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Using a 3D-Printed Hand Orthosis to Improve
Three-Jaw Chuck Hand Function in Individuals

With Cervical Spinal Cord Injury:
A Feasibility Study

Pei-Chun Yeh, Ching-Hsuan Chen, and Chen-Sheng Chen

Abstract— Individuals with cervical spinal cord injury
(C-SCI) often use a tenodesis grip to compensate for their
hand function deficits. Although clinical evidence confirms
that assistive devices can help achieve hand function
improvements, the currently available devices have some
limitations in terms of their price and accessibility and the
difference in the user’s muscle strength. Therefore, in this
study, we developed a 3D-printed wrist-driven orthosis to
improve the gripping effect and tested the feasibility of
this device by assessing its functional outcomes. A total
of eight participants with hand function impairment due
to a C-SCI were enrolled, and a wrist-driven orthosis with
a triple four-bar linkage was designed. The hand function
of the participants was assessed before and after they
wore the orthosis, and the outcomes were assessed using
a pinch force test, a dexterity test (Box and block test,
BBT), and a Spinal Cord Independence Measure Version III
questionnaire. In the results, before the participants wore
the device, the pinch force was 0.26 lb. However, after
they wore the device, it increased by 1.45 lb. The hand
dexterity also increased by 37%. After 2 weeks, the pinch
force increased by 1.6 lb and the hand dexterity increased
by 78%. However, no significant difference was observed in
the self-care ability. The results showed that this 3D-printed
device with a triple four-bar linkage for individual with
C-SCI improved pinch strength and hand dexterity in these
patients, but did not improve their self-care ability. It may
help patient in the early stages of C-SCI to learn and use the
tenodesis grip easily. However, the usability of the device in
daily life needs further research.

Index Terms— 3D printing, cervical spinal cord injury,
hand function, tenodesis grip, wrist-driven orthosis.
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I. INTRODUCTION

THE global incidence of spinal cord injury (SCI) is
13–163.4 per million individuals [1]. In Taiwan, the

incidence of SCI is 2.46 per 10,000 individuals [2]. SCI
affects motion and sensory and autonomic nerve functions.
It not only results in disability for individuals but also affects
their families and society [3], [4]. SCI is graded according to
the International Standards for Neurological Classification of
Spinal Cord Injury, which were established by the American
Spinal Injury Association (ASIA) [5]. Grades ranging from A
to E are assigned according to the ASIA Impairment Scale
(AIS).

According to a literature review [1], cervical spinal cord
injury (C-SCI) is the most common form of SCI, with incom-
plete tetraplegia being the main type. C-SCI accounts for 52%
of all SCI cases in Taiwan [2]. Individuals with C-SCI usually
experience difficulties in their activities of daily living (ADLs),
such as feeding and grooming, because of their limb and trunk
motor and sensory deficits.

Hand function is a critical factor in daily life independence
and quality of life [6]. Although C-SCI affects the motor
and sensory function of the limbs and trunk, individuals with
C-SCI prioritize hand function recovery [7], [8]. The rate of
recovery of the motor and sensory function is fast during the
first 3 months after injury, but it plateaus 6 months later [9].
Because a considerable increase in the recovery rate of the
nervous system is difficult to achieve, clinical interventions are
generally performed in a compensatory manner (e.g., tenodesis
grip training and assistive devices) [10], [11].

Tenodesis grip is a common grasping method for patients
with C-SCI. Flexor muscles that do not perform active move-
ments, such as the flexor pollicis longus, flexor digitorum
superficialis, and flexor digitorum profundus, can perform
passive grasping movements by actively contracting innervated
extensor muscles, such as the extensor carpi radialis brevis
and extensor carpi radialis longus, with active wrist extension
movement. Although most patients with C-SCI tend to use a
tenodesis grip, only 24% perform a key-using task [12]. The
key-using task is quite important. It is necessary to have pinch
strength during the key-using task. With the limitation of the
tenodesis grip, the lateral pinch was the only pinch pattern
that could be performed with the tenodesis grip. However,
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the pinch force was too low to perform the task. In addition,
because tenodesis grip is a passive movement, it is associated
with an insufficient grasping force. Although patients with C6
SCI can grab several objects encountered in daily life, such
as toothbrushes and phones, they cannot perform lateral or
palmar grasp movements, resulting in difficulties in fork use
and writing [6].

