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ABSTRACT 

Stroke has become a common ailment recently which usually 

leads to the patient losing motor control in the limbs due to nerve 

damage. To overcome this, physiotherapy or rehabilitation is 

very necessary. Due to the repetitive nature of rehabilitation, 

robots can be built and programmed to achieve precise control of 

the rehabilitation. Robots have been built using rigid links and 

actuators which may harm the patient and surroundings when 

used in medical environment. This drawback can be countered 

using soft robots which are compliant in nature which doesn’t 

harm when used in medical and unpredictable environment. A 

soft robot consists of a pneumatic actuator, a pneumatic circuit 

and a control system. This paper mainly focuses on design and 

development of a soft pneumatic actuator for rehabilitation of 

hand. Kinematic analysis of the joints in a finger is studied before 

building the actuator. A single-channel multi-chambered 

bending pneumatic actuator is designed and it is fabricated by 

casting silicone into 3D printed molds. Finite Element Analysis of 

the Soft Pneumatic Actuators gave the values of deflection, which 

reflected the practical deformations. The results from the 

fabrication and testing show potential in the field of soft robotics 

in medical physiotherapy. Implementation of full-scale 

development in the field of soft robotics and physiotherapy shows 

a promising future. 
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I. INTRODUCTION

According to a recent study, around 15-20 million people 

worldwide suffer from strokes, fire accidents, automobile 

accidents, and industrial accidents each year, and more than 

70% of survivors have hand function that has been damaged 

to varying degrees, making it difficult for them to perform 

daily tasks. Due to a sedentary lifestyle, the prevalence of 

stroke has been gradually rising in recent years. Stroke 

significantly reduces limb movement. Activities of daily living 

(ADLs) and leading an independent existence both heavily 

rely on the hands. Physical therapy is a crucial treatment for 

stroke patients to restore nerve function, but the current 

method is time-consuming, expensive, and dependent on the 

help of physical therapists. [1,2] 

In the event of a stroke, paralysis, traumatic brain injury, or 

multiple sclerosis, therapeutic robots can aid in rehabilitation. 

Clinical studies show that there is a pressing need for these 

devices in the therapy and prosthesis fields for patients 

suffering from hand trauma after stroke or surgery recovery 

because they can perform controllable repetitive locomotion 

efficiently and accurately. According to the composition of the 

materials, the currently developed robot-assisted hand 

rehabilitation devices can be roughly divided into two 

categories: the traditional rigid material based and the soft 

material. Devices and Equipment used for traditional hand 
rehabilitation that mostly comprises of hard pieces can restrict  

hand movement and hurt the hands. It is so bulky and unsafe 

that one needs to find a new technique to construct a 

rehabilitation hand that is safer and lighter. In recent years. 

Soft robotics has potential option for creating unique robotic 

systems with pre-programmable characteristics that can 

survive considerable deformations in recent years. Soft robots 

hand joints can bend and extend safely and effectively due to 

its usage of light hyperelastic material and pneumatic inflation. 

In a variety of applications, such as bio-inspired robotic 

systems, object grabbing and manipulation, invasive surgical 

instruments, and assistive and rehabilitation technologies, 

these systems have showed potential. Continuous passive 

motion (CPM) is a form of therapy in which a machine moves 

a patient's joint without their involvement.[1,2,3,7,8] 

Figure 1: Hand Rehabilitation Device 

I. LITERATURE SURVEY

Development and evaluation of a hand rehabilitation glove 

fabricated using lobster-inspired hybrid design with rigid and 

soft components for actuation. The modular rigid shells 

constrain the radial inflation of the soft chamber inside and 

provide a full protection throughout the range of bending 

motion. In the meanwhile, the soft chamber provides 

necessary actuation through interaction with the rigid shells. 

The design complexity is much reduced for the soft actuator in 

this hybrid design, which can essentially take almost any form 

as long as it fits the internal geometry of the rigid shells.[15] 

The robotic glove leverages soft material actuator technology 

to safely distribute forces along the length of the finger and 

provide active flexion and passive extension. A method for 

customizing a soft actuator complaint and demonstrate in a 

motion capture system that the ranges of motion (ROM) of the 

two are nearly equivalent.[18] 

Bending soft actuators, involve a higher degree of nonlinearity 

than linear ones, mostly due to their bending and even twisting 

motions in two- or three-dimensional space. The usual trend 

of output was liner increase in displacement initially and then 

it slows down. Radius of curvature and number of chambers  
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in SPA is proportional when it comes for degree of 

bending.[10] 

This robotic exoskeleton designed to provide the required 

force/motion to the affected hand to restore the ROM and grip 

force by using a novel soft-and-rigid hybrid actuator. 

