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A B S T R A C T

Goal: Additive manufacturing, also known as 3D printing, has begun to play a significant role in the field of
medical devices. This review aims to provide a comprehensive overview and classification of additively man-
ufactured medical instruments for diagnostics and surgery by identifying medical and technical aspects.
Methods: A scientific literature search on additively manufactured medical instruments was conducted using the
Scopus database.
Results: We categorized the relevant articles (71) by considering the novelty of each proposed instrument and its
clinical application. Then, we analyzed the relevant articles by examining the reasons behind choosing additive
manufacturing technology to produce instruments for diagnostics and surgery. Possible customization (27%) and
Cost-effectiveness (23%) were the main reasons expressed. Technical specifications of the additive manu-
facturing technology and the material used were also analyzed, and a tendency of using material extrusion
technology (35% of the applications) and polymeric materials (86% of the applications) was shown.
Conclusions: Additive manufacturing is opening the door to a new approach in the production of medical de-
vices, which allows the complexity of their designs to be pushed to the extreme. However, we found that
technical limitations need to be tackled and important aspects such as sterilization or debris contamination are
still not considered to be relevant factors during the design and fabrication process. Keeping in mind the
challenges of such a new field, additive manufacturing technology can be considered as a great opportunity to
provide easy access to healthcare in developing countries as well as an important step toward patient-specific
medicine.

1. Introduction

Additive manufacturing (AM), also known as 3D printing or rapid
prototyping, is rapidly changing the perspective of how medical devices
have to be designed and what can be produced and prototyped. With
AM technology, a computer-aided design (CAD) model can be directly
transformed into a 3D object, built layer-by-layer, in a relatively short
time and with low cost, avoiding the long processes of conventional
fabrication methods.

This technology emerged in the 1980s and rapidly increased in
importance owing to the possibility of designing tailored tools both for
patient and clinician needs [1]. When the first commercial version of
the 3D printer was launched in the market in 1987, applications further
increased because of high reductions in the cost of printers [2]. As
shown in Fig. 1, AM has been applied in a number of medical fields such
as tissue engineering to design personalized scaffolds or artificial tissues
and organs for transplants [3–9]; drug delivery systems [10,11]; la-
boratory equipment such as probes [12] and portable test tools to detect

specific medical parameters such as cortisol in the saliva [13]; assistive
tools such as customized cutlery to help people with chronic diseases in
their daily life [14]; orthoses and prostheses for developing countries,
where the population cannot afford expensive devices [15–17]; im-
plants [18–20]; anatomical models for both surgical planning and
procedure training particularly in cases of rare pathologies [21–23];
surgical guides for screw insertions [24]; and in recent years, medical
instruments for diagnostics and surgery.

In 2017, the Food and Drug Administration (FDA) published the
first version of guidelines for AM of medical instruments [25]. How-
ever, to the authors’ knowledge, neither an overview of the currently
existing 3D-printed instruments for diagnostics and surgery nor an
analysis of their common characteristics exists.

In this review, we provide a complete overview of the current state
of the art in the AM of medical instruments used for diagnostics and
surgery. We categorize the instruments considering the application as
well as the reasons related to the use of the applied 3D printing method.
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2. Literature search methods

2.1. Scientific literature research

A scientific literature search was conducted using the Scopus data-
base on the AM of medical instruments used for diagnostics and sur-
gery. The choice for Scopus database rather than other databases, such
as Web of Science or PubMed, is due to its completeness in journal
titles, the possibility of using nested Boolean searches, and its classifi-
cation of articles in multiple subject areas which allows achieving a
wider range of articles [26]. The search keywords of the query were
organized into three categories: (1) fabrication technology (3D print*,
additive manufactur*, rapid prototyp*), (2) product class (instrument, tool,
prototype, device, appliance, equipment), and (3) application area (med*,
surg*, diagnos*). We decided to use only general terms in all categories
to have a broader search query and we excluded specific terms such as
the specific AM technologies, specific types of instruments, and specific
names of interventions. We did not limit the search to a particular
period; however, we decided to crop the result to include only the
English articles in the subject area of “Engineering” and “Medicine.”We
searched in titles, abstracts, and keywords of the documents. Our
complete search query was TITLE-ABS-KEY (("3D print*" OR "additive
manufactur*" OR "rapid* prototyp*") AND (instrument OR tool OR
prototype OR device OR appliance OR equipment) AND (med* OR
surg* OR diagnos*)) AND (LIMIT-TO (SUBJAREA, "ENGI") OR LIMIT-
TO (SUBJAREA, "MEDI")) AND (LIMIT-TO (LANGUAGE, "English")).

2.2. Eligibility criteria

In this review, we define a medical instrument as a tool for ex-
amining or treating patients. The tool must be directly in contact with
the patient but is not meant to stay into the body for more than the
duration of the examination or treatment. Considering the three cate-
gories used for the search keywords, in Category (1), “fabrication
technology,” we considered the seven main categories of AM technol-
ogies defined by the Standard Terminology for AM Technologies
(ASTM): binder jetting, direct energy deposition, material extrusion,
material jetting, powder bed fusion, sheet lamination, and vat photo-
polymerization [27]. Bioprinting and drug printing were excluded. In
Category (2), “product class,” we included surgical instruments used
inside the body, as well as diagnostic instruments used to examine the
patient from the outside. Because we focused on medical in-
strumentation, we excluded surgical guides developed for navigation
during surgery, as well as 3D-printed anatomic models for surgical
planning and training, implants, prostheses, orthoses, probes, and drug
portable devices. In Category (3), “application area,” we considered

eligible all the instruments used in the medical domain except for la-
boratory tools that are not directly in contact with the patient.

