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This paper proposes an air pocket glove for finger rehabilitation and diagnosis of hemiplegic patients after stroke. This

device consists of pneumatic actuators that expand when air is injected from a pump motor, silicone flexors that act as

artificial finger tendons, film-type bending sensors, and a pressure sensor. As air enters the glove, the actuators are

expanded, thus stretching out paralyzed fingers. We designed two different rehabilitation modes: continuous passive motion

(CPM) mode and master-slave mode, where the motions of the unaffected fingers are duplicated in the affected fingers.

We conducted an experiment to test the validity of the device for each mode. In CPM mode, the patient's spasticity level

was estimated from finger angle and air pressure. Our results showed that spasticity level decreased 13% from the initial

level after rehabilitation. With the master-slave mode, EMG signals were additionally measured and compared to those

found during conventional therapy, which revealed a positive effect stemming from voluntary involvement in the exercise. As

a result, EMG energy was shown to increase up to 18% during master-slave mode.
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1. Introduction

70% of hemiplegic stroke patients suffer from upper limb

impairment, and upper limb rehabilitation is closely related to

ADL function recovery.1,2 Among other body parts, hands are

densely packed with joints and nerves, making the most diverse

and delicate movements.3 Finger rehabilitation of hemiplegic

patients is practiced to relax stiffened fingers to increase function

and ultimately to perform daily life behaviors.

Many finger rehabilitation exercises and diagnosis standards

have been proposed as the necessity of finger rehabilitation was

proved through various clinical studies. Patients who participated

in Activity Card Sort (ACS) rehabilitation improved their leisure

activity participation level in Functional Independence Measure

(FIM) evaluation4,5, and rehabilitation through the Box and Block

Test (BBT) increased the finger dexterity and affected overall

upper extremity function.6,7 Furthermore, hemiplegic patients after

finger rehabilitation showed higher independence and their

Reintegration to Normal Living Index (RNLI) results represented

positive satisfaction with life.8,9 In addition to traditional

occupational therapy, end-effector and exoskeleton devices have

been developed for finger rehabilitation, and they are capable of

high-dosage and high-intensity rehabilitation.10 Patients who were

rehabilitated with physical therapy and rehabilitation orthosis

showed higher functional restoration efficiency than rehabilitation

only with physical therapy.11-13

However, existing rehabilitation methods (occupational or

physical therapies) are mostly simple repetitive exercises. In this
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case, it weakens the patient’s concentration. In addition, it is

difficult to induce patient’s participation because it does not

include patient’s intent and motivation during the exercise.14 In

robotic rehabilitation, the movement of the orthosis is implemented

along the direction of muscle contraction (flexion). But in actual

rehabilitation field, exercises are performed toward extension

motions because to relax muscles and joint spasticity.15,16 At last,

the components of the traditional devices are developed based on

the rigid body, and include a linkage that acts as rotation joint of

finger. Linkage has a complicated structure that makes it difficult

to match the finger joints with the device joints, and it is difficult to

conduct independent rehabilitation due to the material limitations.17

In this study, we propose an air pocket glove to assist the finger

rehabilitation of stroke patients with limited finger movement. air

pocket glove is a wearable- type that easy to don and doff, and soft

finger movements are implemented using air pocket-type soft

actuator with biomimetic technology. It also behaves in an

extension direction similar to actual rehabilitation, allowing grip

and release, and flexible operation.

This device has two modes for effective rehabilitation:

Continuous Passive Motion (CPM) mode and master-slave mode.

CPM exercise helps restore motor function and proprioception that

are lost due to impairment.18-20 During the master-slave mode

where the motions of the normal fingers are duplicated to the

affected fingers, the device induces active participation of the

patient and helps neuroplasticity.

We also suggest two methods to quantitatively evaluate

spasticity. First, we estimate spasticity level of patient's finger by

fusion of pressure and angle data during CPM. Second,

Electromyography (EMG) is used to determine the level of finger

extensor muscle activation and to compare passive rehabilitation

with active rehabilitation using an air pocket glove.

2. Methodology

2.1 Air Pocket Glove and Control System

The air pocket glove rehabilitation system is divided into a

mechanical and a control part. The device, 86 g in total, consists of

a light glove, air pocket-type actuators, silicone flexors and a

bending sensor. Each finger contains an actuator and a bending

sensor that measures the angle of the paralyzed finger.

