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Background

Additive manufacturing, more commonly referred to as 
three-dimensional printing (3DP), provides an exciting 
opportunity to create custom-made low-cost prosthetic 
upper limbs. The manufacturing method prints layer-by-
layer from a digital 3D model. 3DP has been used for 
decades to make non-functional prototypes, but advances 
in process capabilities and materials have enabled fin-
ished components to be printed directly from software.1,2 
It is easy and inexpensive to customise each print, and it 

is less labour intensive than manufacturing traditional 
prostheses. Furthermore, open-source databases (e.g. 
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E-Nable, a non-profit organisation3 and Open Bionics, a 
for-profit organisation4) of body-powered and bionic 
3DP designs are readily available for printing on con-
sumer printers. These allow amputees to modify, print 
and trial their own devices without requiring any special-
ist equipment.

3DP technology supports a data-driven approach, 
allowing additional information from sensors, previous 
designs and machine-learning to be incorporated into the 
devices, potentially reducing trial-and-error in fitting. 
With more than 100 million people globally in need of a 
prosthesis or orthosis, 3DP may also help increase access 
above current figures of 1 in 10.5

For a new therapy to be accepted by healthcare regula-
tory bodies or recommended for reimbursement by insur-
ance companies, its efficacy and effectiveness must be 
shown. Efficacy is defined as the performance of the 
device under ideal and controlled conditions, and effec-
tiveness is defined as its performance under everyday con-
ditions.6 The Food and Drug Administration (FDA) states 
that 3DP medical devices are required to meet the same 
regulations as their non-3DP counterparts and expects 3DP 
devices to rarely raise different questions on safety and 
effectiveness.7 Evidence of efficacy and effectiveness for 
medical devices requires randomised clinical trials, which 
are published in peer-reviewed journals.

In reviewing the relevant literature, the level of evi-
dence8 and the quality of the study can be assessed using 
published tools.9 In particular, this determines whether the 
reported trial is designed to ask an appropriate question 
that relates to how the device is to be used – that is, ‘exter-
nal validity’ – and whether the study answers the research 
question in an unbiased way – that is, ‘internal validity’.10

Despite the growing popularity of 3DP upper-limb 
prosthetics, no review of their efficacy and effectiveness 
has been carried out. This review aims to assess the evi-
dence for the clinical efficacy and effectiveness of 3DP 
upper-limb devices by performing a systematic literature 
search, categorising studies by their level of evidence, and 
critically appraising their scientific quality.

Methods

A systematic review of literature was performed using 
PubMed, Web of Science and OVID to find manuscripts 
that reported human trials of 3D printed upper-limb pros-
thetics. The review follows the Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses (PRISMA) 
guidelines.11 This systematic review does not require ethi-
cal approval.

The 73 terms included in the search covered areas under 
three MESH headings: ‘health care evaluation mecha-
nisms’, ‘printing, three-dimensional’ and ‘prostheses and 
implants’. The search includes all publications up to 
September 2016 (see Table 1 for full search strategy).

The title and abstract of each publication was reviewed 
to assess whether it met the inclusion criteria of:

1.	 Relevance. Manuscripts were required to report on 
a trial with human participants that tested a 3D 
printed upper-limb prosthesis.

2.	 Language. The review only included manuscripts 
written or translated into English.

3.	 Peer-review. Manuscripts were required to have 
been through a peer-review process.

A full-text review of the included studies was under-
taken and any cited references that met the inclusion crite-
ria or papers suggested by experts were added. The studies 
were then rated according to their level of evidence, based 
on the Oxford Centre for Evidence-based Medicine 
(CEBM) Levels of Evidence.8 The Downs and Black9 
Quality Index was used to critically analyse the studies 
under review. It has 27 questions divided into ‘reporting’, 
‘external validity’, ‘internal validity’ both in regards to 
bias and confounding, and ‘power’. Instead of assigning 
weights to the items in the scale, the responses have been 
left in their raw form (yes/no/unable to determine/not 
applicable) and presented in a table to enable the reader to 
visualise the trends, as recommended by the Cochrane 
Handbook for Systematic Reviews of Interventions.10 A 

Table 1.  The search terms with the MESH headings in bold.