Kinematics of Soft Robots modelled after Piecewise Constant 

Curvature. There are three types of Joints namely: 

1. Metacarpophalangeal (MCP 0-90 degree).

2. Proximal interphalangeal (PIP 0-120 degree).

3. Distal interphalangeal (DIP 0-30 degree). [26]

Figure 2: Human Hand Anatomy

II. PROBLEM STATEMENT

• The Metacarpophalangeal joint in the finger is required to

move 0-90 degree, proximal interphalangeal 0-120 degree

and distal interphalangeal 0-30 degree.

• Soft robot needs to be compliant with human skin, use of

hyper elastic materials is necessary.  Major issues with

these materials is the problem of hysteresis and the loss of

stiffness over repetitive actuation over the life of the

material.

• To manufacture the soft pneumatic actuator, using

appropriate method.

III. OBJECTIVES

• To overcome the resistance offered by

Metacarpophalangeal (MCP) joint. Also, obtain the

required Bending Radius of curvature at three joints

(MCP, PIP, DIP) in terms of actuation pressure.

• To Perform Kinematic study of finger movement.

• To design cost effective mold for room temperature Cast

system for the actuator and fabricate it without defects.

• To perform Physical testing of the SPA, collect data and

determine the effectiveness of the treatment.

IV. METHODOLOGY

V. KINEMATIC STUDY

Figure 3: Kinematic Representation of Hand 

Kinematic study of a human finger is done to find the locus of 

the tip of finger. The locus of the tip of finger shows how the 

behaviour of the soft pneumatic actuator needs to be in order 

to achieve the proper motion required for the rehabilitation. 

For the kinematic analysis, the MCP, PIP and  DIP joint are 

considered joints connecting the linkages with lengths a1, a2, 

and a3. The MCP, PIP and DIP rotates by θ1, θ2 and θ3 

respectively. This has been represented in the figure 3. In the 

current analysis only flexion and extension has been 

considered. Abduction and Adduction has not been considered 

to limit the complexity of the analysis and the design of the 

SPA. [27] 

Upon solving the generalized D-H representation for each 

joint and then multiplying the three matrices, the final 

transformation matrix for flexion and extension considering 

the input from the table below the resultant matrix was arrived 

and it is shown in the matrix below. 

Joints An θn αn dn 

MCP (1) L1 θ1 α1 d1 

PIP(2) L2 θ2 α2 d2

DIP(3) L3 θ3 α3 d3

Figure 4: Frame assignment for the planar linkage system 

From the Figure 27 it can be seen that Z axis does not change 

its orientation about x-axis. Hence, α1 =α2=α3=α=0 and 

d1=d2=d3=d=0. On substituting these values to 0Tn with 

values from Table 6 and multiplying 0T1X1T2X2T3=0T3. This 

matrix is used to find the locus of the tip of finger using 

forward kinematics method, which shows the required 

behaviour of the finger movement. 
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VI. DESIGN OF SPA

The length of the SPA was determined by looking at the 

anthropomorphic data for human finger. The anthropomorphic 

data. To obtain a length, which conforms to the majority of 

human fingers, 95th percentile lengths has been used. The 

lengths of each digit have been added and additional length 

has been added to attach the pneumatic circuits. After the 

calculations, the length of the SPA arrived is 163 mm.  This 

length proves to be sufficient to actuate an average person’s 

finger when worn on glove.[34] 

Figure 5: SPA Design Iteration 

Figure 6: Cross-section view of SPA 

VII. DESIGN OF MOLD

Five primary factors that were considered for the concept 

screening and scoring process to choose the final mold design 

and have a significant impact on fabrication and resource 

availability are as follows: 

• Modularity.

• Ease of Manufacturing 3DP.

• Ease of Use/ Application.

• Extraction of Cast Part.

• Ease for Adjustable Feature Properties of cast.

Figure 7: Exploded View of Mold 

VIII. FABRICATION

A. 3D Printing the molds.

Figure 8: 3D Printing Setup Creality Ender Pro3 
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Sl. 