Additionally, silicone flexors are attached to guide a return path

during grasping movement. The control unit consists of two pump

motors for injection and discharging the air, solenoid valves (10

channels) for distributing the air, an air regulator for restricting the

pressure, and finally a digital pressure sensor for measuring the

internal pressure of the actuator.

2.2 Air Pocket-Type Actuator

The pneumatic actuator is inflated when air is injected and thus

stretches fingers out to extension position. The actuator consists of

TPU film, poly fabric, and an air injection cap. TPU is light and

flexible material of 0.2 g per 10 mm2. The poly fabric has low

elongation and limits the actuator expansion to prevent bursting. It

also reduces friction. The internal volume of the fabricated actuator

is 55 ml. When air is injected into the actuator, the finger unfolding

order is the MCP-PIP-DIP. According to Pascal's principle, the air

is not concentrated in one part of the actuator but is evenly

distributed to implement the extension motion.

2.3 Silicone Flexor

The silicone flexors are attached to the palm of the air pocket

glove to guide finger flexion by elasticity of the silicone for those

who cannot grasp. In addition, the silicone flexor acts as a dash pot

that improves safety by its spring force applied to each finger joint

Fig. 1 Components of the air pocket glove, operation principle and overall manufacturing process
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during extension exercise. The position of the silicone flexor is

determined by considering movement around the scaphoid tubercle

when a person actually bends the finger.21

In this study, the selected silicone hardness is less than 5A

(shore hardness) and the elongation was 700% or less. Table 1 is a

characteristic of silicone flexor manufactured by Dragon Skin® and

Ecoflex® silicone (Smooth-On, Inc.). As a result of application to

patients, silicone less than 00-30 (shore hardness) was not suitable

for application due to durability and elongation problem.

Therefore, flexors are fabricated with 2A silicone.

2.4 Pneumatic Control System

The rehabilitation system is soft and light due to pneumatic

actuators. It also implements slow and precise movement similar to

rehabilitation by therapist. The pneumatic system consists of a

solenoid valve (12 V, 10 channels), two air pump motors (Motor

Bank, Inc., 24 VDC, Rated current: 2A, Max pressure: 600 kPa), a

pressure sensor (SMC®, ISE-40A). The solenoid valve receives the

feedback from the pressure sensor and the bending sensor attached

on the glove to control the air flow direction. The air pump injects

constant air into the actuator through voltage control. The air

regulator automatically discharges air if the actuator internal

pressure exceeds a certain pressure level. 

2.5 Air Pocket Glove Characteristics

We performed a test to determine safety and durability of the

actuator before applying it to patient. After wearing the air pocket

glove, the maximum air pressure limit was determined.

Experimental conditions were as follows: After wearing the glove,

air was slowly injected into actuator using a piston while finger

angles and actuator pressure were monitored. The maximum

pressure of the actuator measured through the above procedure is

68.6 kPa. The limit of the air regulator is determined based on the

maximum pressure. When the finger reaches certain angle, the

solenoid valve is closed to keep the pressure level constant. Table 2

shows the internal pressure according to angle. The angle of the

finger is measured between PIP and DIP based on the

anthropometric method.22 Therefore, the finger angle decreases

with increasing pressure. In addition, the maximum extension is

shown at index finger 10o/ 64.4 kPa and thumb 10o/ 68.6 kPa. The

reason for the difference between the thumb and the index finger is

due to the structural characteristics of the finger, RoM and internal

volume (index: 55 mL, thumb: 42 mL). In the master-slave mode,

patient's own intent is included and can participate in his

rehabilitation. In this mode, the EMG energy level is measured

during exercise.

3. Finger Rehabilitation System

3.1 Continuous Passive Motion (CPM) Mode

The CPM mode is aimed at patients’ adaptation to the Air

Table 1 Characteristics of various hardness Silicone flexor

Hardness of silicone (Shore) 00-20 00-30 2A

Elongation force 
[gf]

100% 74 97 286

200% 143 192 563

Max displacement [mm] 
(Measured with 0.5 kg)

83 75 32

Fig. 2 Finger joint angle based on anthropometric method

Fig. 3 Block diagram of overall finger rehabilitation system

Table 2 Air pocket-type actuator characteristics 

Index angle
(β) [deg]

90 70 50 30 10

Pressure [kPa] 12.6 28.4 48.3 55.7 64.4

Thumb angle
(δ) [deg]

70 55 40 25 10

Pressure [kPa] 18.2 32.1 51.8 61.3 68.6

Maximum durable
pressure [kPa]

Index finger 125 or more

Thumb 130 or more
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Pocket Glove as well as muscular and joint spasticity relaxation.

