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Abstract 

Thyroid nodules are a common medical concern. The only way to determine with certainty whether nodules are  

malignant is to perform an ultrasound-guided fine needle aspiration biopsy (FNAB) of the nodule. This procedure, 

however, is clinically challenging as nodules can vary greatly in size, location, and composition. In addition, the 

thyroid gland is in close proximity to integral anatomic structures such as the carotid artery, jugular vein, and trachea. 

Thus, training physicians to perform this procedure is critical. However, current training models are expensive and 

difficult to customize. This research investigates using additive manufacturing (AM) to create  training models that 

realistically simulate a thyroid biopsy procedure, while remaining cost effective and easily customizable. This was 

achieved by qualitatively analyzing the acoustic properties of the human thyroid gland and surrounding structures as 

they appear on ultrasound (namely through observing the effects of tissues’ relative acoustic impedance values and 

backscattering properties, and comparing these properties to those of ultrasound images of  an actual thyroid gland). 

Following this, materials were selected that would best fit the acoustic properties of the thyroid gland and surrounding 

structures to use for fabrication in the final model. The materials selected for use in the final model included a variety 

of gelatin-based solutions whose compositions were refined to simulate the various echoic properties of simulated 

structures. The shapes of these gelatin mixtures were achieved by pouring uncured gelatin solutions into 3D printed 

molds in the shape of relevant anatomic structures. Once cured, gelatin solutions could be separated from their molds 

and the individual simulated structures were combined to mimic the geometry of the  thyroid gland and other structures 

to finalize the model. 
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1. Introduction 

 

Thyroid nodules are growths that develop on the thyroid gland. While thyroid nodules are common, affecting over 

fifty percent of women over age 50[1], and the vast majority of thyroid nodules are benign, approximately ten percent 

of nodules are malignant[2]. The only way to determine whether a thyroid growth is cancerous is to perform a fine 

needle aspiration biopsy (FNAB) of it. However, this procedure is complicated to perform as the thyroid is located in 

close proximity to major anatomic structures, such as the carotid artery and jugular vein; puncturing any of which may 

cause death[3]. In addition, thyroid nodules can be of various sizes and compositions. Depending on the nodule’s size, 

location, and composition, a physician may find it difficult to safely and accurately extract appropriate sample cells 

for analysis. Thus, a physician must be properly trained to anticipate these situations before performing this procedure 

in practice.  

Unfortunately, current ultrasound-compatible training models (ultrasound phantoms) are expensive and difficult to 

customize[4]. Therefore, the goal of this research is to develop a process by which a cost efficient, easily customized, 
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training model of the thyroid gland can be made that realistically simulates conditions a physician may encounter from 

an anatomic, acoustic, and tactile standpoint while performing thyroid fine needle aspiration procedures. 

 

2. Methodology 

 

2.1 selecting materials to test 

 

The primary challenge of creating this phantom was in selecting materials to realistically simulate a human thyroid 

gland and surrounding structures from an acoustic standpoint. In regards to the first criterion, materials se lected for 

the phantom must have possessed similar properties in acoustic impedance and backscatter levels as those seen in the 

actual structures of the gland. In addition, materials selected for testing must have been fairly cost efficient to obtain, 

so as to preserve the overall cost effectiveness of the entire model. 

 

With this in mind, several gelatin based solutions used by previous researchers in the field were tested for their use in 

the model[5][6]. These mixtures were chosen as the materials needed to make these gelatin solutions were cost effective. 

In addition, when cured, gelatin mixtures did to an extent realistically simulate the consistency of human tissue, and 

could easily be tested for their acoustic realism. 

 

2.2 synthesizing gelatin mixtures 

 

Gelatin mixtures were  made by gradually adding predetermined amounts of gelatin powder (Knox brand), psyllium 

fiber (Metamucil brand), and glass powder (Art Glass Supplies, bullseye glass powder COE90 - powder)  to boiling 

water. Food coloring (McCormick brand) was also added for ease of differentiation between mixtures. The mixtures 

were then refrigerated for 4-8 hours until cured. Initially six gelatin mixtures were synthesized for evaluation (Mixture 

numbers 1-6). Upon imaging these samples, mixture numbers 7 and 8 were synthesized to further investigate the 

significance of psyllium fiber to the echogenic properties of the gelatin. A detailed description of each mixture’s 

composition can be seen in Table 1, below. 

