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DESIGN AND ANALYSIS OF A
DYNAMIC SPLINT BASED ON
PULLEY ROTATION FOR POST-
STROKE FINGER EXTENSION
REHABILITATION DEVICE

The presence of rehabilitation tools is essential to more rapidly
cure hand muscle disorders of people affected by stroke. One of the
tools is a dynamic splint that is fit-sized, lightweight, comfortable
to wear, and easy to operate. The paper proposes the design and
analysis of new dynamic splints based on pulley rotation as a
rehabilitation device for finger extension after stroke. This device
consists of the main splint, the pulley, the locker, the finger handles,
the ball bearing, and the fishing line. To lock and stop pulley
turning, the locking system is designed to complement it which is
also the most important mechanical segment. The shear stress of
the pulley was 0.026 N/mm?. The deformation, stress, and strain
energy of the locking system section were analyzed by the finite
element method. The results showed that the deformation
distribution around the locker section was at 0.1-0.15 mm intervals.
The maximum stress 25.0786 MPa, which is still inferior to the yield
strength of ABS Material (28.5 MPa). The safety factor of the
structure is about n = 1.14. The largest strain energy was 0.2856

mJ at the same place as with the maximum stress which was close
to the conical end of the locker. The correlation between stress-
strain energy and moment was linear as well. In future work, a
prototype will be fabricated using 3D printers, and it will be
applied to the stroke patient. In addition, the therapies will be
involved to assess the improvement of the finger extension of stroke
patients.

Keywords: Dynamic Splint; Pulley Rotation; Finger Extension;
Rehabilitation Device.

1. INTRODUCTION

Hands are one of the most important organs of the human body, especially in activities of daily living
(ADL) such as reaching, grasping, and lifting objects. However, the hand will not function properly if an
accident or a disease like a stroke. Stroke is the third most common cause of death, after coronary heart disease
and cancer [1]. In the United States, 795,000 people continue to experience a new or recurrent stroke each year
[2]. Meanwhile in Taiwan stroke patients who are registered in the hospital reached 30,599 people between
2006 - 2008 base on the Taiwan Department of Health database [3]. It is the main cause of adult disability with
30% to 66% of individuals because one of the effects of a stroke is paralysis in some organs [4]. Organs
dysfunction in the upper limb and finger extension are mostly impaired by approximately 75 % [5]. In Taiwan,
around 69 % to 80 % of stroke patients have the muscle weakness symptom of the upper limb [6].

The hand impairment causes the hampered of exploring and manipulating a surrounding object
functionally. A major source of the impairment is neuromuscular disorders which frequently prevent effective
occupational performance. One study in England showed that more than 50% of stroke patients relied on help
others six months post-stroke. However, only 5% to 20% of stroke patients can completely recover the upper
limb six months after the stroke [7]. If individuals did not be rehabilitated properly then more than 80% of
them affected by hemiparesis after a stroke cannot completely heal the hands and arms back to normal. To
solve this problem, it is necessary to use splint as a rehabilitation device. The main purposes of splinting are to
improve hand function, increase the range of motion (ROM), reduce spasticity, prevent contracture, motor
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recovery occurs, and influence muscle extensibility in patients [9].

In the last decade, various rehabilitation training devices have been developed to help stroke patients
for overcoming hand impairment. Generally, the therapeutic devices are divided into two types: soft glove
[10],[11],[12] and robotic hand [13],[14]. For soft glove, there are several kinds of actuators such as pneumatic
[15], fiber-reinforced [16], spring [17], or motor [18]. Some researchers also have developed the hand
rehabilitation models integrating with virtual display [19],[20],[21],[22]. These robotic devices are promising,
with the ability to finely control assistance levels to each digit during task practice [23]. However, these robots
are complex, large volume, difficult installation, and staying at clinic therapy [24],[25]. Furthermore, for glove
device which requires a virtual reality system or computer graph, are passive devices, and not able to produce
assistive external force at the finger [26]. The important one is costly and cannot be affordable by all the
patients. In order to be affordable from all people of rehabilitation centers, hospitals, and individuals, it is
necessary that the device has a moderate price, which is achieved by using low-cost materials and easy to
produce.

The purpose of this study is to design and analyze a new dynamic splint based on pulley rotation as a
biomedical rehabilitation device for finger extension after stroke. The main material of this device is ABS
material printed out by using the 3D printer. Besides, there are some complement components such as bearing,
fishing line, and fastener tape. To complete it, the locking system with several holes was designed to stop the
rotation of pulley at a certain stage. Therefore, in this model, the locking system is an important segment to be
analyzed when applying the moment. The finite element analysis (FEA) is utilized to find out the deformation,
stress, and strain energy distribution of the model. In addition, the device is simple and easy to operate so the
device becomes useful and the patient can use it independently without help a caregiver.

