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Objective: To assess the preliminary effectiveness
of three-dimensional printed orthoses compared
with conventionally custom-fabricated orthoses in
persons with chronic hand conditions on perfor-
mance of daily activities, hand function, quality of
life, satisfaction, and production time and costs.
Design: Interventional feasibility study.

Subjects: Chronic hand orthotic users (n=21).
Methods: Participants received a new three-
dimensional printed orthosis according to the same
type as their current orthosis, which served as the
control condition. Primary outcome was perfor-
mance of daily activities (Patient-Reported Out-
comes Measurement Information System-Upper
Extremity; Michigan Hand Questionnaire). Secon-
dary outcomes were hand function, quality of life,
and satisfaction. Furthermore, production time and
costs were recorded.

Results: At 4 months’ follow-up, no significant dif-
ferences were found between three-dimensional
printed orthoses and participants’ existing con-
ventional orthoses on activity performance, hand
function, and quality of life. Satisfaction with the
three-dimensional printed orthosis was signifi-
cantly higher and the production time and costs for
three-dimensional printed orthoses were signifi-
cantly lower compared with conventional orthoses.
The three-dimensional printed orthosis was prefer-
red by 79% of the participants.

Conclusions: This feasibility study in chronic hand
conditions suggests that three-dimensional prin-
ted orthoses are similar to conventional orthoses in
terms of activity performance, hand function, and
quality of life. Satisfaction, and production time and
costs favoured the three-dimensional printed hand
orthoses.
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/LAY ABSTRACT )

The aim of this study was to compare performance
of daily activities when using a newly made three-
dimensional printed hand orthosis with existing custom-
made conventional orthoses in persons with chronic
hand conditions. We also compared hand function, ort-
hosis satisfaction, quality of life, and production time
and costs. Twenty-one participants were included in the
study, and 19 of them were provided with a new three-
dimensional printed orthosis in accordance with the
same type as their existing orthosis. After four months
of wearing the new three-dimensional printed orthosis,
no differences were found on activity performance, hand
function, and quality of life compared with the existing
conventional orthosis. Satisfaction with the three-di-
mensional printed orthosis was higher compared with the
conventional orthosis, and of the 19 participants, 15
(79%) preferred the three-dimensional printed hand
orthosis. The production time and costs of the three-
dimensional printed orthoses were more than halved
compared with conventional orthoses. )

-

T ndividuals with chronic hand conditions are often
A prescribed hand orthoses to reduce impairments
(e.g. pain, loss of grip strength, spasticity, and joint
and/or muscle contractures) (1, 2), which in turn helps
to improve the performance of activities of daily living
(ADL) (3-5). Because hand orthoses in chronic condi-
tions are commonly worn on a daily basis, they need to
fit well and be durable. Therefore, orthoses for chronic
hand conditions are usually custom-fabricated, which
is labour intensive and time-consuming (1).

In the past decade, three-dimensional (3D) printing
has emerged in the field of orthotics as a promising and
less labour-intensive alternative to manufacture hand ort-
hoses (6-10). In arecent case series on chronic hand con-
ditions, we found that the production time of 3D-printed
orthoses was reduced to half the duration of producing
conventional, custom-fabricated orthoses. Furthermore,
participants experienced 3D scanning for orthosis fit-
ting as more comfortable than conventional casting (9).
Previous studies have also demonstrated that satisfaction
with 3D-printed orthoses was similar or higher compared
with the investigated control orthoses (9—11).
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Despite these advantages of 3D printing, to date there
is little evidence on the effectiveness of 3D-printed hand
orthoses compared with conventional custom-fabricated
hand orthoses in chronic conditions (6, 7). In particular,
there is a lack of evidence on ADL performance, alt-
hough this is one of the most important goals for which
a hand orthosis is prescribed. Currently, only 2 studies
have investigated the effects of 3D-printed hand ort-
hoses on ADL performance in chronic hand conditions
(10, 12). However, these studies compared 3D-printed
orthoses with plaster casts (10) and prefabricated ortho-
ses (12), and not with durable custom-fabricated hand
orthoses, which have different characteristics. There-
fore, the results of these 2 studies are not generalizable
to custom-fabricated orthoses. Additionally, information
on the costs of manufacturing 3D-printed orthoses is
lacking (6), which is an important aspect considering
the rising healthcare costs, as illustrated by a 27% rise
in the total costs for upper extremity orthoses in the
Netherlands from 2018 to 2022 (13).