2.3. Literature search results

The search resulted in 2616 scientific articles, the titles and ab-
stracts of which were scanned. We selected 53 articles that fulfilled the
eligibility criteria. Besides analyzing the results obtained with the
search query, we also checked the references of the selected articles to
include the ones not captured by the query. We found 18 additional
articles, resulting in 71 total articles. The obtained information was
analyzed from different perspectives. First, we considered the clinical
application and the novelty of the devices. Then, we reviewed the ar-
ticles on the reason for using the AM technology. Finally, technical
information related to the AM technology used in the field of medical
instruments was retrieved.

3. Clinical application and novelty of AM devices

We categorized the instruments considering their novelty and clin-
ical application (Fig. 2). We considered a device to be a “conventional
instrument” when its basic design was based on traditional instruments
used in diagnostics and surgery such as surgical tweezers. A completely
new design was, instead, categorized as an “unconventional instru-
ment.” Each of these categories was further split into two subcategories
considering the clinical application. We defined a device designed for
diagnostic or surgical approaches that could be used in different types
of procedures as a “general purpose instrument.” Laparoscopic or en-
doscopic generic instruments fall into this category. On the contrary, we
defined a device designed for only one particular type of surgery as a
“specific-purpose instrument,” for example, polyps dissection in the
colon (Fig. 2). Articles in which a conventional instrument is proposed
are grouped in Table 1 and those that propose an unconventional in-
strument are listed in Table 2.

3.1. Conventional general-purpose instruments

A straightforward use of AM is to try and produce medical instru-
ments that are identical to those manufactured by conventional
methods, such as molding or machining. General surgical kits were
presented by George et al. [28], Wong et al. [29,30], Ibrahim et al.
[31], and Kondor et al. [32]. Surgical kits are generally composed of
tweezers, needle drivers, hemostats, retractors, forceps, and scalpels
and are designed to perform relatively common surgical procedures
(Fig. 3a).

Other research groups focused only on one such instrument with

Fig. 1. Classification of medical fields related to additive manufacturing. The first level of classification concerns the material used and the second level the medical
field of application. This review paper focuses on instruments for diagnostic and surgery (highlighted in yellow) (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.).
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[32,34–39] or without [40–42] changes in its design. While Singh et al.
[40] presented a fully assembled microsurgery tweezer, Para-
skevopoulos [34] introduced a modified burr hole: a device used in
intracranial procedures as the entry port to stabilize a range of endo-
scopic instruments (Fig. 3b). The modified design of this device is
meant to allow for solo surgeries. The approach used by Băilă et al.
[43,44] was different; they printed a general-purpose dental elevator
that was manufactured in two pieces with two different AM technolo-
gies: vat photopolymerization for the handle and power bed fusion for
the beak. The choice of printing only a part of an instrument was made
also by Sanchez-Tamayo et al. [45], who tried to manufacture grippers
and cutting tools for integration into surgical robots. An AM diagnostic
device was presented by Aguilera-Astudillo et al. [46], who designed a
stethoscope in which the chest piece was manufactured using a 3D
printer.

3.2. Conventional specific-purpose instruments

An interesting approach to AM is to use the 3D printing process to
partly modify the design of conventional instruments to perform spe-
cific procedures. The changes made to the design are mostly related to
the functionality [47,49–51,54] or size [48,53,55,57,58]. An example
of functionality change is given by the reciprocating syringe of Ro-
thenberg et al. [47] for image-guided aspiration, as shown in Fig. 4a. In
a conventional syringe, sucking small parts of solid organs or fluids
while maintaining the vacuum often needs the help of an assistant. The
reciprocating syringe uses a double lumen structure allowing the phy-
sician to perform a solo procedure by inverting the movement of the
syringe plunger. A modification of the conventional equipment for
specific ventilation imaging, which is a technique used to measure the
air distribution in the lungs, was performed by Cook et al. [54]. They
proposed an alternative bypass flow attachment that was completely
manufactured using 3D printing technology and could substitute a

Fig. 2. Classification of additively manufactured medical instruments for diagnostics and surgery.

Table 1
Author(s), year of publication, clinical application, and corresponding category in the classification of relevant articles for conventional medical instruments.

Author(s) Publication year Clinical Application Classification

George et al. [28,33] 2017 General surgery C-GP
Paraskevopoulos [34] 2016 Intracranial surgery C-GP
Singh et al. [40] 2016 Microsurgery C-GP
del Junco et al. [35] 2015 Endoscopic and laparoscopic equipment C-GP
Rankin et al. [41] 2014 Open surgery C-GP
Wong and Pfahnl [29] 2014 General surgery C-GP
Wong [30] 2015 General surgery C-GP
Yamamoto et al. [36] 2015 General surgery C-GP
Ibrahim et al. [31] 2015 General surgery C-GP
Kondor et al. [37] 2013 General surgery C-GP
Kondor et al. [32] 2013 General surgery C-GP
Fuller et al. [38] 2014 Bone reduction C-GP
Băilă et al. [44] 2016 General surgery C-GP
Băilă et al. [43] 2016 Dental procedure C-GP
Kaleev et al. [42] 2017 General surgery C-GP
Sanchez-Tamayo and Wachs [45] 2018 Robotic surgery C-GP
Aguilera-Astudillo et al. [46] 2016 Diagnostics C-GP
Yamamoto et al. [39] 2018 Endoscopic surgery C-GP
Rothenberg et al. [47] 2017 Ultrasound-guided aspiration C-SP
Gálvez et al. [48] 2016 Assisted ventilation C-SP
Way et al. [49] 2015 Assisted ventilation C-SP
Kontio et al. [50] 2012 Mandible fracture correction C-SP
Way [51] 2018 Flow rate control C-SP
Walter et al. [52] 2017 Polyp dissection in colonoscopy C-SP
Navajas and Hove [53] 2017 Transconjunctival vitrectomy C-SP
Cook et al. [54] 2015 Specific Ventilation Imaging C-SP
del Junco et al. [55] 2015 Urine flow kidney-bladder C-SP
Ko et al. [56] 2016 Mucosal/submucosal dissection C-SP
Walker et al. [57] 2016 Breast Brachytherapy C-SP
Ulmeanu et al. [58] 2016 Tracheostomy C-SP
Steinemann et al. [59] 2018 Distal esophageal mucosectomy C-SP

