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INTRODUCTION

Wrist disease causes pain, swelling, and contracture and 
significantly impairs activities of daily living and quality of 
life.1) Sequelae associated with wrist joint diseases, such as 
pain, often remain; moreover, some patients with wrist joint 
disorders develop contractures.

Contractures are treated by identifying the limiting factors 
and employing focused treatment. Sustained stretching is 
effective for contracted tissue.2) The application of dynamic 

orthoses is known to be an effective therapy for improving 
the range of motion.3) Similarly, dynamic orthoses are effec-
tive and widely accepted for improving finger function after 
trauma, and their use is expected to shorten the treatment 
period.4) Conventional dynamic orthoses for wrist joints5) 
are unidirectional; therefore, there is a risk of increased pain. 
Moreover, such orthoses may be ineffective because of the 
difficulty in adopting an approach adjusted to the limiting 
factors.

Overall wrist joint movement is essentially the sum of the 
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Objectives: Recently, the dart-throwing motion (DTM) has attracted attention as a functional 
direction of wrist joint motion. Consequently, we devised a new artificial muscle-type dynamic 
orthosis (Dynamic Traction Splint by Artificial Muscle, DTSaM) to reproduce DTM. This study 
analyzed the automatic motion of the wrist joint using a three-dimensional motion analysis system 
to assess how closely the DTSaM replicates DTM. Methods: The DTSaM orthosis incorporates 
two McKibben-type rubber artificial muscles, and measurements were performed using image 
analysis software and a three-dimensional motion analysis system. The wrist radial angle (WRA) 
was defined as the angle between the line connecting the head of the index finger metacarpal to 
the radial styloid process and the line connecting the radial styloid process to the lateral epicon-
dyle of the humerus. WRAs were investigated from 60° of palmar flexion to 60° of dorsiflexion. 
Results: For dorsiflexion, comparisons of radial deviation and wrist ulnar angle (WUA) between 
the motion obtained using the DTSaM orthosis and active DTM showed a significant difference (P 
<0.05) at 30° and 60°, respectively. For palmar flexion, the same comparison showed a significant 
difference for both the ulnar and radial deviations (30°, P <0.05; and 60°, P <0.01, respectively). 
Furthermore, WUA showed a significant difference at 50° (P <0.05). Intraclass correlation coef-
ficient analyses yielded good reliability with an average value of ≥0.8. Conclusion: The DTSaM 
orthosis produces a motion similar to the DTM. It is hoped that the use of the DTSaM orthosis will 
help to shorten the treatment period for patients with wrist disease.
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movements of the carpometacarpal joint (C-L joint) and the 
radiocarpal joint (R-L joint).6) The movement ratio of these 
two joints to the movement of the entire wrist joint is called 
the contribution ratio. There are characteristic tendencies 
in the contribution ratio. In rehabilitation, it is important 
to improve the contracture of each joint and to normalize 
the contribution ratio.6–8) Recently, application of the dart-
throwing motion (DTM) to contracted hands has been stud-
ied. DTM exercise is reportedly effective for C-L joints,9–11) 
suggesting that motion in the DTM plane can be preserved 
following wrist surgery, as in radiocarpal fusion, provided 
that mid-carpal motion is permitted.12–14) DTM has been 
shown to require minimal relative rotation of the scaphoid 
and lunate.9,14–16) Therefore, DTM may be permitted during 
early mobilization following injury. However, an accurate 
measurement of DTM is required before it is used in clinical 
practice because deviation from the DTM path reportedly 
increases the relative motion of the carpal bones.15)

Moreover, the development and clinical effects of dynamic 
orthoses, including those that reproduce the DTM, should 
be considered.17,18) However, to enable active movements, 
orthoses are usually made of rigid materials, and this makes 
them difficult to use when treating diseases such as contrac-
tures that require tissue expansion.

Therefore, based on a dynamic orthosis that has a clinical 
effect on wrist contracture,5) we devised a new orthodontic 
orthosis that combines the DTM with traction effects, 
thereby addressing the common problems. The resulting 
orthosis incorporates pneumatic artificial muscles (PAMs), 
which generate superior tension as the power source of the 
straightening action to achieve traction at the wrist and 
effective passive DTM. The device is an artificial muscle-
type traction orthosis (novel Dynamic Traction Splint by 
Artificial Muscle: DTSaM)19) developed for exercising the 
wrist joint. The authors previously assessed the clinical ef-
fects of using the DTSaM orthosis in patients with painful 
wrist contracture.19) The present study aimed to analyze the 
automatic motion of the wrist joint during DTM using three-
dimensional motion analysis to assess the accuracy with 
which the DTSaM replicates DTM.

