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Abstract

Background: Spinal cord injury (SCI) is a severe medical condition affecting the hand and locomotor function. New
medical technologies, including various wearable devices, as well as rehabilitation treatments are being developed
to enhance hand function in patients with SCI. As three-dimensional (3D) printing has the advantage of being able
to produce low-cost personalized devices, there is a growing appeal to apply this technology to rehabilitation
equipment in conjunction with scientific advances. In this study, we proposed a novel 3D-printed hand orthosis
that is controlled by electromyography (EMG) signals. The orthosis was designed to aid the grasping function for
patients with cervical SCI. We applied this hand exoskeleton system to individuals with tetraplegia due to SCI and
validated its effectiveness.

Methods: The 3D architecture of the device was designed using computer-aided design software and printed with
a polylactic acid filament. The dynamic hand orthosis enhanced the tenodesis grip to provide sufficient grasping
function. The root mean square of the EMG signal was used as the input for controlling the device. Ten subjects
with hand weakness due to chronic cervical SCI were enrolled in this study, and their hand function was assessed
before and after wearing the orthosis. The Toronto Rehabilitation Institute Hand Function Test (TRI-HFT) was used
as the primary outcome measure. Furthermore, improvements in functional independence in daily living and device
usability were evaluated.

Results: The newly developed orthosis improved hand function of subjects, as determined using the TRI-HFT
(p < 0.05). Furthermore, participants obtained immediate functionality on eating after wearing the orthosis.
Moreover, most participants were satisfied with the device as determined by the usability test. There were no
side effects associated with the experiment.

Conclusions: The 3D-printed myoelectric hand orthosis was intuitive, easy to use, and showed positive effects
in its ability to handle objects encountered in daily life. This study proved that combining simple EMG-based
control strategies and 3D printing techniques was feasible and promising in rehabilitation engineering.

Trial registration: Clinical Research Information Service (CRIS), Republic of Korea. KCTO003995. Registered 2
May 2019 - Retrospectively registered.
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Background

Spinal cord injury (SCI) is a major disorder that causes
sensory, motor, and autonomic dysfunction in parts of
the body served by the spinal cord below the level of in-
jury. It often leads to permanent sequelae and eventually
results in extensive physical and emotional disabilities in
patients, families, and society [1]. Although the epidemi-
ology of the SCI demonstrates some variation between
countries, the overall incidence is suspected to be 23.0
cases per million worldwide [2]. Unfortunately, there is
no treatment to completely recover the functional status
for patients with SCI at present [3]. As a result, concerns
about disability and medical costs due to SCI have been
growing worldwide in both developed and developing
countries [4]. In particular, cervical SCI is a more serious
situation than thoracic or lumbar SCI because it is ac-
companied by other medical disorders such as auto-
nomic or respiratory dysfunction [5, 6]. Moreover,
cervical SCI affects upper extremity function, which is
the most crucial consequence for tetraplegic patients.
Therefore, most patients with cervical SCI expect a con-
siderable improvement in quality of life would occur if
their hand function improved [7]. In this respect, rehabili-
tation of hand function is paramount for cervical SCL

Even a small improvement in hand function may lead
to an increase in functional independence in daily living
for people with tetraplegia. Therefore, various rehabilita-
tion strategies have been developed to maximize the re-
covery of hand function in tetraplegia. Patients with
cervical SCI have reportedly undergone neuromuscular
electrical stimulation represented by functional electrical
stimulation as well as conventional rehabilitation exer-
cise including occupational therapy [8, 9]. However, des-
pite these treatments, SCI still remains an incurable
disease and there is little chance of recovery for patients
with complete SCI [10]. Surgical options such as nerve
transfer have been tried to restore hand function; how-
ever, studies are in the early stages with only a small
number of cases [11, 12]. Recently, new alternative
therapeutic options such as robotic rehabilitation [13] or
neural stem cell transplantation have been actively de-
veloped. In a recent study, allogenic neural stem cell
transplantation in 12 patients with chronic SCI showed
some promising results. However, the study is still in the
preclinical stage [14].

Despite advances in medical knowledge and treatment
of SCI, it is true that most of the current treatment op-
tions aim to minimize secondary complications and
utilize the residual functions. Therefore, orthoses have
been a mainstay of SCI rehabilitation and many individ-
uals with hand paralysis utilize hand orthoses to com-
pensate their physical function. Various hand orthoses
have been developed to assist patients with cervical SCI
with hand disabilities. However, most orthoses are rigid
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molded plastic and used to correct hand deformities or
reduce contractures and have limitations with regards to
providing functional movements [15]. Although one of
the conventional metal tenodesis splints, the flexor hinge
splint can be used to promote prehension grip, most pa-
tients rarely use the splint due to its cost and design.
The Rehabilitation Institute of Chicago plastic tenodesis
splint can be an alternative solution because it is easier
to fabricate and is relatively cheap. However, it can only
be applied to patients who are capable of wrist extension
against gravity [16]. Furthermore, while new robotic exo-
skeletons are being developed, externally powered hand
orthoses are rarely commercialized due to their high cost
and poor aesthetics. An electrically-powered functional
hand orthosis has been commercialized by Broadened
Horizons, Minnesota, USA (PowerGrip), but the cost is
more than $5000 [17].

