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Abstract 

Robotic assistive technologies are increasingly used to enhance the physical rehabilitation of 

patients who have suffered disorders such as strokes. Not only does it make the lives of disabled 

and elderly patients easier, but it also improves their body functionalities. Robotic assistive 

technologies offer people a second chance to overcome challenges that come with their disability.   

The objective of the thesis is to design, prototype and evaluate a 3 Degrees of Freedom (DOF) 

pneumatic manipulandum for wrist rehabilitation that is capable of accommodating to wrist 

motions (ulnar deviation, radial deviation, flexion or extension). Since the wrist is the most mobile 

part of the hand, its post-stroke rehabilitation is difficult. In order to accommodate the wrist 

motion, 3 DOF are needed. 2 DOF are needed for the horizontal motion and another DOF to allow 

the manipulandum to move up and down with the wrist. Each DOF is actuated by one pneumatic 

actuator. The design is prototyped using a 3D printer. The workspace and the required force are 

analyzed and calculated based on the kinematics of the manipulandum. The pneumatic actuators 

that were chosen are available in non-magnetic material, which means they are compatible with 

Functional Magnetic Resonance Imaging (fMRI-compatible). 

The manipulandum is connected to a Neuro Function Evaluation (NFE) game which is used in the 

Rehabilitation Centre in Winnipeg.  While running the game, the manipulandum is tested and 

evaluated in assistive and resistive modes. The performance of the manipulandum is analyzed 

using two methods: image processing and file streaming. The image processing method determines 

the location of the ball and the location of the paddle of the NFE game in the screen by taking 

screenshots, while the file streaming method is used to obtain those two locations from the code 

of the game itself.  
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1. Introduction 

1.1. Statement of the problem  

According to the World Health Organization (WHO) in 2007, “neurological disorders due to 

epilepsy, Alzheimer's disease or stroke affect up to one billion people worldwide. In addition, one 

of the most common disabilities that patients face after having a stroke is paralysis, which affects 

the body's motor functions. For instance, stroke patients with either hemiplegia (one-sided 

paralysis) or hemiparesis (one-sided weakness) face many difficulties in everyday activities like 

walking or grasping objects” [1]. Patients often face severe financial difficulties when accessing 

appropriate care. On a global scale, the annual burden caused by strokes is about $65.5 billion, 

which makes post-stroke rehabilitation a critical issue [2]. 

Primary health care is the only medical care available to many patients seeking recovery after 

experiencing a stroke. In these settings, health care providers traditionally rely on physical 

repetitive exercises. Although these exercises have been used to great success for many people, 

they do have their shortcomings. The repetitive nature of physiotherapy can be dull, and patients 

may not work as diligently as instructed. Additionally, the repetitive nature of physiotherapy can 

make it difficult to provide quantitative measures to track progress. An innovative alternative form 

of treatment which is not only effective and low-cost but also more engaging and provides direct 

measurements of progress is robot-assisted technologies such as manipulandums or haptic devices 

[3]. Additional benefits of robot-assisted treatment include increasing the duration of treatment 

sessions while allowing it to be more intensive [4]. Robot-assisted technologies are capable of 

providing these benefits by turning the treatment process into motivating tasks such as games. 

Haptic devices can be interfaced with a virtual game which transforms the treatment process into 

something that is stimulating and exciting as well as provides a quantitative means to track a 
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patient’s rehabilitation progress. These quantitative measures allow physicians to better support 

and ensure ideal conditions for motor learning and recovery of function.  

Haptic devices are one form of robot-assisted technologies. They can include steering wheels, 

finger pads, robotic handles, grippers, joysticks, or gloves [5]. When a patient moves the joint of 

a haptic device, the haptic device reacts by applying force feedback. In other words, the input of a 

haptic device is the user’s movements and the output is the force feedback. These movements of 

the device are what is tracked digitally and can be mapped directly into a game space in which the 

game is controlled directly though the patient’s rehabilitation exercise. Depending on the desired 

goal, the force feedback could be programmed to assist or apply resistance to the patient’s 

movements. 

Magnetic Resonance Imaging (MRI) is a common tool used by health care providers to assess the 

progress of treatment. It is a non-invasive imaging technology that produces three-dimensional 

detailed anatomical images without the use of damaging radiation. MRIs employ powerful 

magnets that produce a strong magnetic field to produce their images [6]. For this reason, it is 

essential that the device’s material composition does not contain any metal that could distort these 

images [7] 

Robot assisted devices can be utilized for stroke patient to great effect, in particular in the 

rehabilitation of the wrist. The function of the wrist joint is to provide a range of motion necessary 

to adequately perform daily functions while maintaining a physiologic level of inherent stability. 

This movement allows for a wide range of motion necessary to facilitate the functional use of the 

hand [8]. Compared to the rest of the arm, the rehabilitation of a non-functional wrist is difficult. 

If the wrist is not functional, the hand’s function is compromised. Consequently, if the hand is not 

functional, the arm’s function is compromised.  
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1.2. Objectives 

The primary objective of this thesis is to design and construct a prototype manipulandum that has 

the following characteristics:  

(i) Is cost-effective to a point where it can be widely implemented as an alternative form 

of treatment. 

(ii) Provides force-feedback that is capable of accommodating movement of the wrist in 

two direction. 

(iii) Provides a platform that is capable of both assisting and applying resistance to the 

motions of the wrist. 

(iv) Is available in fMRI-compatible material to support fMRI studies.  

 

1.3. Scope of the thesis 

This thesis recognizes the difficulties in rehabilitating the wrist and offers a way to design a 

pneumatically actuated manipulandum for wrist rehabilitation. It first provides a historical 

background on the use of manipulandum as rehabilitation devices, including a description of 

various mechanical designs of devices. A thorough overview of relevant previous work is provided 

as a foundation for the design of a new device. The detailed analysis of the manipulandum includes 

the consideration of mechanical design and workspace parameters, material selection, hardware 

choices such as actuators and sensors, and controller design. The device adopted a Neuro Function 

Evaluation (NFE) game as a focus of analysis for this thesis. The game is used in the Rehabilitation 

Centre in Winnipeg.  The game was tested using three modes: assistive mode, resistive mode and 

assistive with hysteresis mode. These three modes analyzed the performance of the manipulandum 
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and provided quantitative measures and an in-depth discussion about the successes and 

shortcomings of the device. 
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2. Background 

According to the Oxford dictionary, haptic refers to the sense of touch, which relates to the 

perception and manipulation of objects using the senses of touch and proprioception. The word 

derives from the Greek “haptikos” which means “being able to come into contact with” [9].  Haptic 

technology is the science of touch. Haptic devices have been extensively investigated and applied 

in many fields, such as teleoperation, robotic surgery, bioengineering, and computer-aided design 

[10]. Haptic devices are designed based on their application. They usually have multiple Degrees 

of Freedom (DOF). For example, haptic devices with 6-DOF may have the best performance 

because the human hand is capable of sensing all the possible 6-DOFs in 3D space. Depending on 

the sequence of links and joints, haptic devices are divided into serial, parallel, or hybrid, which is 

a mix of both serial and parallel. A manipulandum is a robot that provides force feedback to the 

user. Under the definition provided a manipulandum is a form of haptic device. 

2.1. Historical review 

Force feedback devices are the first haptic interfaces that were used for teleoperation in Robotics 

(1950s-1980s). In 1954, Raymond Goertz, working in Argonne National Laboratories, used force 

feedback devices in a robotic teleoperation system for nuclear environments. In 1993, the 

commercial force feedback devices appeared, notably the PHANTOM arm, the Impulse Engine in 

1995 and the CyberGrasp glove in 1998. Development started on the touch feedback devices in 

1990, including the Dexterous Hand Master Exoskeleton which produced vibrations on the user’s 

fingertips, and the Sandpaper Tactile Joystick which mapped image texels (texture elements) to 

vibrations [11]. 
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The first manipulandum, built in the University of Western Ontario, was described as a device for 

accurate measurements of elbow movements (see Figure 2-1) [12] [13] [14]. Its design allowed 

for repeated tests of human motor performance which comprised of moving a handle under diverse 

imposed conditions. This manipulandum was effectively used as a tool to analyze the movement 

parameters of patients diagnosed with Parkinsonism or cerebellar disease. The accuracy of this 

manipulandum was limited. For example, the amount of "inertial compensation" that can be added 

to the torque command signal is limited by the mechanical resonance of the handle/housing.  

 

 

Figure 2-1. View of manipulandum for human motor studies (source [12]) 
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The patient sits in the chair (L), his/her arm rests on the arm rest (I) and grasps a knob (H) to 

stabilize the hand. Excursion of the handle is limited by mechanical stops (K). 

In 1990 Walter Gezari and Daniel Y. Gezari designed a manipulandum which they called 

a muscle exercise and/or rehabilitation apparatus (see Figure 2-2). This device was used for 

evaluating the performance of the entire body during lifting with respect to work fitness and 

disability [13]. 

 

Figure 2-2. Muscle exercise and/or rehabilitation apparatus (source [13]) 

An MRI compatible manipulandum actuated by the ultrasonic motors was developed [14], which 

was able to work within the MRI scanner and perform fMRI tasks continuously during finger 

movements (shown in Figure 2-3).  



8 

 

 

Figure 2-3. (a) Overview of manipulandum, (b) and (c) manipulandum with MRI scanner (source [14]) 

A haptic device (manipulandum) was developed for upper extremities and to evaluate the muscle’s 

efficacy in upper limb muscle activities (see Figure 2-4) [15]. Moving the grip of the device 

provides a virtual force to the user, either assisting the movement of their arm or acting as a 

resistive force against it.  
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Figure 2-4. Haptic device system for upper limb rehabilitation (source [15]) 

All of the above-mentioned examples provide proof of concept to the advent of robots becoming 

a popular means of rehabilitation since they can provide well-controlled repeatable tasks with 

manageable costs [16]. 