MATERIALS AND METHODS

Structure and Characteristics of the DTSaM 
Orthosis 

Figure 1 shows the features and mounting attachments of 
the McKibben artificial muscles. The DTSaM includes a con-
troller, a palm finger cuff, a wrist cuff, a forearm cuff (made 

by Daiya Industry Co., Ltd., Japan), a dorsal stay, McKibben 
artificial muscles (two palms, two dorsals), and elbow joint 
and forearm fixtures (thermoplastic Orfit material, produced 
in-house). The orthosis works by using PAMs to correct the 
dorsiflexion and the palmar flexion while performing trac-
tion. The PAMs were arranged such that the rubber tube 
was constrained by the elastic material in the longitudinal 
direction of the finger. In the resulting structure, the rubber 
tube expands toward the center point and contracts when 
pressurized (Fig. 2). 

For palmar flexion, the finger cuff for flexion was attached 
to the middle finger and the ring finger and the wrist cuff was 
also attached. The finger cuff and PAMs were connected, 
and the artificial muscles were attached from the finger cuff 
to the lateral epicondyle of the humerus. As the PAMs con-
tracted, palmar flexion movement was performed, and DTM 
was reproduced (Fig. 2A).

For dorsiflexion, the artificial muscle expanded, as shown 
in Fig. 2 B, and the dorsal stay of the wrist joint restricted the 
movement of the carpal bone and pressed the carpal bone in 
the volar direction. Consequently, traction was added to the 
metacarpal bone, and traction and dorsiflexion of the wrist 
joint were performed. This traction method is very differ-
ent from conventional wrist traction devices. To reproduce 
DTM, the PAMs were attached, and traction was initiated to 
perform the dorsiflexion motion.
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Fig. 1. Essential parts of the DTSaM wrist orthosis: ① fore-
arm cuff (made by Daiya Industry Co., Ltd., Japan), ② hand 
cuff (made by Daiya Industry Co., Ltd., Japan), ③ artificial 
muscle for palmar flexion (two), ④ artificial muscle for dor-
siflexion (two), and ⑤ controller.



Copyright © 2021 The Japanese Association of Rehabilitation Medicine

Subjects
Twenty healthy forearms from 12 men and 8 women with 

an average age of 26.2 years (range, 25–28 years) were 
evaluated. The average forearm height was 162.5 ± 7.8 cm, 
the body weight was 70.1 ± 10.1 kg, and all subjects were 
right-handed. The traction force was unified and measured 
at 300 kPa using the PAMs. To avoid affecting the blood flow 
and causing pain, the study was conducted after confirm-
ing the skin color and assessing subjective symptoms after 
the subject had worn the cuff for 3 min.20,21) We previously 
examined the effects of the orthosis cuff on blood flow and 
myoelectrical activity and have proven its safety.22) For the 
cuff shape, we used a wrist cuff covering the entire circum-
ference of the wrist to obtain complete compression on the 
dorsal and volar arches.23)

This research was approved by the Kansai Welfare Science 
University Ethics Committee (Approval number 17–19). 
Written informed consent was obtained before patient en-
rollment from all volunteers who agreed to participate in the 
research protocol.

Measurement Method
The forearm muscles that are directly involved in generat-

ing DTM are the extensor carpi radialis brevis and longus 
(ECRL-B) and the flexor carpi ulnaris (FCU).17) Therefore, 
the McKibben-type rubber artificial muscles were arranged 
along the running direction of the muscle by palpating the 
two palmar sides of the FCU and the two dorsal sides of the 
ECRL-B. The wrist joint cuff was made of polyurethane. 
Care was taken to avoid any deviation between individuals. 
We prepared a fixture exclusively for this research to fix the 

measured limb position at 90° flexion of the elbow joint and 
45° pronation of the forearm. The movement of the wrist 
joint was measured using a three-dimensional motion analy-
sis system (Opti Track Japan: Motive Tracker) and image 
analysis software (SKYCOM, Japan). Three Flex3 cameras 
were used for motion capture, and the camera settings were 
frame rate (FPS) 100, exposure (EXP) 480, threshold (THR) 
255, and LED illumination (LED) 15.

