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Abstract 
In emulating physical therapists’ role in occupational therapy, the methodology of 

exoskeleton based rehabilitation robot is widely researched in facilitating the 

rehabilitation and motion re-learning of post stroke patients. The research focuses 

on the design and simulation of a hand rehabilitation exoskeleton robot. Unlike the 

exoskeleton robots for arm and shoulder rehabilitation, hand exoskeleton systems 

are required to handle the multiple joints on hand with four times the degree of 

freedom in a confined space. In addition, exoskeleton robot as a physical wearable 

system requires careful design of human machine interface, in order to ensure the 

patient's safety and to avoid discomfort or injuries on his hand.  

After reviewing different rehabilitation techniques used in post-stroke recovery, 

the rehabilitation exoskeleton is designed to provide task oriented training guided 

with Bobath’s rehabilitation technique. The robot is designed to actuate and drive 

the patient’s hand in natural motion, while preventing the patient from developing 

wrong muscle tone. In order to better prepare the patient to regain his self-care 

abilities, the rehabilitation training with the robot is based on activities of daily 

living (ADL) exercise, which revolves around manipulation of daily objects. 

With reference to the anatomy and kinematic model of human hand, a hand 

rehabilitation robot utilizing an innovative arc-gear mechanism is designed and 

built. As the exoskeleton has to be designed at the dorsal side of hand due to space 

constraint, it is essential for the exoskeleton structure to provide a guided 

movement which is concentric to the human joints. The arc-gear mechanisms 

driven by DC motors aimed to replicate an accurate and natural hand movement to 

exercise patients’ hand. State of the art from other institutions will also be 

discussed to justify the strength of the designed machine. The workspace of the 

human hand is plotted in the 3D CAD software to verify the working range of the 

exoskeleton. Amplifiers for the DC motors have been designed and built by 

utilizing the control signal from NI motion control hardware.  

The ADL training chosen for the research is reach-to-grasp. The user is required to 

reach for a mug and grasp it, before retrieving it back to the original position. The 

trajectories for the reaching and grasping movements are carefully designed to 



iii 
 

provide the natural motion profile. Position control is introduced at task space and 

joint space level to monitor the motion of exoskeleton. As conclusion to the 

research, the model is simulated with the NI Softmotion, whereby the motion 

command is generated from the Labview software to move the 3D model of the 

hand exoskeleton in Solidworks software. The results from the motion are then 

compared to the actual reach-to-grasp trajectories performed by healthy persons as 

reported in various literatures. The motion profile of the planned trajectories 

actuated by the designed exoskeleton is verified to be similar to the natural reach-

to-grasp trajectories.    
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Chapter 1 

Introduction 
Stroke is the second leading cause of death in the world behind heart disease with 

15 million sufferers each year. The rate of stroke worldwide is significant as 

shown in various literature despite the declining trend in developed countries. In 

Singapore, cerebrovascular disease was the fourth leading cause of death (8%) and 

seventh leading cause of hospitalization (2.1%) during year 2009 [1]. The total 

number of stroke patients is rising over the years due to the ageing of Singapore 

population, with 4064 cases of hospital admission for stroke in the period 1st July 

2010 to 30th June 2011. [2] 

1.1 Motivation 

1.1.1 Demand and Limited Resources 
In Singapore, 63% of the stroke survivors are still moderately or severely disabled 

three months after the stroke [3]. Most of them need to undertake a period of 

rehabilitation program in day rehabilitation centers after being discharged from 

hospital, sharing the facilities with patients suffering from fractures, lower limb 

amputations and other conditions that impair functional abilities. The number of 

day rehabilitation centers in Singapore decreased from 29 in year 2007 to 28 in 

year 2008 [4], while the figure of outpatient attendances rises from 223262 cases 

in year 2007 to 235229 cases in year 2008 [5]. Not all stroke patients are enrolled 

into a formal rehabilitation program due to its resource-intensive nature. 
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According to statistics reported by Tran et al. in a Toronto hospital, 56% of stroke 

survivors were discharged home in year 1999 (compared to 33% in 1993), 32% to 

rehabilitation (41% in year 1993), and 11% directly to nursing home or long-term 

care (26% in 1993) [6]. For local statistics, two to three rehabilitation physicians 

were managing a maximum of 60 inpatients in year 1983, compared to seven to 

eight physicians managing up to 100 patients in year 1996. The scarcity in 

resources has resulted in more stringent selection criteria, focusing on patients with 

higher positive rehabilitation potential for inpatient rehabilitation. 

1.1.2 Time Course of Recovery 
In general, post-stroke recovery can be categorized into neurological or functional 

recovery. Neurological impairments are usually classified using Scandinavian 

Neurological Stroke Scale (SSS) and its recovery involves the reorganization of 

brain cells and often associated with the resolution of edema. Functional or 

adaptive recovery corresponds to the improvement of independency in mobility 

and self-care and can be measured by Barthel Index (BI).  

In the Copenhagen Stroke Study where 1197 acute stroke patients were assessed, 

95% of the patients reached the best neurological improvement within 11 weeks 

and best activities of daily living function within 12.5 weeks [7]. Dobkin reported 

that 95% of stroke patients achieved best upper extremity strength and function 

with Barthel Index subscores for grooming and feeding in a community study. 

Patients who are able to flex and extend their affected fingers and wrist within 

three months, showed continual improvement for more than a year in specific 

practiced tasks [8]. 

The neurological recovery is most effective during the first three months post-

stroke while the functional recovery can extend to months after neurological 

recovery is completed. Hence, it is important to enroll stroke patients in 

rehabilitation program as early as possible, although this is often met with 

challenges from increasing number of patients and the limited rehabilitation 

resources. 
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1.2 Objectives 
The aim of the research is to investigate the role and effective application of 

robotics technology into stroke rehabilitation, particularly on the rehabilitation of 

upper extremity which includes fingers and wrist. The rehabilitation robot is not 

intended to totally replace the doctors’ or therapists’ role in the rehabilitation 

program, but serves as a tool to improve the efficiency and effectiveness of the 

session. With the use of this rehabilitation platform, it is aimed to increase the 

number of patients attended to by a single physician, so that the patients will not 

miss the golden time of recovery caused by the congestion in rehabilitation centers. 

The scope of the research is to examine the needs of stroke patients and 

occupational therapists, and to address the barriers confronted by them. 

Subsequently, the research explores the engineering feasibility of building a hand 

robotic assistive platform to assist and improve the rehabilitation process. The 

hand rehabilitation robot will be simulated in software to investigate the robot 

trajectory in performing the designated actions. 

1.3 Thesis Contribution 
The main contributions reported in this thesis are:  

1. The finger rehabilitation module design that works based on the remote 

centre motion mechanism. 

2. The thumb rehabilitation module design that follows the anatomy of human 

thumb, which provides the degree of freedom on the pronation of thumb.  

3. The workspace verification method. Cartesian coordinates for the boundary 

surfaces of finger workplace are calculated in Matlab and converted into 

surfaces in Solidworks with “Scanto3D” function. The workspace is used 

as a visual reference in CAD software to assist the design of rehabilitation 

robot.  

4. Incorporation of pre-shaping and logarithmic spiral trajectory into the 

reach-to-grasp motion planning of rehabilitation robot. 
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1.4 Thesis Overview 
 
The thesis is organized into 6 chapters. In Chapter 1, an overview of the stroke 

rehabilitation and its rising demands is introduced. Next, Chapter 2 compares two 

rehabilitation methods and explains the effectiveness of task-oriented training in 

post-stroke recovery. Various mechanisms and designs of hand rehabilitation 

robots are analyzed in Chapter 3. Kinematics model of human hand and its 

workspace are defined in Chapter 4. In Chapter 5, the design of hand rehabilitation 

device is discussed in details. Chapter 6 shows the trajectory planning and 

simulation of a reach-to-grasp action in retrieving a mug. Finally, Chapter 7 

concludes the work done in the research and discusses the further improvements 

for future research.  
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Chapter 2 

Literature Review on Rehabilitation 
Treatments 
2.1 Introduction 
Stroke rehabilitation is a combined effort from a multi-disciplinary team, which 

consists of the stroke survivors and their families, the nurses and doctors, the 

physiotherapists, the occupational therapists and the speech therapists. Stroke 

rehabilitation is built on the theory of neural plasticity, in which the stroke patients 

can regain control of affected limbs by participating in structural and progressive 

rehabilitation exercises. 

A typical rehabilitation program starts with an evaluation of the condition of post-

stroke survivors. In this stage, various tools are used to measure and evaluate the 

capability of motor, joint range, sensibility and any retained volitional motion. If 

the case is serious, a surgery has to be carried out to help proper positioning and to 

relieve pain or pressure sore of the affected limbs. If the patient has good potential 

for rehabilitation, he will then sent to physiotherapy program for functional re-

training. Coupled with other rehabilitative approaches such as mobilization using 

splints and orthoses, sensorimotor and somatosensory stimulation with thermal or 

electric stimulants and medication, the rehabilitation program can improve the 

functionality of limbs and prevent the re-occurring stroke. 

In this chapter, two popular methods in early post-stroke rehabilitation: Bobath 

approach and Motor Relearning Programme are discussed in details.   
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2.2 Bobath Approach 
Bobath concept is the most commonly used method in stroke rehabilitation. It is 

not considered a treatment or technique in stroke rehabilitation, but a clinical 

reasoning process to assess and treat patients with functional and postural 

problems. The method emphasizes on postural control in which the natural body 

movement patterns should be used in functional and voluntary movements. In the 

treatment, the therapist will facilitate automatic and voluntary movement through 

specific handling of some key-points such as pelvis, hands, feet, etc. to achieve 

motor goals. Abnormal muscle tone and mass movement patterns will be assessed 

as the patient attempts to move. Motor-relearning is then done by specific handling 

from the therapist to select the correct posture and movement patterns [9]. In 

summary, Bobath concept is a problem-solving approach which observes, analyzes 

and interprets the patient’s task performance and uses inhibitory postures and 

movements with to reduce spasticity and synergies [10].  

In the treatment, the therapist uses his hand on the patient’s body to produce 

therapeutic changes in tone and movement. This handling method can be divided 

into two types of techniques: inhibition and facilitation. Inhibition is used to 

decrease abnormal muscle tone by interfering passive or active movement, while 

facilitation technique guides the correct patterns of movement and provide 

compensation to the weak muscle [11]. 

 

Figure 2.1: Bobath technique applied by therapist to guide the correct postural movement [11]. 
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2.3 Motor Relearning Programme 
Motor Relearning Programme is a top-down model of rehabilitation, which 

focuses on tests related to participation instead of specific motor kinematics. This 

includes task-oriented training and environment specific training with exercises 

designed to improve the quality of patients’ lives. This task-oriented training 

presents challenging tasks to patients who suppose to act as active problem-solvers. 

Patients are required to interact and handle daily instruments to acquire real-life 

useful skill in this training with clear functional task goals [12, 13]. 

The Motor Relearning Programme works on the theory that adjustments in posture 

are continuous and anticipatory [14]. The motor behavior can only be developed 

and learned through environment and task performance. Trained and skilled 

motors can adapt and function differently according to the variation in 

environmental demands. This approach is divided into four steps: the analysis of 

task, the practice of missing components, the practice of task and the transference 

of learning [14]. The analysis of task is done by observing the activities performed 

by the patient. Abnormality in the muscle tone like missing activity, excessive tone, 

incorrect timing or incorrect behavior will be recorded. Then, the most essential 

components which are missing will be selected by therapist to be practiced on for 

thirty minutes twice daily. The next phase of training will be converted from 

cognitive to automatic stage of learning, before the learning is transferred into 

tasks performed during daily routines. 

The tasks presented to patients in task-oriented training are usually challenging, 

progressive and optimally adapted, yet exciting enough to invoke active 

participation from patients [15]. Focusing on the practice of problem-solving, the 

tasks are to be carried out in a real-life setting with real objects encountered in 

daily life. For instance, in order to provide an contextual exercise, patient can be 

trained to reach for a ringing telephone instead of a training repetitively in a 

reaching action in the air that focuses on the correct posture. This task–oriented 

training is found to improve the transfer of skill learnt from training into activities 

of daily life as the training is focused on familiar daily tasks. 

An important factor in ensuring effective implementation of this technique is to 

select tasks that are meaningful and relevant to the patient. Emphasis should be 
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placed on the life satisfaction of that particular patient during the setting of goals, 

which varies according to their roles in life (for example parents, artists, engineers 

and etc). Next, specific task which is discrete, serial and continuous will be chosen 

and analyzed to prepare the optimal movement patterns for the training [16]. 

2.4 Discussion and Conclusion 
These rehabilitation methods are two fundamentally distinct disciplines which 

have been the subject of post stroke research for years. Bobath therapy is a 

problem-solving approach to facilitate post-stroke rehabilitation based on 

neurodevelopmental model, while Motor Relearning Programme is a system level 

approach to strengthen muscle through context specific training. 

Studies have shown that Motor Relearning Programme is more effective than 

Bobath therapy in early post-stroke therapy [17-18]. Instead of focusing on non-

task specific movement and motor control of movement in Bobath therapy, the 

Motor Relearning Programme has successfully improves the patients’ performance 

in Barthel Index through early intervention and introduction of normal daily lives 

routine into the rehabilitation training. Besides that, it is also more effective in 

improving the daily lives’ activities and ambulation during early stage of recovery 

[17]. With a sequential and function-based training regime, rehabilitation exercises 

involving activities of daily living (ADL) tasks are effective in regaining patients’ 

functional recovery in self-care and community re-integration [18]. Various 

literatures in task orientated training [19-22] further verified the clinical 

performance of task-oriented training in post-stroke rehabilitation. 

In view of increasing demand in physical therapy for post-stroke rehabilitation as 

discussed in previous chapter, we intend to address the issue with a robotics 

system that is able to train patients’ hands in task-based rehabilitation exercise. 