‘health care evaluation mechanisms’ OR ‘randomized controlled’ OR ‘randomised controlled’ OR RCT OR ‘randomized control’ 
OR ‘randomised control’ OR ‘clinical trial’ OR ‘clinical study’ or ‘clinical evaluation’ OR ‘case-control’ or ‘case control’ OR ‘case study’ 
OR ‘case report’ OR ‘pilot study’ OR efficacy OR effectiveness OR evaluation OR validation OR feasibility OR cohort OR observational 
OR longitudinal OR retrospective OR comparative OR exploratory OR subjects OR participant OR participants OR patient OR patients

AND (‘Printing, Three-Dimensional’ OR (‘three dimensional’ OR ‘Three-dimensional’ OR ‘3 Dimensional’ OR 3D OR ‘3-D’ 
AND (printing OR print OR printed)) OR ‘3D-printing’ OR ‘3D-print’ OR ‘3D-printed’ OR stereolithography OR ‘laser melting’ 
OR ‘electron beam melting’ OR ‘fused deposition modeling’ OR ‘fused deposition modelling’ OR ‘selective laser sintering’ OR 
‘rapid manufacturing’ OR ‘rapid prototyping’ OR ‘layered manufacturing’ OR ‘digital manufacturing’ OR ‘3D prototyping’ OR ‘3D 
fabrication’ OR ‘rapid fabrication’ OR ‘freeform fabrication’)

AND (‘prostheses and implants’ OR prosthetic OR prosthetics OR prosthesis OR prostheses OR artificial OR bionic OR 
robotic AND finger OR hand OR wrist OR transradial or ‘trans-radial’ or transhumeral or ‘trans-humeral’ OR shoulder OR ‘upper-
limb’ OR ‘upper limb’ OR ‘upper-extremity’ OR ‘upper extremity’)
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summary of the included studies (intervention, details of 
participants and primary outcomes) was also tabulated.

Results

After removing duplicates, 321 records were identified. Of 
these, seven met the relevance, language and peer-review 
inclusion criteria (Figure 1). The references cited in the 
included studies did not reveal any further studies that met 
the inclusion criteria but one additional study was found 
by a field expert and included. The studies were then rated 
according to their level of evidence. All eight were small 
non-randomised trials without controls, five of which were 
individual case studies (Figure 1).

The eight studies evaluated are summarised in Table 2. 
Only one was an above-elbow device. The remaining seven 
studies included hands, a finger actuator and an exoskeleton 
for arm rehabilitation that was labelled as an exoprosthesis. 
One study was designed to assess whether it is feasible to fit 
a prosthesis from a distance,17 and another used the same 
prosthesis design but focused on assessing the physical 
changes that occurred in the participant after 6 months of use. 
The other six studies aimed to assess the functionality of the 
device, but the focus of the papers was on describing the 
design of the prosthesis rather than assessing its clinical effi-
cacy and effectiveness. Of the five studies that tested a device 
with amputees, four were tested with children. The other 
devices have not been clinically trialled with amputees.

A critical appraisal of the studies shows that no studies 
compared the 3DP device to current products or methods, 
blinded the participants or those measuring the outcomes 
to the intervention, or demonstrated external validity 
(Table 3, with abridged Quality Index questions). Three 
studies included follow-up; one followed up the patient 
after 2 weeks of prosthesis use, another between 1 and 
3 months after first use and the third after 6 months of 
use. Despite all papers reporting positive outcomes of 
using the 3DP devices, only one had sufficient power to 
detect a clinically important effect. This one showed 
increase in wrist range of motion and wrist circumference 
after 6 months of use.

Discussion

The results of this review show that no studies have appro-
priately assessed the efficacy or effectiveness of using 
additive manufacturing for upper-limb prosthetics. None 
of the studies used a control group to evaluate the effects 
of using the 3DP device or demonstrated an improvement 
over conventional prostheses. However, one study showed 
that a 3DP hand significantly improved wrist range of 
motion and circumference after 6 months of use. The case 
studies and pilot studies that were found demonstrated lim-
ited internal validity and did not demonstrate external 
validity. Therefore, the results and conclusions of the stud-
ies must be used with caution.

Outcomes reported were mainly on 3DP device kine-
matics, especially of the terminal device, and qualitative 
functional assessment was highly positive. Three studies 
used grasping tasks for functional assessment, but only 
one used a validated test procedure.16 It showed that the 
user was unable to grip heavier items or complete tasks 
that required fine manipulation. One study showed no 
significant mean difference between anthropometric 
measures taken on the subject’s arm and those taken 
from photographs, suggesting that there may be poten-
tial for remote fitting of 3DP prostheses. However, they 
made no assessment of the outcomes of fitting provided 
in this way.17

None of the reports assessed 3DP device strength and 
durability, though one study indicated that three out of five 
participants reported breaking or malfunctioning of the 
prosthesis over a 6-month period.18 3DP material is highly 
anisotropic, with different mechanical properties depend-
ing on loading direction, and prosthetics are subjected to 
complex, cyclic loading. The strength of 3DP is typically 
lower than an injection-moulded equivalent.20 3DP materi-
als and designs need to be carefully chosen in order to 
ensure that they have the necessary strength and durability 
to support everyday use. Only one report of an above-
elbow prosthesis was found,19 potentially reflecting the 
difficulty of meeting even basic strength requirements. No 
follow-up longer than 6 months was reported, so there is 
limited information on durability and wear of the devices.

