D printing techniques, including the CAD model, detached physical model, and the spliced physical model.
	Figure 6 Comparison of the transimpedance measurements and simulation results.
	Figure 7 Comparison of electrical impedance imaging results.
	Table 1 Resistivity comparison between 3D printed skull phantom and live human skull (Frequency = 1 kHz).
	Table 2 Mean and percentage of the absolute differences for the linear measurements.