The design of a manipulandum depends on its future application or use. A variety of mechanisms 

can be utilized in configurations which are classified as serial, parallel or hybrid. Serial kinematic 

machines have already reached their dynamic performance limits of having high stiffness due to 

the machine components required to support sequential joints. Parallel kinematic machines have 

many advantages over serial configurations, including higher rigidity, payload-to-weight ratio, 

higher accuracy, and the possibility of locating actuators on the fixed base. These advantages allow 

parallel-kinematic manipulators to reach higher dynamic capabilities than serial [17]. Parallel-

kinematic manipulators have been employed in many instances as haptic device mechanisms [18], 
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[19], [20], [21], [22] and [23]. One of the most famous parallel-type haptic devices is the Delta 

haptics [24], [25], [26], and [27].  

The main advantage of hybrid serial-parallel structures such as the device presented in [28], is that 

it reduces the inertia of the device and allows the use of high power (and heavy) motors. The 

electromechanical manipulandum for upper limb rehabilitation (EMU) (shown in Figure 2-5) was 

designed to help to rehabilitate the upper limbs of patients with neurological motor impairments. 

The device has a large enough workspace to cover the range of motion of healthy patients. 

However, the dynamics of the EMU have a weak impact on the resulting movements made with 

the arm. 

 

Figure 2-5. EMU prototype with a subject (Source: [29]) 
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2.2. Summary 

This chapter firstly provided a historical overview of previously developed manipulandums, which 

each served various rehabilitation purposes. This chapter secondly provided an overview of the 

limits and specifications of each form of machine (parallel, series and hybrid). However, the haptic 

devices introduced in this chapter do not provide solutions to the problems that this thesis is 

addressing. The key problems are that they are not of small size, they do not possess high force, 

they are not pneumatically actuated, and they are not available from a non-magnetic material.  
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3. Prototypes Previously Developed 

This chapter will discuss various prototypes that were previously developed in the Fluid Power 

and Telerobotics Research Laboratory at the University of Manitoba. These prototypes will be 

analysed and evaluated in the XY plane, because the NFE game adopted by this thesis is a 2D 

game that has a paddle moving in X direction and a ball falling in Y direction.  

3.1. First prototype  

This robot was designed to evaluate the performance of the designed mechanisms. The first 

manipulandum design provided 6 DOF (see Figure 3-1). The robot was built from aluminum. The 

first joint was prismatic and defined the 𝑍 position of the end-effector, which made the positioning 

controller easier to design and implement. The second and third joints were revolute. Both joints 

were parallel to each other and rotated around the 𝑍 axis (2nd joint rotate around 𝑍1and 3rd joint 

rotate around 𝑍2). The next three revolute joints were designed to generate the required orientation 

for the end-effector. A parallel structure was used to keep the end-effector in a certain position 

with respect to the third joint. The main idea for this structure was proposed to decouple the end-

effector’s positions and orientations. 

Figure 3-2 shows the CAD model of the first 3 DOF manipulandum, including the location of the 

joints and the location of the actuators. The CAD model will be used to extract the kinematics of 

the manipulandum.  
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Figure 3-1. First prototype device (source [30]) 

 

Figure 3-2. First device design (CAD model)  
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𝑟𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟
0 =  𝑇𝑒

0 𝑟𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟
𝑒   (3.1) 

𝑟 𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟
0    describes the end-effector position with respect to the global frame and 

𝑟𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟
3  describes the position of the end-effector with respect to the third frame. To derive the 

transformation matrix (𝑇𝑒
0) and using Figure 3-2, DH parameters can be excluded as follows as 

shown in Table 1: 

Table 1. DH parameters of first prototype 

# 𝛳𝑖 𝑑𝑖 𝑎𝑖 𝛼𝑖 

0-1 0 𝑑1𝑧 𝑙1𝑥 0 

1-2 𝛳1 0 𝑙2𝑥 0 

2-23  𝛳2 − 90 𝑙3𝑦 𝑙3𝑥 − 90 

23-e 0 𝑙3𝑧 0 0 

 

𝑇𝑛+1
𝑛 =  [

𝑐𝛳𝑛+1 −𝑠𝛳𝑛+1 𝑐𝛼𝑛+1 𝑠𝛳𝑛+1 𝑠𝛼𝑛+1 𝑎𝑛+1𝑐𝛳𝑛+1 
𝑠𝛳𝑛+1 −𝑐𝛳𝑛+1𝑐𝛼𝑛+1 −𝑐𝛳𝑛+1𝑠𝛼𝑛+1 𝑎𝑛+1𝑠𝛳𝑛+1

0 𝑠𝛼𝑛+1 𝑐𝛼𝑛+1 𝑑𝑛+1

0 0 0 1

] (3.2) 

To obtain the transformation matrix from the global frame to the end-effector frame, a successive set 

of homogenous transformation matrices is used as follows: 

𝑇𝑒
0 =  𝑇1

0 𝑇2
1 𝑇23

2  𝑇𝑒
23 (3.3) 

And:  

𝑇1
0 = [

1 0 0 𝑙1𝑥

0 1 0 0
0 0 1 𝑑1𝑧

0 0 0 1

] (3.4) 
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𝑇2
1 = [

𝑐𝛳1 −𝑠𝛳1 0 𝑙2𝑥𝑐𝛳1 
𝑠𝛳1 𝑐𝛳1 0 𝑙2𝑥𝑠𝛳1 

0 0 1 0
0 0 0 1

] (3.5) 

𝑇23
2 = [

𝑠𝛳2 0 𝑐𝛳2 𝑙3𝑥𝑠𝛳2

−𝑐𝛳2 0 𝑠𝛳2 −𝑙3𝑥𝑐𝛳2

0 −1 0 𝑙3𝑦

0 0 0 1

] (3.6) 

𝑇𝑒
23 = [

1 0 0 0
0 1 0 0 
0 0 0 𝑙3𝑧

0 0 0 1

] 

(3.7) 

By substituting equations (3.4), (3.5), (3.6) and (3.7) in (3.3) 

𝑇𝑒
0 = [

𝑐𝛳1𝑠𝛳2 +  𝑠𝛳1𝑐𝛳2 0 0 𝑋
𝑠𝛳1𝑠𝛳2 −  𝑐𝛳1𝑐𝛳2 0 0 𝑌

0 −1 0 𝑍
0 0 0 1

] (3.8) 

X, Y, Z are the position of the end-effector with respect to the global frame 𝑋0𝑌0𝑍0 and can be 

calculated as follows: 

𝑋 = 𝑙3𝑧𝑐𝛳1𝑐𝛳2 +  𝑙3𝑥𝑐𝛳1𝑠𝛳2 − 𝑙3𝑧 𝑠𝛳1𝑠𝛳2 +  𝑙3𝑥𝑠𝛳1𝑐𝛳2 + 𝑙2𝑥 𝑐𝛳1 + 𝑙1𝑥 (3.9) 

𝑌 =  𝑙3𝑧𝑠𝛳1𝑐𝛳2 +  𝑙3𝑥𝑠𝛳1𝑠𝛳2 +  𝑙3𝑧 𝑐𝛳1𝑠𝛳2 −  𝑙3𝑥𝑐𝛳1𝑐𝛳2 + 𝑙2𝑥 𝑠𝛳1 (3.10) 

𝑍 = 𝑙3𝑦 +  𝑑1𝑧 (3.11) 

The specifications of the first prototype are:  𝑙1𝑥 =95 𝑚𝑚, 𝑙2𝑥=225.01 𝑚𝑚, 𝑙3𝑥=12.51 𝑚𝑚, 

𝑙3𝑦=32.86 𝑚𝑚, 𝑙3𝑧=175 𝑚𝑚,  𝑑1𝑧=89 𝑚𝑚, −60° ≤ θ1≤ 60° and −60° ≤ θ2 ≤60°, by substituting 

these values in equations (3.9), (3.10) and (3.11), the functions X, Y, Z can be obtained. 

The workspace in 𝑋0𝑌0 plane for the first prototype is shown in the following Figure 3-3  
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Figure 3-3. Workspace of first prototype in XY plane 

Testing proved that this initial prototype was unsuccessful as a viable platform for wrist 

rehabilitation. The device failed to move without substantial friction along the 𝑍 axis. Additionally, 

its size made it too large to be used in fMRIs environments. From the lessons learned in the creation 

of this first prototype a second model was developed with the goal of reducing the overall size.  
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3.2. Second prototype  

The second iteration of the manipulandum (see Figure 3-4) sought to improve upon the design of 

the previous version with a focus on overall weight and size reduction (see Figures 3-4 and 3-5) 

[30]. 

 

Figure 3-4. Second prototype device (source [30]) 

 

Figure 3-5. Second prototype, CAD model 
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As shown in Figure 3-5, all joints were revolute. The end-effector’s position could be defined from 

the first three DOFs. The last two DOFs did not affect the position of the end-effector, their purpose 

was to change the end-effector’s orientation, so they will not be considered when calculating the 

end-effector position with respect to the global frame.  

To calculate the end-effector position with respect to the global frame 𝑋0𝑌0𝑍0, the transformation 

matrix will be as follows: 

𝑟𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟
0 =  𝑇𝑒

0  𝑟𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟
𝑒   (3.12) 

𝑟𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟
0  is the position of the end-effector with respect to the global frame, 𝑟𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟

𝑒  is 

the position of the end-effector with respect to the end-effector frame. 

From Figure 3-5, DH parameters can be excluded as follows as shown in Table 2: 

Table 2. DH parameters of second prototype 

# 𝛳𝑖 𝑑𝑖 𝑎𝑖 𝛼𝑖 

0-1 𝛳1 0 𝑙1𝑥 0 

1-12 𝛳2 𝑙12𝑦 0 
𝜋

2
 

12-2  0 𝑙2𝑧 𝑙2𝑥 0 

2-e 𝛳3 0 𝑙𝑒𝑥 0 

 

The global transformation matrix is: 

𝑇𝑒
0 =  𝑇1

0 𝑇12
1  𝑇2

12𝑇𝑒
2 (3.13) 

By following the same procedure in calculating the transformation matrix for the first prototype. 