The measurement angle of the wrist joint was based on 
the wrist radial angle (WRA), i.e., the angle formed by the 
line between the index phalanx head and the radial styloid 
process and the line between the radial styloid process and 
the lateral epicondyle of the humerus (Fig. 3a). The changes 
in other anatomical variables were estimated for units of 10° 
of WRA from 60° of palmar flexion to 60°of dorsiflexion. 
We also analyzed the wrist ulnar angle (WUA), i.e., the angle 
formed by the line between the phalangeal head of the little 
finger and the ulnar styloid process and the line between 
the ulnar styloid process and the lateral epicondyle of the 
humerus; the ulnar deviation (UD), i.e., the angle formed 
by the line between the phalanx of the index finger and the 
radial styloid process and the line between the radial styloid 
process and the ulnar styloid process; and the radial devia-
tion (RD) i.e., the angle formed by the line between the pha-
langeal head of the little finger and the ulnar styloid process 
and the line between the ulnar styloid process and the radial 
styloid process. Measurements were taken three times each 
for the following three scenarios: active exercise, the motion 
produced by the DTSaM, and passive exercise performed by 
a skilled occupational therapist with more than 10 years of 
experience with consideration of DTM. The average values 
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Fig. 2. Wrist orthosis mechanism for (A) wrist palmar flexion and (B) dorsiflexion. (A) For palmar flexion, the finger cuff 
for flexion was attached to the middle and ring fingers and the wrist cuff was also attached. The pneumatic artificial muscle 
(PAM) was attached from the finger cuff to the lateral epicondyle of the humerus. When the PAM contracted, palmar flexion 
movement was performed, and the dart-throwing motion was reproduced. (B) The artificial muscle expands and the dorsal 
stay of the wrist joint restricts the movement of the carpal bone and presses the carpal bone in the volar direction. Thereby, 
traction is added to the metacarpal bone, and traction and dorsiflexion of the wrist joint are performed.
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were subsequently measured and calculated.

Statistical Analysis
Statistical analysis was performed using analysis of vari-

ance and Friedman’s test. Post-tests were performed using 
Scheffe’s multiple comparison test. Furthermore, the validity 
was calculated from the passive motion and the measured 
values of DTSaM, but not for active motion, using the intra-
class correlation coefficient (ICC).

RESULTS

Dorsiflexion
For dorsiflexion, there were significant differences in WUA 

between DTSaM and active exercise for all WRA angles 
from 10° (P<0.01) to 60° (P<0.05) (Fig. 4). For the same 
comparison, UD showed significant differences between 30° 
and 50° (P<0.05). For RD, significant differences were found 
at 20°–40° (P<0.05). For active compared with passive exer-
cise, WUA showed significant differences between 20° and 
60° (P<0.05). UD showed significant differences at all angles 
from 10° to 60° (P<0.01, P<0.05), and RD showed significant 
differences between 20° and 50° (P<0.05). A comparison 
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Fig. 3. Definition of wrist angles for measurement. (A) Wrist radial angle (WRA): the angle formed by the line connecting 
the index finger head of the metacarpal bone to the styloid process of the radius and the line connecting the lateral epicondy-
lus of the humerus to the styloid process of the radius. (B) Wrist ulnar angle (WUA): the angle formed by the line connecting 
the little finger head of the metacarpal bone to the styloid process of the ulna and the line from the lateral epicondyle of the 
humerus to the styloid process of the ulna. (C) Radial deviation (RD): the angle between the line connecting the index finger 
metacarpal head to the styloid process of the radius and the line connecting the styloid process of the radius to the styloid 
process of the ulna. (D) Ulnar deviation (UD): the angle between the line connecting the little finger head of the metacarpal 
bone to the styloid process of the ulna and the line connecting the styloid process of the ulna to the styloid process of the 
radius.