To address these knowledge gaps, we set up an inter-
ventional feasibility study following Bowen’s Feasibility
Framework (14). This framework includes 8 focus areas:
acceptability, demand, implementation, practicality,
adaptation, integration, expansion, and limited efficacy
testing. For our study, we addressed the areas of limited
efficacy testing, acceptability, and practicality. Limited
efficacy testing focuses on whether the intervention
shows promise of being successful with the intended
population, while acceptability refers to the extent to
which a new intervention is judged as suitable, satisfy-
ing, or attractive to both the intervention recipients and
deliverers. Finally, practicality relates to the extent to
which an intervention can be delivered with regard to
time, resources, and commitment (14). Based on these 3
focus areas the study aims were to (i) assess the prelimi-
nary effectiveness of 3D-printed hand orthoses compared
with conventional custom-fabricated hand orthoses on
ADL performance, general hand function, and quality of
life in persons with chronic hand conditions (limited ef-
ficacy testing); (if) evaluate satisfaction with the orthosis
and the experiences of participants and orthotists with the
3D manufacturing process (acceptability); and (ii7) assess
the production time and costs of both orthoses (practica-
lity). Insights into the preliminary effectiveness on ADL
performance, satisfaction, and costs of 3D-printed hand
orthoses compared with conventional custom-fabricated
orthoses can be used as input for a randomized compa-
rison in future cost-effectiveness studies.

METHODS
Study design

A prospective, interventional feasibility study was performed,
using a within-subject design, with the conventional orthoses
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worn by the participants at baseline serving as the control condi-
tion. Assessments were done 2 weeks prior to the intervention
(T1) and at baseline (T2) for the conventional orthosis, and at
1 month (T3) and 4 months (T4) after provision of the newly
made 3D-printed orthosis. The study was reported according
to the guidelines of the Consolidated Standards of Reporting
Trials (CONSORT) 2010 statement; extension to randomized
pilot and feasibility trials (15).

Study population

Participants were recruited from the databases of 3 branches of
the orthotic company OIM Orthopedie (Zwolle, Noordwijker-
hout and Breda, The Netherlands). They were enrolled between
April 2022 and mid-June 2022. Eligible participants were those
who: (7) had a stable, chronic hand condition due to a neuromus-
cular disease, neurological disorder, musculoskeletal disorder,
or injury; (if) were aged >18 years; and (iii) were wearing a
conventional custom-fabricated circular thumb orthosis (TO),
wrist orthosis (WO), or wrist-thumb orthosis (WTO) during
ADL for at least 2 years (to be eligible for reimbursement
of the orthosis via the Health Insurance). Persons who were
already wearing a 3D-printed orthosis, or who wore a silver
splint (not manufactured via the conventional method by an
orthotist), a broken orthosis (no valid comparator), an orthosis
for a dysfunctional hand, or a night orthosis (in both cases the
orthosis is not used during ADL) were excluded. Individuals
who did not understand the explanations and instructions in
Dutch were also excluded.

Study procedures

Participants visited the department of Rehabilitation Medicine
of Amsterdam UMC, location AMC, once to sign informed
consent, and, subsequently, a certified hand therapist checked
the inclusion and exclusion criteria. After study enrolment,
demographics (e.g. age, gender), clinical characteristics (e.g.
cause of chronic hand condition, goals of orthosis use, fre-
quency of orthosis use), and type and material of the existing
conventional orthoses were inventoried. In addition, outcomes
with the participants’ conventional orthosis were assessed (T1)
and reassessed 2 weeks later (T2). Subsequently, the 3D-printed
hand orthosis intervention started, which was provided at one of
the 3 branches of OIM Orthopedie. One week after delivering
the 3D-printed orthosis, the investigator contacted the parti-
cipants by phone to check the fit and identify any issues (e.g.
pressure points, skin irritation, and inadequate immobilization/
stiffness) of the orthosis. If the fit of the 3D-printed orthosis was
not adequate, the orthosis was revised. Otherwise, follow-up
assessments were planned after 1 month (T3) and 4 months (T4)
of using the orthosis. For the assessments, questionnaires were
sent digitally using an electronic data capture system (Castor
EDC, Amsterdam, The Netherlands). A schematic overview
of the study design is included in our previously published
protocol article (16).