From Table 2: 
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𝑇1
0 = [

𝑐𝛳1 −𝑠𝛳1 0 𝑙1𝑥𝑐𝛳1

𝑠𝛳1 𝑐𝛳1 0 𝑙1𝑥𝑠𝛳1

0 0 1 0
0 0 0 1

] (3.14) 

𝑇12
1 = [

𝑐𝛳2 0 𝑠𝛳2 0 
𝑠𝛳2 0 −𝑐𝛳2 0 

0 1 0 𝑙12𝑦

0 0 0 1

] (3.15) 

𝑇2
12 = [

1 0 0 𝑙2𝑥

0 1 0 0 
0 0 0 𝑙2𝑧

0 0 0 1

] (3.16) 

𝑇𝑒
2 = [

𝑐𝛳3 −𝑠𝛳3 0 𝑙𝑒𝑥𝑐𝛳3

𝑠𝛳3 𝑐𝛳3 0 𝑙𝑒𝑥𝑠𝛳3 
0 0 1 0
0 0 0 1

] 

(3.17) 

 

By substituting equations (3.14), (3.15), (3.16) and (3.17) in (3.13) 𝑇𝑒
0 will be as follows: 

𝑇𝑒
0

= [

𝑐𝛳1𝑐𝛳2𝑐𝛳3 − 𝑠𝛳1𝑠𝛳2𝑐𝛳3 −𝑐𝛳1𝑐𝛳2𝑠𝛳3 + 𝑠𝛳1𝑠𝛳2𝑐𝛳3 𝑐𝛳1𝑠𝛳2 + 𝑠𝛳1𝑐𝛳2 𝑋
𝑠𝛳1𝑐𝛳2𝑐𝛳3 + 𝑐𝛳1𝑠𝛳2𝑐𝛳3 −𝑠𝛳1𝑐𝛳2𝑠𝛳3 − 𝑐𝛳1𝑠𝛳2𝑠𝛳3 𝑠𝛳1𝑠𝛳2 − 𝑐𝛳1𝑐𝛳2 𝑌

𝑠𝛳3 𝑐𝛳3 0 𝑍
0 0 0 1

] 

(3.18) 

X, Y, Z are the end-effector position with respect to the global frame  𝑋0𝑌0𝑍0, and can be calculated 

as follows: 

𝑋 = 𝑙2𝑧𝑐𝛳1𝑠𝛳2 +  𝑙𝑒𝑥𝑐𝛳1𝑐𝛳2𝑐𝛳3 +  𝑙2𝑥 𝑐𝛳1𝑐𝛳2 +  𝑙2𝑧𝑠𝛳1𝑐𝛳2 − 𝑙𝑒𝑥 𝑠𝛳1𝑠𝛳2𝑐𝛳3

− 𝑙2𝑥𝑠𝛳1𝑠𝛳2 +  𝑙1𝑥𝑐𝛳1 

(3.19) 

𝑌 = 𝑙2𝑧𝑠𝛳1𝑠𝛳2 + 𝑙𝑒𝑥𝑠𝛳1𝑐𝛳2𝑐𝛳3 +  𝑙2𝑥 𝑐𝛳1𝑐𝛳2 −  𝑙2𝑧𝑐𝛳1𝑐𝛳2 + 𝑙𝑒𝑥 𝑐𝛳1𝑠𝛳2𝑐𝛳3

+ 𝑙2𝑥𝑐𝛳1𝑠𝛳2 +  𝑙1𝑥𝑠𝛳1 

(3.20) 

𝑍 = 𝑙1𝑥𝑠𝛳3 +  𝑙12𝑦 (3.21) 
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The specifications of the second prototype are: 

𝑙1𝑥 =164 𝑚𝑚, 𝑙2𝑥=135 𝑚𝑚, 𝑙𝑒𝑥= 120 𝑚𝑚, 𝑙12𝑦=7𝑚𝑚, 𝑙2𝑧=15 𝑚𝑚, 0° ≤ θ1≤ 60°, − 60° ≤ θ2 ≤0° 

and - 30° ≤ θ3≤ 30°, by substituting these values in equations (3.19), (3.20) and (3.21), the 

functions X, Y, Z can be obtained. The workspace of the second prototype in 𝑋0𝑌0 plane is shown 

in Figure 3-6. 

 

Figure 3-6.  Workspace of second prototype in XY plane 

The first and the second prototypes were made from aluminum and created using a CNC machine. 

They both used the M16D100.0U pneumatic actuators. The capability of mounting actuators inside 

the second prototype was better than the first one. The second prototype has also shown more 

effectiveness and smoothness. However, the size of both prototypes were still too big to use in 

fMRI applications. 
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3.3. Third prototype 

In order to further reduce the overall size and weight of the device, the material used for the third 

prototype was changed from aluminum to acrylic. Acrylic was chosen due to its material properties 

which provide an adequate level of strength and rigidity while at a drastically lower weight than 

aluminum. There were many options for the actuator to reduce its size and stroke. For instance, 

M9D12.5U has a shorter stroke than the M16. That was the idea for the third prototype. 

The third design was built using acrylic and the M16D12.5U pneumatic actuator. The advantage 

of using acrylic is that it is machinable. This allows for the use of manual milling and lathe 

machining to machine the prototype; however, the most accessible fabrication process for the 

acrylic applications was laser cutting. Compared with aluminum fabrication, laser-cutting 

fabrication is cheaper and faster. Figure 3-7 and Figure 3-8 show the third prototype. 

All joints are revolute, the end-effector’s position is defined from the first 3 DOFs. The last DOF 

is not actuated and does not affect the position of the end-effector, the purpose of the last DOF is 

to change the end-effector’s orientation. So, it will be eliminated.  
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Figure 3-7. Third prototype device (source [30]) 

 

Figure 3-8. Free body diagram of third prototype  
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From the free body diagram (Figure 3-8) the DH parameters can be excluded and used to calculate 

the end-effector position with respect to the global frame [30]. 

To calculate the end-effector position with respect to the global frame, the transformation matrix 

will be as follows: 

𝑟𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟
0 =  𝑇3

0 𝑟𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟
3  (3.22) 

𝑟𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟
0  is the position of the end-effector with respect to the global frame and 𝑟𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟

3  

is the position of the end-effector with respect to the end-effector frame. 

From Figure 3-8, DH parameter shown in Table 3 can be excluded as follows: 

Table 3. DH parameters of third prototype 

# 𝛳𝑖 𝑑𝑖 𝑎𝑖 𝛼𝑖 

0-1 𝛳1 0 𝑙0 0 

1-12 𝛳2 0 0 
𝜋

2
 

12-2  0 𝑙1 0 0 

2-23 𝛳3+𝜋

2
 0 0 

𝜋

2
 

23-3 0 𝑙2 0 0 

 

The global transformation matrix is: 

𝑇𝑒
0 =  𝑇1

0  𝑇12
1   𝑇2

12 𝑇23
2   𝑇𝑒

23 (3.23) 

By following the same procedure in calculating the transformation matrix for the first prototype. 

From Table 3: 
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𝑇1
0 = [

𝑐𝛳1 −𝑠𝛳1 0 𝑙0𝑐𝛳1

𝑠𝛳1 𝑐𝛳1 0 𝑙0𝑠𝛳1

0 0 1 0
0 0 0 1

] (3.24) 

𝑇12
1 = [

𝑐𝛳2 0 𝑠𝛳2 0
𝑠𝛳2 0 −𝑐𝛳2 0

0 1 0 0
0 0 0 1

] (3.25) 

𝑇2
12 = [

1 0 0 0
0 1 0 0 
0 0 1 𝑙1

0 0 0 1

] (3.26) 

𝑇23
2 = [

−𝑠𝛳3 0 𝑐𝛳3 0
𝑐𝛳3 0 𝑠𝛳3 0

0 1 0 0
0 0 0 1

] (3.27) 

𝑇𝑒
23 = [

1 0 0 0
0 1 0 0 
0 0 1 𝑙2

0 0 0 1

] 

 

(3.28) 

By substituting equations (3.24), (3.25), (3.26), (3.27) and (3.28) in (3.23), 𝑇𝑒
0 will be as follows: 

𝑇𝑒
0

= [

−𝑐𝛳1𝑐𝛳2𝑠𝛳3 +  𝑠𝛳1𝑠𝛳2𝑠𝛳3 𝑐𝛳1𝑐𝛳2 +  𝑠𝛳1𝑐𝛳2 𝑐𝛳3(𝑐𝛳1𝑐𝛳2 − 𝑠𝛳1𝑠𝛳2) 𝑋
−𝑐𝛳1𝑠𝛳2𝑠𝛳3 − 𝑠𝛳1𝑐𝛳2𝑠𝛳3 𝑠𝛳1𝑠𝛳2 −  𝑐𝛳1𝑐𝛳2 𝑐𝛳3(𝑐𝛳1𝑠𝛳2 +  𝑠𝛳1𝑐𝛳2) 𝑌

𝑐𝛳3 1 𝑠𝛳3 𝑍
0 0 0 1

] 

(3.29) 

X, Y, Z are the position of the end-effector with respect to the global frame 𝑋0𝑌0𝑍0, and can be 

calculated as follows: 

𝑋 = 𝑙0𝑐𝛳1 + 𝑙1(𝑐𝛳1𝑠𝛳2 + 𝑠𝛳1𝑐𝛳2) +  𝑙2(𝑐𝛳1𝑐𝛳2𝑐𝛳3 − 𝑠𝛳1𝑠𝛳2𝑐𝛳3) (3.30) 

𝑌 = 𝑙0𝑠𝛳1 − 𝑙1(𝑐𝛳1𝑐𝛳2 − 𝑠𝛳1𝑠𝛳2) + 𝑙2(𝑐𝛳1𝑠𝛳2𝑐𝛳3 − 𝑠𝛳1𝑐𝛳2𝑐𝛳3) (3.31) 

𝑍 = 𝑙2𝑠𝛳3 (3.32) 
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The specifications of the second prototype are: 

𝑙0 =150 𝑚𝑚, 𝑙1=165 𝑚𝑚, 𝑙2= 108 𝑚𝑚, 𝑙3=50 𝑚𝑚, −20° ≤ θ1≤ 20°, -40° ≤ θ2 ≤0° and 0° ≤ θ3≤ 

40°, by substituting these values in equations (3.30), (3.31), and (3.32), the functions X, Y, Z can 

be obtained. The workspace in 𝑋0𝑌0 plane for the second prototype is shown in the following 

Figures 3-9.  