Three-dimensional (3D) printing is a computer-aided
manufacturing method that can create 3D objects using
various materials such as plastic, metal, liquids, or even
living cells [18, 19]. Since this technology is beneficial
with regards to cost-effectiveness, customization, and
enhanced productivity, it has attracted much interest in
the biomedical field [20, 21]. It was first applied to make
dental implants in the early 2000s. Since then, the bio-
medical applications of the technology have evolved con-
siderably into various categories, including rehabilitation
engineering [22]. Furthermore, the application of 3D
printing technology to the development of new orthoses
is thought to be a promising avenue for cost reduction
with rapid manufacturing compared to previous metal
orthoses. Currently, many publications reference the use
of 3D printing in the development of new orthoses.
Most of the studies referred to lower extremity devices
including ankle-foot orthoses, and focused on a com-
parison with the traditional methods [23]. Interestingly,
a few 3D-printed upper extremity orthoses have been
developed. Abdallah et al. developed a 3D-printed myo-
electric hand exoskeleton for stroke patients that can aid
finger movements. In the study, they proved that the de-
signed orthosis had a positive effect on finger range of
motion. They suggested that the system could be consid-
ered as a continuous passive motion device [24]. An-
other study focused on a 3D-printed wrist driven
orthosis for patients with SCI. The study showed some
improvements in hand function and highlighted the po-
tential possibility of using 3D printing on hand orthosis
for patients with SCI. Although the study focused on
material properties and the durability of the 3D-printed
device, the product did not differ from traditional metal
wrist hand orthosis in terms of design, function, and in-
dication [25].

As technology develops, the desire for new hand orth-
oses is growing. In this study, we proposed a novel
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myoelectric hand orthosis using 3D printing that pro-
vides functional grip for patients with cervical SCI using
the tenodesis principle. By using 3D printing technology,
we could manufacture a low-cost orthosis suitable for
each individual while maintaining essential functionality.
Furthermore, we used electromyography (EMQG) signals
as the input to the controller. The orthosis was designed
to be operated under a customized EMG setting and,
therefore, could detect the users’ intentions and be con-
trolled more intuitively. The aim of the study was to
demonstrate the effects of the 3D-printed myoelectric
orthosis in patients with cervical SCI. Accordingly, it
was applied to people with chronic cervical SCI and its
effects on hand function and daily living were evaluated
using clinical tests.

Methods

Mechanical design

A computer-aided design software (SolidWorks®, Das-
sault Systémes, France) was used to model the 3D archi-
tecture of the orthosis. Each individual part was printed
with a polylactic acid (PLA) filament, which is easy to
use and biodegradable. We used a fused deposition
modeling (FDM)-based 3D printer (Moment2°, Moment
Co., Ltd., Seoul, Korea). FDM is one of the most widely
used manufacturing techniques in 3D printing and has
advantages of being able to print products fast and at a
low cost [20].
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The designed orthosis consists of 3 parts: forearm cuff,
hand, and finger ring parts (Fig. 1). The forearm cuff
consists of 2 subparts, namely, a dorsal and a volar fore-
arm splint. On the dorsal forearm splint, a linear motor
(L12-30F-4°, IR Robot Co., Ltd., Korea), which can gen-
erate 30 Newton force with 41 mm stroke length, is
mounted to control the wrist extension. The volar fore-
arm splint stabilizes the wrist joint and is bound to the
dorsal forearm splint with a velcro strap so that it can be
adjusted to the participant’s forearm. The hand part
wraps around the hand and anchored to the linear
motor. Therefore, when the motor is activated, the wrist
part is pulled toward the forearm, which makes the wrist
extended. The finger ring parts are located in each
phalange of the thumb, index and middle finger, and
each volar side of finger ring is connected to the volar
forearm splint by nylon thread. Cable guide structures
were added to the volar side of each finger ring and
hand part to route the nylon thread along the fingertip
to the volar forearm splint. When the wrist is extended
by the linear motor, the nylon thread tightens, which
strengthens the tenodesis grip (Fig. 2). Thus, wrist exten-
sion leads to the simultaneous flexion of the interphalan-
geal and metacarpophalangeal joints of each finger
including thumb. Therefore, when an object is placed in
the user’s palm or between the fingers, the user can
grasp the object by activating the linear motor. This is
the key mechanism of orthosis that allows more people

a Ring Part

‘,".
Cable guide
structure

b Hand Part

Nylon thread

Cable guide
structure

each finger ring part and hand part to guide the nylon thread

Fig. 1 Schematic design of the hand orthosis. a Ring part. A total of 8 ring parts were printed for each phalange of the thumb, index, and
middle finger. b Hand part. ¢ Dorsal forearm splint. d Volar forearm splint. Note that cable guide structures were designed to the volar side of

¢ Dorsal forearm splint

’ Linear motor

d Volar forearm splint

Velcro strap
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Fig. 2 Each motion of the 3D-printed orthosis. @ When the linear motor is activated by sEMG signals, the wrist is extended, which causes the
tenodesis grip. Also, the nylon thread connected to the tip of each finger ring part is tightened as the wrist extended, which enhances grip
strength. b When the motor goes back into the place, the extended wrist and tension of the nylon thread are released, and the hand becomes
in a neutral position. c-e A subject is using the orthosis to pick up a pop can, dice, and wooden block, which were used in TRI-HFT. f Top view of
the orthosis. g Bottom view of the orthosis. The arrows indicate nylon thread that connects each finger ring and volar forearm splint

to use the device, including patients with high-level SCI
who cannot control their wrists. The length of the nylon
thread was adjusted so that the finger ring parts could
be pulled sufficiently when the wrist is extended.