Assistive devices, such as universal cuffs and typing sticks,
can help patients with C-SCI perform functional tasks. With
the advances made in science and technology, various hand
assistive devices have been developed. Several studies have
evaluated the design and usability of three types of devices:
exoskeleton devices [13], soft-wearable devices [14], and
3D-printed devices [15].

Exoskeleton robotic devices with rigid linkages, which
mimic bone alignment, can control movements and easily
transmit forces. This soft glove-based cable-driven robot
provides independent actuation of the hand using a remote
actuator assembly [16], [17]. Bos et al. developed a dynamic
hand orthosis called SymbiHand, where the user’s hand motor
intention is decoded by means of surface electromyography,
enabling the control of an electrohydraulic pump for actuation
[18]. Xiong and Diao [19] reported that the cable-driven
rehabilitation devices (CDRDs) can deliver high-intensity
training while therapists usually cannot. Additionally, with
human-robot interaction techniques, CDRDs are more inter-
esting and motivating to trainees than conventional manual
rehabilitation therapies. Lotti et al. [16] developed a hand
orthosis with human-machine interfaces capable of sensing
musculoskeletal states.

These devices offered many different functions in devel-
opment of hand orthosis. However, exoskeleton robots are
usually heavy, expensive, and difficult to equip with different
hand sizes, which is why they are often used only in clinical
settings [14], [20]. Soft-wearable devices are usually glove-
like devices. They are divided into two types: fabric-based
devices [14] and polymer-based devices [21]. Fabric-based
devices are soft but entail some hygiene-related problems,
whereas polymer-based devices are easier to clean but are less
commercialized and researched.

Although several exoskeleton and soft-wearable devices
have been developed, they are not accessible to users.
This is because these devices are usually expensive,
unportable, and uncommercialized. To overcome these bar-
riers, a manufacturing method called 3D printing was
introduced. Among the advantages of 3D printing are its cus-
tomizability, easy manufacturing process, and environmental
friendliness [18], [19].

Several devices have been manufactured using 3D print-
ing [15], [22], [23], [24], [25], [26]. For example,
Portnova et al. [15] developed a 3D-printed, open-source,
wrist-driven orthosis for patients with SCI to improve their
functional grip. They highlighted the potential of 3D-printed
orthosis applications but did not evaluate the long-term usabil-
ity of this device after the user is adequately trained in
adapting to the device. In another study, McPherson et al. [27]
developed an orthosis with a double four-bar linkage and

Fig. 1. Triple four-bar linkages including part A (link 1-2-3-4), part B
(link 4-5-6-7) and part C (link 7-8-9-10). Part A and B were guided
to complete wrist extension and finger flexion. Part C was guided to
complete a movement of griping object in between index finger and
thumb.

a motor. This device was sensitive to any change in the
movement angle from the wrist to the fingers and could
grasp some objects encountered in daily life. The results
demonstrated some improvements in the grasping force and
function of healthy participants but not in patients with SCI.