Conventional General Purpose (C-GP); Conventional Specific Purpose (C-SP).
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significant number of components with only one part.
Navajas and Hove [53] provided an example of size change using

3D printing in the fabrication of a trocar-cannula for transconjunctival
vitrectomy, a procedure during which the gel-like material in the eye is
substituted by a saline solution. In this case, the functionality of the
trocar-cannula is not changed, but because of the 3D printing tech-
nology, the size can be customized considering the surgical in-
strumentations used during the procedure. A similar approach was
taken by Walker et al. [57] in designing measuring tools to estimate the
size of a probe used in lumpectomy, a breast cancer removal procedure
(Fig. 4b). The overall design of the measuring tools, a handle with a

sphere on top, is the same as that of the probe. However, by using AM,
the size of the sphere can be changed to diameters ranging from 1.5 to
5 cm depending on the patient’s needs. In this way, an appropriate
probe can be chosen by avoiding unnecessary sterilization of probes of
the wrong size.

Furthermore, AM can be used to fabricate additional parts for
standard devices or procedures. Walter et al. [52] presented a cap that
can be added to a conventional colonoscope to enhance the field of
view of the instrument and detect the presence of polyps in the colon.
Using AM allowed the size of the cup for different colonoscopes to be
customized. Ko et al. [56] also printed a set of caps (Fig. 4c). The caps

Table 2
Author(s), year of publication, clinical application, and corresponding category in the classification of relevant articles for unconventional medical instruments.

Author(s) Publication year Clinical Application Classification

Morimoto and Okamura [71] 2016 Minimally invasive procedure U-GP
Oliver-Butler et al. [67] 2017 Endoscopic procedure U-GP
Jelínek et al. [60] 2014 Minimally invasive surgery U-GP
Jelínek et al. [61] 2015 Minimally invasive surgery U-GP
Jelínek et Breedveld [62] 2015 Minimally invasive surgery U-GP
Qi et al. [72] 2016 Minimally invasive surgery U-GP
Amanov et al. [73] 2015 Minimally invasive surgery U-GP
Boehler et al. [79] 2016 MR-guided percutaneous procedure U-GP
Entsfellner et al. [80] 2014 Ear Nose Throat (ENT) surgery U-GP
Krieger et al. [76] 2017 Endoscopic surgery U-GP
Mintenbeck et al. [68] 2014 Minimally invasive surgery U-GP
Cortes-Rodicio et al. [81] 2017 PET-guided biopsy U-GP
Seneci et al. [63] 2015 Laparoscopic surgery U-GP
Coemert et al. [78] 2017 Minimally invasive surgery U-GP
Nowell et al. [74] 2017 Endonasal surgery U-GP
Roppenecker et al. [70] 2013 Single-port gastroenterology surgery U-GP
Kesner and Howe [83] 2011 Force measurement in catheter U-GP
Roppenecker et al. [77] 2012 Single port surgery U-GP
Seneci et al. [64] 2017 General surgery U-GP
Schmitz et al. [75] 2017 General surgery U-GP
Sakes et al. [65] 2018 Minimally invasive surgery U-GP
Sahlabadi et al. [66] 2017 Percutaneous intervention U-GP
Fontanelli et al. [84] 2017 Minimally invasive robotic surgery U-GP
Kim et al. [69] 2015 Neurosurgery U-GP
García et al. [85] 2018 Trans-anal endoscopic procedure U-GP
Saafi et al. [82] 2018 Laparoscopic surgery U-GP
Zizer et al. [86] 2016 Endoscopic submucosal dissection U-SP
Chen et al. [87] 2016 Cervical intraepithelial neoplasia U-SP
Krieger et al. [88] 2016 Partial nephrectomy U-SP
Epaminonda et al. [89] 2016 Cervical cancer U-SP
Menikou et al. [90] 2017 Pain palliation bone cancer U-SP
Peikari et al. [91] 2011 Transrectal brachytherapy U-SP
Maeda et al. [92] 2015 Endoscopic submucosal dissection U-SP
Traeger et al. [93] 2014 Endoscopic submucosal dissection U-SP
Yiallouras et al. [94] 2014 Prostate cancer U-SP
Roppenecker et al. [95] 2012 Endoscopic submucosal dissection U-SP
Rugg et al. [96] 2016 Scanning fiber endoscope (SFE) U-SP
Myloas and Damianou [97] 2014 Brain cancer U-SP
Dikici et al. [98] 2018 Hysterectomy U-SP

Unconventional General-Purpose (U-GP); Unconventional Specific-Purpose (U-SP).

Fig. 3. Examples of “conventional general-purpose” instruments: (a) surgical kit: scalpel, hemostat, needle driver, and forceps [33]; (b) modified burr hole presented
by Paraskevopoulos [34].
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were added to a conventional gastroscope and the shape was varied
depending on the procedure to be performed. For example, a cap with a
wide end was used to perform esophageal biopsies—removal of a small
piece of tissue. Fig. 4d shows a space holder proposed by Steinemann
et al. [59], which was used to better expose the esophagus wall during
the suturing phase of mucosectomy, a partial resection of the bowel
wall, and enhance the final result.