The handbreadth and circumference of each
phalange were measured to make customized orthosis
before printing the hand and finger ring parts. The
handbreadth was defined as the distance across the
palm of the hand at the metacarpal-phalangeal joints
of the index to little finger [26]. Because the PLA
filament is thermoplastic, all parts printed with the
3D printer were heated using torch gas and re-
adjusted to the individual hand shape in detail. After
re-adjustment, the self-adhesive pad was attached to
the inside of the hand to prevent skin erosion. All
mechanical joints were omitted in the orthosis and it
was designed to use the patient’s own joint. The
wrists of some patients with SCI are radially deviated
by radial extensor innervated by C6, which interferes
with the effectiveness of the conventional orthosis. By
removing the artificial joints of the orthosis, the de-
vice can accommodate such a wrist deviation.

The total estimated cost of the developed orthosis is
roughly $230 US (Table 1). This includes the price of all
components needed to fabricate the orthosis, with the
exception of the 3D printer. However, considering that
the amount of filament required for each orthosis is esti-
mated to be between 90 and 170 g, depending on its size,
and only three surface electromyography (sEMG) elec-
trodes are needed, thus the estimated price is expected
to decrease further.

Table 1 Cost estimate for the developed orthosis

Components Estimated cost
PLA filament (1000 g) $32.50

Linear motor (L12-30F-4°) $152.50
Arduino (Arduino Mega 2560°) $35.00

12V lithium-ion battery $3.00

Velcro strap $1.50

Nylon thread $1.00

SEMG electrode (50EA) $5.00
Self-adhesive pad $2.50
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Electronics of the orthosis
The developed myoelectric orthosis was invented to be
operated by sSEMG recorded in the user’s upper extrem-
ity muscles. The control unit was designed to operate
the linear motor when the sEMG signal exceeded the
preset threshold. To acquire accurate signals, the loca-
tion of the SEMG electrodes was optimized according to
the level of injury and subject’s convenience. We tried to
determine appropriate muscles that were easily access-
ible and preserved after the SCI. In this experiment, ei-
ther the ipsilateral biceps or the upper trapezius muscle
was selected as the target, as all subjects were able to
contract the muscles without difficulty. As a result, a
pair of SEMQG electrodes was located at either the ipsilat-
eral biceps or the upper trapezius muscle depending on
the convenience of the subjects. According to the guide-
lines of SEMG for the non-invasive assessment of mus-
cles, a pair of electrodes was located on the most
prominent bulge of the muscle belly and the inter-
electrode distance was set as 2cm [27]. A ground elec-
trode was located at the olecranon of the dominant arm.
Before putting the orthosis on, the sSEMG signal was
processed. To maximize the quality of the signal, 1000-
fold signal amplification was undertaken, and we re-
moved background noise by applying a Sallen-Key band
pass filter with 10-500 Hz. The root mean square (RMS)
was selected as the parameter for controlling the linear
motor because it is one of the most commonly used
values in the analysis of EMG signals and is closely re-
lated to constant force and muscle contraction [28-30].
Figure 3 shows the raw sEMG signal and RMS for the
sEMG signal in each situation. The on/off threshold was
set to 80% of the maximal contraction level in RMS in
order to distinguish signals from intended and unin-
tended movements. However, the subjects were allowed
to adjust the threshold level until they felt comfortable.
By doing this, the threshold could be customized accord-
ing to the users’ ability and injury status. The definition
of the RMS can be expressed as follows.

Arduino (Arduino Mega 2560°, Arduino, Torino, Italy)
was used as a microcontroller board. It has an analog in-
put with 10 bits of resolution, and the sampling fre-
quency was 1000 Hz. A 12V rechargeable lithium-ion
battery (F2600°, FAIRMAN Co., Kyonggi do, Korea) was
used as a power source for the control unit and the lin-
ear motor. The control unit was designed to be as small
as possible to maximize the portability. The size and
weight of the control box were 10cm x 5.3 cm x 1.7 cm
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and 81g, respectively. The schematic of the control
strategy is illustrated in Fig. 4.

Participants

A total of 10 participants with chronic cervical SCI (9
men, 1 woman; age range, 31-65 years) with stable dis-
ability were enrolled in the study (Table 2). They were
recruited through the Korea Spinal Cord Injury Associ-
ation from March 27th, 2019 to April 31st, 2019 on the
basis of the following inclusion criteria: (1) age between
18 and 65 years, (2) at least 12 months after cervical SCI,
(3) neurological level of injury from cervical 4 to 7 (C4
to C7) according to American Spinal Injury Association
(ASIA) guideline, and (4) impairment of hand function
due to SCI. Those who met 1 of the following criteria
were excluded from the study: (1) a medical history of
other coexisting neurological injuries (e.g, traumatic
brain injury, stroke, or cerebral palsy), (2) severe hand
deformity or spasticity (Modified Ashworth scale
(MAS) >3) [32], (3) severe neuropathic pain on the
upper extremity after the SCI, (4) severe orthostatic
hypotension, (5) having unstable spinal fractures, (6)
persistent other medical conditions (e.g, cardiopulmo-
nary disease, or infection), or (7) pregnant women.

Prior to the study, participants were instructed regard-
ing the experiment, and all provided written informed
consent. The study was approved by the Clinical Re-
search Information Service (KCT0003995) and Institu-
tional Review Board of the Gwangju Institute of Science
and Technology (20190327-HR-43-01-02).

