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Abstract. The aim of this feasibility studywas to investigate howa3Dprinter could be put to its best use in a resource-
limited healthcare setting.Wehave examinedwhether a 3Dprinter can contribute tomakingprostheses, braces, or splints
for patients who underwent major limb amputation because of complex wounds, for example, due to burns and sub-
sequent scarring, accidents, conflicts, or congenital abnormalities. During a 3-month period, we investigated the benefits
of customized, 3D-printed arm prostheses, splints, and braces in Sierra Leone. Using a handheld 3D scanner and a 3D
printer, patient-specific medical aids were designed, manufactured, and tested. Questionnaires regarding patient sat-
isfaction and the functionality of the prostheses were used for a short-term follow-up. Four esthetic prostheses were
designed: twoprostheses of the hand, one of the forearm, andoneof the entire arm. Follow-upswere conducted after 3 to
4weeks to investigate the quality of the prostheses and to complete a patient questionnaire. Even though the prostheses
primarily fulfill esthetic needs, they also exhibit some degree of functionality. In addition, four splints for hands and arms
were made to prevent scar contractures after skin transplantation. Finally, a brace for a young boy with kyphoscoliosis
wasmanufactured. Theboyhas accepted thebrace andwill be followedup in themonths to come. Long-term follow-up is
required to prove the sustainability of the 3D-printed brace and prosthetic arms. Further research into how to sustain and
refine this project is underway.

INTRODUCTION

Sierra Leone ranks 184of 187on theUNdevelopment index
and has a population of seven million inhabitants.1 In the af-
termath of both a civil war (1991–2002) and the recent West
African Ebola outbreak (2014–2016), Sierra Leone’s health
system is fragile, and the country is still reeling from the effects
of these incidents.
Many complex wounds and amputations occur in Sierra

Leone because of traffic accidents and serious infections.2 A
common problem is the delayed patient presentation to the
hospital, and a vast majority of patients consult traditional
healers.3 Because of this combination of circumstances, an
initially small medical problem often leads to irreversible
damage. Furthermore, many amputees lost their limbs be-
cause of acts of violence during the civil war.4

The availability of medical aids and prostheses is still a
major problembecause of a lack of knowledge, lowavailability
of materials, few trained staff, and high costs.5,6 Below-the-
knee prostheses typically cost around US$100; above-the-
knee prostheses cost around US$150. Prostheses for the
arms are rarely made, and therefore cost estimates are not at
hand. These prices are mainly high because of considerable
import prices of the required materials. With an average in-
come of US$506 a year, buying such a prosthesis is beyond
reach for most people.7 It is estimated that only 5–15% of
people in countries with low income who require assistive
devices and technologies have access to them.6

3Dprinting is still a rarely used technique in resource-limited
settings, especially in the healthcare sector.8 Nevertheless,
we expect that communities may largely benefit from access

to customized 3D-printedmedical aids. Access to 3Dprinting,
even in its most basic form, can provide a useful and essential
tool for manufacturing locally relevant medical aids, such as
braces, splints, and prostheses. Both simple and more com-
plex products can be made when needed, with decreased
transportation delay and lower costs.
When people are missing limbs, they often feel incomplete,

which can lead to insecurity, depression, and exclusion from so-
ciety. It is expected thathavingaprosthesiswill allow themtoblend
in with the rest of the society and give themmore confidence.
In addition to prostheses, we discovered that there is also a

demand for other medical devices. Currently, there are nomedical
devicesorsurgicaloptions forpeoplewithscoliosis inSierraLeone.
These people can be helped with a 3D-printed brace. In addition,
3D-printed splints can bemade. For example, people can prevent
contractures after burns or skin transplants with such splints.
In addition, we assume that esthetics plays an important role in

Sierra Leone. A 3D handheld scanner enables the creation of
esthetically appropriate patient-specific prostheses by using the
contralateral side as amodel. In this way, esthetic prostheses can
be made. Finally, 3D-printed products are lightweight and, there-
fore, very suitable for use in prostheses and other medical aids.
We are not the first to set up a 3D laboratory in a rural area.