3.3. Unconventional general-purpose instruments

AM has opened the doors to create new designs for medical in-
struments, some of which are impossible to manufacture by conven-
tional methods. These instruments are generally designed for minimally
invasive surgical procedures, during which one of the most important
aspects is the maneuverability of the instrument inside the human body.

AM technology can be used to fabricate steerable surgical instru-
ments [60–66]. The DragonFlex is a new concept of a laparoscopic
grasper, fully 3D printed with seven degrees of freedom (DOFs), to give
the surgeon the possibility to steer the instrument inside a patient’s
body [60] (Fig. 5a). A smart steerable needle was presented by Sahla-
badi et al. [66], in which the shaft was 3D printed and guided by nitinol
wires.

Many research groups focused their work on new designs for con-
tinuum robots and manipulators [67–69,71–75]. Morimoto et al. [71],
Oliver-Butler et al. [67], and Amanov et al. [73] proposed concentric
tube structures based on the sliding motion of one tube into the other to
achieve a snake-like motion (Fig. 5b). In these concentric tube struc-
tures, the number of elements is usually kept to a minimal, and the 3D
printing material and design properties are used to increase the

steerability. The same principle was used by Kim et al. [69] to imple-
ment a snake-like system made of three segments fully assembled
(Fig. 5d). A similar continuum robot was presented by Mintenbeck et al.
[68] but, in contrast to concentric tube structures that usually decrease
the number of parts, the body of this robot was made of multiple ele-
ments that were grouped into two cable-driven segments able to move
with four DOFs, as shown in Fig. 5c. The research group led by Pro-
fessor Lueth [76] proposed a branched overtube system to be used in
combination with conventional endoscopes and endoscopic instru-
ments. The system was fully 3D printed and the control was purely
mechanical. They presented different structures for the overtube system
and the configuration of the branched unit, as well as different mate-
rials that can be used for the production of the device [70,77,78]
(Fig. 5e).

Other interesting examples of “unconventional general-purpose”
medical instruments concern positioning and stabilizing systems
[79–82], such as the one designed by Boehler et al. [79]. The stabilizing
system is able to modulate the needle insertion for biopsy intervention
by estimating the patient’s movements related to the breathing cycle. In
this case, AM allows the system to be magnetic resonance imaging
(MRI)-compatible.

Force sensors manufactured using AM are also part of this category,
owing to the novelty in their design, which aims to directly integrate
the sensor into a catheter [83], or a trocar [84] in one printing step.
Finally, García et al. [85] presented a new 3D-printed device to perform
trans-anal endoscopic surgical procedures that is able to provide an
adequate workspace without inflating the rectum. In this case, AM al-
lows the device to be modified according to the patient’s needs.

Fig. 4. Examples of “conventional spe-
cific-purpose” instruments: (a) sketch
of reciprocating syringe by Rothenberg
et al. [47]; (b) CAD of measuring tool
designed by Walker et al. to choose the
appropriate probe for lumpectomy
procedure [57]; (c) caps designed to be
added to a conventional gastroscope to
perform different types of biopsies
[56]; (d) retractors for distal esopha-
geal mucosectomy [59].

Fig. 5. Examples of “unconventional general purpose” instruments: (a) steerable laparoscopic grasper with seven degrees of freedom; (b) 3D printed concentric tube
robot [67]; (c) cable-driven continuum robot [68]; (d) the snake-like system presented by Kim et al. [69]; (e) different structures of the overtube presented by
professor Lueth’s group [70].
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3.4. Unconventional specific-purpose instruments

The “unconventional specific-purpose” category clusters works in
which the authors identified a specific procedure or disease, and used
the AM technology to design an innovative instrument. Five of the
found articles presented instruments to treat or provide palliative care
for different types of cancer [87,89,90,94,97]. Chen et al. [87] in-
troduced a new inexpensive thermo-coagulator to treat cervical neo-
plasia, an anomalous growth of cells in the female cervix (Fig. 6a) while
Menikou et al. [90] proposed an MRI-compatible device for pain pal-
liation in bone cancer using thermal ablation (Fig. 6b). A 3D-printed
device for brachytherapy, a treatment via rectum in which radioactive
sources are placed directly in contact with the area of interest was
proposed by Peikari et al. [91]. A new device was also proposed by
Dikici et al. [98] to perform a particular gynecological surgery during
which the uterus is removed with a laparoscopic approach. The AM
technology was used by Rugg et al. [96] to fabricate a tailored hand-
piece to hold the scanning fiber endoscope, a particular instrument used
to acquire dental images without using X-ray.

Fig. 6c shows an interesting application for the implantation of cell
sheets. Maeda et al. [92] proposed a device to implant cell sheets after
the removal of gastrointestinal tumors in which the cell-sheet carrier
was 3D printed. Finally, the branched overtube system presented by
Professor Lueth’s group was modified, in order to be suitable for a
specific surgery during which a gastrointestinal tumor was removed
[86,93,95] (Fig. 6d). The overtube system was tested in the laparo-
scopic environment as well to remove small kidney tumors [88].

4. Reasons for design of AM devices

Conventional manufacturing technologies are widely known and
people have significant knowledge on the possibilities and limits of such
technologies. Thus, it is interesting to analyze the reasons why AM
technology was used to produce the medical instruments found in the
literature. In Fig. 7, we highlighted eight reasons for the choice of AM
expressed in the articles, which if not explicitly expressed by the au-
thors were found on a careful analysis conducted by the authors of this
review. Multiple reasons are often mentioned in the same article.