Experiment procedure

Before the experiment, all the participants underwent
thorough clinical examination by a physiatrist with many
years of experience in this field. The motor and sensory
function of the upper extremities along with the neuro-
logic level of injury, according to the ASIA guidelines,
were evaluated. Furthermore, spasticity of the dominant
hand was evaluated using MAS.

The experiment was designed to compare the partici-
pant’s situation with and without the orthosis. Prior to
donning the orthosis, participants underwent baseline
measurements of hand function and functional inde-
pendence in daily living. Baseline measurement without
the orthosis might create a bias to the evaluation be-
cause it is not blinded. Accordingly, evaluating baseline
conditions while wearing the orthosis with the motor be-
ing passive might be a better method. However, we de-
cided to evaluate the baseline condition with their bare
hands because it reflects the actual baseline hand func-
tion. Hand function of the dominant side was evaluated
using the Toronto Rehabilitation Institute Hand Func-
tion Test (TRI-HFT) for the primary outcome measure
[33]. This simple test was specially designed to evaluate
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Fig. 3 Control mode change of the device according to SEMG signal. a Raw and RMS sEMG signal in each situation. Note that the sEMG of usual
muscle movements, such as picking up objects and bringing them to oneself, rarely exceeds the preset value (for example, 80% of the maximal
RMS value). Therefore, the orthosis was not activated in such contraction level. b When the RMS value of the sEMG signal exceeds the threshold
value, the myoelectric orthosis activates and the hand is closed by the exoskeleton. If the signal exceeds the threshold again, then the orthosis

the unilateral gross motor function of patients with C4
to C7 SCI using standardized objects that might be en-
countered in daily living. The TRI-HFT is known to be
sensitive enough to assess the change in hand function
under different conditions in patients with SCI. There-
fore, many previous studies have used this assessment
tool to prove the effectiveness of hand assistive devices
or therapeutic interventions [33—37]. The test consists of
2 parts: the first part of the test evaluates the ability to
manipulate objects with 10 standardized items, and the
second part evaluates the strength of the grasp using 9
rectangular wooden blocks, an instrumented cylinder
and credit card attached to a dynamometer, and wooden

bar. The 9 wooden blocks of different weights and fric-
tions are used to evaluate the strength and stability of
grasp, while the three other items are used to measure
the torque generated by palmar grasp, lateral pinch
force, and eccentric load that the grasp could sustain, re-
spectively. However, the latter tree items have not been
validated yet and primarily focus on evaluating forces
exerted by the motorized hand exoskeleton [33, 37].
Therefore, we evaluated the hand function using 10
items in the first part and 9 wooden blocks in the second
part of the test. Each subset is scored on a scale of 0 to 7
based on the TRI-HFT criteria; therefore, the total max-
imum scores for the 2 parts was 133 points. There was
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Fig. 4 Overview of the control scheme. SEMG signals recorded from the surface electrodes were processed through some acquisition steps such
as amplification and band pass filtering in order to improve the signal quality. Then, RMS values of the processed sEMG signals were compared
with the customized threshold. The Arduino board classified whether to operate the orthosis according to the magnitude of the RMS value

no time limit in performing the task. Participants were
allowed to terminate each task when they thought they
had accomplished the task to the best of their capabil-
ities. Furthermore, sufficient rest was allowed to
minimize muscle fatigue. The whole assessment was re-
corded on video, and 2 independent observers scored
the test according to the TRI-HFT guidelines to
minimize observer bias. Sufficient discussion to achieve
a consensus occurred between the observers if there
were any difference in test scores.

For the secondary outcome, functional independence
in daily living was evaluated using the Functional

Table 2 Clinical characteristics of the study participants

Independence Measure (FIM) self-care subscale, and the
Spinal Cord Independence Measure (SCIM) III self-care
subscale. The evaluation was undertaken by observation
and interview. The FIM is the most widely used func-
tional independence measurement tool and has been
used in many rehabilitation communities. It assesses
functional ability in 6 distinct areas (self-care, sphincter
management, transfers, locomotion, communication,
and social cognition) [38, 39]. Among them, we evalu-
ated the FIM self-care subscale only (6 items, subscores
0-42) as this subscale is most likely to be affected by
hand function. SCIM III, the second functional

Participants ~ Age  Gender  ASIA Impairment Scale  NLI  Years Since Injury  Finger Flexor Motor grade®  Finger Flexor Spasticity (MAS)
1 43 Female  ASIAD C4 17 years 1 1

2 36 Male ASIA A a5 14 years 1 0
3 65 Male ASIA A c4 28 years 0 0
4 52 Male ASIA A c7 26 years 2 0
5 51 Male ASIA A (€3] 15 years 2 1

6 63 Male ASIA C 6 5 years 3 1+
7 56 Male ASIA C cs 28 years 1 1

8 31 Male ASIA B 6 5years 2 0
9 51 Male ASIA B 6 17 years 1 1
10 53 Male ASIA C c7 23 years 0 0

ASIA American Spinal Injury Association, NLI Neurological Level of Injury, MAS Modified Ashworth scale
“The motor grade was evaluated using manual muscle testing developed by the Medical Research Council [31]
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independence measurement tool, is the latest version of
SCIM that is developed specifically for patients with SCI.
It evaluates the ability of performance in activities of
daily living (ADL) and is known to be the most sensitive,
reliable, and valid measurement for individuals with SCI
[40, 41]. The SCIM consists of 3 subscales, namely, self-
care, respiration and sphincter management, and mobil-
ity. We only evaluated the self-care subscale (4 items,
subscores 0—20), which is relevant to the hand function.
Finally, the Korean-Quebec User Evaluation of Satisfac-
tion with Assistive Technology 2.0 (K-QUEST 2.0) was
used to evaluate a person’s satisfaction with several com-
ponents of the orthosis [42, 43]. K-QUEST 2.0 is a 12-
item outcome measurement tool rated on a 5-point sat-
isfaction scale (range 1 to 5). It assesses user satisfaction
in 2 aspects, device and services. We only surveyed with
regard to device dimension, which consisted of 8 items.