Fig. 4. Changes in anatomical angles in the dorsiflexion direction for WRA in the range 10°–60°: (A) wrist ulnar angle 
(WUA), (B) ulnar deviation (UD), and (C) radial deviation (RD). Analysis of variance and the Friedman test were per-
formed. A post-hoc test was performed using Scheffe’s multiple comparison test. *P<0.05, †P<0.01. ROM, range of motion.
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of DTSaM and passive movement showed significant dif-
ferences in UD at 10° (P<0.05), 20° (P<0.01), 50°, and 60° 
(P<0.05). For RD, there was a significant difference at 50° 
only (P<0.01). The ICC of passive movement and DTSaM 
for WUA increased from 0.81 to 0.83; for UD, ICC increased 
from 0.78 to 0.88, and for RD, ICC increased from 0.75 to 
0.81 (Table 1).

Palmar Flexion 
For palmar flexion (Fig. 5), there were significant dif-

ferences in WUA between DTSaM and active exercise for 
WRA angles of 10°, 20°, 50°, and 60° (P<0.05). For the 
same comparison, UD showed significant differences for all 
angles in the range 20°–60° (P<0.05). For RD, significant 
differences were also found in the range 20°–60° (P<0.05). 
For active compared with passive movement, WUA showed 
significant differences at WRA angles of 10°, 20°, 40°, 50°, 
and 60° (P<0.05). UD showed significant differences at all 
angles from 10° to 60° (P<0.05), and RD showed significant 
differences for WRA angles in the range 20°–60° (P<0.05). 
A comparison of DTSaM and passive movement showed a 

significant difference in UD at 10° (P<0.01) and 20° (P<0.05). 
Additionally, a significant difference was observed in RD at 
50° (P<0.01). The ICCs for passive movement and DTSaM 
for WUA, UD, and RD were 0.77 to 0.81, 0.75 to 0.77, and 
0.77 to 0.81, respectively (Table 1).

DISCUSSION

We devised a new orthosis that can stretch tissues using a 
highly flexible clothing material and PAMs. From our results, 
no radial or ulnar flexion movements were observed between 
WRA angles of 10° and 60° during automatic movements for 
both flexion and dorsiflexion. Therefore, even if the pronation 
position was approximately 45°, the movement would not be 
similar to DTM, unless the subject was under instruction.

In passive DTM movements, the ulnar flexion angle during 
palmar flexion and during dorsiflexion changed by an aver-
age of 33.2° and 22.2°, respectively. Under DTSaM, the ulnar 
flexion angle during palmar flexion and during dorsiflexion 
were, on average, 32.3° and 21.4°, respectively. There was 
a significant difference in both the flexion and dorsiflexion 
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Table 1 . Intra-rater reliability for measurements

Angle analysis Direction of movement Intra-rater reliability
ICC 1,1 (95% CI) ICC 1,2 (95% CI) ICC 1,3 (95% CI)

WUA
Flexion 0.78 (0.68–0.88) 0.81 (0.72–0.90) 0.77 (0.69–0.88)

Extension 0.81 (0.76–0.92) 0.83 (0.77–0.91) 0.81 (0.74–0.90)

UD
Flexion 0.76 (0.68–0.90) 0.75 (0.67–0.88) 0.77 (0.69–0.88)

Extension 0.88 (0.78–0.92) 0.78 (0.71–0.85) 0.82 (0.71–0.91)

RD
Flexion 0.77 (0.63–0.89) 0.79 (0.71–0.83) 0.81 (0.74–0.90)

Extension 0.78 (0.71–0.83) 0.75 (0.68–0.91) 0.81 (0.81–0.92)
ICC, intraclass correlation coefficient; CI, confidence interval; WUA, wrist ulnar angle; RD, radial deviation; UD, ulnar 

deviation.

Fig. 5. Changes in (A) WUA, (B) UD, and (C) RD in the palmar flexion direction for WRA in the range 10°–60°. Analysis 
of variance and the Friedman test were performed. A post-hoc test was performed using Scheffe’s multiple comparison test. 
*P<0.05, †P<0.01.
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directions.
Early mobilization of the wrist is important to prevent the 

development of fibrosis and secondary stiffness and to regain 
proprioception more quickly, thereby ensuring a faster return 
to function. To date, wrist joint motion has been evaluated 
and analyzed mainly in two directions: dorsiflexion/palmar 
flexion and radial/ulnar flexion. However, the motion from 
radial dorsiflexion, which is a diagonal movement combin-
ing radial flexion and dorsiflexion, to palmar ulnar flexion 
(i.e., the DTM) has been recently included in the analysis.