4.1. Customization

One of the main reasons expressed in the articles (27%) is the
possibility of customization. Customization can concern patients, in
which case instruments are customized in their dimension or design not
only to meet the patient’s anatomy, but also the clinician’s needs for
more intuitive ergonomics and user-friendliness [41]. The surgical kit
presented by Kondor et al. [32] is an example; it was designed to be
modified according to the needs of the patient or the surgeon. Custo-
mization of the instrumentation can also be performed considering the
procedure. The instrument can then change in its size for adaptation to
conventional devices, such as colonoscopes or endoscopes [52,56]
(Fig. 4c) or considering the specific size of the tumor [88].

4.2. Cost-effectiveness and disposability

Many articles (31) justified the choice for AM owing to a con-
siderable reduction in production cost. Ten of these articles estimated
the incurred cost. Some of them considered only the price of the ma-
terial [41,48,54,96], some others carried out a complete evaluation of
the expenses considering the material, cost of printer, payment of an
expert for the design process, duration of printing, and post-processing
[58]. Walker et al. emphasized the advantage of using the AM tech-
nology to avoid unnecessary sterilization cycles of ultrasounds probes
[57]. The probe has a lifespan of 100 sterilizations. Therefore, avoiding
unnecessary sterilization of the probes using measuring 3D printed tools
decreases the cost of the entire procedure (Fig. 4b). Directly connected
with the cost-effectiveness and customization is the possibility of
making disposable instruments. AM offers a low-cost production
method, allowing customization on-demand of the instruments for pa-
tient-specific procedures [35,88].

4.3. Accessibility

Eight articles emphasized the importance of AM in terms of acces-
sibility: the possibility of having access to healthcare in remote areas.
Developing countries, military expeditions, and space missions are the
main scenarios proposed. The opportunity is related not only to the low
costs of the AM technology [31,41,87] but also to the possibility of
providing an open-source library in which the basic design of

Fig. 6. Examples of “unconventional specific-
purpose” instruments: (a) thermo-coagulator
to treat a type of gynecological cancer [87]; (b)
MRI-compatible device for pain palliation in
bone cancer [90]; (c) device to implant cell
sheets [92]; (c) detail of the branched end of
the overtube system proposed by Professor
Lueth’s group [93].
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instruments is uploaded and offered for free [32].

4.4. Simple assembly and short production time

AM is categorized as a rapid prototyping technology as it offers a
more rapid fabrication process compared to conventional manu-
facturing. In a number of articles (16), the reason for choosing AM is
related to the necessity of having a quick turnaround during the design
process. An additional advantage of AM is that the production and as-
sembly time do not increase with the complexity of the design, allowing
a reduction in the number of components while increasing the com-
plexity of a single element [63,93]. As a result, the design evaluation as
well as the optimization phase can be carried out in a shorter time [49].

4.5. MRI-compatibility and biocompatibility

Depending on the medical application, an important aspect is the
MRI-compatibility of the device proposed. A significant number of ar-
ticles (8) highlighted the advantage of AM in fabricating instruments
with material properties compatible with MRIs. Another fundamental
property that is taken into consideration in various articles (16) is the
biocompatibility of the medical instrument. Biocompatibility is mainly
related to the material used. There are two main polymers used in the
reviewed articles, where their use is justified by their biocompatibility;
polylactic acid (PLA) is described in three articles, and PA2200, a type
of polyamide is described in six articles. Metals such as stainless steel,
alumina–zirconia composites, or cobalt–chromium alloys are also used
to fabricate medical instruments owing to their biocompatibility but
their use is limited compared to that of polymeric-based materials.

4.6. Prototyping and others

When conventional manufacturing methods are used in the first
phases of a design process, the time required for the production of a
prototype can be extremely long. The tuning phase to optimize and
ameliorate the functionality of the design can be even longer. For this
reason, in many articles (12) AM was used to fabricate the first proto-
type as a proof-of-concept [81,82,98]. Often, the 3D-printed prototype
was used to test the design properties, by using the actual size of the
device [84] or by giving it larger dimensions [74]. In a few articles (6),
the reason behind the choice for AM is more related to material prop-
erties [44] or particular design configurations that are difficult to fab-
ricate [78].

5. Technology to manufacture AM devices

5.1. AM technologies

The term “additive manufacturing” groups a large number of tech-
nologies. Owing to its novelty, many types of classifications can be
found in the literature. In this review, we used the categorization given
by the ASTM organization, which provides seven well-defined groups of
AM technologies [27]. Fig. 8 shows the percentages related to the use of
these technologies to manufacture medical instruments. Clearly, the
most applied technology is material extrusion (ME) with 35% of the
applications. The ME technology is based on the extrusion and de-
position of thermoplastic material through a nozzle. The semi-melted
material in contact with the low-temperature platform rapidly hardens
and solidifies keeping the 3D shape. ME includes fused deposition
modeling (FDM), which is the cheapest process currently available in
the market [99].

Powder bed fusion (PBF) uses energy from laser or electron beam to
melt layer by layer particles together, while in material jetting (MJ)
drops of liquid material are deposited on a platform and cured with UV
light every layer. PBF together with MJ are widely used (26% and 21%,
respectively), while vat photopolymerization (VP) is used only in nine
cases (11%). In VP a vat of liquid photopolymer is selectively exposed

Fig. 7. Various reasons related to the choice of using additive manufacturing to print medical instruments for diagnostics and surgery.

Fig. 8. Various additive manufacturing technologies used to print medical in-
struments (see text for abbreviations). Direct energy deposition (DED) and sheet
lamination (SL) are not presented in the chart because no articles were found
using these technologies. The percentages are calculated considering the
number of applications that can be multiple in the same article.
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to a laser beam which polymerized layer by layer the material to create
solid parts. VP includes techniques such as stereolithography (SLA) and
digital light process (DLP). Ulmeanu et al. [58] presented the only
application of binder jetting technology (BJ) in the production of
medical instruments. BJ uses liquid bonding agent on powder material
to build 3D structures layer by layer.