After the baseline measurements, participants put the
myoelectric orthosis on their dominant hand, and im-
provements in hand function and functional independ-
ence were evaluated using the same methods. After
finishing the experiment, a careful observation was done
to see if there were any side effects related to the experi-
ment, including pressure ulcers. Since the participants
had limitations with regard to independent walking due
to SCI, the experiments were conducted at the Gwangju
Spinal Cord Injury Association Center or the partici-
pants’ home, depending on what was more convenient
for the participants.

Statistical analysis

All functional measurements, including TRI-HFT, FIM,
and SCIM III, were evaluated in all participant. Non-
parametric statistics were used as the sample size was
small, and data did not show normal distribution in the
Shapiro—Wilk test (p-value <0.05). Therefore, the Wil-
coxson signed-rank test was used to assess the improve-
ment of total scores of functional measurements before
and after wearing the orthosis. Additionally, the false
discovery rate method was applied to control the mul-
tiple testing problem. All statistical analyses were con-
ducted using MATLAB version 2017b (Mathworks,
Inc.). For all tests, statistical significance was set at 0.05.

Results

Improvements of the hand function with the orthosis
After completing the experiment, the performance of
the orthosis was analyzed by comparing hand function
before and after wearing the orthosis. The results of the
TRI-HFT are summarized in Table 3. Additionally, the
TRI-HFT scores of each participant are summarized in
Additional file 1. Although the myoelectric orthosis pro-
vided efficient grip by enhancing the tenodesis, it was
not designed to offer individual finger movements.
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Table 3 TRI-HFT of the study participants at before and after
wearing the orthosis

Score p-
Base-line Assisted with orthosis value
First Part: Object Manipulation
1. Mug 35 56 0.035
2. Paper 32 5.2 0.047
3. Book 23 38 0.126
4. Ziploc bag 32 46 0.047
5. Pop can 2.8 46 0.047
6. Dice 29 56 0.035
7. Sponge 24 4.8 0.047
8. Credit card 3.1 36 0.574
9. Mobile phone 29 32 0.522
10. Pencil 3.1 4.0 0.246
Total score for the First Part 294 450 0.007
Second Part: Rectangular Wooden Blocks
100 g block; 34 56 0.012
high friction surface
100 g block; 30 56 0.012
wooden surface
100 g block; 3.0 54 0.012
low friction surface
200 g block; 32 54 0.012
high friction surface
200 g block; 28 52 0.012
wooden surface
200 g block; 2.8 52 0.012
low friction surface
300 g block; 32 52 0.012
high friction surface
300 g block; 26 52 0.012
wooden surface
300 g block; 28 48 0.012
low friction surface
Total score for the Second Part 26.8 476 0.009

Bold values indicate statistically significant differences. False discovery rate
method was applied to control the multiple testing problem. Besides, the
Wilcoxon signed-rank test was used to analyze the improvement of the total
TRI-HFT scores after wearing the orthosis

Therefore, it was difficult for subjects to manipulate ob-
jects using active finger grasp. As a result, the highest
score that can be achieved on the TRI-HFT for each
item was 6 out of 7 points, which stands for lifting the
object completely off and manipulating them using pas-
sive grasp, such as a tenodesis grip. The first part of the
TRI-HFT evaluates grasp, lift, and object manipulation.
In the first part, the total average score was improved
from 29.40 to 45.00 points. Furthermore, the improve-
ment was statistically significant on the Wilcoxson
signed-rank test (p = 0.007). When analyzing each item,
the orthosis was proven to be effective in dealing with
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the majority of objects. However, there were no signifi-
cant improvements in score when dealing with small or
relatively flat objects such as a book, credit card, mobile
phone, or pencil. With regard to the second part of the
test, which estimates strength and stability of grip, par-
ticipants could hold and move wooden blocks efficiently.
Regardless of the weight and friction of the blocks, sub-
jects could handle the objects while using the orthosis.
Exceptionally, 1 participant (subject 7) performed worse
with the orthosis than without the orthosis (Additional
file 1). The participant had suffered from cervical cord
injury for 28 years and had some degree of flexor con-
tracture on his fingers and wrist. Furthermore, he was
accustomed to grasping objects with his contracted hand
for a long time. As a result, he felt uncomfortable with
the new grip pattern provided by the developed orthosis,
and the effect of the device was reduced due to hand de-
formity. Other than that, most subjects were able to ac-
quire scores close to 6 points on every block and
showed statistically significant improvements (p < 0.05).
Although the statistically significant improvements
might not imply that they are actually meaningful, most
participants could grasp and lift the objects after wearing
the orthosis, which were impossible at the baseline mea-
surements. From this, we could infer that the improve-
ments of TRI-HFT score are clinically meaningful.