The robotic system is able to guide and exercise each segment of the patient’s 

fingers and wrist in the correct synergies while performing various movement 

patterns required to complete daily life activities. The rehabilitation robot 

functions as the role of therapists to hold and move the patient’s finger, while the 

rehabilitation routine involving ADL activities keeps the motivation high. 
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According to the established clinical stroke scales in assessment of ADL 

performance such as Barthel Index, Katz index, Functional Independence Measure 

[23-25], activities of daily living include feeding, bathing, grooming, dressing, 

continence (control over urination and defecation), toilet use, transfer (move in and 

out bed or chair) and mobility on level surfaces. In this thesis, we focus on a hand 

rehabilitation robot to perform the ADL based task rehabilitation exercise. The 

task chosen in the thesis is reach-to-grasp action to retrieve a water mug. In this 

research, we start with an individual’s reaching and grasping motion of fingers 

before further developing it into a whole task itself. Besides that, the machine can 

also be further developed into or combined with existing upper extremity 

rehabilitation robot to perform a fully functional ADL task-oriented training in the 

future.  
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Chapter 3 

Review of Hand Rehabilitation 
Devices 
Designing a rehabilitative structure to interface with human hand is not a simple 

task, as there are challenges such as space constraint, complex anatomy and the 

design ergonomics. The human hand consists of more than 20 degrees of freedom, 

in which the distance between each degree of freedom can be less than a 

centimeter. It is very challenging to accommodate a rehabilitation robot with the 

same flexibility within the limited space. Furthermore, human hand is a sensitive 

body limb that can detect minute change in force and displacement. If the robot is 

not driving the hand and fingers at their natural motion patterns, the user wearing 

the exoskeleton would experience irritation, discomfort and pain during the 

rehabilitation.  

3.1 Finger Rehabilitation Mechanism 

The hand anatomy and the size of its actuators cause the space for exoskeleton 

structure to be limited, and most of them have to be installed on the dorsal side of 

the hand. The exoskeletal structure driving the finger from the dorsal side results in 

a non-coaxial rotation of the robot and finger. This results to a non-normal, 

directional force which is applied onto the finger by the exoskeletal link. As shown 

in Figure 3.1, the directional force will induce a shear force inwards during flexion, 

and outwards during extension. The shear force will generate discomfort and 

sometimes pain to the user’s fingers if the friction is high at the point of contact.  
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Figure 3.1: Shear force induced by non-coaxial rotation. 

In order to avoid sliding friction, the exoskeleton has to move coaxially with the 

axes of finger joints. The actuation structure is preferred to be placed at the side of 

finger, to align the axes of rotation between the finger joint and the actuator.  The 

following section will take a deeper investigation into the different mechanism 

designs to overcome this issue and provide a smooth rehabilitation experience. 

3.1.1 Coaxial Driving 
For coaxial driving mechanism, the rotating joints for the rehabilitation robot are 

installed at the side of the fingers. HANDEXOS developed by Chiri et al. [35] in 

Figure 3.2 best illustrates this idea. The golden-colored rotating joints at the side 

are pulleys which carry the Bowden cables to act as transmitter of actuation force. 

The cable driving system permits a space efficient exoskeleton design that is able 

to fit into the finger space without occupying much space.  

  

Figure 3.2: Coaxial driving at the side of finger [35]. 
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However, this coaxial design faces the implementation challenge of building a 

structure that is space efficient without sacrificing the rigidity and strength of the 

exoskeleton structure. 

3.1.2 Gliding Joint 
In the Gliding Joint mechanism, the exoskeleton structure does not have a fixed 

length with varying length which increases with the flexion of finger and decreases 

with extension of finger. As shown in Figure 3.3, the rotation axis shifts clockwise 

during the flexion of the finger while the outer link glides outwards along with the 

finger. The extension or retraction of the robotic link acts as a linkage system to 

join the rotation axes between the finger and robot. This ensures a normal 

actuation force is exerted by the rehabilitation robot on users’ fingers, and avoids 

the painful shearing force. Extension and retraction of the link in the rehabilitation 

robots built by Fu [37] and Nakagawara [47] are achieved by rack and pinion 

mechanism in which the rotation and extension of the links are coupled and move 

in a fixed trajectory. 

 
Figure 3.3: Shifting of joint axis during flexion [47]. 

 

3.1.3 Remote Centre of Motion (RCM) Approach 
A RCM mechanism is a structure that is able to rotate around a distant axis without 

having any physical revolute joint present at the axis. This mechanism is widely 

used in robot-assisted surgery applications and is suitable to solve the coaxiality 

problem in hand exoskeleton design. 
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3.1.3.1 Linkage Mechanism 

For the RCM linkage-type of hand exoskeleton, Li et al. [31] used a four-bar 

linkage as the driving structure to actuate the fingers. By rotating the joint at the 

upper link, the blue links attached to the finger will follow the rotation (Refer to 

Figure 3.4).  

 

Figure 3.4: Four-bar linkage driving mechanism [31]. 

However, this structure is not the best RCM linkage mechanism as compared to 

the six-bar linkage proposed by Fontana [33]. The six-bar linkage composed by 

two parallelograms is able to induce a remote centre rotation at link jH3 where a 

finger holder can be installed to actuate the finger (Figure 3.5). 

 

Figure 3.5: Six-bar linkage driving mechanism [33]. 
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The different variables in the linkage system have to be designed carefully to 

generate the linkage trajectory which is coaxial and natural to the finger movement. 

 

3.1.3.2 Arc-shaped Structure 

Other than using a straight link which produces a non-coaxial rotation, the RCM 

can be achieved with an arc-shaped link which has its center at the rotation axis of 

finger joint.  

In Figure 3.6, MCP joint of the arc-shaped links is supported by slider bearings to 

facilitate the rotation of the links. The PIP and DIP joints are operated by the 

miniature bearings installed at the lateral side of the fingers [27]. The extension 

and flexion of the supported arc-shaped structure is achieved by a pneumatic 

powered cable system. 

 

Figure 3.6: Arc-shape linkage with bearing support [27]. 

In the device designed by Fu [28], a circular rack driven by spur gear is used to 

perform RCM. The spur gear is directly connected to a pulley which is actuated by 

Bowden cable. The rack and pinion mechanism on the linkage provides a higher 

joint rigidity than the sliding linkages mechanism shown in Figure 3.6. 
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Figure 3.7: Arc shape linkage with rack and pinion method [28]. 

Another exoskeleton design aimed to provide haptic force feedback is shown in 

Figure 3.8. The force applied is one directional, whereby the exoskeleton freezes 

and stops the movement of the finger when it hits an object in a virtual 

environment [26]. Utilizing rolling links mechanism, the rotation of arc-shaped 

link is actuated by frictional contact of the cable drum mounted on top of each link. 

The drum is connected to a cable system which is driven by DC motors. 

 

Figure 3.8: Arc shape linkage with direct contact [26]. 

3.1.4 Ventral Driving Mechanism 
While most exoskeleton designs that position the actuators at the dorsal side of the 

hand, there are also hand rehabilitation machines which are designed to drive from 

the ventral side by guiding the distal phalanges of the fingers. As illustrated in the 

finger exercising machine (HIFE) in Figure 3.9, the design removes the heavy 

machine weights applied on user’s hand and bypasses the space constraint for 

complex mechanism design.  
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Figure 3.9: HIFE machine [45]. 

Guiding only the distal phalanges, modeling of complex hand joints can be 

avoided and multi-DOF adaptation n-structure is not needed. The rehabilitation 

device only needs to ensure the final position of each user’s finger is in the range 

of the robot motion.  

In the multi-fingered haptic interface robot from Gifu University shown in Figure 

3.10, the robotic device is installed using the mirror image of the user’s hand. The 

finger-holder mounted on the distal end of each robotic finger is installed with a 

passive ball joint in order to adapt to the different finger postures and orientations. 

 

Figure 3.10: GIFU hand rehabilitation robot [47]. 

Nevertheless, there are drawbacks in this ventral driving method. The machine is 

more suited for repetitive training because it consumes greater space at the ventral 

side of the user’s hand. Interaction with external objects such as grasping the door 

knob or pinching of door key laterally will be blocked by the rehabilitation robot. 

This type of robot is also more cumbersome and static. 
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3.2 Wrist Rehabilitation Mechanism 
The wrist rehabilitation mechanism can be categorized into two groups; direct 

serial driven and parallel-driven. Direct-driven mechanism is similar to a serial 

robot by which the exoskeletal mechanisms are built on top of one another. 

Parallel driven mechanism adopts a structure similar to Stewart platform, and the 

orientation of the wrist platform and multiple DOF can be controlled 

simultaneously by linear actuators. 

MIT-Manus is a direct-driven five-bar linkage mechanism which provides two 

translational degrees of freedom for the hand and arm motions. On top of the 

linkage, there is a 3-DOF wrist robot which provides flexion-extension, abduction-

adduction and pronation-supination motions. The pronation-supination module 

rotates on a curve slide ring which carries the motors and mechanisms for flexion-

extension and abduction-adduction motions.  

    
        (a)                                                                 (b) 

 
(c) 

Figure 3.11: Wrist mechanism of MIT MANUS robot. (a) 3D model of wrist mechanism showing the working 

principle (b) Curved rail and carriage for wrist pronation/supination (c) User using the rehabilitation robot [54]. 

ARMin II is a full-arm exoskeleton robot that guides rehabilitation routines 

through the end-effector, where users’ hands are strapped onto the hand cuffs [55]. 
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This design only permits wrist pronation/supination and flexion/extension since 

wrist abduction/adduction is viewed as lack of functional importance. Similar to 

MIT-Manus, the pronation/supination is achieved with a semi-circular gear and a 

moving cart. A lever system at the wrist is actuated by a ball spindle that is 

coupled to a DC- motor to provide the flexion/extension motion.   

 
(a)                                                       (b) 

Figure 3.12: (a) ARMIN II arm rehabilitation robot (b) Wrist mechanism of ARMIN II [55]. 

Universal haptic drive (UHD) developed by Oblak [56] adopts a linear actuated 

bar with a spherical joint to create different configurations for rehabilitation. Using 

the locking and unlocking of the spherical joint, two modes called “arm” mode and 

wrist” mode can be applied in the rehabilitation exercise. When the joint is locked, 

extension of the linear actuator will move the whole arm of the patient. In the 

“wrist’ mode when the spherical joint is unlocked, the motion of linear actuator 

tilts and flexes the patient’s wrist into various orientations. 
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Figure 3.13: The wrist rehabilitation robot with linear actuator in universal joint locked and unlocked mode 

[56]. 

For parallel-driven mechanism, RiceWrist [57] adopts the principle of 3-RPS 

(revolute-prismatic-spherical) serial-in-parallel platform. This mechanism allows 

abduction/adduction and flexion/extension motion, but has limited translational 

motion which is restricted by the ROM of the spherical joints. However, the 

mechanism possesses the advantages of being compact, lightweight-structured and 

having high torque output.  

 

Figure 3.14: RiceWrist uses 3-RPS parallel robot for wrist rehabilitation [57]. 

Takaiwa designed and built a pneumatic parallel wrist platform supported by 6 

cylinders in his article [58]. In his work, the Stewart platform is able to move the 

wrist module in 6-DOF, and to define a precise wrist position and orientation. 

Pneumatic powered cylinders are used as the actuators to provide minute force 

control to perform complex motion of human wrist joint.  



20 
 

 

Figure 3.15: Stewart platform built to provide precise motion for wrist rehabilitation [58]. 

3.3 Conclusion 

Apart from exoskeletal-based machine, there are also other types of devices that 

are inspired by the specific tasks performed in hand rehabilitation programs such 

as handle [50] and knob [51] to practice the opening and closing of the grasping 

action, devices that train grasping and forearm pronation/supination [52], and an 

index finger training mechanism that combines different sensorimotor stimulation 

[53]. 

Generally, hand rehabilitation devices can be categorized based on three attributes. 

These attributes are (1) the motion covered, (2) the actuation method, and (3) the 

mechanism for co-axial movement with joints of hand. 

For the coverage of motion, there are devices that are able to provide exercises 

targeting only one or two fingers, exercises with partial independence (some 

fingers tied together and moved as one module) and exercises with full 

independence (all fingers moved separately).There are also devices that guide the 

distal phalanges for exercise (end effector guided). As for the actuation method, 

there are four types reported; motor direct driven, cable-driven, pneumatic 

powered, and flexi-shaft driven. There are four mechanisms to achieve coaxial 

movement which is the third attribute. These are linkage mechanism, side/coaxial 

driving, arc-shaped driving links, and gliding joint (mobile joint origin). 
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Table 3.1: Different categories of attributes and the references. 

                                                        Attributes 
Motion covered Actuation methods Mechanisms 
Exercise one or two fingers 
[38,41,42] 

 Direct driven 
[29,39,43,45,46,48] 

Linkage mechanism [28-
33,36,39,41,42,45] 

Partial independence 
[39,43,44] 

Cable driven [28,30-38,47] Coaxial driving 
[35,43,44] 

Full independence [27,35] Pneumatic powered 
[27,40,42,44] 

Arc-shaped link 
[27,28,38] 

End-effector guided 
[33,34,40,45,46,48] 

Flexi-shaft driven [41] Gliding joint [37,47] 

 

Table 3.1 shows that most of the hand rehabilitation machines which are designed 

to exercise individual fingers are mainly cable-driven with linkage mechanism and 

not many are able to tackle the full degree of freedom (DOF) of a human hand. It 

is apparent that the trend of the research focuses on minimizing the weight while 

using complex linkage system to achieve the coaxial rotation on hand finger joints. 

There is also an approach aimed at solving the limited space problem by driving 

two or more fingers as one module and sacrificing the full DOF available on the 

human hand. For wrist exoskeleton, parallel driven mechanism is complex and 

carries limited workspace. The serial mechanism that decouples each degree of 

freedom is more advantageous for its simplicity in the control mechanism. 
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Chapter 4 

Human Hand Anatomy and 
Modeling 
Since rehabilitation robots apply direct force onto the hand and wrist, it is 

important to analyze and understand the anatomy and synergy of the human hand. 