2. MECHANICAL DESIGN

The dynamic splint for finger extension was designed by using Inventor software with the total
dimension 200 mm x 115 mm x 85 mm in length, width, and height because of the limitation of 3D print size.
The main dynamic splint was assembled from 4 parts: the main splint, pulley, locker, and bearing as shown in
Figure 1. All of the parts will be printed out using acrylonitrile butadiene styrene (ABS) material because the
material is light, inexpensive, and easy to fabricate. Stainless steel small ball bearing is used as a commercial
product with a size 9 mm inner diameter, 20 mm outer diameter, and 6 mm thickness. In order to make
comfortable with hand, the shape of the main splint was designed like the upper surface of the hand which
covers from the forearm, wrist, and dorsal hands. To secure the splint and hold it in place during long-term
wear, straps with hook and loop closures are used. To avoid pressure in the inner wrist the soft pad also is
attached inside the splint.

While the other parts are finger handle which was designed with an elongated cone shape to suit with a
finger as depicted in Figure 2. The shape between thumb and index or middle finger was made a difference
because the movement and position are also different. The fingers have 2 movements which are extension and
flexion but for the thumb not only that, it also has abduction and adduction. Moreover, the thumb position
when extension should rest on the back pedestal of the splint for hyperextension preventing. Thus, the line
hook of thumb was placed at the back end of the handle. Whereas the line hook of finger handle was placed in
the middle due to keeping the balance of finger when pulling by-line to a maximum extent.

Line hook

N\

Pulley rotation
Hole of guide line

Palm straps location Locker house

Wrist straps location

Forearm straps location

Figure 1: 3D model of the dynamic splint
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Figure 2: Model of different finger handle: (a) Thumb, (b) Index, and middle finger

The mechanism of the dynamic splint based on pulley rotation is like the fishing principle. At the initial
position, the finger of a stroke patient is totally flexion and strongly tied. The next step inserts the finger handle
to the thumb, index, and middle while apply the main dynamic splint to hand. After tying all parts then turn
the pulley at the clockwise direction and automatically the finger will extension because it is connected to a
line. When pulley rotation, the force and moment will accumulate on the pulley axis and bearing. To strengthen
the base can be stick with super glue then the locking system was permitted to defense rotation pulley finger
pulling. Figure 3 illustrates the mechanism of the locking system which easies to operate. Its function is also
very important to keep finger extension which reduces finger flexor hypertonic muscle tone when the subject
wearing a prolonged period of time. All the part size depends on the patient hand size except the locking system
and pulley which is the same. The dimension of pulley shown in Figure 4.

Open - Lock

n

Sliding
g

(a) (b)

Figure 3: Locking system mechanism: (a) Open-lock; (b) Sliding

Figure 4: The dimension of the pulley
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3. DYNAMIC ANALYSIS

The goal of the dynamic analysis was to calculate the torque on a pulley and shear stress of the pulley.
Assuming that at the initial position, the pulley was aligned with the vertical direction and finger force (F)
comes from the front of the pulley, as shown in Figure 5 (a). The radius of pulley R = 22 mm and the pulley
mass M = 16.69 g. The finger forces each finger and patient differs depend on their muscle tone by about 5 to
20 N [27][28]. Then it is assumed to take the maximum force (F) which is 20 N and resulted in (T) torque at
the pulley to the counterclockwise as a positive direction. Because of locking system holes, the pulley would
rotate at a certain each angle 6= 40° was shown in Figure 5 (b).

F

(a) (b)
Figure 5: (a) Pulley rotation at the counterclockwise direction; (b) The angle each hole of the locking system

The torque on the pulley (T) can be calculated by the formula equation 1 as follows:

T = FR (oY)
The rotational inertia of the pulley (I) of the pulley can be determined by the following equation 2:
I==MR? )
The torsional moment area of solid cylinder (J) can be defined by the equation 3 as follows:

J =3 mR* €)
The torsional stiffness of the pulley (k) can be computed by the following equation 4:

k = GL_f 4
The shear stress in a solid cylinder of pulley (t) can be expressed by equation 5 as follows:

t= o ®)

Where G is Young's modulus of the ABS material which is 2400 MPa [29] and « is the angular
acceleration. Because it was assumed that pulley is like a tube with height (L) 31 mm, so the torsional stiffness
k is 2.8 x 106 NmmV/rad and the shear stress of pulley is 0.026 N/mm?.