Intervention. Each 3D-printed orthosis was made according
to the same type as the participant’s current conventional
orthosis (i.e. a circular TO, WO, or WTO). The participants’
affected hand and forearm were scanned while they held their
hand and fingers in the correct position. The scan was made
by an experienced orthotist using a calibrated iPad and acces-
sory app (Spentys, Vorst, Belgium). If needed, the scan was
post-processed for areas requiring pressure relief. Based on
the 3D-scan and standardized model scripts, the orthosis was
digitally designed by Spentys. The orthoses were printed in
thermoplastic polyurethane and made water resistant by vapor
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smoothing (ZiggZagg, Aalter, Belgium). Fitting and alignment
of'the orthosis were checked before delivery. Local adjustments
were made if required or, if necessary, a new scan was made
to design and print a new orthosis. To ensure that the 3D inter-
vention was performed uniformly across the 3 OIM branches,
the orthotists were trained in positioning the forearm and hand,
use of the iPad for scanning, and use of the Spentys app for
ordering the orthosis.

Control condition. Participants’ existing conventional orthoses
included circular TO, WO, and WTO made of resin, ther-
molyn supra flexible, leather, or silicone. The conventional
orthoses were designed manually based on a plaster cast of the
participant’s affected hand and forearm, as previously described
(9). Fitting and alignment were checked prior to delivery, and
adjustments were made to the orthosis if required.

Outcomes

Primary outcome. The primary outcome, ADL performance,
was assessed with the validated Dutch-Flemish Patient Reported
Outcomes Measurement Information System — Upper Extremity
(DF-PROMIS-UE) (17, 18) and with the ADL domain of the
valid and reliable Michigan Hand Questionnaire — Dutch langu-
age version (MHQ-DLV) (19-21). For the DF-PROMIS-UE,
a custom short form (25 items) was created from the original
46-item bank. For each item, participants rated whether they
were able to perform that activity (score range: 4 or 5=without
any difficulties to 1=unable to do) (17). The total score is
expressed as a T-score, which is a standardized score, ranging
from 11.5 to 57.4 for the 25-item short form. For each activity
of the DF-PROMIS-UE, a question was added asking whether
the participants used their orthosis for that specific activity.
With the MHQ-DLV ADL domain, 17 activities were rated on
a S-point scale (range: 1 =not difficult at all to 5=very difficult).
The converted sum score ranges from 0—100. For both outcome
measures, higher scores indicate better ADL performance.

Secondary outcomes. Secondary outcomes included (7) general
hand function (assessed with MHQ-DLV domains overall hand
function, work performance, pain, hand aesthetics, and hand
satisfaction), (if) quality of life (assessed with the EuroQoL
5-Dimension 5-Level (EQ-5D-5L; domains mobility, self-care,
usual activities, pain/discomfort, and anxiety/depression) and
the EQ visual analogue scale [VAS]), and (iii) orthosis satis-
faction (Client Satisfaction with Device [CSD] module and
Dutch version of the Quebec User Evaluation of Satisfaction
with Assistive Technology [D-QUEST]). Further, production
time and costs were measured for both orthoses, as well as the
experiences of participants and orthotists with the 3D-printing
intervention. Descriptions of the secondary outcomes have been
provided in the protocol article (16). A more detailed description
of the assessment of orthosis satisfaction and production time
and costs is given below.