Direct energy deposition (DED) uses energy to directly melt the
material while is deposited on the platform, while sheet lamination (SL)
stacks and laminates sheets of material using processes such as ultra-
sonic welding. In the literature analyzed for this review, both DED and
SL were not used to produce medical instruments; this could be owing
to the limitation in material choice. Five of the articles did not mention
the specific technology applied but only the material.

5.2. AM materials

The choice of materials is directly related to the technology used.
We decided to divide the materials into three main categories: polymer-
based, metals, and ceramic-based. The group with the largest number of
applications (86%) is that of polymer-based materials (Fig. 9c). This is
in line with the analysis of the technologies presented in the previous
section in which only PBF and BJ allow the use of metals and ceramic-
based materials. Polymer-based materials include acrylonitrile buta-
diene styrene (ABS), which is used in 21 different applications, PLA,
polyamides (nylon), polycarbonates (PC), resins, and rubber-like ma-
terials. When not specified, the material category (polymer-based) was
deduced from the technology applied owing to the direct correlation
between the material and type of printer used and categorized as
“others.” There was a single application with polycaprolactone (PLC),
which was included into “others” [73] (Fig. 9a). The large use of
polymer-based materials is partially related to biocompatibility, as for
PLA, and biodegradability as for PA2200 polyamides raw powder
(certificated as biocompatible according to EN ISO 10993-1) [88].

Compared to polymer-based materials, metals are rarely used; they
are applied only in 12% of the cases (11 applications). Stainless steel
(SS) is most commonly used (6 applications), while both titanium (Ti)
alloy cobalt–chromium (Co–Cr) alloy are each applied in two cases
(Fig. 9b). We found the use of ceramic materials in three applications:
ceramic-filled epoxy resin and alumina-zirconia composite in the Dra-
gonFlex steerable laparoscopic grasping forceps of Jelínek et al. [60,62]
and in the personalized tools for tracheostomy, a surgical procedure to
help the breathing, by Ulmeanu et al. [58].

6. Discussion

In this review, we provided an overview of the AM of medical in-
struments for diagnostics and surgery found in the literature, con-
sidering the novelty and clinical application. We analyzed the reasons
related to the choice of using AM, the technologies, and the materials
used. In this section, we will focus on properties and performance, the
medical regulations and sterilization of additively manufactured med-
ical instruments, the production cost, and the use of this technology to

expand healthcare in developing countries, as well as to allow new
surgical procedures.

6.1. Properties and performance of AM devices

Widely accepted advantages related to the use of AM are the sim-
plicity of the manufacturing phase and the possibility of making com-
plex shapes without increasing complexity in the fabrication process.
However, due to the novelty of AM, there are still issues to be tackled,
regardless of the specific technology. The AM processes create in-
homogeneity in the material. Inhomogeneity creates anisotropic beha-
vior of the material and can lead to unpredictable ruptures of the
printed parts [71,80,84]. Another main cause of weaknesses in AM
parts is print orientation [74]. Changing the orientation of printing can
alter the stiffness of a printed part, as shown by Entsfellner et al. who
printed a compliant mechanism in different directions [80]. Wong and
Nowell et al. noticed weaknesses when forces are applied transversally
to a 3D printed layer [29,74]. Print orientation can also affect the cross-
section of the printed part [71], but it is not the only factor that plays an
important role during the printing process. Different printers and ma-
terials with the same technology can alter the final design [71,96].

Accuracy is another important factor in AM; the higher the accuracy
of the printer, the more the 3D printed device will correspond to the
designed CAD model. VT is most accurate, but limitations in material
choice limit its use in the medical field [62]. PBF is less accurate than
VT, causing changes in design properties such as decreased flexibility of
thin structures due to increased thickness of the layers [78]. Despite
this, PBF offers the possibility to print without any support material due
to the powder bed that creates support itself [71]. MJ allows the use of
materials with properties ranging from high stiffness to great flexibility.
Nevertheless, it is necessary to remove a considerable amount of sup-
port material with consequences on the surface properties of the printed
part [62]. ME is the most used AM technology due to its simplicity and
the availability of cheap printers. However, ME needs support material
[57], a controlled extrusion temperature and specific nozzle size de-
pending on the material used [73]. It is therefore clear that, regardless
the specific AM technology, the CAD model must be modified con-
sidering limitations and accuracy of the printer [35,58,53,71], but also
considering the results given by printing attempts and iterations
[28,62].

In Section 5.2 we pointed out that the majority of the materials used
are polymer-based. Many polymers, such as PLA or nylon, are widely
used in the medical field and for this reason already certificated for
their biocompatible properties. However, polymers can change their
properties over time. PLA becomes stiffer after some time [73] while
some of the epoxy resins used in SLA change due to their photo-
sensitivity [62]. The use of a polymer-based material also influences the
mechanical properties of medical instruments. Brittleness and limita-
tions in exerted forces [40] are reasons why AM is often considered to
produce disposable instruments.

Nevertheless, there are advantages that only AM can provide.
Boehler et al. presented a variable stiffness spherical joint printed using

Fig. 9. (a) Percentages of different polymeric-based materials used to print medical instruments (see text for abbreviations); (b) percentages of different metallic
materials used to print medical instruments; (c) percentages of different categories of materials used to print medical instruments.
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the multi-material properties of the MJ [79]. They printed a rigid
polymer and a rubber-like material together in a single component.
Roppenecker et al. printed a snake-like system designed as multiple
pieces, but printed as a single structure, playing with tolerances in
between the different elements [70]. Moreover, compliant mechanisms
and joints can be printed [80], as well as different surface patterns [63],
playing with material properties and thickness.