The robot has to adhere to the natural motion trajectory of the hand while 

correcting the wrong muscle tone used in the movement.   

Human hand is an important body instrument for its ability of prehension which 

varies from fine manipulation of tiny objects to strong gripping of sturdy handles. 

Human hand is also a sensitive and accurate sensory receptor which aids the 

development of visual appreciation. The human hand is a complex structure 

formed by 27 bone segments which carries a total of more than 20 degrees of 

freedom. 

4.1 Terminology  
The major bones and joints of human hand are shown in Figure 4.1. The segments 

of hand involved in the rehabilitation exercise are  

distal interphalangeal (DIP) joints, proximal interphalangeal (PIP) joints, and 

metacarpophalangeal (MCP) joints on fingers; and interphalanges (IP) joint, 

metacarpophalangeal (MCP) joint and carpometacarpal (CMC) joint on thumb. 
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Figure 4.1: Bones and joints of human hand [63]. 

The active motions of human hand are summarized in Figure 4.2.  

 

 

Figure 2.2: Range of motion (ROM) of human hand [63]. 
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4.2 Degree of Freedoms 

4.2.1 Fingers 
In human fingers, there are 4 degrees of freedom consisting of 3 flexion/extension 

motions and 1 abduction/adduction motion. The metacarpophalangeal (MCP) joint 

on each finger is an ellipsoid/condyloid joint that is able to perform biaxial 

movement. It can be presumed as a universal joint with a limited axial rotation of 

60°. For the interphalangeal joints (DIP and PIP), they are hinge joints that allow 

only uniaxial movement (flexion/extension). 

4.2.2 Thumb 
There are 5 degrees of freedom in the thumb, with 1 degree of freedom at the 

interphalangeal (IP) joint, 2 degree of freedom at the MCP joint and 2 degree of 

freedom at the CMC joint. Similar to human fingers, the MCP joint of thumb is an 

ellipsoid joint while the IP joint is a hinge joint. CMC joint serves as a saddle joint 

that provide biaxial movement. The shape of the two concave bones in the thumb 

is similar to a rider sitting on saddle providing unique movements to the thumb 

[64].  

Combination of the abduction and adduction actions by the MP and CMC joints 

forms a palmar abduction movement, while combination of flexion and extension 

actions on the same joints results in a radial abduction. In Figure 4.2, the 

opposition movement is formed by the flexion and abduction of the CMC joint 

while retroposition movement is created from the extension and adduction of the 

same joint. 
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Figure 4.3: Shape of  (a) hinge joint (b) ellipsoid joint (c) saddle joint (d)  gliding joint [64]. 

4.2.3 Wrist 
For the wrist, the movement between 8 intercapal bones is achieved by gliding 

joints which are non-axial and permit only limited planar movements. The 

radiocarpal joints connected to the radius and ulna bones are ellipsoid joints with 

bi-axial motions.  

There are two types of motions that human wrists can perform; flexion/extension 

and ulnar/radial deviation. Scaphoid/lunate bones roll anteriorly and glide 

posteriorly during flexion motion and move in the opposite direction during the 

extension motion. In ulnar deviation, scaphoid/lunate bones roll toward the ulna 

and glide towards radius. Similarly, the movement is opposite in radial deviation.  

The axes of both motions are also not intersecting. In the case of flexion/extension, 

the axis of flexion is situated around the radiocarpal joint’s lateral axis while the 

axis of extension happened at the midcarpal joint’s lateral axis [65]. For ulnar and 

radial deviation, the centre of rolling occurred at the axis that passes through the 

capitate bone (marked x in Figure 4.4).  
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(a)                                                            (b) 

Figure 4.4: (a) Center of wrist deviation (b) Axe of wrist flexion and extension [65]. 

4.3 Range of Motion (ROM) 
In a laboratory or clinic, the range of motion is commonly measured by researchers 

and therapists with a goniometer. There are two types of range of motion; active 

and passive. Passive ROM is usually slightly bigger than active ROM due to the 

elastic stretch of muscle tissues. However, only active ROM will be considered in 

this research as the ADL oriented exercises adopted in the design emphasize more 

on functional rehabilitation. The range of motion for each joint is compiled from 

the academic  literature [66]-[72] and summarized in table [2]. 

Table 4.1:  ROM of hand joints. 

Joint Motion 
Range of Motion (°) 

Active 

Finger (MCP) 
Flexion/Extension 90/45 

Abduction/Adduction 30/30 

Finger (PIP) Flexion/Extension 100/0 

Finger (DIP) Flexion/Extension 90/0 

Thumb (CMC) 
Flexion/Extension 20/0 

Abduction/Adduction 70/0 

Thumb (MCP) 
Flexion/Extension 55/20 

Abduction/Adduction 20/20 

Thumb(IP) Flexion/Extension 90/20 

Wrist 
Flexion/Extension 80/70 

Radial/Ulnar Deviation 20/30 

*Flexion of MCP joints increase linearly from the index to little finger [66]. 
*Index finger has the biggest range of abduction/adduction motion. 
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For the minimum ROM required for our machine, we adopt the functional ROM 

reported by Hume et al. [73] which records the joint motion required to 

accomplish a designated task. The data is shown in Table 4.2. Hence, the 

workspace of rehabilitation machine must lie between the maximum and minimum 

ROM presented in the table. 

Table 4.2: Functional ROM of fingers from Hume [91]. 

Joints 
Task specific positions (°) 

Key Pinch Grasp Grip 
Thumb MCP 20 22 10 23 

IP 16 25 28 36 
Index 
finger 

MP 62 58 33 72 
PIP 76 76 39 78 
DIP 46 33 26 50 

 

4.4 Kinematic Modeling of Hand 
As a way to translate the data and findings from hand kinesiology research into a 

kinematic model that is suitable for robotic application, the human hand is to be 

treated as five serial-links robotic manipulators and can be defined by Denavit-

Hartenberg (D-H) convention. 

The model of the human hand is presented in Figure 4.5 with origin at the capitate 

bone. The straight lines for fingers are the phalanges and metacarpal bones, while 

the straight lines at thumb are phalanges, metacarpal, trapezium bones. The dots 

are the joints to be modeled, which include CMC, MCP and IP joints of thumb and 

MCP, PIP and DIP joints of four fingers.  
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Figure 4.5: Hand structure and the annotations used [74]. 

There is a vast amount of literature published on the anthropometric data of human 

hands across different countries, races, professions and age ranges. For an accurate 

generalization on the diverse statistical data, we adopt the Buchholz’s work 

reported by Huang and Low [74] where the variation of bone lengths and joint 

centre are standardized by using approximation of external hand measurements. As 

shown in Table 4.3, the adopted work estimates these bone and joint parameters by 

measuring hand length, lh (distance from distal wrist crease to the tip of middle 

finger) and hand breath, bh (distance between MCP joints of index and little 

fingers). The bone segments are assumed to be parallel and lie in coronal plane 

during rest position. 
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Table 4.3: Approximation of segment Length for fingers proposed by Buchholz. 

Finger lc lp lm ld 
Thumb 0.5�0.118 𝑙ℎ + �(0.073𝑙ℎ)2 + (0.196𝑏ℎ)2� 0.196𝑙ℎ 0.251𝑙ℎ 0.158𝑙ℎ 
Index 0.5�0.463 𝑙ℎ + �(0.447𝑙ℎ)2 + (0.251𝑏ℎ)2� 0.245𝑙ℎ 0.143𝑙ℎ 0.097𝑙ℎ 
Middle 0.446𝑙ℎ 0.266𝑙ℎ 0.170𝑙ℎ 0.108𝑙ℎ 
Ring 0.5�0.421 𝑙ℎ + �(0.409𝑙ℎ)2 + (0.206𝑏ℎ)2� 0.244𝑙ℎ 0.165𝑙ℎ 0.107𝑙ℎ 
Little 0.5�0.414 𝑙ℎ + �(0.368𝑙ℎ)2 + (0.402𝑏ℎ)2� 0.204𝑙ℎ 0.117𝑙ℎ 0.093𝑙ℎ 

*Notation lc, lp, lm, ld, are referred in Figure 4.5. 

 

The coordinate system is defined in Figure 4.6. Homogeneous transformation 

matrix T can be defined by four D-H parameters (joint angle θ, link twist a, link 

offset d, link twist α). It is represented as a product of four basic transformations 

from frames i to frame i-1. 

𝑇𝑖−1
𝑖  =  Rotz,θiTransz,diTransx,αiRotx,αi 

= �

cos 𝜃𝑖 − cos𝛼𝑖 sin𝜃𝑖 sin𝛼𝑖 sin𝜃𝑖 𝑎𝑖 cos 𝜃𝑖
sin𝜃𝑖 cos𝛼𝑖 cos𝜃𝑖 − sin𝛼𝑖 cos𝜃𝑖 𝑎𝑖 sin𝜃𝑖

0 sin𝛼𝑖 cos𝛼𝑖 𝑑𝑖
0 0 0 1

� 

= � 𝑅𝑖−1
𝑖 𝑃𝑖−1

𝑖
0 1

�        

 (4.1) 

where  𝑅𝑖−1
𝑖  = Orientation vector of frame i with respect to frame i-1.  

𝑃𝑖−1
𝑖  = Position vector of frame i with respect to frame i-1.  

 

The forward kinematics that relates the coordinates of end effector to the 

coordinates of origin can be determined by the following formula (4.2). 

   
𝑇0   = ∏ 𝑇𝑗−1

𝑗
𝑖
𝑗=1  

          = 𝑇0 𝑖 𝑇1 2 … … 𝑇𝑖−2
𝑖−1 𝑇𝑖−1

𝑖   (4.2) 
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(a) 

 
(b)                                                 (c) 

Figure 4.6: (a) Coordinate frame assigned for thumb and index finger model (b) D-H representation for the 

thumb (joint 1&2, 3&4 have the same origin) (c) D-H representation for the index finger (joint 1&2 have the 

same origin) on for the index finger (joint 1&2 have the same origin) 

In the design of the hand rehabilitation robot, we refer the dimension of a healthy 

subject’s right hand, which has hand length of lh = 18.3cm and hand breath of bh = 

6.8cm. We also obtain the bone lengths of each segment as shown in Table 4.4. 

Table 4.4: Calculated finger length using Buchholz’s method. 

Finger lc (mm) lp (mm) lm (mm) ld (mm) 

Thumb 20.23 35.87 45.93 28.91 
Index 84.15 44.84 26.17 17.75 
Middle 81.62 48.68 31.11 19.76 
Ring 76.59 44.65 30.2 19.58 
Little 74.22 37.33 21.41 17.02 
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The results are cross-checked with the direct measurements on the user’s hand and 

it is found that the approximation method gives estimates close to the real bone 

lengths. 

4.4.1 D-H Representation 
The D-H parameters for fingers model are presented in Table 4.5. The Euler angles 

between metacarpal bones pictured in Figure 4.5 that are measured from the user’s 

hand are  𝛾𝑖 = 26.6° , 𝛾𝑟 = 28.2°, 𝛾𝑠 = 42.2°. 

Table 4.5: Calculated D-H parameters for four fingers. 

Frame Index 

θ (°) d 
(mm) a (mm) α (°) 

Lower 
limit 
(rad) 

Upper 
limit 
(rad) 

1 0 37.68 75.24 𝜋/2 - - 
2 𝜃1 0 0 −𝜋/2 −𝜋/6 𝜋/6 
3 𝜃2 0 44.84 0 −𝜋/4 𝜋/2 
4 𝜃3 0 26.17 0 0 5𝜋/9 
5 𝜃4 0 17.75 0 0 𝜋/2 

 

The D-H parameters for the thumb model are tabulated in Table 4.6. The Euler 

angles between the CMC joints and middle metacarpal bone shown in Figure 4.5 

are measured to be 𝛾𝑡 = 54.1°, 𝛽 = 32.3°. 

Table 4.6: Calculated D-H parameters for thumb. 

Frame Thumb 

θ (rad) d (mm) a (mm) α (rad) Lower limit 
(rad) 

Upper 
limit (rad) 

1 0 19.93 3.48 𝜋/2 − − 
2 𝜃1 0 0 −𝜋/2 8𝜋/45 17𝜋/30 

3 𝜃2 +
8

45
𝜋 0 45.93 𝜋/2 0 𝜋/9 

4 𝜃3 0 0 −𝜋/2 −𝜋/9 𝜋/9 
5 𝜃4 0 35.87 0 −𝜋/9 11𝜋/36 
6 𝜃5 0 28.91 0 −𝜋/9 𝜋/2 
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4.4.2 Workspace Analysis 
Workspace is a reachable region in space where the end effector of the robot can 

maneuver and operate. It is a series of points which define the volume and 

boundaries of the working space to perform the task of interest. The workspace 

analysis is important for rehabilitation robots as it ensures a realistic and safe 

operation. Knowing the workspace and limits of hand facilitates the designing of 

the robot to perform the required task in a safe working space.      

The boundaries of the surfaces and curves in the workspace represent the 

singularity orientations of the robot. Singularity orientations can cause control 

difficulties and motion impediments to the robot, and this will then inhibit further 

operation and injure the user’s hand.  

As the workspace for a robot represents the reachability region of its end effector, 

it is characterized by the position vector for the end effector. This can be described 

by the multiplication of rotation matrices and position vectors:    

 𝑃(𝜃) =  ∑ �∏ 𝑅𝑗
𝑗−1𝑗=𝑖−1

𝑗=1 � 𝑝𝑖
𝑖−1𝑖=𝑛

𝑖=1 = �
𝑥(𝜃)
𝑦(𝜃)
𝑧(𝜃)

�   (4.3) 

where 𝑛 is the number of link, 𝜃 is the joint angle, 𝑅  is the rotation matrix and 𝑝 is 

the position vector. (Note: refer to equation in section 4.4 for D-H representation 

method) 

This position vector specifies all the set of points inside and on the boundary of the 

workspace envelope in which a constraint function can be generated for a specific 

position, (𝑥𝑝, 𝑦𝑝, 𝑧𝑝) in the envelope using the equation below. 