Similar examples of the use of extrusion printers for local
customizedproductionof prosthetic arms, hands,fingers, and
legs have been found in Sudan, Uganda, Pakistan, Syria,
Nigeria,Madagascar,Guatemala,Nepal,Cambodia, Ecuador,
andEgypt.9–16 A similar project for printingmedical equipment
is being set up in two hospitals in Kenya and Haiti.17,18 How-
ever, because of the limited research and follow-up performed
on these projects, it is difficult to assess the quality of the
medical aids and the extent to which the projects have been
successful and are still ongoing. This shows that affordable
access to this technology remains a major challenge in low-
and middle-income countries.19

* Address correspondence to Merel van der Stelt, 3D Lab, Radboud
University Medical Center, Geert Grooteplein Zuid 10, Nijmegen 6525
GA, The Netherlands. E-mail: merelvanderstelt@gmail.com

905

mailto:merelvanderstelt@gmail.com


In addition, most projects that have been established make
functional 3D-printed hand prostheses consisting of multiple
printed parts.20–23 Although these prostheses allow a partial
gripping motion, we believe them to be too fragile and com-
plex to maintain and repair in a limited-resource setting, such
as in Sierra Leone. In addition, we expect that there is more
demand for a prosthesis that meets esthetic needs. With the
robotic appearance of these prostheses, they seem less suitable
for esthetic purposes.
The aim of this feasibility study was to investigate how a 3D

printer could be put to its best use in a resource-limited
healthcare setting. We examine whether a 3D printer could
contribute by making prostheses, braces, and splints for pa-
tients who have undergone an amputation or who have con-
genital abnormalities or burns.

METHODS

During a test period of 3 months, from December 2018 until
February 2019, participants were recruited from Masanga
Hospital or amputation camps in the area. In Sierra Leone, a
number of amputation camps, where people live together in a
community, were established after the war.
Informed consent was obtained from all participants before

inclusion. All participants agreed to use photos in which they
wear medical aids in publications. Ethical approval for this
studywasobtained from theSierra LeoneEthics andScientific
Review Committee.
Patientswho required a prothesiswere invited to participate in

the study if the amputation occurred at least 4 months ago.
Participants were not eligible when wounds on the stump were
present or when the stump was painful. The wishes of the pa-
tients regarding the esthetics and functionality of the prostheses
were discussed during the planning phase.
Function tests and dimensions of the stump, the unaffected

limb, and other parts of the body were recorded and scanned
with a handheld 3D scanner (Einscanner Pro, Shining 3D
Technology, Hangzhou, China).24 Subsequently, a design
was made in Meshmixer (Autodesk Meshmixer 3.5, Toronto,

Canada).25 For the prostheses, a custom-made socket was
designedwith amirrored version of the contralateral biological
arm. Using the 3D printer (Ultimaker 2 + Ultimaker BV, Gel-
dermalsen, theNetherlands) located at theMasangaHospital,
medical aids can be manufactured quickly. The printer uses a
fused deposition modeling technique. This is a technique in
which the print head extrudes melted thermoplastic filaments
in a layering process to create a 3D object. Polylactic acid
(PLA) (Ultimaker BV) filamentswere used to create themedical
aids.26 Uninterruptible power supply was used to supply
voltage to the printer to prevent power changes and outages.
Finally, additional adjustments weremade together with the

local prosthetics specialist. When the prosthesis or other
medical aid was finished, the participant was instructed to
return to the hospital to fit the prosthesis and test its func-
tionality. Minor adjustments were made according to need,
using leather straps for belts and foam to prevent pressure
spots. If the prosthesis was considered satisfactory by both
the patient and healthcare worker, the patient was allowed to
take it home. A Dutch prosthetic specialist was involved via
teleconferencing for any questions and advice.

FIGURE 1. Woman with transradial amputation. She lost her arm be-
cause of a snakebite for which a traditional healer was consulted. A 3D-
printedprosthesiswasmade for her,with anextrabelt toprevent slipping.
She uses the prothesis for domestic activities, supporting her dominant
hand,cooking,andestheticpurposes. (Photoswithkindpermissionof the
patient). This figure appears in color at www.ajtmh.org.