According to Hesse et al.,23 Periodic and repetitive passive exercise

improved the extremity sensation and reduced the Modified

Ashworth Scale (MAS) scores of the hemiplegic patients.24 Based

on previous studies, the present study designed an effective passive

motion, as follows. The CPM exercise is repeated for 20 minutes

with a set of 6 seconds of air injection, 3 seconds of holding, and 4

seconds of discharge.

3.2 Master–Slave Mode

In master-slave mode, we applied Mirror Therapy (MT), which

is a rehabilitation technique to activate neuroplasticity by imagining

unaffected side hand movements as affected side moves. Human’s

mirror neurons are bimodal visuomotor neurons that are active

during action observation, mental stimulation (imagery), and action

execution.25 According to Yavuzer et al.,26 Stroke patients’ hand

function was improved after mirror treatment.

In master-slave mode, healthy fingers with a data glove act as a

master system whereas affected fingers with the air pocket glove as

a slave system. A bending sensor attached to each finger measures

the angle of finger joint (MCP to PIP). The sensor on the healthy

side acts as a switch depending on the finger angle and controls the

solenoid valve and the air motor. Master-slave mode should

minimize the time delay between unaffected and normal sides so

that the brain simultaneously recognizes both optic and motor

nerve stimulation.27-29 Thus, a suction pump was added to the air

outlet. As a result, the air discharge time of 42% (5.6 to 2.4 sec)

was shortened to allow the patient to perceive the same motion.

4. Result and Discussion

The subject is a left side hemiplegic patient and a brunnstrom

stage 3rd - 4th (estimated by physical therapist). This patient is

capable of voluntary exercise using orthosis, resistance is stronger

at the end of the finger movement during physical therapy. The

patient had a MAS score of 1 and a BBT score of 39. The

experiment was performed at the Pohang rehabilitation hospital.

4.1 CPM Mode Analysis

In CPM mode, three cases were compared: 1) normal hand, 2)

hand before rehabilitation, and 3) after rehabilitation.

The angle-time graph of the normal hand shows that it reaches 0

to 20o in 3.7 seconds immediately after the pneumatic pressure is

applied. In addition, the pressure in the pressure-time graph starts

to rise from 2 seconds and rises slowly (4.4 sec) in all three cases.

Before rehabilitation, the patient's graph is shown to take 7.8

seconds to reach 0 to 20o. In addition, it can be confirmed that the

finger is extended only up to 20o. There is angle difference

between the normal hand and the before rehabilitation about 13

deg. Above results indicate that the device has a potential to

diagnose spasticity according to the RoM of a patient's finger. 

In the case of pressure data, it takes 3.6 seconds to reach 40 kPa

and tends to rise the fastest. The highest pressure is 61 kPa. After

rehabilitation case took 5 seconds to reach 0 to 20o, and the max

angle is 7o In the CPM mode, the inside pressure of the actuator

and the patient's finger angle information are determined to

confirm the correlation with the patient’s spasticity level. Table 3

shows the lowest pressure value (55 kPa) for the normal hand and

the highest pressure value (61 kPa) for the affected hand before

rehabilitation. This is because the patient's fingers act as springs

trying to return to their neutral positions due to spasticity thus

increasing the air pressure inside the actuator. Thus, the pressure

data can be used to determine the resistance level of the patient to

exercises, and a spasticity level can be estimated based on the

resistance level. 

Finally, the angle-pressure graph is modelled with linear fitting.

A modeled spasticity Eq. (1) is expressed as follows:

P: pressure, θ:  MCP to PIP angle

Patient (before): P = -0.4961 × θ + 73.93 (1)

Patient (after): P = -0.4836 × θ + 64.22

Normal hand: P = -0.5095 × θ + 60.22

In the angle-pressure graph in Fig. 5(3), the y-intercept (Eq. (1))

difference between the normal hand and the before rehabilitation

hand was 21.1% (before rehabilitation > normal hand). Y-intercept

difference between normal and after rehabilitation is measured as

6.6%. At last, the y-intercept value before and after rehabilitation

shows a difference of 15.1%. The higher the spasticity level of the

subjects, the greater the y-intercept difference. This result shows

Fig. 4 A graph comparing the EMG energy
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that the stroke patient’s spasticity level can be diagnosed according

to the correlation between the measured angle and pressure using

the air pocket glove.