No’s 
Print Parameter Print Setting 

1 Nozzle Diameter 0.4 mm 

2 Layer Height 0.2-0.28 mm 

3 Wall Thickness 0.8-1.2 mm 

4 Top/Bottom Thickness 1.2-1.5 mm 

5 Infill Density 40 % 

6 Infill Type Gyroid, Tri-Hexagonal 

7 Printing Temperature 200-210 C

8 Bed Temperature 50-60 C 

9 Print Speed 50-60 mm/s 

10 Build Plate Adhesion RAFT 

11 Build Material PLA 

Figure 9: 3D Printed PLA Mold Parts 

B. Casting of SPA

A hyperelastic material is used to create the Soft Pneumatic

Actuator. Thermoplastic Polyurethane (TPU) and Silicone

Rubber are two examples of hyperelastic materials. Silicone

was chosen because it can be cast in liquid form, it cures

quickly, and it can be handled relatively easily. The Silicone

used here is LSR-2. Because of the high viscosity of LSR-2,

casting is the preferred method of fabrication. Casting is more

affordable than other fabrication techniques. The major steps

in casting are as follows:

1. MOLD PREPARATION

2. RESIN PREPARATION

3. POURING AND CURING

4. EXTRACTION AND POST PROCESSING

Figure 10: Assembly of Device 

Exercises involving repeated motion must be done as part of 

the physiotherapy for the Continues Passive Motion treatment. 

This necessitates that a specially trained individual in person 

administer the therapy. Since robots can execute precise and 

repetitive activity, medical assistive robots have been used in 

recent years. However, the program's adaptability to various 

conditions and environments is a limitation. By employing 

glove-mounted Soft Pneumatic actuators, this problem can be 

solved. Since each actuator is flexible, they may be adjusted to 

accommodate varied finger lengths by just donning the glove. 

This automation model has been put together to demonstrate 

how the continuous workout can be carried out utilizing a 

leadscrew stepper motor arrangement to actuate the syringe 

pump. The final setup is shown in Figure 10. 

IX. RESULTS

Figure 11: Experimental Results 

Upon studying the graph, it can be observed that the angle of 

deflection increases with pressure. The displacement increases 

till the angle of deflection reaches 90° and then displacement 

decreases since after 90° because the tip of the SPA starts 

rolling inwards. This happens because after 90° deflection, the 

SPA starts rolling inwards into itself. These results can be 

C. Assembly of Device

validated by comparing the experimental results to the FEA 

results. 
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Figure 12: FEA Non Linear Analysis results

Figure 13: Experimental Result 

Figure 14: Experimental Results Pressure vs angle subtended 

Figure 15: Experimental Results Pressure vs Radius of Curvature 

X. CONCLUSION

In this paper, a novel soft robotic rehabilitation device for 

stroke and paralysis patients has been presented. The anatomy 

of the human finger has been researched, as well as the 

bending of each joint. The range of motion of the joints was 

found to be 0°-90° for MCP, 0°-120° for PIP and 0°-30° for 

DIP. The location of the fingertip has been studied using 

kinematic analysis of the finger. Denavit-Hartenberg 

representation of the finger was found which gave us the locus 

of the tip and joints. The locus obtained from D-H matrix was 

compared with the actual locus and both loci were found to be 

similar. The Finite Element Analysis of the Soft Pneumatic 

Actuator was done by considering a Yeoh 2nd order 

polynomial model of hyperelastic material. In this case, 

utilization of  Liquid Silicone Rubber (LSR-2) was used for 

casting. The FEA results showed deflection of 95.244 mm in 

the vertical direction. When comparing it to the real model, it 

showed 73 mm deflection in the vertical direction. The results 

were further studied for pressure v/s deformation and also 

pressure v/s deflection. The plots of pressure v/s deformation 

in FEA and the experimental test were studied and the 

relationship between pressure and deflection was found to be 

linear up to 90°. Additionally, the study of plots pressure v/s 

angle subtended by the SPA and pressure v/s radius of 

curvature show that as pressure increases, the angle subtended 

increases and radius of curvature decreases. The data from all 

the testing shows that rehabilitation devices using soft 

pneumatic actuator have a promising future. The effectiveness 

of these devices need to be studied upon in the future. 

XI. FUTURE SCOPE

The SPA designed in this project is a single channel, 

multichambered type which limits it to have a constant 

bending radius throughout its span. This means that each joint 

is actuated equally. To ensure that each joint can be actuated 

independently, a multichannel, multichambered SPA can be 

developed and its benefits can be studied. Alternatively, 

another design of single channel, multichambered SPA can be 

arrived where the chamber length is different for different 

joints which can be used to obtain the same effect with a single 

channel. A compressor and solenoid valve system can be 

implemented which ensures proper pressure delivery and 

better control over the pressure. Behavior of SPA made of 

other hyperelastic materials can be studied. To further study 

the effectiveness of the rehabilitation glove, the glove and its 

effectiveness must be tested on multiple patients with the 

consultation of the doctor. The effectiveness can also be 

studied by giving rehabilitation through soft robotic glove to 

one group of patients and normal physiotherapy rehabilitation 

to another group of patients and surveying on the treatment 

given.   
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