 �
𝑥(𝜃) − 𝑥𝑝
𝑦(𝜃) − 𝑦𝑝
𝑧(𝜃) − 𝑧𝑝

� = 0  (4.4) 

Malek, Yang and the team [75] have formulated an analytical method to determine 

the singular geometric entities inside the workspace. In order to introduce more 

constraints to solve the manifold equation, the formulation is extended by 

introducing joint limits in terms of inequality constraints: 
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 𝜃𝑖𝑚𝑖𝑛 ≤ 𝜃𝑖 ≤ 𝜃𝑖𝑚𝑎𝑥  (4.5) 

where  𝜃𝑖𝑚𝑖𝑛  and 𝜃𝑖𝑚𝑎𝑥 are the lower and upper limits, 𝑖 = 1, 2, ... n where n is the 

number of degree of freedom. 

The inequality constraints in the equation above can be transformed into equality 

by introducing a new set of generalized coordinates 𝜆𝑖, such that 

 𝜃𝑖 = 𝑎𝑖 + 𝑏𝑖𝑠𝑖𝑛𝜆𝑖  (4.6) 

where 𝑎𝑖 =  𝜃𝑖
𝑚𝑖𝑛+𝜃𝑖

𝑚𝑎𝑥

2
 and 𝑏𝑖 =  𝜃𝑖

𝑚𝑖𝑛−𝜃𝑖
𝑚𝑎𝑥

2
 are the mid point and half range of the 

inequality constraint and 𝜆𝑖 is a slack variable that converts the inequality 

constraints into equality constraint. 

The slack variable does not change the dimension of the problem since it is 

inherently constrained by the sine function. With this additional constraint 

introduced, the constraint function for position vector is transformed into a 

manifold: 

 𝐻(𝜃∗) =  

⎣
⎢
⎢
⎢
⎡

𝑥(𝜃) − 𝑥𝑝
𝑦(𝜃) − 𝑦𝑝
𝑧(𝜃) − 𝑧𝑝

𝜃𝑖 −  𝑎𝑖 − 𝑏𝑖𝑠𝑖𝑛𝜆𝑖⎦
⎥
⎥
⎥
⎤
  (4.7) 

where 𝜃∗ =  �𝜃
𝑇

𝜆𝑇
� is the vector of all generalized coordinates. 

The Jacobian of the constraint function is then introduced to determine the singular 

behavior of the manifold. Jacobian matrix relates the velocity of the end effector to 

the angular velocities of the individual joints. At a singular position, the joint 

velocities cannot be calculated and there is no inverse for the Jacobian matrix.  

The Jacobian of the constraint function is a (3+n) x 2n matrix: 

𝐻𝜃∗ =
𝜕𝐻
𝜕𝜃∗

 

 = �𝑥𝜃 0
𝐼 𝜃𝜆

�  (4.8) 
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where 𝑥𝜃 = 𝜕𝑥
𝜕𝜃

, 𝜃𝜆 =  𝜕𝜃
𝜕𝜆

, 0 is (3 x n) zero matrix, I is the identity matrix, and 

    𝑥𝜃 = �
𝑥𝜃1 𝑥𝜃2 …
𝑦𝜃1 𝑦𝜃2 …
𝑧𝜃1 𝑧𝜃2 …

𝑥𝜃𝑛
𝑦𝜃𝑛
𝑧𝜃𝑛

� 

 

𝜃𝜆 =

⎣
⎢
⎢
⎢
⎢
⎡− �

𝜃1𝑚𝑎𝑥−𝜃1𝑚𝑖𝑛

2
� 𝑐𝑜𝑠𝜆1 0 … 0

0 −�𝜃1
𝑚𝑎𝑥−𝜃1𝑚𝑖𝑛

2
� 𝑐𝑜𝑠𝜆2 … 0

0 0 … 0
0 0 … −�𝜃1

𝑚𝑎𝑥−𝜃1𝑚𝑖𝑛

2
� 𝑐𝑜𝑠𝜆𝑛⎦

⎥
⎥
⎥
⎥
⎤

(4.9) 

 

Since the Jacobian is not a square matrix, it is rank deficient where the manifold is 

defined by ∂W and characterized by  

 𝜕𝑊 ⊂ {𝑅𝑎𝑛𝑘 𝐻𝜃∗ < 𝑘, 𝑓𝑜𝑟 𝑠𝑜𝑚𝑒 𝜃∗ 𝑤𝑖𝑡ℎ 𝐻(𝜃∗) = 0}  (4.10) 

where  𝑘 ≥ 𝑛 + 3 

In order to solve the rank deficient Jacobian matrix, three types of singularities are 

exploited: 

When all joints are not at their limits, the sub-matrix 𝜃𝜆  is a full rank matrix. 

Hence, for the Jacobian of constraint function, 𝐻𝜃∗ to be rank deficient, the block 

matrix 𝑥𝜃 must be rank deficient. It is thus defined as: 

Type I singularities set: 

                𝑆(1) ≡ {𝑝 ∈ 𝜃:𝑅𝑎𝑛𝑘[𝑥𝜃] < 3,𝑓𝑜𝑟 𝑠𝑜𝑚𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑠𝑢𝑏𝑠𝑒𝑡 𝑜𝑓 𝜃∗}  (4.11) 

where 𝑝 is within the specific joint limit constraints and may contain joints that are 

the functions of others or constant values. 
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When some of the joints are at their limits, the corresponding diagonal elements in 

the matrix 𝜃𝜆 will be equal to zero. By removing the corresponding columns with 

the joints at limit in matrix 𝑥𝜃, the rank deficient criteria is applied on the matrix. 

This will be repeated for all the possible combination of joints, until the remaining 

of matrix 𝑥𝜃 becomes a square matrix. It is defined as: 

Type II singularity sets: 

 𝑆(2) ≡

�𝑝 =  ��̂� ∪ 𝜕𝜃𝑙𝑖𝑚𝑖𝑡�:𝑅𝑎𝑛𝑘�𝑥𝜃�𝑤, 𝜕𝑞𝑙𝑖𝑚𝑖𝑡�� < 3,𝑓𝑜𝑟 𝑠𝑜𝑚𝑒 �̂� ∈

                                           𝜃∗, dim�𝜕𝜃𝑙𝑖𝑚𝑖𝑡� ≤ (𝑛 − 3)� (4.12) 

where �̂�  is the singular set as a result of applying the rank deficiency criteria to the 

matrix 𝑥𝜃 with column of joints at limits removed. 

When all the joints are at their limits, the singular sets can be found by solving the 

equation |𝜃𝜆| = 0. The definition is given by: 

Type III singularity sets: 

             𝑆(3) ≡ �𝑝 ∈ 𝑅(𝑛−2):𝑝 ≡ 𝜕𝜃𝑙𝑖𝑚𝑖𝑡 = �𝜃𝑖𝑙𝑖𝑚𝑖𝑡,𝜃𝑗𝑙𝑖𝑚𝑖𝑡, … ��;𝑤ℎ𝑒𝑟𝑒 𝑖 ≠ 𝑗  (4.13) 

With the sets of 𝜃𝑖θ determined from the above three singularity conditions, they 

can be substituted into the accessible set 𝑥(𝑞)  to identify the manifold of the 

workspace. Each set of 𝜃𝑖  will produce a specific singular region bounded by 

certain conditions. Combining all the manifolds calculated from the three 

singularity conditions, the total singularitiy set 𝑆 generated by the robot is hence: 

 𝑆 = 𝑆(1) ∪ 𝑆(2) ∪ 𝑆(3)  (4.14) 

where 𝑆(1), 𝑆(2) and 𝑆(3) are determined from the three singularities sets 

respectively. 

The workspace of the end effector can hence be visualized by plotting the manifold 

equations in a Cartesian space. 
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(a)                                                                   (b) 

 
(c)                                                                  (d) 

Figure 4.7: (a) Isometric view (b) Top view (c) Front view (d) Side view of the workspace for Index finger. 
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(a)                                                                 (b) 

 
(c)                                                                (d) 

Figure 4.8: (a) Isometric view (b) Top view (c) Front view (d) Side view of the workspace for thumb. 

The Fig. 4.9 below shows the intersection of workspace between thumb and index 

finger: 

 

Figure 4.9: Combined workspace of the thumb and index finger. 
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4.5 Discrepancies from Real Life Model 
Due to the absence of a translation from anatomical research findings to a readily 

applicable model in the robotics research community, the hand model proposed 

above is only a simplified version that is not considering the movement of the 

metacarpals and carpal bones. The real human hand is more complicated with 

greater complexity in movements involved. The following sections describe some 

of the complex scenarios not presented in our model above.  

4.5.1 Intersection of Thumb Joints 
In human thumb, Santos [76] reported that the kinematic modeling on MCP and 

CMC joints with intersecting axes of rotation is not realistic. There is an average 

distance of 1.42cm between flexion-extension (FE) axis and abduction-adduction 

(AA) axis on CMC joint and 1.56cm between FE axis and AA axis on MCP joint. 

Besides proposing the D-H parameters for his thumb model, he further suggested 

to include the translational degree of freedom at trapezium bone to complete the 

whole model.  

 

Figure 4.10: Five link thumb model proposed by Giurintano [76]. 

4.5.2 Hollowing of the Palm 
Our hand model presented above assumes a flat and rigid planar surface of the 

palm in the coronary plane, with non-moving metacarpal bones. However, during 

the grasping of an object, the human hand will become hollow and its palm 

distorted to form arches in three directions (Fig 4.11).  As shown in the same 

picture, the MCP joints of the four fingers displace latero-medially during 

hollowing from negligible movement at the index finger to the most significant 
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one at little finger. The movements of MCP joints is not only in anterior direction, 

but also slightly curved laterally. 

 

Figure 4.11: Arc of palm during hollowing. 

The movement at the metacarpal joints also induces the convergence of finger axes 

into a focal point (marked as star in Fig 4.12) during clenching of fist with distal 

joints extended. This implies that the parallel flexing of four fingers in the fist-

making action is not natural. The opposition of thumb is also difficult to achieve 

without the hollowing of palm. 

When the fingers are actively stretched and extended out, the axes of five fingers 

converge at the scaphoid bone as shown in Fig 4.12. In addition, the center of 

abduction/adduction action lies at the plane of the third metacarpal bone and 

middle finger. Hence, the middle finger movement is insignificant during the 

abduction/adduction movement although it can be moved voluntarily if required. 

 

Figure 4.12: Focal point of fingers during certain orientation.  
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4.6 Discussion 
A quick review on hand physiology research reveals many complex structures and 

issues not common to the robotics community. It is debatable whether a 

complicated model is needed to achieve a full functional rehabilitation robot or a 

good simplified model is sufficient to achieve our objectives of rehabilitation 

training. Besides that, the stringent rules applicable to healthcare products have to 

be taken into consideration as a simplified model might obstruct the rehabilitation 

model or injured the patient. 

For this research, we will start with the proposed kinematic model as the first 

exploration into hand rehabilitation exercise. Then after, further complexity in the 

hand structure will be reviewed together with the performance of rehabilitation 

devices and patients feedbacks.  
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Chapter 5  

Design and Realization of 
Rehabilitation Device 
5.1 Finger Module 

5.1.1 Design Concept 
The Bobath method is selected as the rehabilitation technique for our machine 

where the patients’ fingers are guided to the correct postures while performing 

tasks. The method of driving distal phalanges (either at dorsal or ventral side of 

palm) was initially considered for its advantage of minimal actuators and simpler 

motion control. However, it is discovered that the mechanism will not be able to 

control the position and orientation of middle and proximal phalanges of the 

patients’ fingers. Although the fingers follow the robot-guided trajectory to the 

desired position, the fingers might move in an abnormal pattern and orientation 

which is a prominent problem for patients with spasticity and contracture. 

Exercises with this under-actuated system might thus result in an unnatural muscle 

tone and excessive compensation of the healthy muscle which is undesirable and 

might worsen the rehabilitation progress. The linkage driven mechanism is also not 

adopted as its velocity and torque outputs are not linear to the inputs from motors. 

Moreover, linkage mechanism requires additional analysis in control system to 

generate a smooth trajectory and motion. 
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In the consideration of the actuation system, the initial concept explored a cable-

driven system which has the advantages of being lightweight, having back-

drivability, and space-efficient at the fingers aspect. Nevertheless, there are 

drawbacks in the working principle for cable-driven mechanism. Due to the pure 

frictional contact between cable and pulley/drum, slippage of the cable can happen 

if force stabilization is not designed properly. Besides that, the pulley can 

degenerate and fail without warning over its life cycle [61]. Control schemes for 

cable driven system is also more complex with two times the number of 

generalized coordinates needed in the dynamic model as compared to a rigid 

system [62]. Past experience in designing MIT Hand Robot Alpha-Prototype I [50] 

also demonstrates the challenges of low bandwidth, presence of significant friction 

and lack of full back-drivability in the cable driven system. 

In order to avoid a complex mechanical structure and control system design, we 

have adopted the arc-shaped links mechanism to provide co-axial rotation at the 

finger joints. Unlike the four-bar or six-bar linkages mechanisms that produce non-

linear motion and torque output, an arc-shaped link system has a simpler kinematic 

model with fewer parts that actuate the finger joints directly at the coaxial axis. 

Combining it with the direct torque transmission from DC motor, the mechanism 

is more rigid with faster response, making it suitable for a safe rehabilitation 

routine while minimizing the online and offline computational cost.  

5.1.2 Mechanical Model and Assembly  
The finger module of the rehabilitation robot can be separated into three sub-

modules for the three phalanges. Each sub-module consists of a DC motor as the 

driver, a timing pulley and belts for transmission, and a spur gear as further 

transmission of the motion to the arc gear.  