 

Figure 3-9. Workspace of third prototype in XY plane 

The capability of mounting pneumatic actuators in the third prototype was better than the first and 

second prototypes. Rotary position sensors were used in the third prototype to define the position 

of each joint. The design lacked the rigidity to support itself and it failed due to the torsion. The 

design was not rigid enough to withstand the force of gravity. Moreover, the prototype did not fit 

for wrist motion rehabilitation. 

A comparison between the final prototype and the previous three prototypes will be discussed in 

chapter 4.  
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4. Manipulandum Design 

This chapter provides a detailed overview of the mechanical design for the final iteration of the 

manipulandum device developed in this thesis. This description highlights the wrist motions and  

design decisions that were chosen to specifically overcome the challenges of designing machines 

that move via pneumatic actuators – one of the challenges being the limitation in the actuator itself; 

for example, using 100 (mm) pneumatic actuator can only provide 15 (mm) linear movements. 

Attention was also placed on the structural complexities. This chapter describes a design that 

overcomes design challenges by providing an in-depth analysis of each of the arm-actuator 

parameters in a link-by-link fashion. 

4.1. Wrist motions  

The wrist is composed of complex joints around the carpal bones and the radius and forearm bones. 

The wrist is capable of three sets of various movements [31]: 

• Flexion and extension  

• Supination and pronation 

• Ulnar deviation (ulnar flexion) and radial deviation (radial flexion) 

Flexion describes the movement of bending the palm down, towards the wrist. Extension describes 

the movement of raising the back of the hand (see Figure 4-1 [31]. 

 

Figure 4-1. (a) Flexion and (b) extension movement of wrist (source [31]) 
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Ulnar deviation, also known as ulnar flexion, is the movement of bending the wrist to the little 

finger, or ulnar bone, side. This is the movement you use when hitting the Enter key on a keyboard 

with the right hand. Radial deviation, also known as radial flexion, is the movement of bending 

the wrist to the thumb, or radial bone, side (see Figure 4-2) [32]. 

 

Figure 4-2. (a) Radial deviation and (b) ulnar deviation and motions of wrist (source [31]) 

Supination describes the movement of rotating the forearm into a palm up position. 

Pronation describes the movement of rotating the forearm into a palm down position. The 

supination and the pronation will not be tested in this thesis because the game requires the patient 

to move the paddle left and right in a liner motion while supination and pronation require a 

rotational motion (see Figure 4-3) [32]. 
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Figure 4-3. (a) Supination and (b) pronation motions of wrist (source [31]) 

The neutral position of the wrist is when the wrist is in straight alignment with the forearm, which 

is located at the mid-point between supination and pronation. This is commonly called the 

handshake position [31]. This position will be the neutral position (zero position) for the 

manipulandum that is designed in this thesis. 

The targeted design is a handheld manipulandum that moves the wrist in flexion and extension. 

For the ulnar deviation and radial deviation, the wrist will be in the neutral position while holding 

the manipulandum. The adopted NFE game is a 2D game with an objective of catching the moving 

ball using a paddle that moves left and right.  
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4.2. Design concept and workspace parameters 

Multiple parameters need to be calculated in order to design the manipulandum, including the 

length of each link, the angle of the rotation of each joint, and the attached points of each actuator 

to the links.  More importantly, the designed manipulandum must accommodate the required wrist 

motion in rehabilitation, which means that 2 DOF are needed: 1 DOF for the horizontal motion, 

and another DOF to allow the manipulandum to move up and down with the wrist. Since the 

actuator has only a 15 cm stroke length, which is not enough to keep up with wrist motion, another 

DOF will be needed to provide a larger workspace. 

Figure 4-4 is a simplified design of a 3 DOF manipulandum.  

 

Figure 4-4. Simple 3 DOF manipulandum 
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The design requirements are established and compared for all of the arm-actuator configurations. 

The requirements are: 

1. The workspace for each arm should be symmetric with respect to the horizontal plane. 

2. The actuator force should be able to overcome the minimum required force while meeting 

the geometrical constraints. 

The manipulandum consists of 3 actuated arms (see Figure 4-4). Each arm has two limitations: the 

mechanical actuator’s extension and contraction limits. Both limitations must match the required 

generated angles for the symmetrical workspace. 

The parameters for the workspace for each arm are shown in Figure 4-5. In order to make the 

motion symmetrical with respect to the horizon, 𝑙1 and 𝑙2 must be calculated. 

 

Figure 4-5. Arm-actuator workspace configuration 
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Since d in Figure 4-5 is changing based on the stroke length of the cylinder d𝑚𝑖𝑛 represents the 

dimension d when the cylinder is fully retracted, and d𝑚𝑎𝑥 represents the dimension d when the 

cylinder is fully extended. To calculate the workspace region, based on Figure 4-5, the parameters 

can be calculated as follows: 

d2 = 𝑙1
2 + 𝑙2

2 − 2𝑙1 𝑙2𝑐𝑜𝑠(
π

2
+ θ) (4.1) 

d𝑚𝑖𝑛
2 = 𝑙1

2 + 𝑙2
2 − 2𝑙1 𝑙2𝑐𝑜𝑠(

π

2
+ θ𝑚𝑖𝑛) (4.2) 

d𝑚𝑎𝑥
2 = 𝑙1

2 + 𝑙2
2 − 2𝑙1 𝑙2𝑐𝑜𝑠(

π

2
+ θ𝑚𝑎𝑥) (4.3) 

A symmetrical workplace can only be achieved by satisfying the following equation: 

θ𝑚𝑎𝑥 = −θ𝑚𝑖𝑛 (4.4) 

By substituting equation (4.4) in (4.2) and (4.3), the equation can be re-written as: 

d𝑚𝑖𝑛
2 = 𝑙1

2 + 𝑙2
2 − 2𝑙1 𝑙2 𝑠𝑖𝑛(θ𝑚𝑎𝑥) (4.5) 

d𝑚𝑎𝑥
2 = 𝑙1

2 + 𝑙2
2 + 2𝑙1 𝑙2𝑠𝑖𝑛(θ𝑚𝑎𝑥) (4.6) 

To calculate links 𝑙1 and 𝑙2 from equations (4.5) and (4.6) and after adjustments we get: 

d𝑚𝑖𝑛
2 +  d𝑚𝑎𝑥

2  

2
= 𝑙1

2 + 𝑙2
2
 (4.7) 

d𝑚𝑖𝑛
2 −  d𝑚𝑎𝑥

2  

4
= 𝑙1 𝑙2 𝑠𝑖𝑛(θ𝑚𝑎𝑥) (4.8) 
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The final equation for 𝑙1 and 𝑙2 can be written as follows: 

𝑙1 =

√
𝑑𝑚𝑎𝑥

2 +  𝑑𝑚𝑖𝑛
2

2 +  
𝑑𝑚𝑎𝑥

2 − 𝑑𝑚𝑖𝑛
2

2𝑠𝑖𝑛(θ𝑚𝑎𝑥)
 + √

𝑑𝑚𝑎𝑥
2 +  𝑑𝑚𝑖𝑛

2

2 −  
𝑑𝑚𝑎𝑥

2 − 𝑑𝑚𝑖𝑛
2

2𝑠𝑖𝑛(θ𝑚𝑎𝑥)

2
 

(4.9) 

𝑙1 =

√
𝑑𝑚𝑎𝑥

2 +  𝑑𝑚𝑖𝑛
2

2 +  
𝑑𝑚𝑎𝑥

2 − 𝑑𝑚𝑖𝑛
2

2𝑠𝑖𝑛(θ𝑚𝑎𝑥)
 − √

𝑑𝑚𝑎𝑥
2 +  𝑑𝑚𝑖𝑛

2

2 −  
𝑑𝑚𝑎𝑥

2 − 𝑑𝑚𝑖𝑛
2

2𝑠𝑖𝑛(θ𝑚𝑎𝑥)

2
 

(4.10) 

The first two parameters 𝑙1 and 𝑙2 have been defined by equations (4.9) and (4.10).  

Any pneumatic actuator has limitation in its movements and its force. The limitation in movements 

is due to the available piston stroke length. The limitation in force is due to the amount of allowable 

pressure that the pneumatic actuator can tolerate at the rear or rod side. 

β =
𝜋

2
− (𝜑 +  𝛳) (4.11) 

and: 

F 𝑙𝑓 cos (𝛳) = 𝐹𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟  𝑙2 𝑠𝑖𝑛(𝛽) (4.12) 

The equation (3.12) can be rewritten as:  

𝐹𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 =
F 𝑙𝑓cos (𝛳)

 𝑙2 𝑐𝑜𝑠(𝜑 +  𝛳)
 (4.13) 

The actuating force is force applied to the actuator in order to complete the intended operation. In 

this case, it is the force that is created by applying pressure to the rod end or the piston end of the 

pneumatic actuator. This can be written as: 

𝐹𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 = 𝑃1𝐴1 −  𝑃2𝐴2 (4.14) 

The angle (𝜑) can be determined from Figure 4-5 as follows: 



33 

 

𝑙2
2 = 𝑙1

2 + d2 − 2𝑙1 𝑑 𝑐𝑜𝑠(𝜑) (4.15) 

𝜑 = 𝑐𝑜𝑠−1(
(𝑙1

2 + d2) − 𝑙2
2

2 𝑑 𝑙1
) (4.16) 

Various pneumatic actuators can be chosen that have the same parameters, but only some of them 

are fMRI-compatible. Therefore, the chosen actuator is M9D12.5U [30] which has 150 (mm) 

stroke length, a pressure ranges from 0.2 to 101.52 (psi), and a maximum force output of 139 (N) 

at the piston end side, which is enough to produce the required force and the required displacement, 

as will be discussed later in this chapter. 
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4.3. Design details 

This section provides a detailed overview of analysing the parameters of each arm, the length of 

each joint, the rotation angle of each joint, and the attaching points of actuators.  