Orthosis satisfaction was assessed with the CSD, which we
translated and cross-culturally adapted into Dutch (D-CSD).
The D-CSD was found to be valid and reliable for use in our
population (22). Ten items were rated on a 5-point Likert scale
(0=strongly disagree to 4=strongly agree), resulting in a sum
score of 0—40. In addition, the device subscale of the valid and
reliable D-QUEST was used (23-25), scoring 8 characteristics
of the orthosis on a 5-point scale (1=not satisfied at all to
S5=very satisfied; sum score of §—40).

The conventional orthoses worn by the participants were
manufactured prior to the study and therefore the production
time was not recorded. To be able to measure production time,
prototype copies of circular conventional TOs, WOs, and WTOs
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of each included material were newly fabricated, and labour time
for each manufacturing step was recorded. To fairly compare
labour time of the 3D-printed orthoses with the conventional
orthoses, only labour time for the first 3D-printed orthosis was
taken in the analysis. Costs of the conventional and 3D-printed
orthosis were calculated by summing the costs of the labour time
needed to manufacture each orthosis, plus the material costs.
In addition, we counted the number of visits for the 3D-printed
orthoses. The visits for the conventional orthoses were counted
from the records of OIM Orthopedie.

Adverse events. Adverse events that occurred with the 3D-
printed orthosis were noted during the entire follow-up period.

Sample size

This feasibility study was not powered to determine the effecti-
veness of 3D-printed orthoses. We considered 20 participants a
sufficiently large sample to evaluate the preliminary effective-
ness and to get an impression of the effect sizes and variances
of the outcomes included.

Statistical analysis

Demographics, clinical characteristics, orthosis properties,
and primary and secondary outcomes were summarized with
descriptive statistics.

We analysed the primary outcome (ADL performance)
and secondary outcomes (general hand function, orthosis
satisfaction, and quality of life [EQ-VAS]) with linear mixed
models. The model incorporated random effects for each
scheduled assessment on the patient level. The assumption
on normality of the residuals was visually checked. The
distribution of scores across EQ-5D-5L domains and the use
of the orthosis during performance of the DF-PROMIS-UE
activities at each time point were analysed with Fisher’s
exact tests.

Additionally, a Hedges’ g was estimated for the DF-PROMIS-
UE and MHQ-DLV ADL domain, as well as for the D-CSD and
D-QUEST, to determine their responsiveness.

Contrary to the study protocol (16), we did not pool the
results of the conventional orthosis obtained 2 weeks prior to
the intervention (T1) and at baseline (T2), as it appeared that
there was an anticipation effect in 2 out of 3 outcome measures
(DF-PROMIS-UE: mean difference T2 vs T1: —1.6, p=0.007;
D-CSD: mean difference T2 vs T1: —2.1, p=0.04). There-
fore, we compared baseline (T2) data with those at 1 month
(T3) and 4 months’ (T4) follow-up. For the D-QUEST and
EQ-5D-5L, only T1 data were available and compared with
T3 and T4. Differences in production time and costs between
the 3D-printed and conventional orthoses were analysed with
Wilcoxon signed-rank tests.

In all analyses, statistical uncertainty was expressed by means
of 95% confidence intervals. Statistical significance was set at
p<0.05. We performed all analyses in R statistics, version 4.2.1
using packages mosaic, nlme, ggplot2, and effsize (R Founda-
tion for Statistical Computing, Vienna, Austria).

RESULTS

We invited 400 individuals, of whom 71 were interested
in participating. Based on the inclusion and exclusion
criteria, 21 people could be included. Main reasons for
ineligibility were not having the correct type of ortho-
sis (n=15) and not wearing the orthosis for >2 years

J Rehabil Med 56, 2024


http://www.medicaljournals.se/jrm

JRM

JRM

JRM

(n=12). The demographic and clinical characteristics
of the participants are presented in Table I. Nineteen
participants completed the follow-up assessments. A
flowchart shows how participants progressed through
the study, including reasons for dropout (Fig. 1).