43 
 

 
(a)                                                                                (b) 

Figure 5.1: (a) Transmission system of the module (b) Center of rotation at the finger joints. 

The arc gear joins the three sub-modules and defines the angle of flexion as 

illustrated in Figure 5.1. The DIP module sits on the arc-gear of the PIP module, 

and both the DIP and PIP modules are carried by the arc-gear on the MCP module. 

The center of rotation is vertically below each arc gear which coincides with the 

joint axes of the phalanges.  

The arc gear is supported by a roller and two bearings to simulate the constraint of 

a circular track. By providing support at these three points instead of the surface 

constraint in circular track, the efficiency of the mechanism is greatly improved 

since there is only rolling friction involved during the rotation. The constraints are 

completed with the addition of flanges at the roller, which limit the sideway 

motion and support the torsion loading on the arc gear. Thus, the only degree of 

freedom left is the desired concentric rotation upon actuation by the spur gear.  

 
(a) 



44 
 

 
(b) 

Figure 5.2: (a) Constraint for the arc gear (b) Torsional constant for the arc gear. 

A U-shape brace casted out from medical grade polyurethane foam is mounted at 

the end of each arc gear. The user’s finger can be strapped onto the braces with 

elastic bands that secure the phalanges with Velcro fasteners. The structure 

interfacing with user’s finger is designed to be firm but deformable, in order to 

avoid excessive stress applied that might cause injuries during the rehabilitation 

process. 

 

Figure 5.3: The mounting of finger onto rehabilitation module. 

The range of motion for the mechanism is determined by the arc length of the arc 

gear, where the spur gear and arc gear have to remain engaged throughout the 

motion. A hard stopper is installed at the end of arc gear to limit the range of 

motion such that it does not travel out of limit and overstrain the user’s finger. 
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Figure 5.4: Failsafe mechanical stopper at the arc gear to prevent overstraining finger joints. 

 
(a)                                                                    (b) 

Figure 5.5: The index finger attached to the rehabilitation module at (a) rest position (b) Flexed position. 

 

5.2 Thumb Module 
The designing of a thumb exoskeleton poses various considerations into the 

approaches as compared to the rest of the fingers. Firstly, the thumb is not parallel 

to the other four fingers with the metacarpal bones connected to the trapezium 

bone at an angle with respect to coronary plane. Furthermore, the thumb has more 

degrees of freedom with less visible phalange joints as compared to the other 

fingers. This results in difficulties in locating the correct rotation axes for the joints 

and complicates the design for a coaxial-driven exoskeleton structure.  

However as the first digit of the hand, there is more free space at the lateral side of 

the thumb to accommodate mechanical structure and its mechanism. Thus, there is 

more freedom in selecting an appropriate driving mechanism for optimal 

performance. 
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5.2.1 Initial Design Concepts  
The initial concept was designed with the end effector driving approach where the 

distal phalange was actuated by a crane structure with 4 DOFs. As shown in Fig 

5.6(a), the approach used in version 1 of the thumb module is analogous to a 

manipulator holding the thumb tip and moving it to the desired position in the right 

orientation. This method bypasses the needs of the mechanical structure to comply 

with the complex thumb joints while still controlling the thumb from the dorsal 

side of the hand.  

The next proposal in version 2 of the thumb module design utilizes the principle of 

direct driving, where the drives are attached to the side of the thumb and rotating 

concentrically to the thumb joints. The design is shown in Fig 5.6(b). This method 

breaks down the thumb motion into individual components and drives it from the 

side.  

Since the flexion/extension axis and abduction/adduction axis of the CMC joint are 

not perpendicular to each other and the angle between the two axes is reported to 

be in the range of 72.7° to 114.92° [77], the thumb phalanges are not parallel to the 

coronal plane of human hand, but inclined at an angle to provide the opposition 

motion. Hence, the CMC joint in version 2 of thumb module is designed to be 

adjustable in position and orientation to place the IP and MCP link in the correct 

inclination.  

 
(a)                                                                                 (b) 

Figure 5.6: Two variations of thumb module explored and designed (a) Version 1 (b) Version 2. 

However, after further analysis, it is difficult and impractical for an external crane 

structure in version 1 design to replicate the workspace of the thumb. Checking the 
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design with the workspace modeled in section 4.4.2, the exoskeleton motion 

covers only about 50% of the thumb workspace. The exoskeleton fails to push the 

thumb into flexed and opposed position. 

For the thumb module design in version 2, the thumb workspace can be covered 

fully by the exoskeleton. However, upon verification in CAD model, the thumb 

orientation driven by the exoskeleton is not correct in the opposition configuration. 

This is further discovered to be caused by a minor passive axial rotation during the 

thumb opposition.  

Due to the ligamentous laxity of the thumb joint which allows rotation of CMC 

joint along the axis of metacarpal bone, thumb movement involves multiple 

degrees of freedom where the flexion/extension and abduction/adduction of CMC 

joint consist of certain degree of passive pronation/supination. For example, thumb 

opposition is a combination of trapeziometacarpal and metacarpophalangeal joint 

abduction, flexion and pronation.  

Although it is possible for the design concepts explored above to cover the 

workspace of thumb motion, the change in thumb phalanges orientation during the 

course of motion is not considered and provided for. Using the thumb exoskeleton 

design without pronation/supination does not only restricts the workspace of the 

exoskeleton device but the pronation/supination of thumb within the braces will 

also creates the sliding motion and friction causing potential discomfort and 

injuries to the users. 
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(a)                                                                              (b) 

 
(c) 

Figure 5.70-3: Cross sectional views of hand. (a) Metacarpal bone in thumb rotates axially during opposition. 

(b) If the finger holder is designed to have a constant orientation during opposition, metacarpal bone can slide 

in the holder and cause discomfort. (c) Holder should rotate along with the metacarpal bone. 

Another challenge in thumb exoskeleton design is the close proximity between the 

thumb CMC joint and the wrist joint. An individual functioning thumb exoskeleton 

has no space constraint in accommodating the driving mechanism as long as it 

does not interfere and block the movement. After the integration and mounting of 

thumb module onto the wrist platform, the distance of less than 3cm between the 

thumb CMC joint and wrist joint creates a fight for space to fit structures from 

both joints. The available design envelope is further constrained by the workspace 

and range of motion for the thumb and wrist.  

5.2.2 Final Design Concept  

Due to the aforementioned issues, the design had been simplified by re-examining 

the functionality and movement of the thumb to identify the key motion 

characteristics. Activities of daily living (ADLs) refers to the self-care activities 

that patients carry out at home, including feeding, dressing, housekeeping, 
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grooming and taking medicine. Thus, the prominent motor skill required to 

complete the activities is grasping, which involves the thumb motion of opposition 

between the radial abducted position and the palmar abducted position.  

 
(a)                                                  (b) 

Figure 5.8: (a) The palmar abducted position. (b) The radial abducted position. 

The trajectory of thumb opposition within these two postures forms an arc at the 

base of an imaginary cone, which has its tip at the CMC joint. The cone orientation 

is defined by three points: the CMC joint, MCP joint at radial abduction posture 

and MCP joint at palmar abduction posture. The arc length can be determined by 

the amount of thumb axial pronation within this trajectory, which then provides the 

size of the cone. With the cone, thus the correct opposition trajectory is 

constructed and the actuation can be designed with the principle of RCM by 

following the shape of the base circle of the cone. 

 

Figure 5.9: The amount of thumb pronation is 90º which define the center and size of the circle. 
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5.2.3 Mechanical Model and Assembly 

Similar to the actuation mechanism of finger module, an arc gear is designed to be 

concentric to the base circle defined in the previous section. The size and 

orientation of the arc gear follow the circumference of the cone drawn by the 

thumb pronation. Differing from the finger design, the thumb arc gear is supported 

by 2 rollers and 4 bearings with a more rigid structure since the load acting on the 

module is larger. 

 

 

Figure 5.10: Section view of the thumb CMC module and the constraints on the arc-gear. 

Because of the orientation of the structure and space allocation, worm gear is 

chosen as the force transmission mechanism. The DC motor is placed at the right 

angle to the rotation axis, and transmits the torque to a spur gear through the worm 

gear mechanism to drive the arc gear. The high gear ratio of worm gear permits a 

relatively smaller DC motor to be used at the expense of output speed.  
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Figure 5.11: Actuator and transmission system for the thumb CMC module. 

The arc gear is then driven to move along the opposition trajectory as designed and 

to carry the metacarpal phalange of the user's thumb from the radial abducted 

position to the palmar abducted position.  

As the thumb CMC joint moves in a cone path instead of a cylindrical path, the 

thumb is not perpendicular to the circle as shown in Fig. 5.9. As a result, the actual 

pronation is slightly bigger than the angle defined in the previous section. An 

additional degree of freedom has to be added for the thumb pronation to 

accommodate this extra degree of rotation. Due to the space constraint, it is 

designed to be a passive mechanism where it follows the pronation of the thumb 

metacarpal bone along the motion of the thumb opposition. As shown in Figure 

5.12, the pronation mechanism is designed as an arc structure that slides along the 

dorsal side of the thumb CMC housing. It is guided by two screws that move in the 

track of thumb CMC housing.  

In order to compensate for the weight of the pronation mechanism, a constant force 

spring is installed at the thumb CMC housing as a counterbalance. The spring 

applies an upwards pulling force on the load to cancel the effect of gravity. It 

provides a fixed amount of pulling force over the range of motion.  
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Figure 5.12: A passive DOF for thumb pronation compensated with constant force spring. 

Mounting on this thumb pronation module are the remains of the thumb module: 

the flexion/extension of the thumb MP and DP modules. The direct driving method 

is adopted in these modules where the actuator is driving the motion concentrically 

to the finger joints.  

 
(a)                                                                        (b) 

Figure 5.13: (a) Rest position of thumb MP and DP modules. (b) Flexed orientation of thumb MP and DP 

modules. 

 

Figure 5.14: Thumb is overstrained when the pronation motion is not designed into the module. 
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5.3 Wrist Module 

5.3.1 Design Concept 
In order to complete the tasks in the activities of daily living, a wrist joint 

mechanism is added to bring the patient's hand towards the location of interest for 

further actions like grasping, manipulation, pushing and etc. Three degrees of 

freedom are introduced in the wrist joint module, namely wrist flexion/extension, 

forearm pronation/supination and forearm forward/backward. 

In order to free up the hand's palmar space for further action like grasping, the 

widely adopted palmar handle design in actuation of wrist flexion/extension joint 

is not used in the design (Figure 5.15a). Grasping of handle constraints the fingers 

movement and couples the degree of freedom between wrist and fingers. 

Furthermore, holding on to a handle when moving the wrist limits the usable task 

for fingers rehabilitation. Hence, the patient's palm is designed to be wrapped 

externally at the dorsal side of the palm, which is similar to a hand splint (Figure 

5.15b).   

  
(a)                                                              (b) 

Figure 5.15: (a) Handle-grasping type of wrist rehabilitation robot from the Newman Lab, MIT (b) Splinting 

on wrist. 

5.3.2 Mechanical Model and Assembly 
The wrist mechanism consists of three modules: wrist flexion/extension module, 

arm pronation/supination module and wrist advance/retract module. The main 

mounting interface for user is the arm rest and palm brace. The patients’ forearm 

can be positioned on the arm rest and secured with a strap, while the patients’ hand 

will be fixed to the palm brace at the dorsal side.   
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Figure 5.16: Wrist module with the arm rest and palm brace. 

After the user strapped his hand to the palm brace, the brace will be driven by a 

DC motor placed beneath the wrist joint through a belt-pulley transmission system. 

This module is mounted onto the arm rest and follows the motion of arm 

supination/pronation.  

 

Figure 5.17: Wrist flexion module. 

For arm supination/pronation module, the arm rest is actuated by the spur gear in 

contact with the internal gear. The internal gear is mounted stationary to the main 

platform, while the spur gear is attached to the supination/pronation motor. The 

arm rest is supported by three cam followers that move along the customized track, 

which provide structural constraints in twisting along the Y and Z axes. The 

internal gear and tracks are designed with an opening to ease the placement of user 

hand onto the machine. 
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Figure 5.18: Arm supination/pronation module. 

In the wrist advance/retract module, the main platform is actuated by a lead screw 

system driven by DC motor. The lead screw system is selected due to its high 

mechanical advantage and stability (self-locking due to the high stiction). 

Furthermore, high linear speed is not required for the platform movement which 

suits lead screw application. Besides the actuator, two linear guides installed at 

both sides of the lead screw serve as the main support of the machine weight to 

guide the linear motion. 

The assembled wrist module serves as a platform for the arm and hand of user to 

perform pitch and roll motion.  

 

Figure 5.19: Wrist advance/retract module. 
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5.4 Assembled Prototype 
The assembled thumb and index finger modules, mounted onto the wrist platform 

are shown in Figure 5.20. An arm with hand model is inserted to the module to 

illustrate the use case. 

 

Figure 5.20: Assembled system of fingers and wrist modules. 

5.4.1 Kinematic Model of the Rehabilitation Robot 
The kinematic model and the ROM of the designed rehabilitation module are 

shown in Figure 5.21 and Table 5.1 respectively. 

 

Figure 5.21: Kinematics representation of the rehabilitation robot. 
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Table 5.1: ROMs of prototype. 

Joint ROM 

Thumb 
Module 

𝜃81 CMC joint -10° to 60° 

𝜃92 MP joint -30° to -50° 

𝜃103 DP joint -45° to 80° 

Index Finger 
Module 
 

𝜃47 MCP abduction/adduction -57° to 63° 

𝜃58 MCP flexion/extension -57.5° to 75.8° 

𝜃69 PIP joint -55° to 72.5° 

𝜃710 DIP joint -48° to 65° 

Wrist 
module 

𝜃37 Wrist flexion/extension -16° to 50° 

𝜃28 Wrist pronation/supination 0° to 180° 

𝑆110 Wrist advance/retract 0mm to 200mm 
 

5.4.2 Verification of the Workspace 

From the workspace analysis calculated through singularities rank deficient criteria 

in Section 3.6, the workspace of the thumb and index finger is modelled in the 

CAD software. The purpose of the conversion is to verify the range of motion of 

hand rehabilitation exoskeleton, as compared to the workspace of the user's thumb 

and finger. By placing the calculated finger workspace at the same origin with the 

design hand exoskeleton, the verification can be performed by checking the 

overlapping of workspace and exoskeleton modules while moving them live in the 

CAD software. 
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Figure 5.22: Workspace of thumb and index finger and their use in verifying rehabilitation robot workspace in 

CAD design. 