Improvements of the ADL with the orthosis

ADL was evaluated using FIM and SCIM III before and
after the experiment, and the improvement was analyzed
(Table 4). The detailed improvement of each subject is
reported in Additional file 2. In general, the evaluation
of ADL is appraised at sufficient time intervals. For ex-
ample, FIM is usually evaluated within 72 h of admission
to a rehabilitation facility and reevaluated within 72h
before discharge [38, 39]. However, in order to assess
the immediate improvement of ADL without sufficient
adaptation, SCIM III and FIM were remeasured on the
same day that the orthosis was applied. After wearing
the orthosis, significant improvements were observed in
the total SCIM III and FIM scores. However, when ana-
lyzing ADL by each task, it showed improvements only
in the eating category of the FIM score, the category that
was the most affected by hand function. On the other
hand, there was no significant improvement in other
tasks, such as grooming, which requires fine motor func-
tion, or bathing and closing, which also need trunk bal-
ance or lower extremity function.

Feedback from the subjects

After completing the TRI-HFT with the myoelectric orth-
osis, subjects were asked to rate the orthosis using K-
QUEST 2.0. They evaluated the orthosis across 8 items;
dimensions, weight, adjustments, safety, durability,
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Table 4 ADL of the study participants at base-line and with

orthosis
Task Base-line  Assisted with orthosis  p-value
Functional Independent Measurement (FIM): Self-care
Eating 35 54 0.035
Grooming 1.9 2.1 0.549
Bathing 1.5 1.5 1.0
Dressing-Upper Body 2.0 20 1.0
Dressing-Lower Body 1.1 1.1 1.0
Toileting 13 13 1.0
Total Score 113 134 0.0004
Spinal Cord Independence Measure (SCIM) IlI: Self-care
Eating 2.2 34 0.104
Bathing 0.6 09 0.166
Dressing 09 09 1.0
Grooming 09 09 1.0
Total Score 46 6.1 0.027

Bold values indicate statistically significant differences. False discovery rate
method was applied to control the multiple testing problem. Besides, the
Wilcoxon signed-rank test was used to analyze the improvement of the total
ADL scores after wearing the orthosis

simplicity of use, comfort, and effectiveness, and scored
each item on the scale from 1 (not satisfied at all) to 5
(very satisfied) (Table 5). Most subjects were satisfied with
the effectiveness of the orthosis. The average item score
regarding effectiveness was around 4.5 and it was the
highest ranked across the 8 items. However, some
participants voiced that the dimension of the orthosis
was a little bit bulky due to the linear motor and was
hard to adjust by themselves. Otherwise, the partici-
pants were satisfied overall with the developed orth-
osis. Furthermore, none of the participants requested
additional time to adjust the system since the control
scheme based on sEMG was easy to understand.
None of the subjects complained about any discom-
fort related to the study, and no side effects including
pressure ulcer were found during the experiment.

Table 5 Results of the survey using K-QUEST 2.0; device domain

ltems Satisfaction
Assistive Device Domain Dimensions 32

Weight 38

Adjustments 34

Safety 4.1

Durability 38

Simplicity of use 39

Comfort 38

Effectiveness 4.5
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Discussion

In the present study, we proposed a novel hand orthosis
using 3D printing techniques that enhanced tenodesis
grip and successfully assisted users’ ability to perform
hand function in everyday life. Furthermore, the assisted
device received high ratings in the usability test, particu-
larly regarding effectiveness. Participants who could not
manipulate objects with their hand showed improve-
ments in hand function and ADL (related to eating) with
the help of the orthosis. Other ADL-related subscales,
such as self-care or mobility, were not improved because
such ADL activities require additional abilities such as
lower extremity strength or trunk balance. In the
baseline measurements, participants showed poor per-
formance on the hand function test. However, they
could securely grasp and lift the objects with their vol-
ition after putting the orthosis on. The majority of sub-
jects scored close to 6 points in the second part of the
TRI-HFT, regardless of the weight or friction of the
wooden blocks. This might be because the blocks
were of the proper shape and size to grasp. However,
considering that the low-friction wooden block of
300 g could be lifted by the majority of subjects, we
could conclude that the orthosis offered sufficient
grip strength and the ability of hand function to per-
form a wide range of daily tasks.

Generally, patients with cervical cord injury who are
capable of wrist extension but have impaired hand func-
tion, for example, C6 injuries, receive occupational ther-
apy to improve grip using passive grasp called tenodesis.
This refers to the natural closing of the fingers into the
palm when the wrist is extended [15]. The active wrist
extension makes finger flexion as the tendons of the
flexor digitorum profundus and flexor digitorum superfi-
cialis are stretched. It is a compensatory passive prehen-
sion movement, and physiatrists often prescribe a hand
splint to shorten the finger flexor muscles and promote
the effectiveness of the tenodesis grip [44]. It seems fas-
cinating that a person with no hand function at all can
compensate through voluntary movements of the wrist.
Nonetheless, this passive grasp is relatively so weak that
there are limits to dealing with a variety of things in
everyday life [45]. To overcome such a condition, wrist-
driven wrist hand orthosis, such as the Rehabilitation In-
stitute of Chicago plastic tenodesis splint, is often pre-
scribed to those patients to enhance the tenodesis grip.
Recently, a soft wearable hand robot that uses a soft ten-
don routing system was developed to assist people with
hand disability. Since the soft hand orthosis did not re-
quire any of the rigid frames, it was lighter and more
compact than the conventional hard orthosis [46]. How-
ever, those two orthoses have a limitation in that only
patients with functional wrist extension can use the de-
vices. Ratchet-style wrist hand orthosis can be an
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alternative option for individuals with insufficient wrist
extension power. However, this is one of the externally
powered orthoses, which has the disadvantage of not be-
ing able to control directly by user’s own power [47].
Therefore, we tried to overcome the limitations of previ-
ous devices and develop a dynamic hand orthosis based
on tenodesis phenomenon, which can be used independ-
ently and effectively by more patients.