4.3.1. First actuating arm 

The specification for the first actuating arm is: 

𝐹 = 10 (𝑁), 𝑙𝑓= 157 (𝑚𝑚), 𝑙1=113.41 (𝑚𝑚), 𝑙2= 20 (𝑚𝑚), 𝑎𝑛𝑑 θ𝑚𝑎𝑥 = 23 (𝑑𝑒𝑔), θ𝑚𝑖𝑛 = -23 

(𝑑𝑒𝑔), 𝑑𝑚𝑖𝑛= 105 (𝑚𝑚), 𝑑𝑚𝑎𝑥= 120 (𝑚𝑚), by substituting these values in (4.16) and (4.13), each 

of 𝜑 and 𝐹𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 can be calculated.  

Figure 4-6 shows the relationship between the first joint angle and the actuating force. The value 

of 𝜑 is decreasing from 12 (deg) and 8.2 (deg) which satisfies the fact from Figure 4-5, where 𝜑 

is decreasing while 𝛳 is increasing. F actuator in Figure 4-6 represents the minimum required force 

that the chosen actuator must generate, F=10 represents the wrist force and θ is the joint angle. 

 

Figure 4-6. Actuating force versus joint angle (first arm) 
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4.3.2. Second actuating arm 

The second arm parameters are nearly identical to the first arm but with a slight difference. The 

first arm plane is XZ, while the second arm plane is -XY. The specification for the second actuating 

arm is: 

𝐹 = 10 (𝑁), 𝑙𝑓= 145 (𝑚𝑚), 𝑙1= 105 (𝑚𝑚), 𝑙2= 25 (𝑚𝑚), 𝑎𝑛𝑑 θ𝑚𝑎𝑥 = 23 (𝑑𝑒𝑔), θ𝑚𝑖𝑛 = -23 (𝑑𝑒𝑔). 

𝑑𝑚𝑖𝑛= 105(𝑚𝑚), 𝑑𝑚𝑎𝑥= 120 (𝑚𝑚), by substituting these values in (4.16) and (4.13), each of φ 

and Factuator can be calculated. Figure 4-7 shows the relationship between Factuator  and the second 

joint angle 𝛳 where value of φ is changing from 77.5 (deg) and 25.5 (deg). 

 

Figure 4-7. Actuating force versus joint angle (second arm) 
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4.3.3. Third actuating arm 

The third arm parameters are the same as the first and second arm parameters. The only difference 

is that the first arm plane is XZ, the second arm plane is -XY, while the third arm plane is X-Y. 

The specification for the third actuating arm is: 

𝐹 = 10 (𝑁), 𝑙𝑓= 155 (𝑚𝑚), 𝑙1= 105 (𝑚𝑚), 𝑙2= 22 (𝑚𝑚), 𝑎𝑛𝑑 θ𝑚𝑎𝑥 = 23 (𝑑𝑒𝑔), θ𝑚𝑖𝑛 = -23 (𝑑𝑒𝑔). 

𝑑𝑚𝑖𝑛= 105 (𝑚𝑚), 𝑑𝑚𝑎𝑥= 120 (𝑚𝑚), by substituting these values in (3.16) and (3.13), each of 𝜑 

and 𝐹𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 can be calculated. Figure 4-8 shows the relationship between 𝐹𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟  and 𝛳 the 

joint angle for the third actuating arm. 

 

Figure 4-8. Actuating force versus joint angle (third arm) 

The actuator force 𝐹𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 (shown in Figures 4-6, 4-7 and 4-8) does not exceed the maximum 

force limit of the chosen actuator, which is 139 (N). This means that the actuator is able to 

compensate for the required force. 
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Figure 4-9 shows the relationship between the actuating force 𝐹𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟  and the third joint motion 

where d changes from 105 (mm) to 120 (mm). 

 

Figure 4-9. Actuating force versus third joint motion 
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4.4. Final design 

The idea for the final prototype was to design a manipulandum which is; smaller than the previous 

designs, made from a lighter material, uses the M9D12.5U pneumatic actuator to get the minimal 

stroke size and is fit for wrist motion rehabilitation - which means the prototype should be fMRI-

compatible. The final design was built using thermoplastic which is commercially available and 

can be fabricated to any model by using a 3D printer, which is the most affordable fabrication 

process for the thermoplastic. Compared with aluminum fabrication and laser cutting fabrication, 

3D printing is cheaper, faster and more durable. Moreover, 3D printing fabrication can be designed 

to hold more torsion. 

 

Figure 4-10. Final prototype 
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As shown in Figure 4-9, the final prototype has 3 DOF. All joints are revolute and the end-

effector’s position can be defined from the 3 DOFs. Those 3 DOF control the end-effector’s 

orientation and position.  

To calculate the end-effector’s position with respect to the global frame, the transformation matrix 

will be as follows: 

𝑟𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟
0 =  𝑇𝑒

0 𝑟𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟
𝑒  (4.17) 

where: 𝑟𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟
0  is the position of the end-effector with respect to the global frame and 

𝑟𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟
𝑒  is the position of the end-effector with respect to the end-effector frame. 

From Figure 4-9, DH parameters can be excluded as follows in Table 4: 

Table 4. DH parameters of final prototype 

Link number 𝛳𝑖 𝑑𝑖 𝑎𝑖 𝛼𝑖 

0-1 0 𝑙0 0 0 

1-2 𝛳1+ 90 0 𝑙1 90 

2-3 90 - 𝛳2 0 𝑙2 180 

3-e 𝛳3  0 𝑙𝑒 0 

 

The global transformation matrix is: 

𝑇𝑛+1
𝑛 =  [

𝑐𝛳𝑛+1 −𝑠𝛳𝑛+1 𝑐𝛼𝑛+1 𝑠𝛳𝑛+1 𝑠𝛼𝑛+1 𝑎𝑛+1𝑐𝛳𝑛+1 
𝑠𝛳𝑛+1 −𝑐𝛳𝑛+1𝑐𝛼𝑛+1 −𝑐𝛳𝑛+1𝑠𝛼𝑛+1 𝑎𝑛+1𝑠𝛳𝑛+1

0 𝑠𝛼𝑛+1 𝑐𝛼𝑛+1 𝑑𝑛+1

0 0 0 1

] 

(4.18) 

The global transformation matrix is: 

𝑇4
1 =   𝑇2

1 𝑇3
2 𝑇4

3 (4.19) 
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and:  

𝑇1
0 = [

1 0 0 0
0 −1 0 0
0 0 1 𝑙0

0 0 0 1

] 

(4.20) 

𝑇2
1 = [

−𝑠𝛳1 0 𝑐𝛳1 −𝑙1𝑠𝛳1

𝑐𝛳1 0 𝑠𝛳1 𝑙1𝑐𝛳1

0 1 0 0
0 0 0 1

] (4.20) 

𝑇3
2 = [

𝑠𝛳2 −𝑐𝛳2 0 𝑙2𝑠𝛳2 
𝑐𝛳2 −𝑠𝛳2 0 𝑙2𝑐𝛳2 

0 0 1 0
0 0 0 1

] (4.21) 

𝑇𝑒
3 = [

𝑐𝛳3 −𝑠𝛳3 0 𝑙3𝑐𝛳3

𝑠𝛳3 −𝑐𝛳3 0 𝑙3𝑠𝛳3 
0 0 1 0
0 0 0 1

] (4.22) 

By substituting equations (4.20, 4.21, and 4.22) in (4.19) we get the global transformation matrix 

as follows: 

𝑇𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟
0

= [

𝑠𝛳1𝑐𝛳2𝑠𝛳3 −  𝑠𝛳1𝑠𝛳2𝑐𝛳3 𝑠𝛳1𝑠𝛳2𝑠𝛳3 − 𝑠𝛳1𝑐𝛳2𝑐𝛳3 𝑐𝛳1 𝑋
𝑐𝛳1𝑐𝛳2𝑠𝛳3 −  𝑐𝛳1𝑠𝛳2𝑐𝛳3 𝑐𝛳1𝑠𝛳2𝑠𝛳3 − 𝑐𝛳1𝑐𝛳2𝑐𝛳3 −𝑠𝛳1 𝑌

𝑐𝛳2𝑐𝛳3 − 𝑠𝛳2𝑠𝛳3 𝑠𝛳2𝑐𝛳3 − 𝑐𝛳2𝑠𝛳3 0 𝑍
0 0 0 1

] 

(4.23) 

Where X, Y, Z are the position of the end-effector with respect to the global frame 𝑋0𝑌0𝑍0 and 

can be calculated as follows: 

𝑋 = −𝑙1𝑠𝛳1 −  𝑙2𝑠𝛳1𝑠𝛳2 +  𝑙3( 𝑠𝛳1𝑐𝛳2𝑠𝛳3 − 𝑠𝛳1𝑠𝛳2𝑐𝛳3) (4.24) 

𝑌 = −𝑙1𝑐𝛳1 − 𝑙2𝑐𝛳1𝑠𝛳2 + 𝑙3(𝑐𝛳1𝑐𝛳2𝑐𝛳3 −  𝑐𝛳1𝑠𝛳2𝑐𝛳3) (4.25) 

𝑍 = 𝑙0 +  𝑙2𝑐𝛳2 +  𝑙3(𝑐𝛳2𝑐𝛳3 − 𝑠𝛳2𝑠𝛳3) (4.26) 

The specification of the first prototype are:  
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𝑙1 =151 𝑚𝑚, 𝑙2=143 𝑚𝑚, 𝑙3=154 𝑚𝑚, −23° ≤ θ1≤ 23°, −23° ≤ θ2 ≤23° and −23° ≤ θ3 ≤23°, by 

substituting these values in equations (4.24, 4.25 and 4.26), the functions X, Y, Z can be obtained. 