“In fact, the hand consists of the wrist, MCP (metacar-
pophalangeal), PIP (proximal interphalangeal) and DIP (distal
interphalangeal) joints. Each joint had its own independent
kinematics, but previous devices [15], [24], [25], [26] offered
only one or two movement patterns. As a result, the hand
movement in previous devices is not as natural as the real
hand. In order to improve this problem, the study aimed to
create triple four-bar linkages to control the wrist and MCP
joint and to add the function of grasping the object, as shown
in Figure 1. The triple four-bar joints would make the hand
movement more natural as it consisted of the movement of
the MCP and PIP joints plus the opposition grasp. Especially
in part C, it was an “8” shape four-bar linkage and its
characteristic made link 7 and 10 closer. Therefore, it could
bring the thumb and distal phalange closer to the grasped
object. In addition, to improve the strength of the grasped
object for C-SCI, silicone finger cots were added to increase
friction during grasping. To accommodate different hand sizes,
adjustable finger parts and joints were designed to fit different
hands. To confirm performance, we tested the feasibility of
a newly developed 3D printed hand orthosis. Therefore, the
experiment consisted of two parts. First, we designed and
tested a 3D-printed hand orthosis. Second, we evaluated the
improvement elicited by this device in hand function and
functional independence in daily living and quantified the
results with status assessments. Our goal was to confirm
whether this 3D-printed hand orthosis can help achieve hand
function improvements and functional independence in daily
living in individual with C-SCI.

II. MATERIAL AND METHODS

This study was divided into two phases: (1) design
and manufacturing of the 3D-printed hand orthosis and
(2) a clinical experiment.



2554 IEEE TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING, VOL. 31, 2023

Fig. 2. Triple four-bar linkage mechanism (link 1-2-8-9, 5-6-7-8 and
2-3-4-5). Link 1 was fixed (ground link). When link 2 was driven during
a wrist extension movement to reduce the angle Θ, links 8 and 9 of
the first group in the triple four-bar linkage moved simultaneously and
drove links 5, 6, and 7 of the second group. The thumb movement was
controlled by link 3, with link 4 providing a connection and transferring
the movement of the triple four-bar linkage.

A. Development of the 3D-Printed Hand Orthosis

Patients with C-SCI can passively perform grasping and
pinching tasks through a tenodesis grip, but this technique is
not practical. 3D-printed hand orthoses can provide external
support to the fingers to improve the grasping and pinching
performance during a tenodesis grip. These devices can be
customized for different hand sizes by installing parts of
different sizes. And the devices were controlled by wrist
extensor muscle of the participant.

The mechanism of a 3D-printed hand orthosis basically
relies on a four-bar linkage, and this technique has been used
in some products and in a previous study [10]. The hand
contains not only metacarpal joints but also interphalangeal
joints. To simulate movement in a normal hand, we designed
a triple four-bar linkage, as highlighted by Andrew et al. [27],
which can sensitively transfer the wrist movement angle to the
finger movement angle. We used the mechanism simulation
software Working Model (Design Simulation Technologies,
Canton, MI, USA) to simulate and ensure the trajectory and
function of the triple four-bar linkage. This triple four-bar
linkage included three groups of links: links 1-2-8-9, 5-6-7-8
and 2-3-4-5 (Fig. 2). Four key points in the triple four-bar
linkage were used to define anatomical landmarks, including
the center of the wrist joint, the metacarpophalangeal joint of
the thumb and index finger, and the proximal interphalangeal
joints. The lengths of the other links were tested and calculated
using the Working Model software.

To allow the 3D-printed hand orthosis to fit the shape of
a hand, we scanned a real hand with an iSense 3D scanner
(3D Systems, Rock Hill, SC, USA). The hand was fixed at
wrist extension at 35◦ with a three-jaw chuck pinch to obtain
a larger grasp force (Fig. 3) [28]. Because patients with C-SCI
could not place their hands in the scanning position, we used
a single-hand model from healthy individuals and adjusted
its size by using the Meshmixer software (Autodesk, San
Francisco, CA, USA). To match users with different hand
sizes, we asked the participants to naturally lay their hands
on the table and then measured their palm widths. Three sizes
of hand shells were prefabricated for users with palm widths

Fig. 3. 3D-printed hand orthosis. (a) Hand scanning. (b) The numbers
shown indicate the assembly sequence of the hand orthosis. (c) Ortho-
sis with silicone finger cots (arrow indicate).

of 7.5–8.0, 8.0–9.0, and 9.0–9.5 cm, respectively. Although
no previous studies have mentioned a special design of the
finger pulp to increase the frictional force during grasping,
we added silicone finger cots to our device to increase the
friction during grasping (Fig. 2c). Kang et al. reported that
joint alignment during movement can affect the performance
of assistive devices [10]. Therefore, we also used an adjustable
prefabricated wrist-driven flexor hinge orthosis (WDFHO)
with slot and hole. With many holes to adjust the angle of
wrist extension, it was fitted to each subject throughout the
experiment by a certified occupational therapist. We fitted each
subject from the radial side of the MCP joint to the distal tip
of the radial styloid in the index finger.