Outcomes

Limited efficacy testing. On group level, there was
no significant difference in ADL performance on the
DF-PROMIS-UE and MHQ-DLV ADL domain for
3D-printed orthoses compared with conventional
orthoses at both 1 month and 4 months’ follow-up
(Table II). There was a significant decrease in ADL
performance on the DF-PROMIS-UE for the 3D-
printed orthosis between 1 month and 4 months of
follow-up (mean difference -2.07; 95% CI -3.76;
—0.38). On an individual level, heterogeneity in
effects was observed (Fig. 2). The effect sizes of ADL
performance were small and somewhat higher for the
DF-PROMIS-UE than for the MHQ-DLV ADL do-
main (Table IIT). With regard to the use of the orthosis
during performance of the activities included in the
DF-PROMIS-UE, no significant difference was found
between the 3D-printed and conventional hand

Table I. Demographic and clinical characteristics of participants
at baseline

Participants
(n=21)

63 (56-66)
5(24)/16 (76)

Factor

Age, years, median (IQR)
Gender; male/female, n (%)
Cause chronic hand condition, n (%)

Injury 1(5)
Musculoskeletal disorder 16 (76)
Neuromuscular disorder 1(5)
Neurological disorder 3 (14)

Orthosis; unilateral/bilateral, n (%)
Type of orthosis*, n (%)
Thumb orthosis 5 (24)

8(38) /13 (62)

Wrist orthosis 8 (38)
Wrist-thumb orthosis 8(38)
Orthosis material*, n (%)

Silicone 12 (57)
Leather 5 (24)
Thermolyn supra flexible 4 (19)
Wearing days per week*, n (%)

6-7 days 9 (43)
4-5 days 6 (29)
2-3 days 6 (29)
1 day 0 (0)
Wearing time per day*, n (%)

24 hours 0 (0)
During daytime 6 (29)
During strenuous activities 15 (71)
Goals of use*, n (%)

Improve ability to perform activities 15 (71)
Support the wrist and/or thumb 16 (76)
Support the wrist and/or thumb when performing 17 (81)
activities

Reduce pain in wrist and/or thumb 19 (90)
Reduce pain in wrist and/or thumb when performing 8 (38)
activities

Reduce fatigue in wrist and/or thumb 10 (48)

*Based on the type of conventional orthosis for which a 3D-printed orthosis
was fabricated.
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orthoses. The orthoses were most often used during
the activities “carry a shopping bag or briefcase”
(80%), “turning key” (70%), and “push door open
after turning knob” (64%). The activities in which
the orthosis was least worn were “drying back with
towel” (17%) and “shampoo hair” (3%).

Regarding the secondary outcomes, no differences
were found for quality of life (separate domains and
EQ VAS score) and the MHQ-DLV domains hand
function, work, pain, and aesthetics at 1 and 4 months’
follow-up (Table II), except for the MHQ-DLV hand
satisfaction domain, which had a significantly higher
score at 1 month follow-up compared with baseline
(mean difference: 7.35; 95% CI 0.36; 14.33).

Table II also shows a trend of (slight) improvement
in ADL performance, general hand function, and
quality of life at 1 month follow-up compared with
baseline. A small decrease was seen at 4 months’
follow-up compared with 1 month follow-up (except
for hand satisfaction).

Acceptability. At 1 and 4 months’ follow-up, ort-
hosis satisfaction, as measured with the D-CSD, was
higher for the 3D-printed orthosis compared with the
conventional orthosis, with a significant difference at 1
month follow-up (mean difference: 5.11 95% CI: 0.62;
9.59, Table II). On the D-QUEST, there was a slight,
non-significant higher orthosis satisfaction for the 3D-
printed orthoses compared with conventional orthoses.
The effect sizes were negligible to small, although the
effect size of the D-CSD was slightly higher than that
of the D-QUEST (Table III).