 

Table 1: Specific gelatin mixtures initially made for analysis  

Mixture Number Mixture Composition 

1 237 mL water, 21 grams gelatin powder, 20.5 grams psyllium fiber 

2 257 mL water, 42 grams gelatin powder, 20.5 grams psyllium fiber 

3 237 mL water, 21 grams gelatin powder, 20.5 grams psyllium fiber, 6.60 grams glass 

powder 

4 257 mL water, 42 grams gelatin powder, 20.5 grams psyllium fiber, 6.60 grams glass 

powder 

5 237 mL water, 21 grams gelatin powder, 20.5 grams psyllium fiber, 13.2 grams glass 

powder 

6 237 mL water, 21 grams gelatin powder, 19.8 grams psyllium fiber, 13.2 grams glass 

powder 

7 237 mL water, 21 grams gelatin powder, 10.25 grams psyllium fiber 

8 257 mL water, 42 grams gelatin powder  

Commented [1]: Originally recipe #7 
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Mixture numbers 1 and 2 were control recipes based on the work of Richardson et. al.[5]. Mixture numbers  3, 5 and 6 

shared the same base recipe as mixture 1; but varied in their glass powder concentration. Likewise, mixture 4 shared 

the same base recipe as mixture number 2, differing only in the concentration of glass powder added. The glass powder 

was added as a means of increasing the backscatter levels in the mixture, as more glass was added [7]. This was in large 

part to determine which concentration of glass powder would most resemble the level of backscatter seen in ultrasound 

images of the thyroid gland and other relevant structures itself.  

 

In addition, mixture numbers 7 and 8 are based on base mixtures 1 and 2, respectively. However, this sample possessed 

no psyllium fiber for the purpose of investigating the acoustic contribution of the supplement to the overall mixture. 

This knowledge could then be applied to determine how its concentration could be varied to control the material’s 

appearance under ultrasound to further allow the author to simulate different anatomic structures. 

 

2.3 ultrasound examination 

 

Once the gelatin mixtures had cured, each sample was imaged under ultrasound using a GE LOGIQe machine with a 

10 MHzprobe at a frequency of 20 MHz to qualitatively characterize its appearance. The default gain settings were 

used and the depth of the probe was determined depending on the depth of the specific gelatin mixture being tested to 

ensure that the entire depth of the mixture was imaged. These images were saved to a USB drive and later evaluated. 

In this evaluation, the backscatter level of each material was examined and compared to the backscattering 

characteristics of an actual thyroid ultrasound. Based on the observed qualitative acoustic characteristics of the gelatin 

materials as compared to the characteristics of the actual structures, specific mixtures were chosen to simulate the 

thyroid gland, thyroid nodules of varying echogenicity, and the carotid artery.  

 

2.4 designing and printing molds  

 

As the exact composition of the gelatin mixtures were being determined, three dimensional molds of important 

anatomic structures involved in a thyroid FNAB were designed. These structures included a typical thyroid gland in 

which the total height of the gland was approximately 4 cm, the widths of each lobe were 2 cm,  and the width of the 

isthmus was approximately 4 mm[8]. The thyroid gland was originally modeled in clay, and then the mold for the gland 

was designed based on a three-dimensional scan that was conducted of the clay model. In addion, three spherical 

thyroid nodules of diameters 0.8 cm, 1.2 cm, and 2.0 cm. In addition, molds for a typical male and a female carotid 

artery were included, allowing for a gelatin model of lengths 136 mm and 124 mm; and diameters of approximately 

6.34 mm and 5.34 mm, for men and women, respectively[9][10]. These designs were made using SolidWorks(R) 2016 

and were each designed to be made of a top and a piece that could be conjoined and separated from each other using 

a snapping mechanism for filling the mold with the liquid gelatin, and then pulling the solid gelatin away from the 

mixture. Two alignment pins were also built into each mold (except the mold for the thyroid gland) to ensure the 

gelatin formed the correct geometry in the mold. Finally, a hole was incorporated into each design for filling the 

uncured gelatin into the mold. Images of the designed molds is seen in Figures 1 through 3. 
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Figure 1: Design for the thyroid mold. A small hole has been incorporated into the top (left) piece for filling liquid 

gelatin into the mold. 

 

 
Figure 2: Top (A), bottom (B), and assembled (C) design of a 0.8 cm diameter thyroid nodule. This basic design was 

replicated for thyroid nodules of 1.2 cm and 2.0 cm diameters. 