FIGURE 2. Man with shoulder disarticulation. He lost his arm be-
cause of a fall accident causing a fracture, after which a traditional
healer was consulted. The arm became infected, resulting in necrosis.
A 3D-printed prosthesis was made for him, with a belt to attach the
prosthesis to his body. He uses the prosthesis for esthetic purposes,
especiallywhenhegoes to school. (Photoswith kindpermissionof the
patient). This figure appears in color at www.ajtmh.org.
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Patients who received a prosthesis were asked to complete
questionnaires to assess their satisfaction and the function-
ality of the prosthesis after 3–4weeks. This questionnaire was
based on an existing questionnaire made for upper limb
prostheses but adapted to an African situation with additional
questions (Supplemental Appendix B).27

RESULTS

Four esthetic prostheses were made: two prostheses of the
hand, oneof the forearm,andoneof the total arm (Figures 1and
2). Even though the prostheses are primarily esthetic, they also
exhibit some degree of functionality. For example, the pros-
thetic arm can provide support for the contralateral biological
arm, andparticipants seem to havemore self-confidencewhen
wearing the prosthesis. Table 1 provides information obtained
from the questionnaire. All patients were still wearing the
prosthesis after 3–4 weeks of follow-up. Three of the four pa-
tients were using the prosthesis for more than 6 hours a day.
Onepatient used theprosthesis for 4 hours aday. In addition, all
four patients indicated that they considered esthetics just as
important as functionality and that theprosthesisprovidedextra
self-confidence. No complications occurred in the short term.
Four splints for hands and arms were made to prevent scar

contractures after skin transplantation (Figure 3). The splints
were well worn by the time the patients recovered in the
hospital, and after discharge, no follow-up was possible.
In addition, a noncorrecting brace for a 7-year-old boy with

kyphoscoliosis was made (Figure 4). We hope that the brace
will provide enough support to prevent a deterioration in the
kyphoscoliosis. After 15weeks, hewas still wearing the brace,
and it did not cause any pressure spots or skin irritation. In the
future, he will be followed up with to explore the possibility of
replacing the braces as he continues to grow.
Themedical aidsare lightweight.A forearmprosthesisweighs

approximately 300 g ($14 USD inmaterial costs), and the brace
weights approximately 340 g ($16 USD in material costs). This
ensures that the medical aids can easily be worn by children.

DISCUSSION

In this study, we investigated how a 3D printer can be put
to best use in a resource-limited healthcare setting. In the
3-month pilot phase period from December 2018 to February
2019, we examined whether a 3D printer could contribute by

making prostheses, braces, and splints for patients who have
undergone an amputation or have congenital abnormalities or
burns. Four esthetic prostheses were made: two prostheses
of the hand, one of the forearm, and one of the total arm. In

TABLE 1
Summary of completed questionnaires by patients who had obtained 3D-printed prostheses

Cause of amputation 1/4: Civil War
1/4: snake bite and traditional healing
1/4: fall accident and traditional healing
1/4: burns

Number of hours of daily use of the prosthesis: 3/4: more than 6 hours
1/4: 4 hours

Does the prosthesis give you more confidence? 4/4: yes
What would you prefer: esthetic or functional prosthesis? 4/4: esthetics is just as important as function
Purpose of use Case 1: grabbing things, supporting the dominant hand,

getting dressed, cooking, and aesthetic purposes
Case 2: domestic activities, supporting the dominant hand,
cooking, and esthetic purposes

Case 3: esthetic purposes
Case 4: esthetic purposes

Complaints related to prosthesis (stump pain, skin
problems, phantom pain, and suspension)

4/4: No

FIGURE 3. 3D-printed splints for hands and arms to prevent burn
scar contractures after skin transplantation. This figure appears in
color at www.ajtmh.org.
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addition to the esthetic function, which appears to play a
major role in Sierra Leone, the prostheses also seem to ex-
hibit some degree of functionality. Moreover, four splints for
hands and arms were made to prevent burn scar contrac-
tures after skin transplantation. Finally, a brace for a 7-year-
old boywith kyphoscoliosis wasmade. 3D-printingmaterials
are lightweight and therefore suitable for making medical aids.
In addition, material costs for a prosthesis of the forearm are
only approximately $14 USD, and for a brace, $16 USD. These
are costs that someone from Sierra Leone could afford.
It has been found that esthetics plays an important role in