6.2. Medical regulations and sterilization

In 2017, the FDA issued a new guideline to share technical aspects
on the use of AM technologies to fabricate medical devices [25]. The
guideline covers all steps: from the design process to the test phase and
sterilization. One of the critical aspects on the production of medical
devices using AM is maintaining tight tolerances. Depending on the AM
technology used, it can be challenging to keep the correct dimensions
and geometry, especially in small-scale applications [58], and to pro-
duce identical pieces respecting tolerances. Another important factor
that is almost never considered in the analyzed articles is the possibility
of debris remaining even after sterilization, owing to the complex shape
of the device. Any medical device needs to be sterilized before direct
contact with the patient. However, the more complex the instrument
geometry, the more difficult the sterilization process.

According to the Centers for Disease Control and Prevention, there
are many sterilization techniques, such as autoclave, hydrogen peroxide
gas plasma, and ethylene oxide gas [100]. The autoclave, which uses
steam under pressure at a high temperature (121 °C or 134 °C), is
nontoxic and allows quick cycles of sterilization. However, it can da-
mage instruments printed with certain polymeric materials that have a
relatively low melting point. For example, PLA becomes soft at 60 °C
[54] and ABS deteriorates at 88 °C [53]. The autoclave can be used with
instruments printed with the PA 2200 polymer, but in this case, ster-
ilization can be done only one time because, after the first use, the
blood contamination cannot be eliminated [78]. Ethylene oxide gas and
hydrogen peroxide gas plasma are low-temperature sterilization
methods (below 60 °C) with a cycle duration of 12–24 h and 28–75min,
respectively [100]. However, ethylene oxide gas may be toxic and FDA
recommends to use it as a last resort [101]. Hydrogen peroxide gas
plasma is safe for the body and the environment. Both ethylene oxide
gas plasma and hydrogen peroxide gas plasma can be used with addi-
tively manufactured instruments, but none of the covered studies have
implemented these sterilization methods.

An interesting approach is suggested by three articles [29,41,57].
Due to the high temperature with which the material is extruded using
FDM, it could be possible to consider the process as self-sterilizing (if
the piece is printed in a sterile platform and environment), according to
the polymerase chain reaction (PCR) test for bacteria load [41]. How-
ever, only 90% of the instruments printed by Kondor et al. were con-
sidered accurately sterilized directly after the printing process [32].

The overall conclusion is that even if some studies show an interest
in the sterilization phase, many of them (42 studies) do not take this
aspect into consideration. The choice of using AM in the early

prototyping phase can explain the lack of concern in the sterilization
phase. However, owing to the connection between complexity of design
and difficulties in the sterilization process, it would be preferable to
consider sterilization as a priority in the development of additively
manufactured medical devices.

6.3. Production cost

AM is often considered as an inexpensive method of fabrication, and
if we consider only the material cost, this is indeed frequently true
[48,96,80]. However, there are various factors that must be considered.
In order to design a medical instrument, an expertise in CAD modeling
is necessary and the labor cost of a designer can be approximately
$100–150 per hour [38]. The CAD software license can have an annual
cost of approximately $2000 or more and even if free software packages
are available, paid software packages are often necessary for complex
geometries. Moreover, the design of fine mechanical systems needs a
long refinement phase to adapt the CAD design to the 3D-printed re-
sults, increasing the labor cost of the designer. A considerable differ-
ence in cost is attributed to the type of printer used. FDM is the cheapest
technology currently available [99] and the printer cost is approxi-
mately $2500 [41,59,57]. However, considering a similar build vo-
lume, printers such as multijet (MJ technology), stereolithography (VP
technology), or selective laser sintering (PBF technology) have con-
siderably higher costs (Table 3). Other factors that must be taken into
consideration are post-processing, sterilization, and energy usage.
Among the relevant articles analyzed, only two of them provided a
detailed analysis of the costs; in both cases, the FDM technology was
used [57,58].

6.4. 3D printing to help and 3D printing to challenge

Looking at the reasons behind the choice of using AM for medical
instruments, it is clear that two major application groups can be dis-
tinguished: instruments made to help people in developing countries
and instruments made to tackle new challenges in terms of design
complexity and technical possibilities. Five of the analyzed articles
presented ideas to expand the access to medical instrumentation in
developing countries. Moreover, there are many non-profit organiza-
tions, such as the ILab/Haiti, which introduce AM to the locals in order
to provide critical medical equipment such as umbilical cord clamps or
oxygen splitters in a shorter time with an effective reduction in cost
[103]. A similar project is implemented in Tanzania, where the ReFab
Dar organization is exploring the opportunity of recycling plastic to
produce medical supplies such as circumcision kits [104]. The intent of
these non-profit organizations is obviously good, but there are still
some challenges to be addressed, such as the energy supply required to
run the 3D printers and the sterilization of instruments produced [103].
Moreover, there are a number of projects that base the material supply
on recycling plastic but the consequences of this choice are not com-
pletely clear in terms of durability, mechanical properties, and ster-
ilization. Another important issue that should be taken into

Table 3
Examples of 3D printers available in the market for fused deposition modeling (FDM), multijet (MUJ), stereolithography (SLA), and selective laser sintering (SLS),
considering a similar build volume [99,102].