The dynamic hand orthosis developed in this study
has specific characteristics and advantages compared to
the other exoskeleton system being developed at the re-
cent stage of research. First, the orthosis has some struc-
tural advantages. Above all, it weighed less than most of
the newly developed devices because it was manufac-
tured using 3D printing technology with simple control
scheme. The total weight of the exoskeleton attached to
the hand was <190 g (85-90 g for the 3D-printed hard-
ware depending on the size and 96g for the linear
motor). Hybrid electroencephalography (EEG) and
electrooculography (EOG)-based hand exoskeleton de-
veloped for the assistance of hand opening and closing
was made of titanium alloy and weighted 438 g [37].
Even current 3D-printed hand exoskeletons for individ-
uals with SCI also weighed > 300 g [48, 49]. Randazzo L
et al. tried to develop hand exoskeleton which was as
lightweight as possible and the overall weight of the exo-
skeleton was <50 g. However, the control box weighed
about 930 g, which was designed to be mounted on the
user’s chest. Therefore, the overall design was bulky
[50]. Various well-designed pneumatic or hydraulic actu-
ators have also been developed [34, 51-53] and have ad-
vantages of being lightweight and having low stiffness.
However, they also have the potential disadvantage of
minimizing the size of the control unit. For instance, a
soft robotic glove controlled by pneumatic pump
weighed 77 g, but the control box was 5 kg [34]. In con-
trast, the control box of our device was around 260 g
(81 g for the control unit and 182 g for the lithium-ion
battery), which made it more portable. Besides, the use
of hydraulic pumps requires additional space for water
storage, and there is always a risk of fluid leakage [53].

Another structural advantage of the orthosis was that
the artificial joints of the device were omitted to make it
as simple as possible. As a result, not only was it possible
to minimize the weight of the device but by using the
user’s joints, it was also possible to grab objects without
disturbing the natural finger movement trajectory. Al-
though only tenodesis grasp or three-jaw chuck grasp is
possible in the developed orthosis, this type of grasp pat-
tern accounts for almost 80% of all prehension grasps
[54]. Therefore, the subjects were able to handle every-
day objects and show better performance on the TRI-
HFT test and ADL measurement. Besides, the size was
easily scalable and can be custom-fitted according to the
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condition and size of the patient’s hand. By simply
measuring the handbreadth and the circumference of
the fingers, we could easily produce personalized hand
orthosis.

Second, the developed orthosis is based on a myoelec-
tric control system that utilizes SEMG signals. EMG,
which represents the electrical activity of contracted
muscles, is widely studied and is the most common ap-
proach for the control of assistive devices. Although
there are some challenges to overcome, such as signal
processing or electrode placement, previous studies have
indicated that control schemes using SEMG are effective
in recognizing the user’s intentions and feasible for con-
trolling power-assist devices as it directly reflects the tar-
geted muscle activity in real time [55-58]. The
developed orthosis also utilizes SEMG signals from the
user’s arm to control the device. This allowed for more
intuitive and voluntary control of the device and in-
creased patient autonomy. In contrast, some of the pre-
viously developed wearable hand robotics were less
intuitive because they were controlled by another oper-
ator other than the subject [34, 53]. A very advanced
and lightweight polymer-based soft wearable hand robot
was recently developed, and it was activated according
to the user’s intention. Although the actuation system
was rather large, an intention button was designed so
that the users can press it to actuate the device. Push-
button operated devices are very simple and can be con-
trolled accurately over extended periods. In particular,
the control signals from the push-button operated device
are rarely affected by movement artifacts or sweating,
which are the major obstacles of the myoelectric control
system. However, it is less physiological than the myo-
electric devices because it might need the help of an-
other hand to press the button [59]. On the other hand,
the orthosis of this study has advantages in terms of
control because it can be controlled without the help of
another hand because it is operated directly by contrac-
tion of the unilateral target muscle. In addition, it was
possible to control the device more easily by customizing
the SEMG threshold value. By using the simple on/off
strategy using the threshold, computational power and
hardware complexity could be minimized. Furthermore,
the sEMG electrodes could be attached according to the
user’s status and no special training time was needed be-
cause only a simple contraction of the targeted muscle is
required to manipulate the device. Therefore, it could be
applied to more people with SCI than conventional orth-
osis. Specifically, traditional tenodesis splints are used
only in patients with functional wrist extension, whereas
the developed orthosis can be applied in any participant
who can control their proximal upper extremity. Besides,
it can also aid the hand function of subjects who are able
to control their wrist. Although the subjects 4 and 10
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were able to perform some degree of wrist extension,
the tenodesis grip was not effective due to the lack of
stiffness in their hand. However, these patients also
showed improvements in hand function with the help of
this orthosis.