4.2 Master–Slave Mode Analysis

Existing research insists that significant sEMG experiment

results are obtained when using a mirror instruction video to

perform an affected hand exercise.30 In this study, higher EMG is

expected to be measured because not only visual feedback of the

hand is included but also the actual motion of the affected hand is

exercised. EMG signals were collected during master-slave

exercise to analyze any muscle activations according to different

conditions of the subject. The EMG energy, expressed in

percentage unit, is normalized to the maximum force of the normal

hand. Therefore, the y-axis in Fig. 4 indicates how much energy is

exerted compared to the normal hands. Conditions were 1) passive

movement done by others, 2) voluntary extension (no actual

movement), 3) glove-assisted and voluntary extension (actual

movement). A pair of EMG electrodes were attached to extensor

digitorum muscle (EDM) of the forearm, and a ground was

attached to an abdomen. The control procedure of the third

condition was injection (8 seconds), discharge (3 seconds), and

waiting (3 seconds) using his own hands. We processed the EMG

signals using quasi-tension filter proposed by Yasuharu Koike et

al..31

(2)

The passive movement (0 - 8 sec, 20 - 28 sec) shows no change

in the EMG energy measured up to 1 - 1.5%. In the second case

which is the voluntary trial (no actual movement), EMG energy

was measured at an average of 4%. In the third case, EMG energy

was measured at an average of 18%. Thus, the biggest difference

between EMG energies during the first and third condition was

about 16.5%.

In the master-slave mode, in Fig. 4, the EMG energy levels

LPF
36.84

S
2

27.32S 178.4+ +

---------------------------------------------=

Fig. 5 Graphs measured from CPM mode

Table 3 Graph analysis applying various measurements

Measure

Condition

0 to 20o

Reaching
Time [sec]

10 to 40 [kPa]
Reaching time

[sec]

Maximum 
extension

angle [deg]

Maximum 
pressure 

[kPa]

Y intercept
 value

Expected
 spasticity 

level

Result of
spasticity

 level

Normal 3.7 4.4 7 55 60.22 Low Low 

Before rehabilitation 7.8 3.6 20 61 73.93 High High 

After rehabilitation 5.0 3.8 7 58 64.22 Medium Medium 

Compare to normal
(before)

4.1 0.8 13 6 13.71 - -

Compare to normal
(after)

1.3 0.6 None 3 4 - -

Improvement 
(before to after)

35.8% 5.5% 65.0% 5% 13.1%
The result is in line with 

expectations
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measured in three states can be used to verify the effectiveness of

the air pocket glove. The graph of the passive movement done by

others shows that the EMG energy of extensor muscles are hardly

measured. Based on the experimental conditions, rehabilitation that

does not involve self-intent produces very little muscle activation

level (1.5%). This means that, in actual rehabilitation, although

passive exercise by the physical therapist helps muscle relaxation,

the muscle activation level of the patient is not high. On the other

hand, when the user put his effort to move fingers with an aid of

the glove, an average level of 18% of EMG energy level was

measured. Stroke patients have a relatively high threshold value to

generate motion. In order to measure EMG, voluntary exercise is

required beyond the threshold value because muscles must be

activated by nerve stimulation. The air pocket glove helps the

patient to exceed the threshold value, which can’t be passed by the

patient, and the patient becomes able to exercise. Therefore, the

master-slave mode would provide more effective environment to

encourage better rehabilitation.

5. Conclusion

The Air Pocket Glove is a system that allows both rehabilitation

and evaluation. It can numerically assess the patient’s condition,

motivate and engage high involvement by actively participating in

rehabilitation. In addition, since voluntary rehabilitation is possible

without the help of a therapist, the independence of the patient can

be improved, and time-unlimited rehabilitation and evaluation are

possible. This study was conducted based on rehabilitation and MT

mechanism of the references. MT exercise increases gripping

ability and improves strength of the fingers, and the ROI of the

joints is increased in experiments on subacute stroke patients.32,33

Based on the above theoretical backgrounds, the experiment were

designed and it is expected to be used appropriately for the

rehabilitation and assessment of stroke patients because it shows a

similarity with the previous experimental results. However,

existing rehabilitation studies are based on delicate experiments

based on patients with acute, subacute, and chronic conditions, so

future studies will focus on the patient's age, damaged area, and

duration to increase reliability.
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