A key benefit to using 3DP for medical applications is 
its ability to print devices customised to the patient. Four 
studies customised the size of device for the participant 
and two others discussed the possibility of custom sizing. 
However, research into using 3DP to support a data-driven 
approach to customisation, such as feeding information 
from scans or sensors into the digital model to improve 
comfort or to match the limb shape to the contralateral one, 
has yet to be explored. In the field of lower-limb prosthet-
ics, there has been preliminary research into using mag-
netic resonance imaging (MRI) or computed tomography 
(CT) data to assess bone depth so as to print cushioned 
areas into the socket using a multi-material 3D printer.21 

Figure 1.  Flow chart of the selection and sorting method.
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Table 3.   Critical appraisal of studies using the Downs and Black9 Quality Index.
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y x − − − x ? ? x

12. Participants represent population x − − − x ? ? x

13. Staff/places/facilities match std. treatment − − − − ? ? − −

14. Participants blinded to intervention

In
te

rn
al

 v
al

id
it

y 
- 

 
bi

as

− − − − − − − −

15. Those measuring outcomes blinded − − − − − − − −

16. Data dredging reported x x + x + + + x

17. Adjusted for different lengths of follow-up x x x x x x + x

18. Appropriate statistical tests x x x x x + + x

19. Reliable compliance with intervention ? + + + + ? ? ?

20. Accurate/reliable outcome measures x ? − ? + + + ?

21. Groups recruited from same population

In
te

rn
al

 v
al

id
it

y 
- 

co
nf

o
un

di
ng

x x x x x x x x

22. Groups recruited over same timeframe x x x x x x x x

23. Subjects randomised into intervention x x x x x x x x

24. Randomised intervention concealed x x x x x x x x

25. Adjustment for confounding x x x x x x x x

26. Losses to follow-up accounted for x x x x x + + +

27. Sufficient power

P
o

w
er − − − − − − + −

This research may be transferable to upper-limb prosthet-
ics. The main reported advantages of 3DP from the upper-
limb studies were low manufacturing costs for small print 
runs, ease-of-access for the researchers and options for 
making the design open-source.

Non-trained professionals frequently provide prosthet-
ics services, often resulting in poor fit, inadequate rehabili-
tation support and secondary complications.5 There is a 
danger that users who self-print their device may not 
receive the support they require to maximise their func-
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tion.22 Therefore, the implementation of any 3DP prosthet-
ics service will require careful design and monitoring.

In 2016, the FDA released draft guidance on the techni-
cal considerations in 3DP.7 There remains ambiguity in 
how non-traditional manufacturers, such as hospitals and 
clinics, must adhere to these regulations and how these 
sites will be regulated. However, as further clarity is pro-
vided on these issues, it is expected that these manufactur-
ers will also be required to demonstrate proof of device 
efficacy and effectiveness before prescribing 3DP devices 
for patients.6,7

Providing a critical appraisal of the efficacy and effec-
tiveness of 3DP upper-limb devices gives healthcare pro-
fessionals a resource to assess the validity of the devices 
and provides researchers with an overview of areas that 
require further research and validation. Comparing a 
device to current devices and procedures and understand-
ing the long-term implications of the device’s use is impor-
tant for validating the device and insuring best patient 
outcomes. The studies in this review mainly focused on 
describing the designs and providing a limited assessment 
of their functionality rather than assessing the devices’ 
clinical efficacy and effectiveness. No papers presented 
randomised or controlled trials, and there was not enough 
data to perform a meta-analysis to assess the efficacy of 
3DP for upper-limb prosthetics. It is therefore imperative 
that before 3DP prostheses are widely promoted and dis-
tributed, randomised controlled trials of the efficacy and 
effectiveness of using 3D printed devices are performed 
with long-term follow-up.

Conclusion

3DP provides exciting new opportunities for the field of 
upper-limb prosthetics, but much more research and valida-
tion is required before the many potential benefits can be 
realised in clinical practice. Thus far, there is limited evi-
dence of the efficacy or effectiveness of using 3DP upper-
limb prostheses, with few studies reporting the outcomes of 
trialling the devices with amputees. Although all eight stud-
ies showed promising results, the studies were small, lacked 
internal and external validity, and did not use controls. The 
authors of the review share the optimism and enthusiasm 
for 3DP prosthetics but recommend that randomised con-
trolled clinical trials are performed to assess the efficacy 
and effectiveness of 3DP prostheses before integrating 3DP 
upper-limb devices into standard clinical practice.
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