Invited from OIM Orthopedie
database: n=400

A4

Interested to participate: n=71

Not meeting inclusion criteria: n=46
—» Not included due to enough subjects
with specific orthosis type: n=4

A4

Included in study: n=21

Dropped out: n=2, wearing a WTO

- Stopped due to claim of insurance

—> deductible: n=1

- No adequate fit orthosis after
several attempts: n=1

A4

’ Completed 1 month follow-up: n=19 ‘

A
| Completed 4 months follow-up: n=19 |

Fig. 1. Participant flowchart.
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Of the 19 participants, 15 (79%) preferred the
3D-printed orthosis, with more precise fit, lower
weight, and less transpiration being the most important
reasons. Indicated points for improvement were the
possibility to choose a different colour and the use
of softer material. Four participants (leather orthosis,
n=2; silicone orthosis, n=2) preferred the conventio-
nal orthosis, which they found to be more supportive
and softer.

Regarding the treatment process, participants were
mostly satisfied with the procedure of scanning, fit-
ting, and delivery of the 3D-printed orthosis and the
time required for the intervention (range: neutral to
highly satisfied). Reported pros were that the 3D in-
tervention takes less time (n=13) and is more precise
(n=4). Mentioned cons were fewer possibilities for
adjustments (n=1) and the need to hold the scan posi-
tion for too long (n=1). The 3 orthotists were mostly
neutral or satisfied with the treatment process (range:
not satisfied at all [#=2] to highly satisfied [n=1]). The

Table III. Effect sizes for ADL performance and orthosis satisfaction

Fig. 2. Individual effects on ADL
performance as measured with the
DF-PROMIS-UE. Assessments with
conventional orthosis: T1=2 weeks
prior to intervention, T2=baseline (i.e.
0 weeks); assessments with 3D-printed
orthoses: T3=1 month after orthosis
delivery, T4=4 months after orthosis
delivery.

T4

orthotists reported the same pros as the participants.
In some cases, the orthotists had difficulty positioning
the hand to get the correct scan. Other mentioned cons
were the difficulty of adjusting the 3D-printed orthoses
when needed and a relatively long delivery time of the
3D-printed orthosis.

Practicality. The production time and costs were sig-
nificantly lower (»p<0.001) for 3D-printed orthoses
(production time: median 129 min, IQR: 109—-148 min,
costs: median €187, IQR: €143-206) compared with
the conventional orthoses (production time: median
269 min, IQR: 241-311 min; costs: median €398, IQR:
€380-436). The mean number of visits was 3.2 and 2.5
for the 3D-printed (n=19) and conventional orthoses
(n=17, as the number of visits for 2 participants could
not be retrieved), respectively.

Adverse events. Mild adverse events were reported by
5 participants and included bruises (n=2), swelling
(n=1), blisters (n=2), and pressure points (n=1). For

T3 vs T2
Hedges’ g [95% CI]

T4 vs T2
Hedges’ g [95% CI]

T4 vs T3
Hedges’ g [95% CI]

ADL performance
DF-PROMIS-UE 0.17 [-0.47; 0.82]
Negligible
0.05 [-0.60; 0.69]
Negligible

MHQ-DLV ADL domain

Orthosis Satisfaction

D-CSD 0.32[-0.33; 0.97]2
Small

D-QUEST 0.33[-0.32; 0.97]*
Small

-0.38 [-1.03; 0.27] -0.51[-1.17; 0.14]
Small Medium

-0.26 [-0.90; 0.39] -0.29 [-0.94; 0.36]
Small Small

0.48[-0.17; 1.14]° 0.18 [-0.47; 0.82]
Small Negligible
0.22[-0.43; 0.86]° -0.06 [-0.71; 0.58]
Small Negligible

Effect sizes are presented as Hedges’ g. Abbreviations: ADL: activities of daily living; DF-PROMIS-UE: Dutch-Flemish Patient-Reported Outcomes Measurement
Information System - Upper Extremity; D-CSD: Dutch Client Satisfaction with Device; D-QUEST: Dutch version of the Quebec User Evaluation of Satisfaction with
Assistive Technology; MHQ-DLV: Michigan Hand Questionnaire Dutch language version. 2 T1 instead of T2.
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these individuals, a new scan was done and a new
orthosis was printed. In one of these participants, the
skin was too thin to prevent bruises resulting from the
3D-printed orthosis. Therefore, a new conventional
leather orthosis was manufactured, and this person
therefore dropped out during the follow-up.