4. FINITE ELEMENT ANALYSIS

The simulation of dynamic splint based on pulley rotation was performed via the finite element analysis
(FEA) in ANSYS 18.1 software with the static structural type. The analysis was a focus on the locking system
when the device lock position to measure the durability of the model when used by stroke patients. The ABS
material was chosen for the main splint part, pulley part, and locker part, while stainless steel ball-bearing was
inserted as a lap around with friction ignored. The mechanical properties of ABS material were given in Table
1 [30],[31],[32]. It was inputted to engineering data while stainless steel used available data. At the meshing
stage was set manually, for body part which closes to locking contact the element size was 3 mm whilst the
other part was set 5 mm as shown in Figure 6 (a). For boundary condition, forearm to wrist cover was selected
as fixed support and the pulley was given a moment maximum 10 Nm which assumed the strongest muscle
tone of a stroke patient with clockwise direction as shown in Figure 6 (b). According to the Skewness scale,
the high result of element metrics was in interval range 0.25 to 0.5. Hence, the quality of the meshed model
was very good as shown in Figure 7.
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Table 1: Characteristics of The ABS Material

CHARACTERISTIC | VALUE UNIT
Density 1.04 g/cm3
Young’s modulus | 2400 MPa
Poisson’s ratio 0.37

Yield strength 28.5 MPa

(a) (b)

Figure 6: (a) Meshing model; (b) Boundary condition model
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Figure 7: The evaluation results of the meshing quality

5. RESULTS AND DISCUSSIONS

The results of deformation showed that the pulley part was the highest of deformation distribution
because of a rotation part. The important part is in locker and locker house which slightly bent and based on
the color indicator, for locker deflection was approximately 0.1 to 0.15 mm in range as depicted in Figure 8
(a). The graphic of shape transformation every moment is shown in Figure 9, it was linear. On the other hand,
the biggest of von-misses stress result occurred in the locker part particularly in the frontier between tube and
cone shape close to the tip. Figure 8 (b) depicts the maximum stress marked on the label which was 25.0786
MPa. The graphic of stress correlation with a moment from 1 Nm to 10 Nm was linear well as shown in Figure
10. To avoid static failure, the maximum stress was still inferior to the strength of the ABS material (28.5
MPa). The safety factor ratio was safe approximately n = 1.14 after calculation.

i, o Y e
00 80.00(mm) ‘I/' 000 80.00(mm) 00 80.00(mm)
P
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Figure 8: (a) The result of deformation; (b) The result of von-misses stress; (c) The result of strain energy
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Moment (Nm)
Figure 9: Correlation between the moment and deformation
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Figure 10: Correlation between moment and von-mises stress

The maximum strain energy appeared at the same location uniformly with the maximum stress
corresponding to a maximum moment of 10 Nm. These energies concentrated at the border and spread to the
nearest area of the locker part. The result of maximum strain energy found about 0.2856 mJ which marked on
the label as shown in Figure 8 (c), it also can support to withstand the torque of pulley. In addition, Figure 11
illustrates the relationship between strain energy and moment of the dynamic splint, it was linear well too.
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Figure 11: Correlation between the moment and strain energy

Finally, the performance of the dynamic splint based on pulley rotation was defined by the following
parameters, as given in Table 2.

Table 2: The locking system of dynamic splint

PARAMETERS VALUE UNIT
Stress 25.0786 MPa
Strain energy 0.2856 mJ
Deformation 0.3684 mm
Safety factor 1.14
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6. CONCLUSION

The dynamic splint based on pulley rotation was proposed as a rehabilitation device to earlier release
the hand of muscle tone for the stroke sufferers. This paper aims to design and analyze the model to find out
the durability before manufacturing and applying it to the patient. The pulley part of the dynamic splint was
designed with nine holes for achieving an easy way to lock. The shear stress of pulley is 0.026 N/mm?,

The deformation, stress, and strain energy of the locking system section were analyzed by FEA. The
results of deformation distribution in the locking system area were in the range 0.1 to 0.15 mm by the color
parameter. On the other hand, the maximum von misses stress was approximately 25.0786 MPa which located
at the tip of the locker. The locker part is vulnerable parts to earlier fatigue material when the stress superior
the tensile yield strength. However, it was still safe after computing the coefficient of safety factor about n =
1.14 with a moment 10 Nm. The other results found that the highest strain energy was 0.2856 mJ at the center
of the locker. Furthermore, the stress and strain with input moments were in a good linear profile.

Future investigation will be fabricated of the prototype by using a 3D printer. The experiments will be
carried out to the subjects after recruiting and they will be evaluated by therapists using the assessment theory
of occupational therapy for upper limb extremity.
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