Furthermore, the diagonal movement of ulnar dorsiflexion, 
which combines ulnar and dorsiflexion, to radial flexion, 
which in turn combines radial and palmar flexion, has been 
used in functional anatomy.14,23) Cadaveric and in vivo stud-
ies demonstrated that both lunate motion and scaphoid mo-
tion are minimal during motion in the true DTM plane.9,14,15) 
Early post-surgical rehabilitation of the wrist along a plane 
that is not consistent with DTM may result in excessive 
scaphoid and lunate motion, thereby compromising the sur-
gical reconstruction. Therefore, the accurate measurement of 
DTM in the clinic is important for both clinical assessment 
and the use of DTM in the design of rehabilitation tools, 
such as dynamic orthoses. Such measurement would also 
facilitate strengthening programs that allow mobilization of 
the wrist along the DTM plane only.24) “Dart orthoses” may 
be utilized in postoperative rehabilitation protocols wherein 
it is necessary to immobilize the radio-carpal joint, such as 
following surgical repair or reconstruction of radio-carpal 
ligaments, scapholunate ligaments, midcarpal instability, and 
radioscapho-lunate fusion. Moreover, dart orthoses can be 
recommended for the conservative treatment of several types 
of predynamic and dynamic scapho-lunate interosseous liga-
ment instability and palmar midcarpal instability. Currently, 
the basic characteristics of DTM and the effectiveness of dart 
orthoses are inconclusive. However, such orthoses need to 
be rigid orthotics and should be focused on active motion. 
Therefore, it is problematic to apply dart orthoses to diseases 
such as contractures, which require tissue expansion.

Generally, PAMs enable effective treatment to be delivered 
under conditions of relatively low pressure and reduced ten-
sion; consequently, PAMs were used to provide powered 
torque for DTSaM orthoses. Additionally, PAM utilization 
results in orthoses that are flexible, lightweight, easily main-
tained, and inexpensive. Recent studies have quantified in 
detail the force-length, force-velocity, force-activation, and 
bandwidth properties of artificial pneumatic muscles.25–28) 
PAMs, which can generate high power at low pressures, are 
well suited for mimicking natural gait movements,26,27) as 

in the current DTSaM orthosis, and for providing power-
assisted gloves.29)

The current DTSaM results are similar to those of a 
previous study,30) and DTM movements may be closely re-
produced. However, it takes time for the artificial muscle to 
expand after the pressure is applied to the entire rubber tube. 
The comparison between passive movement and DTSaM 
movement revealed a difference in the radial flexion angle 
between the palmar flexion and dorsiflexion motions during 
the initial motion. However, ICC analyses yielded good reli-
ability, with an average value of ≥0.8 between WUA, RD, 
and UD for both dorsiflexion and palmar flexion in DTSaM 
movement and passive movement. Consequently, the DT-
SaM orthosis may enable reproduction of the DTM move-
ment. The results of the current study are novel in that we 
developed an orthosis with a movement similar (as judged 
by optical motion capture) to the DTM performed by skilled 
occupational therapists in previous studies.

This study has several limitations. First, the research was 
conducted in healthy young individuals and did not include 
elderly or disabled persons; therefore, the feasibility of its 
application in the clinical setting should be examined. 
Second, the neutral position of the range of motion in the 
90° pronation condition cannot be defined theoretically, and 
the measurements may be inappropriate for high pronation 
angles. Third, while intra-rater reliability was evaluated, 
inter-rater reliability could not be assessed. Therefore, the 
characteristics and biases of the examiner may be reflected 
in the data. In the future, it will be important to compare 
DTSaM to conventional orthoses, to evaluate inter-examiner 
reliability in terms of the feel and ease of wearing the ortho-
ses, and to obtain results based on sound scientific evidence. 
Furthermore, we would like to examine the clinical effect 
of using the DTSaM to treat patients with contractures and 
deformities. Moreover, the durability of the equipment has 
not been examined. It will be necessary to investigate the 
degree of fatigue of the McKibben rubber tube in relation to 
air pressure and the strength of the cuff.

CONCLUSION

The DTSaM orthosis reproduces a motion similar to the 
DTM. It is hoped that the use of DTSaM orthoses will con-
tribute significantly to shortening the treatment period for 
patients with wrist disease.
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