The hand shells and finger cots used with the
3D-printed hand orthosis were printed using a Flashforge
Finder 3D printer (Zhejiang Flashforge 3D Technology,
Shenzhen, China). The printing parameters involved a layer
thickness of 0.2 mm, a filling density of 15%, a printing
speed of 60–80 mm/s, and a printing temperature of 200◦C.
Transparent acrylic linkages with a thickness of 3 mm
were cut using a FLUX Beambox laser cutting machine
(The FLUX Team, Taipei, Taiwan). We took approximately
4 h to create the 3D-printed hand device, including the
manufacturing and assembly processes. The total production
cost was approximately US$65, and the overall weight of the
device was approximately 202 g.

B. Clinical Experiment
This study had a one-group with no device testing prettest

and the device testing posttest. To evaluate the usability of
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Fig. 4. Flowchart of the clinical evaluations.

our hand orthosis, eight patients with chronic C-SCI meeting
the following criteria were included: (1) age between 20 and
65 years, (2) C-SCI onset of at least 6 months, (3) diagnosis of
C-SCI with hand function impairment, and (4) muscle strength
of the wrist extensor above 3 with manual muscle testing
(MMT). The exclusion criteria were as follows: (1) severe
hand physical distortion or spasticity (Modified Ashworth
Scale score 2), (2) coexisting neurological injuries (e.g., stroke,
brain injury, or cerebral palsy), and (3) other unstable medical
conditions. Subjects with severe hand deformities or coexisting
neurological injuries were excluded because they were not able
to control the wrist-controlled orthosis for the neurological
injuries well, or a special orthosis had to be designed for the
hand physical distortion. The study protocol was approved
by the Institutional Review Board of National Yang-Ming
University (YM110031F). All participants provided informed
consent before participating in the study.

As shown in Table I, the demographic data, SCI level, range
of motion, muscle tone, and muscle strength of the hand were
recorded before the device was fitted. The SCI level was
graded from C3 to C7, with seven patients having ASIA grade
A, which meant complete injury. The MMT results indicated
a wrist extension muscle strength score above 4 and a finger
muscle strength score of 0 among all subjects.

The baseline assessment involved testing without the device,
and the posttest assessment was performed with the device
worn after proper rest on the same day (Fig. 4). The eval-
uation included hand function and functional independence.
Participants took their own device home to use in daily life for
2 weeks, and the 2-week follow-up assessment was conducted
with the device. In addition to hand function and functional
independence, the evaluation included the level of satisfaction
with the assistive device.

1) Hand Function Assessments:
a) Force: A pinch gauge (AliMed, Dedham, MA, USA)

was used to measure the three-jaw chuck pinch force. Pinch
gauges are a frequently used clinical assessment tool with

TABLE I
BASIC INFORMATION OF THE PARTICIPANTS

Fig. 5. (a) Pinch force measurement. (b) Dexterity test.

favorable test–retest and interrater reliability [29]. The par-
ticipants were asked to sit on a chair or wheelchair and to use
their thumb, index finger, and middle finger to pinch. As shown
in Fig. 5(a), we helped the participants hold the pinch gauge.
In practical observation, the participant with C-SCI was able to
complete a task of grasping a small object within ten seconds
with the orthosis. To avoid fatigue in the extensor muscle, the
time to grasp the object was increased to 20 seconds. The
repetition of the three times and one minute trials was granted
to have sufficient rest and to expect reasonable results under
the average of the three times. The participants started to exert
their maximum effort to pinch three times with a 1-min resting
period between each trial.