Printing process (printing technology) Name Company Build Volume (cmxcmxcm) Min. thickness layer (μm) Material Cost (€)

FDM (ME) Ultimaker 2 Ultimaker 23.0× 22.5× 20.5 20 polymeric 2,500
FDM (ME) AW3D HDX Airwolf 3D 30.5× 20.3× 30.5 60 polymeric 3,500
MUJ (MJ) ProJet 3510 series 3D Systems 29.8× 18.5× 20.3 16-32 polymeric 69,500
Polyjet (MJ) Objet Eden Stratasys 25.5× 20.0× 25.2 16 polymeric 19,800
SLA (VP) ProJet6000 3D Systems 25.0× 25.0× 25.0 50 polymeric 200,000
SLA (VP) Form 2 Formlabs 14.5× 17.5× 14.5 25-100 polymeric 4,000
SLS (PBF) Elite P3600 TPM 36.0× 36.0× 60.0 130 polymeric 150,000
SLS (PBF) ProX series 3D Systems 38.1× 33.0× 46.0 100 polymeric 500,000
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consideration is the possibility of damage to the 3D printers and the
need for experts to repair them. Simplifying the 3D printing process is
one of the actions for expanding the accessibility and attaining faster
and ready-to-use instruments.

A completely opposite trend in AM is to push its boundaries further
in the design of highly complex devices capable of performing a new
generation of medical procedures. Continuum robots are part of this
group [71,67,69,73]. These robots are designed to navigate to in-
accessible areas of the human body that are impossible to treat with
conventional instrumentation.

6.5. Temporal distribution and future trends

AM began to gain importance in the 1980s. Fig. 10 shows how this
technology has strongly increased its impact in the field of medical
instruments for diagnostics and surgery only in the last eight years. In
fact, we did not use any time limitation in our query and no relevant
articles dated before 2011 were found. Compared to other medical
fields, such as orthoses or surgical planning models, the interest in
medical instruments for diagnostics and surgery had grown later
[105,106]. This is probably related to the design complexity, advanced
functionality, and miniature dimensions of medical instrumentation.
The earliest designs for both orthotic and surgical models were only
static models based on the images acquired by means of computed to-
mography scan or MRI without post-processing. On the contrary, it is
often not possible to print medical instruments with the exact same
design as used with conventional manufacturing to achieve the same
functionality. The upward trend can then be considered as the con-
sequence of an increase in knowledge of AM technologies.

In this review, we only considered the seven main categories of AM
defined by ASTM. However, new technologies have been invented and
tested in the last years. Microscale medical instruments for minimally
invasive surgery have been printed by Cohen et al. with the innovative
technique of Electrochemical FABrication (EFAB) in which, alternating
layers of sacrificial material and structural material, the final device is
produced with a layer thickness of 4 μm [107]. Other promising tech-
niques in the micro/nanoscale are Projection Microstereolithography
(PμSL) and Direct Ink Writing (DIW) which are widely explained by
Mao et al. [108]. PμSL is a 3D printing technology similar to the SLA in
which liquid photosensitive materials are polymerized. The high re-
solution of this technology is given by the combination of a single ex-
posure per layer and the use of micromirror arrays to define the pro-
jected mask. DIW is similar to FDM, however, the material is not
extruded due to an increase in heat but usually under pressure by ex-
ploiting the high viscosity of the material to keep the shape before the

post-processing phase. These techniques are mainly used in the bio-
printing field, but, given the possibility of printing different types of
materials, among which polymers and metals, at a reasonably large
volume, possible future applications can be seen in the production of
micro-instrumentation, such as instruments for eye surgery, or soft
actuators [109].

Improving conventional AM, an interesting direction is followed by
Mangat et al. [110]. They use FDM to produce an enhanced material for
medical applications by embedding natural fiber into conventional PLA.
This idea can find applications not only in bioprinting but also in
medical instruments where having tendons directly embedded into the
device can lead to a faster assembly as well as more complex geometry
in tendon-driven instruments.

Finally, a remarkable new technology is Continuous Liquid Interface
Production (CLIP) developed to overcome limitations of SLA [111].
This technology, allows a 3D object to be built continuously without
any stop between layers and at a higher speed than in SLA by keeping
high resolution [112,113]. The great potential shown by this tech-
nology can be foreseen in customization of medical instruments directly
before or during surgery due to the high printing speed which allows for
on-demand kits in a short time. High-resolution technologies, although
still in an initial stage, as well as modified conventional AM have a
great impact in the design of medical instruments leading to new de-
signs impossible to produce with conventional manufacturing technol-
ogies.

6.6. Limitations of this study

This review focuses on the AM of medical instruments for diag-
nostics and surgery taking into consideration only the seven technolo-
gies listed by the ASTM. However, the combination of additive and
subtractive manufacturing technologies has not been considered as well
as AM technologies such as the EFAB technology able to print medical
devices in a microscale [114,107]. Because we only considered articles
in which the use of AM is specified, we did not cover papers without a
description of the fabrication technology or the material used. A
number of AM surgical guides are presented in the literature, mostly in
dental interventions and orthopedic surgeries, but they are not included
in this review. A comprehensive overview of such devices is provided
by Dahake et al. [115] and Popescu et al. [116].

7. Conclusion

This review article provides an overview of the AM of medical in-
struments used for diagnostics and surgery. We categorized the medical
instruments according to the clinical application, novelty, reasons be-
hind the choice of using AM, and the technical characteristics of the AM
technologies used. Using AM means having considerable freedom in
terms of complexity of the design compared to conventional manu-
facturing. Several research groups are pushing the boundaries of AM to
achieve instruments with advanced functionalities. However, steriliza-
tion issues are often ignored. AM is often considered to be an in-
expensive and rapid method to produce on-demand medical instru-
ments. The basic material used to print prototypes can be considered
inexpensive but the printing technology used is often expensive. On the
other hand, the AM technology is opening the door to a personalized
treatment that will help people with rare diseases or uncommon
anatomy. Moreover, the simple production provides an easier access to
healthcare for people who live in developing countries or remote areas.
Making use of AM, without disregarding the practical aspects of such a
sensitive field, is therefore a great opportunity for designers to develop
a new generation of medical instruments with a great impact on society.
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