DISCUSSION

In this feasibility study in individuals with chronic
hand conditions, newly made 3D-printed hand orthoses
were similar to participants’ existing conventional hand
orthoses with regard to ADL performance and quality
of life. Satisfaction with the 3D-printed orthosis was
higher than with the conventional orthosis, which is
supported by the vast majority of those (79%) prefer-
ring the 3D-printed orthosis. Production time and costs
of the 3D-printed hand orthoses were more than halved
compared with conventional hand orthoses.

For the primary outcome, ADL performance, our
results suggest that 3D-printed orthoses are similar
to conventional orthoses. This is in line with findings
from studies in individuals with osteoarthritis (10)
and wrist pain (12), although these studies compared
3D-printed orthoses with plaster cast and prefabricated
orthoses, respectively, which have different characteris-
tics. Furthermore, it should be noted that these studies
used other questionnaires (Quick Disabilities of Arm,
Shoulder and Hand [Quick DASH] and the Upper Ex-
tremity Functional Status [UEFS] of the Orthotics and
Prosthetics Users’ Survey) to assess ADL performance.
While the UEFS has comparable ADL items to the
DF-PROMIS-UE and MHQ-DLV ADL domain, the
Quick DASH also contains items on hand function,
social activities, and work, which could result in dif-
ferent findings. Although ADL performance with 3D-
printed orthoses was somewhat reduced after 4 months’
follow-up as compared with conventional orthoses
(mean difference DF-PROMIS-UE: 1.46; MHQ-DLV
ADL domain: 4.99), the observed differences were far
below the minimal important change (MIC) of both
questionnaires used as reported in other studies (MIC
DF-PROMIS-UE: from 3.6 to 6.3; MIC MHQ-DLV
ADL domain: from 12 to 14.7) (26—30). One reason for
the similarity in ADL performance in our study could
be that the 3D-printed orthosis was made in accordance
with the same type as the participant’s conventional
orthosis. Thereby, functionality of the hand remained
the same with both orthoses, which is also reflected in
similar scores on the MHQ-DLYV hand function domain.
Since both ADL performance and hand functionality
remained the same, this might also explain the similarity
in the quality of life between the two orthoses.

While ADL performance and quality of life were
practically similar between 3D-printed and conven-
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tional orthoses, orthosis satisfaction, as measured with
the D-CSD, was significantly higher for the 3D-printed
orthoses. This is in line with reported reasons for pre-
ferring the 3D-printed orthosis, which include comfort
aspects such as a more precise fit, lower weight, and re-
duced transpiration. Higher satisfaction for 3D-printed
orthoses was also demonstrated in a previous study in
people with osteoarthritis that measured satisfaction
with the D-QUEST including the services subscale
in the total score (10), as well as in our previous case
series by means of a self-designed, non-validated
questionnaire (9). In our current study, we only con-
sidered the device subscale on the D-QUEST, which
showed no significant difference in orthosis satisfac-
tion between 3D-printed orthoses and conventional
orthoses. This may reflect that the D-QUEST measures
device satisfaction in general, whereas the D-CSD is
specifically designed to measure orthosis satisfaction.