b) Dexterity: The Box and Block Test (BBT) was used
to evaluate hand dexterity. This test strongly correlates with
daily life independence [30] and is widely used because of its
favorable test–retest and interrater reliability [31], [32]. The
participants were asked to move one block at a time from one
box to another across the midline board, as shown in Fig. 5(b),
and a 15-s practice time was provided. The total number of
blocks moved in 1 min was calculated as the test score.

c) Functional independence: The Spinal Cord Indepen-
dence Measure Version III (SCIM-III) questionnaire was used
to assess the daily life independence of patients with SCI
through interviews [33]. This questionnaire contains three
subscales: self-care, respiration and sphincter management,
and mobility. Here, the self-care subscale was used to evaluate
the self-care abilities of the participants, including feeding,
bathing, dressing, and grooming, through interviews or obser-
vations. The score of the self-care subscale was then recorded.

2) Statistical Analysis: Because of our small sample size,
a nonparametric statistical test was used. The Friedman test
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Fig. 6. Pinch force results. ∗Significant difference between groups
(p < .05).

was used to compare the differences of hand function and
functional independence within a group at different time
points. The Wilcoxon signed-rank test was used to compare
the differences in significant difference parameters between the
two groups. Descriptive statistics were used to summarize the
demographic characteristics and user satisfaction levels with
the assistive devices. All statistical analyses were performed
using IBM SPSS Statistics 24.0 (IBM, Armonk, NY, USA),
and statistical significance was set at .05.

III. RESULTS

A. Hand Pinch Force
The results of the three-jaw chuck pinch force are presented

in Fig.6. During the baseline assessment, five patients had
a pinch force of 0 lb, and the rest of the patients had
pinch forces of 0.5, 0.6, and 1.0 lb, respectively. The average
was 0.26 lb at baseline, but it increased to 1.71 lb after
the assistive device was worn. During the 2-week follow-up
assessment, the average was 1.86 lb. Statistically significant
differences (p = .011, .011) were observed, indicating that
wearing the assistive device may immediately significantly
improve the performance of the three-jaw chuck pinch force.
However, no statistically significant difference (p = .066)
was observed between the posttest assessment and 2-week
follow-up assessment.

B. Dexterity
Regarding the hand dexterity performance, the number of

blocks taken within 60 s was 13 ± 3.83 at baseline and
17.75 ± 7.96 in the posttest. During the 2-week follow-up
assessment, the number of blocks taken was 23.13 ± 7.26.
A statistically significant difference was observed in hand
dexterity between patients wearing the assistive device and
patients not wearing the assistive device (baseline) (p = .012,
.012), indicating that wearing an assistive device can improve
the performance of hand dexterity (Fig.7 ).

Compared with the posttest assessment, the difference in
hand dexterity improvement during the 2-week follow-up
assessment was statistically significant (p = .028), indicating
that the hand dexterity performance may still improve after
2 weeks.

Fig. 7. BBT results. ∗Significant difference between groups (p < .05).

TABLE II
SCIM-III SELF-CARE SUBSCALE RESULTS

C. Functional Independence
The results of the self-care abilities are presented in Table II,

which are divided into four items, with a full score of
20 points. The average scores were 5 ± 5.45, 5.25 ± 5.29, and
5.25 ± 5.29 points during the baseline, posttest, and 2-week
follow-up assessments, respectively.

Among the four items mentioned earlier, the average of
grooming was 1 ± 0.93 points at baseline and 1.25 ±

0.71 points after the assistive device was worn during both
the posttest and 2-week follow-up assessments. The average
scores of the remaining three items were the same as those at
baseline. The differences in all items and total scores between
groups were not statistically significant.