The workspace in the 𝑋0𝑌0 plane for the final prototype is shown in the following Figures 4-10. 

 

Figure 4-11. 2D workspace of final prototype XY plane 

Compared to aluminum (the first and the second prototype) and acrylic (the third prototype), 

thermoplastic is commercially cheaper and easier to model. This is because, firstly, only a 3D 

printer is needed to print the design. Secondly, using thermoplastic made the final design lighter 

than the previous prototypes. Moreover, the rigidity to withstand the gravity force and the size of 

the final design made this concept superior to the previously developed prototypes. Additionally, 

the workspace of the final prototype in the XY plane (see Figure 4-11) is comparatively larger than 

the workspace of the previous three prototypes (see Figures 3-3, 3-6 and 3-9). It allows for a greater 

range of motion for the patient at 120 (mm) of wrist rotation in each direction. Finally, the 

symmetrical nature of the workspace in the final prototype made playing the NFE game more 

accessible to the patients.  
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Table 5 compare between the three previous prototypes and the final prototype. Rectangle size is 

the maximum rectangle size that can fit inside workspace  

Table 5. Previous prototypes comparison 

Prototype 

name 

Material Machining Actuators 

type 

Rectangle 

size 

fMRI 

compatibility 

Wrist rehab 

applicability 

CAD model 

WristBOT 

manipulan

dum 

Magnetic 

material 

- Electrical - No Yes 

 

phantom 

omni 

haptic 

device 

Magnetic 

material  

- Electrical - No No 

 

1st 

prototype 

Aluminum 

 

CNC 

machining 

 

Pneumatic 16x101 

mm2 

No No 

 

2nd 

prototype 

Aluminum CNC 

machining 

 

Pneumatic 50x300 

mm2 

No No 
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3rd 

prototype 

Acrylic 

 

Laster 

cutting 

machining 

Pneumatic 87x161 

mm2 

Yes No 

 

Final 

prototype 

Thermopla

stic 

 

3D 

printing 

Pneumatic 150x125 

mm2 

Yes Yes 
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Euler angles 

A rotation of ψ radians about the x-axis is defined as 𝑅𝑥(ψ), a rotation of θ radians about the y-

axis is defined as 𝑅𝑦(θ) and a rotation of φ radians about the z-axis is defined as 𝑅𝑧(φ), where 

the angles ψ, θ, and φ are the Euler angles. 

𝑅𝑥(ψ) = [
1 0 0 
0 𝑐ψ −sψ
0 sψ 𝑐ψ

] (4.27) 

𝑅𝑦(θ) = [
𝑐θ 0 𝑠θ 
0 1 0

−𝑠θ 0 𝑐θ
] 

(4.28) 

𝑅𝑧(φ) = [
𝑐φ −sφ 0 
sφ 𝑐φ 0
0 0 1

] 
(4.29) 

The general rotation matrix has the form: 

𝑅 =  𝑅𝑧(φ) 𝑅𝑦(θ) 𝑅𝑥(ψ) = [

𝑅11 𝑅12 𝑅13 
𝑅21 𝑅22 𝑅23

𝑅31 𝑅32 𝑅33

] 

(4.30) 

Equation (4.30) result to: 

𝑅 = [

cθcφ sψsθcφ − cψsφ cψsθcφ + sψsφ 
cθsφ sψsθsφ + cψcφ cψsθsφ − sψcφ
−sθ sψsθ cψsθ

] 

(4.31) 

We can compute the Euler angles ψ, θ, and φ by equating each element in R with the corresponding 

element in the matrix product 𝑅𝑧(φ) 𝑅𝑦(θ) 𝑅𝑥(ψ).  

𝑅31 = −sθ (4.32) 

This equation can be inverted into: 

θ = −𝑠−1(𝑅31) (4.33) 

To find the value of ψ, we observe that: 
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𝑅32

𝑅33
= tan (ψ) 

(4.35) 

This equation can be inverted into: 

ψ = atan2(𝑅32, 𝑅33) (4.36) 

A similar analysis holds for finding φ, which can be observed as follows: 

𝑅21

𝑅11
= tan (φ) 

(4.37) 

This equation can be inverted into: 

φ = atan2(𝑅21, 𝑅11) (4.38) 

The general transformation matrix (4.23) can be written as follows: 

𝑇𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟
0 = [

𝑅11 𝑅12 𝑅13 𝑋
𝑅21 𝑅22 𝑅23 𝑌
𝑅31 𝑅32 𝑅33 𝑍

0 0 0 1

] (4.39) 

By substituting the values of 𝑅31, 𝑅32, 𝑅33, 𝑅21 and 𝑅11 in the equations (4.33), (4.36) and (4.38), 

Euler angles can be re-written as follows: 

θ = −𝑠𝑖𝑛−1(𝑐𝛳2𝑐𝛳3 − 𝑠𝛳2𝑠𝛳3) (4.40) 

ψ = atan2(𝑠𝛳2𝑐𝛳3 − 𝑐𝛳2𝑠𝛳3, 0) (4.41) 

φ = atan2(𝑐𝛳1𝑐𝛳2𝑠𝛳3 −  𝑐𝛳1𝑠𝛳2𝑐𝛳3  , 𝑠𝛳1𝑐𝛳2𝑠𝛳3 −  𝑠𝛳1𝑠𝛳2𝑐𝛳3) (4.42) 

Where θ, ψ, φ represent the orientation of the end-effector with respect to the global frame 𝑋0𝑌0𝑍0. 

The sensor that is used in the final prototype is a wireless mouse (will be discussed in chapter 5 

and chapter 6). The wireless mouse has a built-in gyroscope. In another wards, if the sensor is 

attached to the end-effector θ, ψ, φ represent the orientation of the sensor and X, Y, Z represent 

the location of it. These values (θ, ψ, φ, X, Y, Z) is used to move the end-effector diagonally.  
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5. Prototype Device 

This chapter describes all of the considerations that went into the fabrication of the final version 

manipulandum, including the manufacturing methods and the selection of hardware components. 

In addition to the physical links described in Chapter 4 many additional components are required 

for the device to properly actuate including a reservoir, pressurized air, valves, a pressure regulator 

and a control circuit, which are all generally employed to develop a pneumatic manipulandum. 

The reservoir provides the air pressure and the valves then control the direction of the pressurized 

air. The control circuit sends a command signal to control the valves. 

5.1. Hardware components 

Many components come together to form the final design for the final prototype (see Figure 5-1). 

The prototype has 3 links; each link represents 1 DOF and is actuated by a pneumatic double acting 

cylinder M9D12.5U [32]. These pneumatic actuators receive the pressurized air from the valves 

SMC ITV0030 [33] shown in Figure 5-3. Two valves are needed to control each cylinder. The 

valves receive the signal from the Quanser control board Q8 shown in Figure 5-4. The pressure 

regulator SMC ITV1050 [34] shown in Figure 5-5 receives the command signal from the control 

circuit and provides pressure to the actuators based on the value of the command signal. The 

feedback of the system is the position of the wireless mouse (shown in Figure 5-6) that is attached 

to the third link.  

Figure 5-7 shows the full set up including the 3 DOF pneumatic acutated maipulandom, the 

wireless mouse, the directional control valves (DCVs), the board and the connected PC. 
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Figure 5-1. 3 DOF final manipulandum 

 

 

Figure 5-2.  Location of wireless mouse 
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Figure 5-3. Pressure control valves are SMC ITV0030 [33] 

 

 

Figure 5-4. Q8 Quanser board 
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Figure 5-5. Pressure regulator SMC ITV1050 [34] 

 

 

Figure 5-6. Mobility research wireless mouse 
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Figure 5-7. Full set up of final manipulandum 

The wired sensor had overshooting in its signal that created problems for the controlling process. 

One of these problems was that the overshoot required many low-pass filters which increased the 

processing and response time. To improve upon this, the final design makes use of an easy to 

install wireless mouse (shown in Figure 5-6) attached to the manipulandum as shown in Figure 5-

1 and Figure 5-2. The wireless mouse has a high accuracy and is available for research purposes 

in the Rehabilitation Centre in Winnipeg. Only the position of the mouse is needed which can be 

obtained using a function that exists in the MATLAB.  
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5.2. Software 

The software that is used to get the input data is an NFE game (Neuro Function Evaluation). In 

this thesis it is a 2D game as shown in Figure 5-8. The game is currently being used in the 

Rehabilitation Centre in Winnipeg, Manitoba for research and rehabilitation purposes. As the 

patient plays the game their movements are tracked in real-time and their performance is exported 

as data that can be assessed by health care professionals. This quantitative data is able to provide 

tangible data based on accuracy. Furthermore, many modes, such as assistive, resistive and 

assistive when required, can be used based on the individual patient’s recovery process. 

 

Figure 5-8. Neuro Function Evaluation GAME Digital Rehab 

The feedback of the wireless mouse is the position of the paddle; the reference is zero at the 

beginning of the experiment; the measured error is the difference between the location of the ball 

and the location of the paddle; the interface of the controller is a MATLAB Simulink; and the 

output is a voltage signal that ranges between 0-10 Volts and goes to the pressure regulator which 

applies pressure (0 to 100 psi). The pressurized air goes to the pneumatic actuator to apply motion. 