Sierra Leone. All participants indicated that esthetics was just
as important as functionality. Wearing a prosthesis gave them
more self-confidence, allowing them to increasingly participate
in society. The patient with the shoulder disarticulation even felt
confident enough togo to the university again. Thewomanwith
thewrist disarticulation always carried her hand under her skirt,
which denied her the functionality of the entire arm. After fitting
anesthetic prosthesis, sheusesher armagain. Thewomanwith
the amputated fingers always carried a bag around her hand,
which completely disabled the functionality of her hand. Her
new prosthesis makes her feel that she has a normal hand
again; her regainedconfidence isencouragingher toparticipate
more in thecommunity again. Theseexamples indicate that 3D-
printed esthetic prostheses can be of great added value in re-
storing confidence. This increases the usage of the amputated
limb and the prosthesis. Because the prosthesis wasmade in a
grippingposition, the handcanbeused as a hook to pick things
up and can serve as support for the dominant hand. This shows
that, in addition to its esthetic function, prostheses also restore
part of the functionality of a limb.
This studyalsohas limitations.Our studypopulationwassmall,

and only short-term follow-up was performed at the time of the
writing of this article. In the future, we hope to include more pa-
tients and perform a longer follow-up. During follow-up, we no-
ticed that it was sometimes difficult for participants to complete

the questionnaires. Many people had no formal or higher edu-
cation,which led toquestionsbeingmisinterpretedeasily,making
the results less reliable.Questionnairesmust be kept as short and
simple as possible. For subsequent projects, we want to prepare
an extensive questionnaire that includes a quality of life test. By
providing a questionnaire before and after receiving the pros-
thesis, the questionnaire scores could be compared with each
other, and the added value of the prosthesis can be measured.
The prostheses are made from PLA, which is one of the least

expensive printing materials. The present material costs of a
functional 3D-printed transitional hand prosthesis are approxi-
mately $50 USD.21 We have shown that a simple esthetic pros-
thesis, consisting of fewer types of material and fewer parts, can
reduce thecostsevenmore.Material costs for aprosthesisof the
forearm are approximately $14 USD. However, PLA is probably
not the most suitable material because it absorbs moisture, can
deform at high temperatures, and is not completely resistant to
UV radiation. We have not seen any difficulties with this in the
short term.Longer termassessmentswill indicatewhetherPLA is
suitable for the circumstances of Sierra Leone.
For a project such as this to become independent from

outside, it must be made sustainable. This means that the
prostheses must be affordable for the local population and
that theproject canbecarriedout by the local population itself.
This is a major challenge due to the limited knowledge avail-
able in Sierra Leone in the field of 3D printing. In the longer
term, we hope to be able to train local collaborators to run the
project independently. To achieve this, the process of making
the prostheses must be made as standardized and simple as
possible. In the current procedure, a design was made in a
freely available design program MeshMixer. To learn how to
work with this program, certain knowledge of computers and
design is needed, which requires substantial time and effort to
learn. We hope to write a software program to automate this
process so that these time-consuming and difficult steps can
be skipped, making the process of learning to design a

FIGURE 4. 3D-printed non-correcting brace for a 7-year-old boy with kyphoscoliosis. (Photos with kind permission of the parents). This figure
appears in color at www.ajtmh.org.
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prothesis easier. Long-term follow-up needs to be performed
to prove the sustainability of the 3D-printed brace and pros-
thetic arms. We hope to be able to visit the participants again
after 6 months to investigate their use of the prostheses.
This study has proven the added value of 3D-printedmedical

aids in low-income countries such as Sierra Leone. In the
coming years, we hope to further expand the 3D laboratory so
that we can make more arm prostheses and other medial aids
and improve them.Finally,wehaveseen that there isalsoagreat
demand for affordable leg prostheses. Although these pros-
theses must meet a wider range of requirements, we hope to
investigate whether 3D printing can also be of value in this area.

CONCLUSION

We believe that because of its low cost and relatively easy-
to-use technology, 3D printing is useful for healthcare pur-
poses, especially in resource-limitedsettings.Thefirst prosthetic
results seem to be positive. Even though the prostheses are
primarily esthetic, they also exhibit some degree of functionality.
Long-term follow-up needs to be performed to prove the sus-
tainability of the 3D-printed brace and prosthetic arms. Training
local staff to pursue follow-up data collection and future en-
gagement to safeguard long-term funding will be the next steps
toward achieving sustainability.
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