IV. DISCUSSION

A. Hand Pinch Force
The three-jaw chuck pinch force significantly increased

to 1.71 lb (558%) in the posttest assessment and 1.86 lb
(615%) in the 2-week follow-up assessment compared with
0.26 lb (100%) at baseline. Kang et al. [10] analyzed the
biomechanical parameters of patients with C-SCI by using
a commercially available wrist-driven assistive device. They
determined that the average three-jaw chuck pinch forces
were 0.14 and 1.6 lb without and with the assistive device,
respectively. In another study, Portnova et al. [15] examined
the effects of a 3D-printed, open-source, wrist-driven orthosis.
The results indicated that when the orthosis was used, the
three-jaw chuck pinch force of two of the patients increased
by 122.2% and 13.3%, respectively. Our results conform with
those of previous studies, confirming that the assistive device
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helped transfer the force of the wrist extension to the palm
and fingers thanks to its mechanism, thereby improving the
finger pinch force performance. However, the percentage and
value of the increased pinch force of our device were slightly
higher than the results of previous studies. This may be
attributed to our triple four-bar linkage design, which helped
to easily convert wrist extension into a finger grasping action
and hence increase the power performance. Compared with
a single four-bar linkage design, the movement of our triple
four-bar linkage was more similar to finger movement and thus
slightly increased the pinch force. However, the trajectory of
this linkage and finger movements remain to be investigated
in future studies.

No significant difference was observed in the increase of the
pinch force between the posttest and 2-week follow-up assess-
ments. According to the relevant literature on the functional
recovery of patients with SCI, the functional recovery rate
reaches a plateau 9 months after injury [29]. In addition, the
pinch force generated with a linkage mechanism was positively
correlated with the wrist extension muscle force [10]. In the
present study, the wrist extension muscle strength score of
the participants was mostly 5 (MMT). Therefore, the changes
observed in the pinch force after 2 weeks were likely due to
the patients’ familiarity with the device rather than changes
in muscle strength. During the pinch test, our participants had
a finger muscle strength score of 0 (MMT) because of their
abnormal hand tension.

B. Dexterity
During the BBT, a significant increase was observed in hand

dexterity between patients wearing the assistive device and
patients not wearing the assistive device (baseline), increasing
by 37% (posttest) and 78% (follow-up), respectively. As indi-
cated in a previous study, during the BBT, patients wearing a
3D-printed wrist-driven orthosis performed better than those
not wearing an orthosis [15]. This was mainly because their
grasping action became more uniform and stable after using
the assistive device. This confirms that wearing an orthosis
can immediately improve the hand dexterity performance.
In addition to the considerable improvement observed during
the BBT, the number of blocks was also larger than that
reported in a previous study [15]. This may be attributed
to the use of silicone finger cots, which increased the levels
of friction at the fingertips and improved the hand dexterity
performance.

During our experiment, we observed that most of the partic-
ipants tended to perform several trials and adjust their angles
to pick up the blocks without using the device. Because of the
different hand conditions of the participants, the movements
made to grasp the blocks were also different, for example,
some participants used the lateral side of their flexed thumb
joint to increase the contact area or used tension to clamp,
a scenario that has also been reported in a previous study [6].
The assistive device fixed and improved the grasping posture,
allowing the participants to pick up the blocks more efficiently,
hence indicating that our device increased the stability of
grasping objects.

Although all of our participants performed wrist extension
and elbow flexion, they could not perform elbow extension,
which may have affected repeated movements in the BBT.
However, we observed that they used shoulder movements
or gravity as a compensation mechanism, and all of them
successfully completed the BBT.

Compared with the posttest assessment, the improvement in
hand dexterity during the 2-week follow-up assessment was
significant, indicating that hand dexterity was still improved
after they took the device home for 2 weeks. This improve-
ment may have been due to the increasing familiarity of the
participants with the assistive device after using for several
times at home.

C. Self-Care Abilities

The total score of the SCIM-III self-care subscale was
20 points, but the average at baseline was 5 ± 5.45 points.
In both the posttest and 2-week follow-up assessments, a score
of 5.25 ± 5.29 points was observed. Not only was the
difference between groups not significant, but the scores were
also significantly low.