 

Whenever there was a major discrepancy between the motion of exoskeleton 

modules and the workspace of user's fingers, the exoskeleton design would be 

revised to identify the mistake and refined to achieve the desired application.  

5.5 Motor Sizing and Calculation 

5.5.1 Thumb and Index Finger 
Using torque gauge to measure the assistance force applied by therapists during 

rehabilitation session, Ueki [29] determined the reliable joint torque to be applied 

by the robot onto the patient's finger. The measurements are presented in Table 5.2. 

Table 5.2: Joint torque required on human fingers [29]. 

Joint Thumb (Ncm) Index (Ncm) 
CMC Extension 29.3 - 

Flexion 29.0 - 
Abduction 32.8 - 

MCP Extension 13.0 24.7 
Flexion 26.0 29.3 
Abduction - 16.7 

PIP Extension - 28.7 
IP/DIP Extension 22.3 17.7 

Flexion 24.8 19.7 

 

Besides the functional movement required by the finger presented in Table 5.2, the 

motors have provided additional torque to support and move the structures of 

mechanisms. For example the MCP joint in index finger module, the motor should 
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be able to drive the structures of DIP and PIP modules besides providing the 

functional requirements of 29.3Ncm for MCP joint flexion. Including the torque 

resulted by the weight of the modules, which is 2.9N*5.9cm = 17.11Ncm, the total 

torque required for the MCP joint driver is 46.41Ncm. This calculation is 

illustrated in Figure 5.23. 

 
Figure 5.23: Torque calculation for the finger module. 

Motor selection for all the finger joints are calculated in the table below: 

Table 5.3: Total torque required on each joints. 

Joints 
Joint torque 

(Ncm) 
Required torque 
to offset robot 
weight (Ncm) 

Total torque 
required (Ncm) 

Index 
Finger 

MCP flexion/extension 29.3 17.11 46.41 
MCP abduction 24.7 14.93 (flexed 

wrist) 
39.63 

PIP 28.7 3.79 32.49 
DIP 19.7 0.03 19.73 

Thumb CMC flexion/extension 29.3 9.45 38.75 
CMC abduction 32.8 4.69 (flexed 

wrist) 
37.49 

MP 26 2.54 28.54 
IP 24.8 0.05 24.85 

 

Factor in the gear ratio and transmission efficiency, the selected motors are:  
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Table 5.4: Motor selected for finger modules. 
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5.5.2 Wrist 
The sizing for wrist motor is determined based on the findings of continuous wrist 

torque exerted in 19 activities of daily living as reported in [78]. Table 5.5 shows 

the torque values needed. 

Table 5.5: Maximum torque values applied by wrist joint for 19 activities of daily living (ADL). 

Joint Torque (Nm) 
Forearm pronation/supination 0.06 
Wrist flexion/extension 0.35 
Wrist abduction/adduction 0.35 
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Similarly, the weight of the robot is factored into the calculation to provide 

sufficient operating torque at the wrist joint: 

 
Figure 5.24: Torque calculation for wrist flexion module. 

For wrist flexion as illustrated in the picture above, the maximum torque generated 

by the weight of finger modules occurs at the horizontal position, with a magnitude 

of 10.47N*0.087m = 0.911Nm. Combining the functional torque of 0.35Nm, the 

total torque provided by the wrist flexion/extension motor should be 1.26Nm. 

Hence, the suitable motor selected is Maxon motor A-max26 110963 with gear-

head 144044 that produces total nominal torque of 2.7Nm, including a safety 

factor of 2.14. 

 
Figure 5.25: Torque calculation for arm supination/pronation module. 
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In the case of wrist pronation/supination joint, the maximum torque generated by 

the finger modules is 15.13N*0.036m = 0.543Nm. The total motor torque needed 

is hence 0.6Nm, after adding in the functional wrist pronation/supination torque of 

0.06Nm. The motor selected is thus Maxon A-max26 110963 with gear-head 

144040 which provides nominal torque of 1.53Nm and gives a safety margin of 

2.5. 

With lead screw-nut pair adopted in the wrist advance/retract mechanism, a 

relatively smaller DC motor can be used to drive the rehabilitation platform. Lead 

screw system is an economical, compact and precise mechanism that produces a 

high mechanical advantage at the expense of linear speed. 

For an arm weight of 4.5kg (5% of total human weight), hand weight of 0.5kg and 

rehabilitation robot of 3.5kg, the total thrust force required to drive the machine 

along the lead screw is 

 𝐹𝑇 = 𝐹𝑓 + 𝐹𝑖 + 𝐹𝐴  (5.1) 

where 𝐹𝑓 is the frictional force, 𝐹𝑖is the inertial force and 𝐹𝐴is the application force. 

The total thrust force required is 41.69 + 8.5 + 56 = 106.19N, assuming a 

coefficient of friction of 0.5, maximum acceleration of 1ms-2 and the required 

applied force is 50% of the maximum pushing force in healthy human. 

As the chosen lead screw and lead nut is made from steel and brass respectively, 

the lead angle 𝐿𝐴 and screw efficiency 𝜂 can be determined via 

 𝐿𝐴 =  tan−1 � 𝐿
𝜋𝑑𝑚

�  (5.2) 

   𝜂 =  1−𝜇 tan(𝐿𝐴)
1+ 𝜇

𝑡𝑎𝑛�𝐿𝐴�
 (5.3) 

where 𝐿 is the screw lead, 𝑑𝑚 is the mean screw diameter, and 𝜇 is the coefficient 

of dynamic friction. For the chosen lead screw, 𝐿𝐴 = 3.42° and 𝜂 = 21.85% with 

coefficient of dynamic friction of 0.21 between steel and brass. 

With the calculated information above, the torque, 𝑇 required at the lead screw to 

produce the thrust force for the rehabilitation robot is 0.116Nm. 
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 𝑇 =  𝐹𝑇𝐿
2𝜋𝜂

  (5.4) 

where 𝐹𝑇 is the total thrust force, 𝐿 is the screw lead and 𝜂 is the screw efficiency 

The motor selected is Maxon motor A-max22 110164 with gear-head 134767 that 

produces total nominal torque of 0.135Nm. The maximum advance/retract speed 

of the rehabilitation robot is hence 0.464ms-1, which is sufficient for most of the 

tasks. 

5.5 Electronics Interface 
Considering the payload requirement for fingers and wrist rehabilitation is less 

demanding, DC brushed motors are selected over DC brushless motors for its 

simplicity of electrical control. Planetary gear head is attached coaxially to the 

motor to provide large reduction ratio and high power density.  

In general, DC brushed motor can be installed and controlled through the 

following interfaces: 

  

Figure 5.26: Electrical system for servomechanism. 

In a motion control system, the motion controller is the brain of the system where 

it coordinates between the high level software, motor driver and system feedback. 

Firstly, the software creates the motion profiles for the motor and delivers the 

desired target position to the motion controller at a fixed interval. The motion 

controller then calculates the motor speed required based on the given target 
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position, and outputs analog control signal to the amplifier. Next, based on the 

received control signal, the motor driver or amplifier will then regulate the current 

supply it receives from the power supply, to turn the motor at the specified speed. 

The motor then turns the electrical energy into mechanical energy and moves the 

payload into the target position. This control cycle ends when the motor encoder 

coupled to the motor shaft sends the motor position back to the motion controller, 

to close the control loop. With the position feedback, motion controller can 

determine the motion error and factor it in the planning of motor speed for the next 

cycle.   

5.5.1 Motion Controller and Software 
The control software used in the hand rehabilitation robot is Labview, which has a 

graphical programming interface with various built ready toolboxes and libraries 

suitable for rapid prototyping. The software is implemented with the hardware 

from National Instruments, including the universal motion interface UMI-7774, 

and motion controller cards PXI-7344. 

  

Figure 5.27: Motion interface and motion controller card from National Instruments. 

5.5.2 Motor Driver 
Maxon DC brushed motors are implemented in the hand rehabilitation robot. 

These motors require nominal voltage of 2.4V and starting current of 2.09A for 

optimum motor torque performance. The motion controller used is the National 

Instrument system with motion card PXI-7344 which output analog control signal 

of ±10V. In order to convert the control signal into suitable motor current, two 

amplifier systems, namely H-bridge motor driver and direct signal amplification 

method were designed and tested.  
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The H-bridge integrated circuit (IC) used is drv8833 from Texas Instruments 

which can drive two DC brushed motors in both directions at the same time. Since 

this IC chip requires pulse-width modulation (PWM) input, a microcontroller is 

used to interpret the control signal from the NI motion card and convert them into 

PWM signal of corresponding duty cycle. The PWM signal is then channeled to 

the H-bridge IC as current control of the motor power. The power supply of 2.7V 

is regulated by H-bridge to drive the motor at different speeds and directions. 

There is a reverse polarity protection circuit built into the system to prevent a 

mistake in power supply installation from damaging the circuit. 

 

Figure 5.28: H-bridge motor driver. 

The circuit was built and tested with the prototype. However, the resultant system 

bandwidth was found to be low due to the multiple layers of signal conversion 

between motion controller and motor. There is a noticeable latency between 

command and execution of the rehabilitation device. 

The method of direct amplification of control signal from NI motion card is 

explored in lieu of the effort to remove the conversion circuits between control 

module and dc motors. The amplification is done through the operational amplifier 

chip OPA544T from Texas Instruments.  
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Figure 5.29: Direct amplification motor driver. 

In this method, the control signal output from NI motion card is adjusted from 

±10V to ±3V. The op-amp is arranged in a unity buffer or voltage follower 

configuration with the gain of 1 to eliminate the loading effects. 

 

Figure 5.30: Voltage follower op-amp configuration. 

Since the amplifier in the designed circuit has unity gain, the output voltage from 

OPA544T has the same voltage value but with a higher current supply up to 2A. 

The current supply provided is sufficient to meet the starting current required for 

the motors. The direct amplification method also eliminated the significant control 

delay observed in the H-bridge circuit, and thus suitable for the application. 

5.5.3 Encoder 
The magnetic encoder with quadrature signal output is adopted for the position 

feedback of the motor. Magnetic encoder is a compact solution that comes with 

magnetic poles to generate encoder position on a magnetic sensor. As the motion 

between sensor and poles is contactless, mechanical friction, wear and tear is 

absent, which prolongs the service life of the encoder. 
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The quadrature detection method consists of two output channels (A and B) and 

one index channel. Through tracking the edges of channel A and B which are 

designed to be 90° out of phase, the position and direction of the motor rotation 

can be determined. The detection method also permits an option to increase the 

encoder’s resolution, where users can switch between different counting methods: 

leading edges, trailing edges or both edges. This method provides an increase of up 

to four times of the encoder specified resolution, which is deemed useful in 

robotics applications which require high bandwidth.  

The electrical interface used to transfer the quadrature output to the motion 

controller is line driver. Line driver has low output impedance and high signal to 

noise ratio which can minimize the noise in long cable lengths. Its immunity to 

electromagnetic interference makes it an ideal candidate to be implemented in this 

electro-mechanical prototype.   

 

5.6 Discussion 
The hand rehabilitation system discussed in this chapter is designed for a reach-to-

grasp motion to grasp and retrieve a mug. The index finger, thumb and palm 

modules are carried by a linear stage in forward and backward motions of the 

reaching motion. However, the adoption of a linear stage is a simplified system to 

validate the finger and thumb robots design. The forward/backward motion works 

in planar space and does not represent the real life upper arm application. For 

example, in order to complete the ADL task of grooming, the robot should be able 

to retrieve the comb and reach for the patient's hair. The patient's arm moves in a 

more complex trajectory instead of a planar space. 

Due to the limitation of the linear stage in providing the patient's arm motion, the 

index finger, thumb and palm mechanisms are designed as a functional 

independent module which can be mounted and integrated with other arm 

rehabilitation robot. Some examples of the arm rehabilitation robots includes 

Dampace from University of Twente [79], ARMin from ETH Zurich [55] and T-

WREX from University of California, Irvine [80]. 
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(a)                                                  (b)                                                          (c)  

Figure 5.31: Arm rehabilitation robots: (a) Dampace [79] (b) T-WREX [80] (c) ARMin [55]. 
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Chapter 6  

Trajectory Planning 
The ADL task to be performed is reach-to-grasp action to retrieve a mug placed on 

a platform. Based on the degree of freedom in our machine, the tasks to be 

performed will be limited to pick and place of the mug in one direction.  

6.1 Stages in Reach-to-grasp 
Generally, the grasping action in human can be observed in two phases: reaching 

and grasping. In the reaching phase, the arm moves towards the target while the 

hand opens up and fingers extend simultaneously. When the hand reaches a 

suitable location, the fingers flex and press firmly onto the target, which complete 

the grasping action.  

These two phases of grasping action decouple the movement of arm and fingers 

and reduce the complexity in grasping planning. Instead of designing complex 

trajectories for multiple serial robots with end effectors at each finger tip, the 

grasping action can be broken down into three simpler independent actions: 

extension of fingers (preshape), hand and arm motion approaching the target 

(reaching), flexion of fingers to grip the object (grasping).   
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6.2 Preshaping  
Preshaping is the concept of preparing the hand shape before approaching the 

object to be grasped. With pre-shaping, the fingers assume appropriate 

configurations to match the shape of the target object for a stable and firm grip. 