This will be discussed further in the next chapter.  
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Figure 5-9. MATLAB Simulink manipulandum interface 

Block Tar_in receives the data from the MATLAB workspace which has the value of the location 

of the ball. Block Pad_in does the same for the location of the paddle. Block mode selector is to 

switch between modes (assistive, resistive, assistive with hysteresis, assistive when required). 

Block P1 saves the value of the extent pressure and block P2 saves the value of the retract pressure. 

Block HIL-1(q8-0) is the Quanser board and block (HIL-1) writes the values of P1 and P2 on the 

Quanser board. Block Data saves the values of the errors P1, P2, Tar_in and Pad_in in an excel 

file. All these values will be used in the next chapter to evaluate the performance of the final 

prototype.   
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6. Performance Evaluation 

This chapter starts by presenting the analysis of the third joint (since the NFE GAME is a 2D game 

so only one joint will be needed to run the game), then moves to validating data between the wrist 

and the robot to match the data between the wrist and the manipulandum, and finishes with the 

performance analysis of the manipulandum in three modes (assistive, resistive, and assistive with 

hysteresis). In the assistive mode the manipulandum will assist the patient to move the paddle (see 

Figure 5-8) towards catching the falling ball. In the resistive mode the manipulandum acts as a 

resistive force against the patient, applying pressure as the patient gets closer towards the ball, with 

the goal of preventing the patient from moving the paddle towards the ball. The assistive mode 

with hysteresis is similar to assistive mode with the difference being that the manipulandum will 

assist the patient to move the paddle towards the ball for a certain distance. These three modes will 

be discussed later in this chapter.  

6.1. Wrist and manipulandum motion relation 

The purpose of this section is to prove that the third joint represents the motion of the wrist when 

the wrist is moving horizontally in the XY plane (as shown in Figure 6-1). In order to do that the 

motion of the third and the second joints will be analysed. 

The average radius of the rotation that leads to liner displacement of the wrist is 10 (cm). The wrist 

is holding the endpoint of the end-effector. When the wrist is rotating, the manipulandum will be 

moving from point A to point B on an arc (shown in Figure 6-1).  The arc represents the horizontal 

rotational motion of the wrist.  
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Figure 6-1. Second and third joint of manipulandum 

Since the motion here is in XY plane, all Z coordinates will be negated. The last two joints of the 

robot in Figure 6-1 can be simplified as Figure 6-2. From the previous chapter we know that: 

𝑙2=143 𝑚𝑚, 𝑙3=154 𝑚𝑚. 

 

Figure 6-2. 2D top view of final prototype for second and third joint 
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The location of point A with respect to point M is A (𝑙3, 𝑙2) = (154 mm,143 mm). From the 

experiment and by choosing the point B at the location (164 mm,100 mm).  

From Figure 6-2, 𝑋𝐵 and 𝑌𝐵 can be calculated as follows: 

𝑋𝐵 = 𝑙3 +  𝑙2𝑠𝛳1 (6.0) 

𝑌𝐵 = 𝑙2 −  𝑙3𝑠𝛳2 (6.1) 

By substituting point B in the equations (6.0) and (6.1) we get: 

𝛳1 = 3.6 (deg)  

𝛳2 = 16 (deg) 

To summarise, if the hand is attached to the end point of the end-effector, by rotating the hand 

clockwise or counter-clockwise, the third joint will be moving the most, and the other joints will 

be barely moving. In other words, when rotating the manipulandum horizontally, the third joint 

will be rotating symmetrically to the wrist, the rotation of the second joint will be negated, and the 

first joint does not rotate in the XY plane. 

The purpose of this section is to validate that the separate data obtained from both sensors (wrist 

sensor and robot sensor) as shown in Figure 6-3 and Figure 6-4 represent or match each other. The 

goal is to prove that the sensor attached to the robot is reading the same values as the one attached 

to the wrist. To prove this, it will be demonstrated that both are moving towards the same direction. 

The forearm will be locked using the other hand. The radius of the wrist rotation is smaller than 

the robot’s rotation. The data coming from the wireless mouse mounted on the end of the fingers 

(to get a larger radius of rotation) should be in agreement with the one mounted on the robot, but 

the range of the motion should be smaller.  
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Figure 6-3. Wrist position for flexion and extension motion  

 

Figure 6-4. Wrist position for ulnar deviation and radial deviation motion 

Since the sensor is a wireless mouse, and only one mouse can be connected to a PC, each of the 

two sensors will be connected to a different PC. The experiment is to run both at the same time for 

3 seconds before moving the robot left and right using only the wrist. Finally, the data obtained 
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from the experiment will be compared. Since the robot is moving only in one axis, the data will be 

only the movement along the X-axis of the screen for 3 seconds. 

The wireless mice move in a rotating motion, this motion translates into a linear motion that moves 

horizontally in the X-axis and vertically in the Y-axis of the computer’s screen. 

By comparing Figures 6-5 and Figure 6-6 we can observe that both figures have the same pattern, 

behaviour, direction and reverse direction. This proves that the robot is matching the motion of the 

wrist. 

 

Figure 6-5. Data from sensor installed on the hand to represent wrist motion 
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Figure 6-6. Data from sensor installed on manipulandum 

The X-axis in both Figures (Figure 6-5 and Figure 6-6) represent the displacements of the mouse 

pointer in the computer’s screen. 
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6.2. Experimental results 

In this section, data will be collected from the experiments using two methods. The first method 

is using image processing, the second method is using serial port. Each method will run in three 

different modes (assistive mode, resistive mode, and assistive with hysteresis mode). 

 

6.2.1. Image processing method 

The software uses image processing to read the position of the ball and the paddle by taking three 

screenshots of the game’s screen (game in Figure 5-8) every one second. Depending on the 

difference in location of the paddle and the ball in the X-axis, the manipulandum will assist or 

resist the patient’s movements, depending on the mode used in the experiment. These modes are 

discussed as follows:  

Assistive mode 

The goal of this mode is to assist the patient to move the paddle toward the ball. Figures 40 and 41 

illustrate the extent pressure, the retract pressure and the error over time. For example, at the 

second 26, the error is at the max value on the negative side at -0.4. From the code we have: 

Error = Target - Paddle 6.1 

(-0.4) which means that the paddle is at the max right of the screen, and the ball is at the farthest 

left of the screen. In this situation the controller will send two command signals, one to close the 

control valve that will activate the retract pressure, and another to open the control valve that will 

activate the extent pressure. From Figures 6-7, 6-8 and 6-9, we can see that the value of the pressure 

is proportional to the value of the error. This means that the pressure will be higher if the error is 

increasing and will be lower if the paddle is going towards the ball. 
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From Figure 6-9 at the seconds [26 to 27] the value of the error is at the maximum value at the 

negative side (-0.4), the objective of the robot in this situation is to assist the patient to move the 

paddle toward the ball. Since the value of the error is maxed, the value of the extent pressure is 

maxed at 100 (psi) (shown in Figure 6-7). However, the value of the retract pressure is zero (shown 

in Figure 6-8). Also, from the seconds [22 to 25] the value of the error (Figure 6-9) is dropping 

from [0.4 to 0] and the retract pressure (Figure 6-8) is assisting the patient to move the paddle to 

the target. 

 

Figure 6-7. Extent pressure of assistive mode 

 

Figure 6-8. Retract pressure of assistive mode 
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Figure 6-9. Error over time of assistive mode 

 

Figure 6-10. Values of extent and retract pressure from 22-28 second 

 

Figure 6-11. Value of error over time  from 22-28 second 

Figure 6-10 represents the value of the extent pressure and the retract pressure shown in Figures 

6-7 and 6-8 from the seconds [22 to 28]. Figure 6-11 represent the value of the error shown in 

Figure 6-9 for the same time. 
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Resistive mode 

The resistive mode is the opposite of the assistive mode, the goal of this mode is to prevent the 

patient from moving the paddle toward the ball. From Figure 6-14 second [21 to 24], the value of 

the error is decreasing, which means the paddle is heading towards the ball, which can be seen in 

Figure 6-12. At the same time from second [22 to 25] the value of the extent pressure is increasing 

from 0 (psi) to 80 (psi) to resist the patient. However, the value of the retract pressure (shown in 

Figure 6-13) is dropping to zero. From the second [25 to 27] the value of the error is decreasing 

from [-0.4 to 0] (the negative sign is to show that the ball is at the left side of the paddle) as noticed 

from Figure 6-13 the value of the retract pressure for the same range is increasing from (0 to 90) 

(psi), while the value of the extent pressure is dropping to zero. 

 

Figure 6-12. Extent pressure of resistive mode 

 

Figure 6-13. Figure 6 13. Retract pressure of resistive mode 
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Figure 6-14. Error over time of resistive mode 

 

Figure 6-15. Values of extent and retract pressure from 22-28 second 

 

Figure 6-16. Values of extent and retract pressure from 22-28 second 

Figure 6-15 represents the value of the extent pressure and the retract pressure shown in Figures 

6-12 and 6-13 from the seconds [22 to 28]. Figure 6-16 represent the value of error shown in Figure 

6-14 for the same time. 
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Assistive mode with hysteresis 

In this mode, the manipulandum should only assist the patient for a certain value, where the error 

is greater than |0.2| and will do nothing when the value of the error is less than |0.2|. From Figures 

6-17, 6-18 and 6-19, from the second [32 to 40] where the value of the error is changing within 

the values [-0.2 and 0.2], the value of the extent pressure and retract pressure is zero. Pressure will 

be applied anytime the value of the error is greater than |0.2|. 