The average scores of the items did not change, except for
that of grooming, which is presumably attributed to the partic-
ipants’ usage habits and the characteristics of the assessment
items. First, the average injury time of our participants was
11.63 ± 8.98 years, and most of them developed their own
compensatory techniques or other assistive devices. Second,
bathing and dressing require a sensory function and the ability
to change posture. However, these functions are impaired in
most patients with C-SCI, which is why they still require
caregiver help with such ADLs. This may explain why the
eating score was the highest among the four items, because
eating mainly involves hand manipulation movements, with
decreased posture changes and no other movements. Most
participants reported using the device about 1 to 2 times a
week. Some of our participants indicated that they attempted to
use a toothbrush with a thick handle or an electric toothbrush
with the orthosis and achieved some improvements in self-care
abilities.

Although the 3D-printed hand orthosis considerably
improved the hand dexterity of our participants, it did
not significantly improve their self-care abilities. Compared
with previous studies employing both assessments simul-
taneously, in our study, no significant improvement was
observed in the self-care abilities of our participants with
the 3D-printed myoelectric hand orthosis [35]. This was
mainly because ADLs mostly require abilities other than
hand function, such as trunk balancing and lower-limb mus-
cle strength. Therefore, an improvement in hand dexterity
does not fully represent an improvement in self-care abili-
ties. Our device mainly focused on hand movements, which
is why it resulted in improved performance in the BBT
with relatively simple movements. However, no considerable
improvement was observed in ADLs involving more complex
movements, which is consistent with the results of previous
studies.
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D. Comparison of the 3D-Printed Hand Orthosis
Portnova et al. [15] and Kang et al. [10] created hand

orthosis with four-bar linkage to help the SCI subject to grip
object. Kang et al. also addressed that joint alignment during
movement may affect the performance of assistive devices.
Due to this, the study did two modifications based on joint
alignment and friction of finger. First, the hand device had
triple four-bar linkage mechanism to mimic the natural hand
movement and transfer the wrist movement sensitively, and
adjustable finger parts and linkages to fit different sizes of
hand. Previous studies [10], [15] only had one four-bar linkage
and not offer adjustment to fit different hand sizes. Second,
the silicone finger cots were used to increase friction while
grasping. As a result, we added silicon finger cots in hand
device and found the greater improvement in pinch force and
hand dexterity for the SCI subjects.

Regarding the advantage of the current device, the subjects
were satisfied with the weight and size of the device other than
the improvement in pinch force and dexterity. All users did
not experience skin redness or other discomfort after wearing
the assistive device. Regarding the disadvantage of the current
device, some users mentioned that the device in this study had
many parts, so they concerned about the durability of long-
term use. One subject mentioned that the wrist extensor muscle
fatigued after holding heavy object (such as a water bottle) for
a long time.

E. Limitations
Because this study mainly aimed to examine the feasibility

of using a 3D-printed, wrist-driven orthosis, the sample size
was small. The interval between the posttest and follow-up was
only 2 weeks, which may have affected the duration of use and
level of familiarity with the device. Therefore, future studies
with larger sample sizes investigating long-term effects are
required. In addition, our device was designed for three-jaw
chuck movements, but the other hand movements made on
a daily basis are rather complicated. Therefore, future studies
should consider in other grasping movements such as spherical
grasp, tripod grasp, hook grasp, and palmar pinch [32], [33].
Additionally, the volume of the linkages was still bulky for
daily use. The mechanism should be more fit to the shape of
the hand to reduce the impact in the future work.

V. CONCLUSION

In this study, we used 3D printing technology to develop a
wrist-driven orthosis, the advantages of which included its low
cost and customizability. When this 3D-printed wrist-driven
orthosis was used for 2 weeks, considerable improvements
were observed in the three-jaw chuck pinch force and hand
dexterity of patients with C-SCI. However, no considerable
improvement was observed in their self-care abilities. This
study concluded that 3D-printed wrist-driven orthosis with
triple four-bar linkage may help early stage of C-SCI to learn
and use tenodesis grip easily. However, the different grasping
movements and durability of orthosis could be investigated in
future study.
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