Based on the physical properties (i.e. size, form, center of mass, etc.) of the objects, 

the fingers form the most suitable contour before grasping, such that the fingers 

follow a realistic trajectory and place the contact at optimum points for a firm grip 

of objects. 

The idea of preshaping is supported by the research from Santello and Soechting, 

where hand shape is found to adapt gradually to objects contour along the reach-

to-grasp action [81]. They found that at the 50% movement time where the hand 

aperture is at the maximum, the hand shapes are noticeably distinct for different 

object shapes. The distinction of the hand shape becomes more obvious as the 

aperture decreases and finally mould around the objects. 

It is found that in grasp planning and generation, the pre-shapes can be categorized 

into different categories. Miller, Knoop et. al. proposed four different preshapes for 

four different basic shapes: spherical, cylindrical, boxes and conical preshapes [82]. 

Wren and Fisher suggested the precision, lateral, manipulation, and hook 

preshapes for different applications [83]. Different rules can then be applied to the 

pre-shapes and their strategies to constrain and define the best orientation and 

positions for the starting points of grasping.  

In this thesis, the focus is placed on grasp planning of a mug (cylindrical objects), 

with power grasp. The grasp planning is divided into three parts: preshapes 

selection to determine the posture of the fingers, calculation and move to optimum 

location of wrist joint upon grasping, and the trajectory of finger motion to the 

grasping posture.  

6.2.1 Preshape Posture Determination 
For the pre-shapes, the cylinder shape primitive is chosen as the grasp approach 

since the mug is considered to be a cylindrical shape. For power grasping where 

the fingers wrap around the cylinder, the approaching direction should be 
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perpendicular to the side surface of the cylinder, and the thumb should be 

perpendicular to the central axis of the cylinder. 

Resulting from the definition, three constraints provided for this cylinder pre-

shapes are illustrated in Fig. 6.1:  

1. The IP and MP links of thumb form a straight line.  

2. The fingers and palm forms a straight line. 

3. The IP and MP links of thumb are perpendicular and form a right angle 

with the palm. 

 

Figure 6.1: Preshapes configuration for grasping action. 

As our exoskeleton machine is built without abduction/adduction at thumb MP 

joint, the IP and MP links of thumb are not able to form a right angle with the palm. 

Hence, the third constraint is translated to the maximum angle of abduction of 

thumb CMC joint, which is 70°. 

The configuration for preshape which fully formed at 50% of the reaching distance 

is hence defined by the joint angles as shown in Table 6.1. 
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Figure 6.2: User's hand is brought into preshapes position by the rehabilitation robot. 

 

Table 6.1 : Angular displacement for each joints at grasping preshapes orientation. 

Fingers Joint  Joint angle (°) 
Index MCP abduction/adduction, 𝜃4 0 

MCP flexion/extension, 𝜃5 0 
PIP flexion/extension, 𝜃6 0 
DIP flexion/extension, 𝜃7 0 

Thumb CMC abduction/adduction, 𝜃8 90 
MP flexion/extension, 𝜃9 0 
IP flexion/extension, 𝜃10 0 

Wrist Pronation/supination, 𝜃2 90 
Flexion/ extension, 𝜃3 0 
Advance/ retract, 𝑆1 1240 

 

6.2.2 Determination of Wrist Joint Location for Optimized 
Grasping Posture  

As illustrated by Lee and Zhang [84], a stable power grasp is defined when the 

grip force is maximum while the inflicted stress is minimum. This happens when 

the soft tissues of the hand and fingers are most expanded and the forces exerted 

are evenly distributed. Thus, this biomechanical model can be accomplished by 

minimizing the distance between finger joints and object surface to spread out the 

contact stresses of each segment. In mathematical term, the function to be 

minimized is: 
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 𝑓 = ∑ 𝑑𝑖𝑠𝑡𝑖(𝑥, 𝑧, 𝛾) +3
𝑖=1 ∑ 𝑑𝑖𝑠𝑡𝑗(𝑥, 𝑧, 𝛾)2

𝑗=1  (6.1) 

where 

𝑖 is the joint index for index finger, from 1 (MCP joint) to 3 (DIP joint), 

𝑗 is the joint index for thumb, from 1 (MP joint) to 2 (IP joint) 

𝑑𝑖𝑠𝑡(𝑥, 𝑧, 𝛾) is the distance of joint from the object surface as a function of 𝑥 and 𝑧, 

which are the coordinate of capacitance bone (origin in the hand model); and 

function of 𝛾, the inclination angle of object rotation axis and hand grasping axis. 

 
Figure 6.3: During power grasp, the hand grasping axis is not parallel to the object rotation axis, but is inclined 

to an angle. 

The power grasp model with its parameters is shown in Fig 6.4 to describe the 

optimization procedure. The parameters in the model are calculated with respect to 

the reference frame of the hand model as explained in Chapter 4, where the origin 

is at the capacitate bone. The grasping action is the flexing of fingers starting from 

the pre-shape posture to a stable gripping posture, with the assumption that links 𝑙0, 

𝑇0 and 𝑇00 are stationary during the grasping process. 
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Figure 6.4: Geometrical analysis for the optimum wrist position to provide a stable grasping. 

As shown in Fig. 6.4, the parameters:   

𝑇𝑖  is the length of the thumb segments,  

𝑙𝑖 is the length of index finger segments 

𝑡𝑖𝑛is the segment thickness at contact with the object, which is the shortest distance    

between a segment and the object surface during a stable grip posture as 

empirically determined by Zhang and Lee [82] 

𝐷𝑖𝑛 is the distance between the joints and object surface 

For the simple case without considering the grasping angle γ, the distances 

between the joints and the object surface can be calculated via geometry analysis: 

 𝐷1𝐼 =  ���𝑥𝑀𝐶𝑃 − 𝑥𝑜𝑏𝑗𝑒𝑐𝑡�
2 + 𝑧𝑜𝑏𝑗𝑒𝑐𝑡2� − 𝑟𝑜𝑏𝑗𝑒𝑐𝑡 (6.2) 

Index finger 
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𝐷2𝐼 =  ���𝑙1 − ��𝑟𝑜𝑏𝑗𝑒𝑐𝑡 + 𝐷1𝐼�
2 − �𝑟𝑜𝑏𝑗𝑒𝑐𝑡 + 𝑡1𝐼�

2
�
2

+ �𝑟𝑜𝑏𝑗𝑒𝑐𝑡 + 𝑡1𝐼�
2
� − 𝑟𝑜𝑏𝑗𝑒𝑐𝑡 

  (6.3) 

𝐷3𝐼 =  ���𝑙2 − ��𝑟𝑜𝑏𝑗𝑒𝑐𝑡 + 𝐷2𝐼�
2 − �𝑟𝑜𝑏𝑗𝑒𝑐𝑡 + 𝑡2𝐼�

2
�
2

+ �𝑟𝑜𝑏𝑗𝑒𝑐𝑡 + 𝑡2𝐼�
2
� − 𝑟𝑜𝑏𝑗𝑒𝑐𝑡 

  (6.4) 

    𝐷1𝑡 =  ���𝑥𝑜𝑏𝑗𝑒𝑐𝑡 − 𝑥𝑀𝑃�
2 + �𝑧𝑀𝑃 − 𝑧𝑜𝑏𝑗𝑒𝑐𝑡�

2
� − 𝑟𝑜𝑏𝑗𝑒𝑐𝑡 (6.4) 

 

𝐷2𝑡 =  ���𝑇1 − ��𝑟𝑜𝑏𝑗𝑒𝑐𝑡 + 𝐷1𝑡�
2 − �𝑟𝑜𝑏𝑗𝑒𝑐𝑡 + 𝑡1𝑡�

2
�
2

+ �𝑟𝑜𝑏𝑗𝑒𝑐𝑡 + 𝑡1𝑡�
2
� − 𝑟𝑜𝑏𝑗𝑒𝑐𝑡 

                                         (6.5) 

Thumb 

where 𝑟𝑜𝑏𝑗𝑒𝑐𝑡 is the radius of the cylindrical object. 

When there is a grasping angle of γ, vector projection of the joint length from the 

finger plane to the perpendicular plane should be considered. The projected link 

length 𝑙𝑝𝑖 can be calculated as 

           𝑙𝑝𝑖 =  ��𝑙𝑜𝑖2 − �𝑙𝑜𝑖 ⋅ �𝑛𝑝 × 𝑛𝑜��
2� ⋅ �𝑛𝑝 ⋅ 𝑛𝑜�

2 + �𝑙𝑜𝑖 ⋅ �𝑛𝑝 × 𝑛𝑜��
2
  (6.6) 

where  

𝑙𝑜𝑖 is the link length of the finger segment i in the original plane 

𝑛𝑝 is the normal vector for the projected plane 

𝑛𝑜 is the normal vector for the original plane. 
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Figure 6.5: The projection of fingers position and orientation onto the plane that is perpendicular to object axis. 

Let the capacitate bone be the origin with coordinate (0, 0, 0), the normal vector 

for projected plane, np = (0, 0, -1) and the normal vector for original plane, no = 

(0.5, 0, 0.866). 

With the calculated projected link 𝑙𝑝𝑖 replacing the original link length 𝑙𝑜𝑖, the sum 

of distance between each finger joint and object surface will be minimized to 

provide the optimum value for 𝐷1𝐼, 𝐷2𝐼 , 𝐷3𝐼 , 𝐷1𝑡 and 𝐷2𝑡.  

After that, with reference to the centroid of the object, 𝑃𝑜𝑏𝑗𝑒𝑐𝑡 �𝑥𝑜𝑏𝑗,, 𝑦𝑜𝑏𝑗 , 𝑧𝑜𝑏𝑗�, 

the position for capacitance bone, 𝑃𝐶𝐵  and thus the wrist joint location, 

𝑃𝑤𝑟𝑖𝑠𝑡 �𝑥𝑤𝑟𝑖𝑠𝑡,, 𝑦𝑤𝑟𝑖𝑠𝑡, 𝑧𝑤𝑟𝑖𝑠𝑡�P can be calculated 

     𝑃𝐶𝐵(𝑥𝐶𝐵, 𝑦𝐶𝐵, 𝑧𝐶𝐵) = (𝑥𝑜𝑏𝑗 − 𝑙0 cos 𝛾 , 𝑦𝑜𝑏𝑗 − 𝑙0 sin 𝛾 , 𝑧𝑜𝑏𝑗 + 𝑟𝑜𝑏𝑗𝑒𝑐𝑡 + 𝐷1𝑖)  (6.7) 

              [𝑥𝑤𝑟𝑖𝑠𝑡 𝑦𝑤𝑟𝑖𝑠𝑡 𝑧𝑤𝑟𝑖𝑠𝑡 1]𝑇 = 𝑇𝐶𝐵
𝑤𝑟𝑖𝑠𝑡 [𝑥𝐶𝐵 𝑦𝐶𝐵 𝑧𝐶𝐵 1]𝑇.  (6.8) 

With the optimized wrist joint position 𝑃𝑤𝑟𝑖𝑠𝑡 thus the distance between joints and 

object surfaces 𝐷𝑖𝑛 calculated from the algorithm, the final grasping posture can be 

determined. The joint angles in projected plane 𝜃𝑝  can be found via geometry 

analysis: 

                                𝜃𝑝𝑖𝑛 = sin−1 �𝑟𝑜𝑏𝑗𝑒𝑐𝑡+𝑡𝑖−1
𝑛

𝑟𝑜𝑏𝑗𝑒𝑐𝑡+ 𝐷𝑖
𝑛 � + sin−1 � 𝑟𝑜𝑏𝑗𝑒𝑐𝑡+𝑡𝑖

𝑛

𝑟𝑜𝑏𝑗𝑒𝑐𝑡+ 𝐷𝑖
𝑛�  (6.9) 
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The final grasping position for joint space can then be determined by finding the 

joint angle in the original plane:  

𝜃𝑜𝑖𝑛 =

cos−1 ��
(𝑙𝑜𝑖
𝑛 )2+(𝑙𝑜(𝑖+1)

𝑛 )2−[(𝑙𝑝𝑖
𝑛 )2(𝑙𝑝(𝑖+1)

𝑛 )2−2(𝑙𝑝𝑖
𝑛 )2(𝑙𝑝(𝑖+1)

𝑛 )2 cos𝜃𝑝𝑖
𝑛 −(�(𝑙𝑜𝑖

𝑛 )2−(𝑙𝑝𝑖
𝑛 )2−�(𝑙𝑜(𝑖+1)

𝑛 )2−(𝑙𝑝(𝑖+1)
𝑛 )2)2]

2𝑙𝑜𝑖
𝑛 𝑙𝑜(𝑖+1)

𝑛 ��  

 (6.10) 

6.3 Grasping Tracjectory 
There are limited literature and studies done in investigating the model of human 

fingers trajectory during grasping motion. The minimum jerk trajectory approach 

proposed by Secco [85] in prosthetic fingers motion planning aimed to provide a 

natural movement while minimizing the mechanical vibration of the structure. In 

this method, the fingertip of the prosthetic moves in a straight line trajectory while 

providing a low jerk motion at joint level. However, according to the empirical 

observation and experiment data collected by Kamper [86], the straight line 

trajectory proposed by Secco doesn’t fit the velocity profile of grasping action. 

Instead, the data produced by Gupta [85] and Kamper [86] through motion capture 

system, suggested that the fingertips paths follow a logarithmic spiral trajectory 

during grasping action. 

In addition to that, there are more studies in reach and grasp motion to determine 

an appropriate trajectory model for the arm movement. Energetic optimization 

models were proposed for arm motion where human arms follow trajectories of 

minimum kinetic energy [88] and minimum torque change [89]. In an effort to 

model sequential movement of human arm, Okadome and Honda introduced a 

minimum angular jerk model [90] based on their experiment data. Besides that, 

based on biomechanical model, Flash [91] believed that the arm motion follows an 

equilibrium trajectory guided by the joint stiffness and viscosity. 