 

 
Figure 3: Top (A), bottom (B), and assembled (C) design of the carotid artery.  

 

3. Data  

 

In order to assess the acoustic properties of each gelatin sample for its potential use in the final model, samples were 

imaged directly under ultrasound. The gelatin mixtures exhibited various backscattering characteristics depending on 

their particular compositions. This along with the relative acoustic impedances of the various gelatin mixtures when 

compared to each other yielded acoustic properties of varying realism when comparing the gelatin mixtures’ 

appearances to that of a thyroid gland under ultrasound. Ultrasound images of each gelatin mixture are shown in 

Figures 4 and 5. An image of an actual thyroid gland under ultrasound is also included for comparison in Figure 6.  

 

 
Figure 4: Control gelatin mixtures 1 (A), and 2 (B). The bright, horizontal white lines at approximately 1.0 cm depth 

for mixture 1, and 2.0 cm depth for mixture 2 represent the bottom of the plastic vessel holding the gelatin.  
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Figure 5: Gelatin mixtures 3 (A) and 4 (B), which were based on mixtures 1 and 2, respectively, with 6.60 grams of 

glass powder added. As seen in Figure 4, the bright white line at 1.5 cm depth on mixture 3 represents the bottom of 

the plastic vessel holding the gelatin. It is of note that the images in the present figure appear hyperechoic as 

compared to the images in Figure 4 due to the higher glass powder concentration generating greater levels of 

backscatter. 

 

 
Figure 6 Image of the right lobe of an thyroid gland under ultrasound for comparison [11]. The thyroid gland is 

outlined in purple, while the carotid artery is outlined in red. The trachea is outlined in green, and muscle 

surrounding the thyroid is outlined in blue. 

 

In addition to individually imaging the gelatin samples, to more directly compare the relative echogenicity of 

different mixtures, several gelatin mixtures of differing compositions were layered on top of each other and then 

imaged. This layering of different gelatin mixtures is seen in Figure 7, below. 

 

 
Figure 7: Simulated gelatin nodule made from mixture number 3 surrounded by mixture number 1(A). Simulated 

gelatin nodule made from mixture number 7 surrounded by mixture number 1(B). Simulated gelatin nodule made 

from mixture number 8 surrounded by gelatin mixture number 1(C). 

 

 

5. Discussion and Conclusions 

 

From a qualitative perspective, the gelatin mixtures exhibited promise for use in the final ultrasound phantom of the 

thyroid. Of particular note is the fact that varying the concentration of glass within the gelatin allowed for the author 

to control the level of backscatter the mixture produced. Specifically, increasing the glass concentration in a given 

mixture would cause the gelatin to yield a higher level of backscatter, and thus would appear hyperechoic under 

ultrasound, relative to other gelatin mixtures. This is observed when comparing Figures 4 and 5; in which both gelatin 

mixtures exhibited in Figure 5 appeared hyperechoic to the images seen in Figure 4. This is also noted in examining 

Figure 7A, in which a layer of gelatin with a higher concentration of glass appeared hyperechoic compared to the two 

surrounding layers, which contained lower glass concentrations.  This was of great use as some anatomic structures 

involved in a thyroid FNAB, such as the thyroid gland, appear hyperechoic to other structures, such as the carotid 
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artery. In addition, the echogenicity of a given thyroid nodule is critical to deciding whether it is characteristic of 

malignancy; thus dictating whether or not a nodule should be biopsied. Thus, varying concentrations of glass powder 

in the gelatin mixtures that are to simulate different anatomic structures allows for the author to vary the echogenic 

properties of each structure to realistically simulate their ultrasonic appearance.  

 

In addition, the concentration of psyllium fiber in a given mixture was also significany to its acoustic properties. This 

is seen in Figures 7B and 7C in which a simulated nodule was placed in surroundings that possessed higher 

concentrations of psyllium fiber than the nodule itself. Of particular significance is the fact that the nodule featured in 

Figure 7B, which contained half the concentration of psyllium fiber to its surroundings, exhibited isoechoic properties 

to that of its surroundings, yet the acoustic impedance values between the simulated nodule and its surroundings was 

great enough that a “halo” appeared around the nodule’s border, differentiating it from its surroundings. This is 

significant as many thyroid nodules are isoechoic to the thyroid tissue, but exhibit this “halo” around its border[12]. 