Production time and costs were more than halved
for 3D-printed orthoses compared with conventional
custom-fabricated orthoses, which is an important
financial advantage of the 3D-printing technique. The
production of 3D-printed orthoses eliminates several
steps from the conventional manufacturing process
(8), reducing labour time, which was also shown in
our case series (9). Reduced labour time leads to lower
costs of 3D-printed orthoses, as shown in this current
study. Yet, it should be noted that only the produc-
tion time of the first orthoses was analysed for both
the 3D-printed and conventional hand orthoses. This
could have led to an underestimation of labour time,
and thus also an underestimation of the costs. It was
shown that 5 individuals in our study had to have a
3D-printed orthosis re-manufactured, which may be
due to the new technology of 3D-printing orthoses and
the digital skills required by the orthotists. In clinical
practice, however, conventional orthoses may also not
fit properly immediately, requiring them to be remade.
This was the case in one person in our sample. In a
future study, labour time required to manufacture a new
orthosis when the first orthosis does not fit properly
should be incorporated for a more precise calculation of
the costs. In addition, considering this was a feasibility
study, we only assessed costs directly related to the
manufacturing of the orthosis, but not other costs such
as healthcare costs, informal costs, unpaid productivity
costs, and costs related to productivity losses. For a
complete overview of the efficiency of 3D-printing
to manufacture hand orthoses, these costs should
also be inventoried. Therefore, a cost-effectiveness
study, including an economic evaluation, is warranted.
When considering such a study, we suggest (7) a non-
inferiority design with regard to the primary outcome
ADL performance, (ii) using the custom short form
of the DF-PROMIS-UE and D-CSD to assess ADL
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performance and orthosis satisfaction, respectively,
as these questionnaires were the most responsive ac-
cording to the reported effect sizes, and (ii7) assessing
outcomes at long-term follow-up (for example after 1
year), as orthoses are reimbursed every 2 years under
the Dutch Healthcare Insurance Regulations.

Strengths and limitations

This is the first study evaluating ADL performance
and costs of 3D-printed hand orthoses compared with
conventional custom-fabricated orthoses in chronic
hand conditions. We included 2 assessments prior to
the intervention and used 2 questionnaires to assess
ADL performance, as well as to measure orthosis
satisfaction. This provided information on possible
anticipation effects between T1 and T2 and the effect
sizes of the questionnaires, which can be used in de-
termining assessment time points and using the most
appropriate questionnaires in future studies. Further-
more, as this study was conducted in a heterogeneous
sample of chronic hand orthotic users, wearing the 3
most commonly prescribed types of hand orthoses, it
seems likely that the results can be generalized to the
population of chronic hand orthotic users at large, alt-
hough our results need to be confirmed in an adequately
powered future (cost-)effectiveness study.

A limitation of our study is that the newly manu-
factured 3D-printed orthoses were compared with the
custom-fabricated orthoses individuals were currently
wearing. Selection bias may have occurred if, in par-
ticular, those who were dissatisfied with their conven-
tional orthosis were willing to participate. Second,
due to the fact that participants were dependent on
their orthosis, no wash-out period was applied before
starting the 3D intervention. Nonetheless, to minimize
possible carry-over effects (31), follow-up measure-
ments with the 3D-printed orthosis were not conducted
directly after the delivery of the 3D-printed orthosis,
but restricted to the latter part of the wearing period
of the 3D-printed orthosis, that is, after 1 month and 4
months of using the orthosis. Finally, we did not assess
limitations due to the presence of (new) comorbidities
during the course of the study, e.g. reduced shoulder
mobility, which could also affect ADL performance
and quality of life, and might explain the heterogeneity
of'effects on an individual level. These limitations can
be addressed in a future randomized clinical trial.

Clinical implications

For the purpose of the study, the 3 parties (Spentys, the
Department of Rehabilitation Medicine of Amsterdam
UMC, and OIM Orthopedie) jointly developed stan-
dardized model scripts for the TO, WO, and WTO and
established standardized operating procedures (SOPs)
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for the entire 3D manufacturing process. Future 3D-
printed orthoses can be manufactured quickly and
uniformly when these SOPs are used in clinical prac-
tice. Another advantage is that the scan of the hand
and the design of the orthosis can be stored digitally,
hence the orthosis can easily be reprinted. Yet, pro-
ducing 3D-printed orthoses requires investment (e.g.
scanner, software, and 3D printer) and orthotists need
to be trained in specific digital skills. These factors
could be barriers to the large-scale implementation of
3D-printing of hand orthoses in clinical practice (7).

In conclusion, this feasibility study in individuals
with chronic hand conditions suggests that 3D-printed
hand orthoses are similar to conventional custom-
fabricated orthoses in terms of ADL performance,
hand function, and quality of life. In addition, higher
satisfaction related to improved comfort of use, and
lower production time and costs were found in favour
of the 3D-printed hand orthosis. An adequately po-
wered randomized controlled cost-effectiveness study
with long-term follow-up is warranted to confirm these
findings.
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