 

Figure 6-17. Extent pressure of assistive with hysteresis mode 

 

Figure 6-18. Retract pressure of assistive with hysteresis mode 
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Figure 6-19. Error over time of assistive mode with hysteresis 

 

Figure 6-20. Values of extent and retract pressure from 32-45 second 

 

Figure 6-21. Values of error over time from 32-45 second 

Figure 6-20 represents the value of the extent pressure and the retract pressure shown in Figures 

6-17 and 6-18 from the seconds [32 to 45]. Figure 6-21 represent the value of error shown in Figure 

6-19 for the same time. 
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6.2.2. File streaming method 

At this stage, the software uses file streaming to read the position of the ball and the paddle, 

depending on the difference in location of each one it will either assist or resist the patient 

(depending on the mode being used in the experiment). This method allows us to get more data 

points per second. The file streaming method will provide the controller with 1000 data point per 

second while the image processing method only provides the controller with 3 data point per 

second. It is analysed using the same modes, which are discussed as follows:  

Assistive mode 

The goal of this mode is to assist the patient to move the paddle towards the ball. Figures 6-16 and 

6-17 shows the extent pressure, the retract pressure and the error over time. In this method the 

error will be changing from (-1 to 1). So (-1) means that the paddle is at the max right of the screen, 

and the ball is at the farthest left of the screen. As before when the error is equal to (-1) the 

controller will send two command signals, one to deactivate retract pressure, and another one to 

activate the extent pressure. From Figures 6-22, 6-23 and 6-24, we can see that the value of the 

pressure is proportional to the value of the error. This means that the pressure will be maxed at the 

max value of the |error| and get lower when the value of the |error| is decreasing to zero. 

From Figure 6-24 at the seconds [0 to 5] the value of the error is going from the maximum value 

(1 to 0). The manipulandum in this mode will assist the patient to move the paddle towards the 

ball. Since the value of the error is maxed, the value of the extent pressure is also maxed at 100 

(psi) at second (0) (shown in Figure 6-22). However, the value of the retract pressure is zero 

(shown in Figure 6-23). Also, from the seconds [16 to 19] the value of the error (Figure 6-24) is 

fluctuating between [0 and -0.5] and the retract pressure (Figure 6-23) is also fluctuating between 
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[0 to 60] (psi) to assist the patient to move the paddle to the target, while the value of the extent 

pressure is equal to zero. 

 

Figure 6-22. Extent pressure of assistive mode using file streaming method 

 

Figure 6-23. Retract pressure of assistive mode using file streaming method 
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Figure 6-24. Error over time of assistive mode using file streaming method 

 

Figure 6-25. Values of extent and retract pressure from 0-5 second 

 

Figure 6-26. Values of error over time from 0-5 second 

Figure 6-25 represents the value of the extent pressure and the retract pressure shown in Figures 

6-22 and 6-23 from the seconds [0 to 5]. Figure 6-26 represent the value of error shown in Figure 

6-24 for the same time. 
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Resistive mode 

The manipulandum here intentionally prevents the patient from moving the paddle towards the 

ball. As shown in Figure 6-29 second [6 to 10], the value of the |error| is decreasing, which means 

the paddle is heading towards the ball, as noticed in Figure 6-27 for the same at the same time 

from second [6 to 10] the value of the extent pressure is increasing from 0 to 80 (psi) to act as a 

resistive force against the patient. However, the value of the retract pressure (shown in Figure 6-

28) is zero.  

Also, from the second [14 to 16] the value of the |error| is also decreasing from [-0.5 to 0] (the 

negative sign is to show that ball is at the left side of the paddle). As can be seen in Figure 6-28 

the value of the retract pressure for the same range of time is increasing from (0 to 70) (psi), while 

the value of the extent pressure is zero. 

 

Figure 6-27. Extent pressure of resistive mode using file streaming method 
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Figure 6-28. Retract pressure of resistive mode using file streaming method 

 

Figure 6-29. Error over time of resistive mode using file streaming method 
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Figure 6-30. Values of extent and retract pressure from 6-10 second 

 

Figure 6-31. Values of error over time from 6-10 second 

Figure 6-30 represents the value of the extent pressure and the retract pressure shown in Figures 

6-27 and 6-28 from the seconds [0 to 5]. Figure 6-31 represent the value of error shown in Figure 

6-29 for the same time. 
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Assistive mode with hysteresis 

In this mode, the manipulandum is only to assist the patient for a certain value, where the error is 

greater than |0.3|, and will do nothing when the value of the error is less than |0.3|. From Figures 

6-32, 6-33 and 6-34, from the second [5 to 10] where the value of the error is changing within the 

values [-0.3 and 0.3] the value of the extent pressure and retract pressure is zero. Pressure will be 

applied anytime the value of the error is greater than |0.3|. 

 

Figure 6-32. Extent pressure of assistive mode using file streaming method 

 

Figure 6-33. Extent pressure of assistive mode using file streaming method 
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Figure 6-34. Error over time of assistive mode using file streaming method 

 

Figure 6-35. Values of extent and retract pressure from 5-12 second 

 

Figure 6-36. Values of error over time from 5-12 second 

Figure 6-30 represents the value of the extent pressure and the retract pressure shown in Figures 

6-27 and 6-28 from the seconds [0 to 5]. Figure 6-31 represent the value of error shown in Figure 

6-29 for the same time.  
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6.3. Summary and discussions 

This chapter provided analysis of the third joint to match the wrist motion (ulnar deviation and 

radial deviation, flexion and extension). The data from the robot sensor was then validated to match 

the data on the sensor attached to the wrist. Moreover, the three modes (assistive, resistive, and 

assistive with hysteresis) were run and analyzed in two different methods: image processing and 

file streaming. Both methods proved to work in the three modes, since the game is a 2D basic game 

and there are only two things to measure (ball position and paddle position). File streaming proved 

to be more accurate than image processing, for the following reasons: firstly, it provides more data 

points per second and takes less time to compile and execute the code. Each data point reads ball 

position, paddle position and writes an error value, extent pressure value and retract pressure value. 

The image processing method provided 3 data points per second while the file streaming method 

provided 1000 data points per second. Alongside this, while using the image processing method 

the manipulandum had a delay of one (sec) behind because it takes more processing time, the delay 

in the file streaming method was lower (less than 0.2 sec behind). This time can further be 

improved when using the file streaming method by taking less data points per second. 

Secondly, the image processing method proved to work in only one situation, where the ball is 

falling in a straight trajectory. Contrastingly, the file streaming method proved to work in all 

situations where the ball goes in a non-linear motion while falling since it updates its data every 

1(ms).  

Thirdly, the assistive mode when required could not be tested using the image processing method 

because of the very low number of the data points per second. This prevents the acquirement of 

the derivative for the error. Furthermore, even if the derivative could be acquired there would be 
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a two second delay, which would disrupt the rest of the experiment since there is a new ball falling 

every 1.5 (sec). 
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7. Conclusions 

7.1. Contributions made in this thesis 

This thesis set out to provide the design of a manipulandum device that can serve as a robot-

assisted rehabilitation device for wrist rehabilitation. It was successful in delivering the design of 

a device that: consists of cost-effective components, is capable of both assisting and resisting the 

movement of a patient’s wrist in two directions and can be made using fMRI compatible materials. 

The device designed in this thesis was also successful in its ability to increase the interactivity and 

enjoyment of a patient’s treatment using an interactive game. The game not only benefits patients 

by increasing their desire to partake in rehabilitation exercises, but it can also provide valuable 

data to health care providers.  

To achieve this, a 3 DOF pneumatic manipulandum device was designed and prototyped for wrist 

rehabilitation. The geometrics of the manipulandum were designed based on the following 

requirements: the workspace for every arm should be symmetrical with respect to the horizontal 

plane and the chosen actuator has to generate force that overcomes the minimum required force 

while meeting the geometrical constraints. The workspace and the necessary force were analyzed 

based on the kinematics of the manipulandum. This device was constructed based on three 

previously developed prototypes.  

The new prototype improved the design and characteristics of these previous devices in a number 

of ways. Firstly, the final prototype is made from thermoplastic, which is cheaper and lighter than 

aluminum and acrylic. Secondly, this device possessed a larger workspace in the XY plane which 

allow for a greater range of movements for the patient at 120 (mm) of wrist rotation and could 

compensate for the required forces with an actuator force of 10 (N). Thirdly, the pneumatic 
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actuators that were used for the final design of the devices are commercially available from non-

magnetic material, which can be used in an fMRI environment. Fourthly, the decreased DOF from 

previous devices (only using 3) allows for simpler and more efficient control of the device as well 

as faster execution of its code. Finally, the interactive game allowed for a more engaging form of 

treatment that can record quantitative data.  

The performance of the manipulandum designed in this thesis was analyzed using two methods; 

image processing and file streaming. Through conducting experiments, it was shown that file 

streaming proved to be the most reliable and accurate method. The results of the experiments 

demonstrate that the image processing method provided 3 data points per second, while the file 

streaming method provided 1000 data points per second. Furthermore, the file streaming method 

proved to be functional with more modes, notably assistive mode when required. The assistive 

mode when required needs more data point per second than the image processing method can 

provide, since the assistive mode when required needs the derivative of the error over time.  

7.2. Future work 

The device created was successful in achieving the proposed objectives of the thesis. These 

objectives: 

• A cost-effective device that can be used as a substitute form of treatment in rehabilitation. 

• A device that provides force-feedback that is capable of accommodating movement of the 

wrist in any direction. 

• A device that provides a platform that is capable of both assisting and resisting three 

motions of the wrist. 

• A device that is available in fMRI-compatible material to support fMRI studies.  
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Improvements can be made to further increase the capabilities of the device. These improvements 

include: 

• The 3 DOF of the device can be used in conjunction with more mechanically complicated 

games, which allow for more wrist motions (Ulnar Deviation, the Radial Deviation, 

Flexion and the Extension) at the same time, rather than doing them separately one by one. 

• All parts used in the device including bolts, nuts, ball bearings, wireless mice and actuators 

are available in a non-magnetic material. Therefore, a non-magnetic version of the device 

can be made for fMRI studies. 

• Many improvements can be made in the software architecture of the game itself, which 

will allow for reduced the compiling time of its code and execution. 

• Delay time resulting from image processing method can be improved by using two 

computers, one can do the image processing analysis by using a camera and send the data 

to the other one, which does the control part. 
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