Thus, varying the concentration of psyllium fiber in a given gelatin mixture may be useful in simulating thyroid 

nodules sharing isoechoic properties to that of the surrounding thyroid tissue. In addition, the nodule featured in Figure 

7C contained no psyllium fiber, as compared to the surrounding gelatin that followed the composition of gelatin 

mixture number 1. Due to this, the nodule itself exhibited extremely low backscattering properties to the point of the 

material appearing black in the ultrasound image. This is significant as the carotid artery in a thyroid ultrasound 

appears distinctly hypoechoic to that of the thyroid gland, and appears almost black on an ultrasound image. Because 

of this, it could be feasible to use a gelatin mixture that contains no psyllium fiber in its composition to simulate the 

carotid artery in the final model.  

 

While these gelatin solutions do express promise for providing realistic acoustic properties of the anatomic structures 

relevant to a thyroid FNAB, more development is necessary before these mixtures can reach their full potential. 

Specifically, the evaluation process of the acoustic properties of each gelatin material has been nearly exclusively 

qualitative. To more precisely characterize each gelatin material, the acoustic impedance value of each gelatin material 

could be determined and the acoustic impedance value of each gelatin mixture could be compared to the known 

acoustic impedance value for the actual anatomic structures the gelatin mixtures are meant to simulate. This would 

allow for the author to more accurately characterize the gelatin mixtures that have already been manufactured, and 

would give further direction to how the compositions of each gelatin mixture could be further refined to best simulate 

the individual anatomic structures needed to form the final model. 

 

Once the gelatin compositions of each individual anatomic structure have been determined and the final model has 

been completed, this model will be assessed for its realism by a physician who is experienced in performing thyroid 

FNAB procedures. Once the desired level of realism of this model is accomplished, the benefits of using this method 

of ultrasound phantom manufacturing can be seen nearly immediately. One of the great advantages of using gelatin 

and 3D printed molds as the primary tools in manufacturing ultrasound phantoms for the thyroid gland is the easy 

customizability of using this means of manufacturing. The fact that exact compositions of the gelatin mixtures can be 

easily refined to simulate a wide variety of echogenic properties, as well as the fact that the designs of the 3D printed 

molds can easily be edited to simulate virtually any unique geometry allow for an entire model to be quickly and easily 

manufactured that could simulate any patient’s unique anatomy. This would allow physicians to make training models 

for a specific patient to practice performing a thyroid FNAB procedure that simulates any patient’s geometry before 

conducting the procedure on the patient themselves; thus making the performance of this procedure safer for patients 

than what can be offered by ultrasound phantoms currently on the market. 

 

In addition, the materials required to fabricate the gelatin mixtures and 3D printed molds proved more cost efficient 

than current thyroid ultrasound phantoms on the market. A 250 mL solution of gelatin required as little as $4 USD to 

produce, and the molds for all anatomic structures cost approximately $1080 USD to print (as quoted by the 

Milwaukee School of Engineering’s Rapid Prototyping Center). Thus, an entire ultrasound phantom may be 

manufactured for approximately $1,084 USD. This is over a $400 savings when considering similar phantoms on the 
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market may cost nearly $1,500 USD to purchase[4]. However, the cost benefits do not stop there. While the cost of 

purchasing multiple phantoms that are already on the market would cost a customer some multiple of $1,500 (e.g., 

purchasing two commercial phantoms would cost $3,000), the cost of making two phantoms using gelatin and 3D 

printed molds could cost as little as $1,088, since one set of 3D printed molds are reusable to make multiple models. 

Because of this, the more phantoms that are manufactured using gelatin molds, the more cost efficient the phantom 

will be for a customer. As a result, it can be clearly seen that it is more cost effective to manufacture ultrasound 

phantoms using gelatin and molds for the gelatin, rather than to purchase phantoms that are already on the market, 

especially if a customer is intending to buy multiple phantoms.  

 

As a result, the use of gelatin and 3D printed molds to create an ultrasound phantom for thyroid FNAB procedures is 

a cost effective and easily customizable alternative to purchasing similar phantoms already on the market, while 

preserving the model’s acoustic, tactile, and anatomic realism. Especially as further optimization of gelatin mixtures 

can be achieved through quantifying each material’s acoustic impedance, these phantoms hold the potential to not 

only replace ultrasound training models for medical procedures of the thyroid, but to change the way industry 

perceives ultrasound phantom manufacturing as a whole. 
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