Although we developed a low-cost and lightweight
3D-printed hand orthosis using a simple design and con-
trol scheme, it showed similar performance to other
newly developed assistive devices that were more com-
plicated. For instance, a cable-driven myoelectric orth-
osis was developed, and its efficacy was evaluated using
the Sollerman hand function test. The hand exoskeleton
was well-controlled by sSEMG signals and could perform
four types of hand movements. However, it was bulky,
and the hand function test score did not dramatically
improve [49]. Cappello et al. developed a new fabric-
based soft robotic glove, which was controlled by a
pneumatic pump. It was lightweight with compliant de-
sign and could control each individual finger. Therefore,
it enhanced dexterous movements and showed improve-
ment of hand function on TRI-HFT, which were similar
to the results of the present study. However, it needed
additional space to locate the control box since it was
relatively large [34]. A hybrid EEG and EOG-based hand
exoskeleton was very intuitive and showed almost full
restoration of hand function in paraplegic individuals.
However, the exoskeleton needed a wireless tablet com-
puter and actuators to control the system. Furthermore,
it also required more complicated hardware such as a
cap to record EEG [37]. The cost-effectiveness ratio can
be defined as the net cost to the net improvement in
health in the healthcare system [60, 61]. The orthosis
was made as simple as possible and utilized 3D print-
ing technology to minimize the net cost. Besides, the
3D printing technology has enabled us to produce
customized orthosis in a short time. Although the
studies mentioned previously did not provide the total
cost for the devices, the orthosis developed in this
study seems cost-effective considering that we can
manufacture the device promptly and achieve similar
effects as others at a low cost.

In the present study, we evaluated user satisfaction
with the device using K-QUEST 2.0. Even though the
survey of user satisfaction is considered to be important
for patient-centered research, few studies have con-
ducted a usability test when developing an assistive de-
vice. Another reason to do the usability test is that it
allows the researcher to compare the subjectivity of
newly developed devices with existing devices [62]. A
study evaluated the overall satisfaction of orthoses in
Korean people using K-QUEST [63]. QUEST 2.0 is a
measurement test that was developed in Canada to
evaluate user’s satisfaction with a variety of assistive
technology [42]. K-QUEST 2.0 is the Korean version of
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QUEST 2.0 and shares the same document form of the
test [43]. Compared with the results of the previous
study, participants scored higher on the items of “Safety,
” “Simplicity of use,” “Comfort,” and “Effectiveness” in
this experiment. In particular, the item with “Effective-
ness” received the highest score, which is about 0.5
points higher than reported in the study we referred to.
However, the developed orthosis received lower scores
on the items about “Dimensions” and “Adjustments.”
Despite the limitations, the majority of patients said the
developed orthosis effectively enhanced hand function
and was comfortable to wear because it was designed to
fit the shape of an individual’s hand using 3D printing.

Because the primary goal of many assistive devices is
to improve the functionality of our body, we think that
this study has achieved remarkable results. However, we
believe that this 3D-printed myoelectric hand orthosis
can be further improved in the future. First, it is impera-
tive to improve the dimensions and adjustments of the
device based on feedback from the users. The size of the
linear motor needs to be reduced, or other types of mo-
tors, such as a direct current motor or servo motor can
be an alternative. Second, printing the device with flex-
ible filaments such as dielectric elastomers or hydrogels
might improve adjustments and comfort [64]. Further-
more, strengthening the grip force by improving the
power of the mounted motor or attaching additional
structures to increase friction between the fingers and
objects will expand the usability of the device because
the current device does not support large grasp forces.
The control scheme can be advanced to closed-loop
systems to improve the task performance and usabil-
ity as bi-directional communication between the exo-
skeleton and user is one of the ultimate goals of
human-machine interface [65]. Embedding proprio-
ceptive sensors, such as pressure or resistive bend
sensor, in the exoskeleton can be a good clue for the
development of a closed-loop system [66]. Finally,
training the intended muscle contraction and unin-
tended muscle movements using a machine learning
technique will optimize the personalized threshold
value for device activation. Further study is needed to
improve the structural components and robustness of
the control system over extended periods of time.

» o«

Conclusions

In order to help more physically challenged people, as-
sistive devices based on low-cost and simple technology
are pivotal in the rehabilitation field. In this study, we
presented a newly developed myoelectric hand orthosis
using 3D printing. The dynamic orthosis significantly
improved the hand function and ADL of people with
cervical SCI in clinical tests including the TRI-HFT. It
also received positive feedback in the usability test.
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Although we have not evaluated long-term usability, it is
expected that users will benefit more from the orthosis
if they have sufficient training time to adapt to the sys-
tem. Furthermore, if we optimize the orthosis in terms
of volume and adjustments, it can be used in the clinic
soon and extended to other neurologically injured
people, such as stroke or brachial plexus injury patients.
It is still an early stage of research, and some areas need
to be improved. However, this 3D-printed myoelectric
hand orthosis seems to be cost-effective and promising
to utilize as an alternative to conventional devices. We
hope that this study will be the cornerstone of research
on assistive devices using 3D printing technology.
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1186/512984-019-0633-6.

Additional file 1. Distribution of the TRI-HFT scores across each individual.
a Results of the TRI-HFT score in the first part. Most subjects showed
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score. The majority of subjects showed improvements in hand function with
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Additional file 2. Distribution of ADL scores across each individual.
Functional improvements were observed in the eating category.
However, few improvements or no changes were observed in the
remaining categories. a Results of the FIM self-care subscale. b Results of
the SCIM Il self-care subscale.
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