In his study of grasping motions, Friedman [92] compared four different trajectory 

models (Minimum kinetic energy, minimum angular jerk, minimum torque change 

and logarithmic spiral model) to determine the best fit to the experimental data. 

Logarithmic spiral model was found best in describing the fingertips trajectory. 
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This trajectory is found to be consistent and not affected by the initial finger 

posture, which is deemed useful for our application. 

6.3.1 Logarithmic Spiral Trajectory 
Logarithmic spiral is a spiral curve that grows exponentially with its angle. It has a 

constant angle between the tangent and radial line. It is described in polar 

coordinate as 

 𝑟 = 𝑎𝑒𝑏𝜃  (6.11) 

where  

𝑟  is the spiral radius 

𝜃   is the angular displacement of rotation 

𝑒   is the base of natural logarithms 

𝑎 and 𝑏 are arbitrary positive real constants. 

 

Figure 6.6: Logarithmic spiral curve in 2D. 

In two-dimensional Cartesian frame, the spiral curve can be expressed 

parametrically as  

 𝑥 = 𝑎𝑒𝑏𝜃 cos𝜃  (6.12) 

 𝑦 = 𝑎𝑒𝑏𝜃 sin𝜃  (6.13) 
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In order to project the 2D logarithmic spiral trajectory into a 3D space for the 

finger closure action in grasping, the spiral trajectory is designed to be located in 

the X-Z plane of a Cartesian space. In this setting, the human palm is designed to 

be parallel with the X-Y plane and the finger is co-linear with the x-axis at the rest 

position. The flexion of finger is assumed to be perpendicular to the palm and 

abduction or adduction does not happen during the motion. The 3D trajectory for 

logarithmic spiral can be expressed as 

   𝑥𝑔 = 𝑎𝑒𝑏𝜃 sin𝜃 (6.14) 

                    𝑦𝑔 = 0  (6.15) 

 𝑧𝑔 = −𝑎𝑒𝑏𝜃 cos 𝜃  (6.16) 

Due to the tilt angle of the grasping plane, the trajectory has to be projected back to 

the original plan. A z-axis rotation matrix with angle 𝛾° is introduced to relate the 

grasping frame with the original frame. The final trajectory in original frame is 

thus 

�
𝑥𝑜
𝑦𝑜
𝑧𝑜
� = �

cos 𝛾 sin 𝛾 0
− sin 𝛾 cos 𝛾 0

0 0 1
��

𝑎𝑒𝑏𝜃 sin𝜃
0

−𝑎𝑒𝑏𝜃 cos𝜃
� 

                                          = �
𝑎𝑒𝑏𝜃 sin𝜃 cos 𝛾
−𝑎𝑒𝑏𝜃 sin𝜃 sin 𝛾
−𝑎𝑒𝑏𝜃 cos𝜃

�  (6.17) 

 

 

Figure 6.7: The projection from grasping frame onto original frame. 
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Note that the Cartesian frame for the logarithmic spiral trajectory specifies the 

position of fingertip with respect to the MCP joint, where the origin of the 

coordinate frame is situated at MCP joint.  

With the joint angle for the fingers in final grasping posture determined previously, 

the Cartesian coordinate for the pre-grasp position 𝑃𝐹𝑖𝑛𝑔𝑒𝑟𝑡𝑖𝑝0 (𝑥𝑜,𝑦0, 𝑧𝑜) and the 

post-grasp position 𝑃𝐹𝑖𝑛𝑔𝑒𝑟𝑡𝑖𝑝𝐹 �𝑥𝑓,,𝑦𝑓 , 𝑧𝑓� ) of the fingertip can be calculated 

through forward kinematics.  

At the pre-grasp position 𝑃𝐹𝑖𝑛𝑔𝑒𝑟𝑡𝑖𝑝0 (𝑥𝑜, 𝑦0, 𝑧𝑜), the finger lies in the X-Y plane 

which gives 𝑧𝑜 = 0. As the origin of the logarithmic spiral starts from the z axis, 

the angular displacement, 𝜃 = 90° when the finger is in preshapes orientation. The 

coordinate of 𝑃𝐹𝑖𝑛𝑔𝑒𝑟𝑡𝑖𝑝0 (𝑥𝑜,𝑦0, 𝑧𝑜) can thus be represented by 

 𝑥𝑜 = 𝑎𝑒1.57𝑏 cos(30°) (6.18) 

 𝑦𝑜 = 𝑎𝑒1.57𝑏 sin(30°)  (6.19) 

 𝑧𝑜 = 0  (6.20) 

At the post-grasp position 𝑃𝐹𝑖𝑛𝑔𝑒𝑟𝑡𝑖𝑝𝐹 �𝑥𝑓,, 𝑦𝑓, 𝑧𝑓�, the location of the fingertip is 

 𝑥𝑓 = 𝑎𝑒𝑏𝜃𝑓 sin𝜃𝑓 cos(30°)  (6.21) 

 𝑦𝑓 = −𝑎𝑒𝑏𝜃𝑓 sin𝜃𝑓 sin(30°)  (6.22) 

 𝑧𝑓 = −𝑎𝑒𝑏𝜃𝑓 cos𝜃𝑓  (6.23) 

With the pre-grasp position and post-grasp position of the fingertip known, there 

are three unknowns (𝑎, 𝑏,𝜃𝑓) with three equations (interdependence in expression 

𝑥𝑜and 𝑦𝑜  , 𝑥𝑓  and 𝑦𝑓 ) to be solved. After solving the system of equations, the 

parameters are  

 𝜃𝑓 = tan−1 � −𝑥𝑓
𝑧𝑓 cos𝛾

�  (6.24) 

 𝑏 = ln�𝑥𝑜 sin𝜃𝑓⁄ �
90°−𝜃𝑓

  (6.25) 
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 𝑎 = 𝑥𝑜
e1.57bcos𝛾

  (6.26) 

 

 

Figure 6.8: The logarithmic spiral trajectory in 3D showing the start position and final position. 

6.3.2 Task Space Control 
The control architecture for the grasping action is divided into two parts, the outer 

loop and inner loops. The inner loop with a shorter cycle time takes care of the 

position control of individual joints; while the outer loop in smaller frequency 

controls the Cartesian position of the end effector, which is the fingertip used in 

closing and grasping the object.  

The logarithmic spiral trajectory is first generated in the task space for the tip of 

the finger, where the individual joint angle for each joint are calculated through 

inverse kinematics. The respective target joint angles are then passed to the inner 

control loops and the individual controllers of each joint. Next, the target angles 

are converted into analog control signal which is then converted into amplified 

current to drive the DC motors. Due to the actuators and mechanical system 

dynamics, the resultant joint movement is biased from the target position. The 

actual joint angles moved are recorded by the encoders, and the errors in angular 

positions are feedback into the DIP controllers. The controllers then determine the 



82 
 

compensation value and deliver the corrected target angle back to the subsequent 

cycle of the loop. 

 

Figure 6.9: The control diagram for grasping action. 

PT is the target position of the fingertip in Cartesian coordinate, 

PA is the actual position of fingertip, 

PE is the position error of the fingertip, 

PC is the controlled position of fingertip, 

θi is the target joint angle, 

θAi is the actual joint angle moved, 

θEi is the error of joint angle, 

Vi is the control signal in voltage, 

Ii is the amplified current drive for the motor, 

Ci is the encoder count measured at each joint. 

In the outer loop, the actual position of the fingertip travelled will be calculated 

using forward kinematics with the joint angles collected from the encoders at each 

joint. The error between the target position and the actual position in Cartesian 

coordinate is then passed into a PI controller to generate the controlled target 
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position for the subsequent control cycle. The controlled position of fingertip is 

then segregated into individual target joint position again and passed to the inner 

control loop. 

6.4 Reach Trajectory 

6.4.1 Minimum Angular Jerk 
For the reaching motion of the arm from the origin to the mug, the minimum 

angular jerk approach is adopted [91]. The minimum angular jerk trajectory is 

important in minimizing the vibration, wear and tear of the mechanical 

components, which is significant for the movement of the wrist joint with high 

inertia. The angular jerk is defined by the third time derivative of the angular 

displacement: 

 𝜃(𝑡) = 𝑑3𝜃(𝑡)
𝑑𝑡3

  (6.27) 

Through minimizing the jerk cost, a smooth trajectory function can be generated 

without a sharp change in angular acceleration. The function of the jerk cost to be 

minimized is 

 𝐻�𝜃(𝑡)� =  1
2 ∫ 𝜃2𝑑𝑡𝑡𝑓

0   (6.28) 

The general solution to the minimum jerk function is a fifth order polynomial: 

 𝑥(6) = 𝑎0 + 𝑎1𝑡 + 𝑎2𝑡2 + 𝑎3𝑡3 + 𝑎4𝑡4 + 𝑎5𝑡5 = 0  (6.29) 

For the reaching action, the human hand starts from a resting position, forming the 

pre-shape posture at the middle point and reaching the optimum position at the end 

of the travel. The joint angles involved in the process are 𝜃5 and 𝜃6. 

For 𝜃5, the initial joint angle 𝜃50 = 0 and the final joint angle 𝜃5𝑓 = 1.2217 𝑟𝑎𝑑. 

Solving the fifth order polynomial gives 

 𝑎0 = 𝑎1 = 𝑎2 = 0  (6.30) 

 𝑎3 = 12.22
𝑡𝑓
3   (6.31) 
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 𝑎4 = −18.33
𝑡𝑓
4   (6.32) 

 𝑎5 = 7.33
𝑡𝑓
5   (6.33) 

For 𝜃6, the initial joint angle 𝜃60 = 0 and the final joint angle 𝜃6𝑓 = 1.571𝑟𝑎𝑑. 

Solving the fifth order polynomial gives 

 𝑎0 = 𝑎1 = 𝑎2 = 0  (6.34) 

 𝑎3 = 15.71
𝑡𝑓
3   (6.35) 

 𝑎4 = −23.57
𝑡𝑓
4   (6.36) 

 𝑎5 = 9.43
𝑡𝑓
5   (6.37) 

Together with the forward actuation of the base, the above trajectories bring the 

user’s hand to the optimum wrist position in pre-shape grasping posture. 

6.4.2 Joint-based Control 
For the reaching action, the control architecture is relatively simpler. The action 

involves the movement from the original posture to the preshape posture, where 

the action can be decoupled into individual joint action. This is due to the 

movement axes of the wrist module that are located at the same origin. The 

degrees of freedom at the wrist module are not dependent on each other, and any 

movement in the machine does not change the position but orientation of the hand. 

Hence, only joint based control is required and implemented, to change the 

orientation of the hand from the original posture to the preshapes posture.  

Similar to the inner loop of the task-based control, a PID controller is designed in 

each joint of the wrist: wrist roll, wrist pitch and wrist advance modules.    

 

Figure 6.10: The joint space control for the wrist module. 
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6.5 Simulation  
The reaching and grasping action is validated through the Labview and Solidworks 

software. Using the NI SoftMotion in Labview, each motor output is mapped into 

a motor axis in the CAD model in Solidworks. Through integration of the motion 

simulation in Labview and Solidworks, the motion profiles defined in Labview can 

be applied real time to hand rehabilitation robot assembly in Solidworks. The 

motion pattern and timing sequence can be visualized in the Solidworks animation, 

in order to validate and verify the motion trajectory and control system designed. 

Besides that, the material and mass properties of the CAD models can provide a 

reference for the motion analysis of the planned trajectory. 

Based on the equations discussed in the previous sections, trajectories for reaching 

and grasping actions are generated offline through the Matlab software. The 

trajectories are stored in arrays of position data which is sampled at a fixed interval. 

The data is then imported into Labview which converts the individual data into a 

continuous spline motion. The splines created connect all the points while 

maintains a smooth motion profile. 

6.5.1 Velocity and Acceleration Profiles  
The motion profile including angular displacement, angular velocity and angular 

acceleration of each moving joints are generated as the result of simulation. The 

plots for each joint are shown in the Fig 6.11.  
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(a)                                                                                      (b) 

 
(c)                                                                  

Figure 6.11: The kinematic performance of the reaching task of (a) thumb CMC module (b) wrist 

supination/pronation module (c) wrist advance/retract module. 

From the simulated motion profiles, the reaching trajectory designed can be 

verified by checking the specification required to provide the system performance. 

Firstly, the peak angular velocity output from the servo system is checked against 

the velocity profiles in the three trajectories. The peak velocity required in the 

motion profile for thumb CMC module, wrist pronation/supination module and 

wrist advance/retract module are 11.46rpm, 11.46rpm and 381.97rpm respectively, 

which is sufficiently provided by the DC motors. 

 The other criterion to be examined is the peak torque required for the motion 

profile. The peak torque can be determined from the product of peak angular 

acceleration and the moment of inertia of driven loads, as expressed by equation 

𝜏 = 𝐼𝛼 . The peak torque requirements for the motion profile of thumb CMC 

module is 5.38 x 10-4Nm and for wrist supination/pronation module is 3.21 x 10-3 
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Nm. The peak torque required by the motion profiles is acceptable for the designed 

servo system. 

 
(a)                                                                                  (b) 

 
  (c)                                                                                 (d) 

 
(e) 

Figure 6.12: The velocity and acceleration profile of wrist joint during reach-to-grasp in: (a) & (b) Hand 
exoskeleton simulation (c) & (d) Actual healthy subjects [90] (e) Stroke patient [91]. 

In the reach to grasp movement study conducted by Castiello [92], the natural hand 

posture and motion pattern was investigated using 3D motion capture system. Data 

was collected on subjects performing reaching and grasping of cylinders of 

different sizes. The wrist velocity and acceleration in reach-to-grasp of two 

cylinders of different diameter are shown in Fig 6.12(c) and (d).  
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Compared to the result from Castiello, the motion profile designed in our system 

produces similar wrist velocity and acceleration profiles, where the peaks and 

valleys of the curves are symmetric over the course of action. It is close to the 

constant and balanced motion profile of healthy subjects’ wrist during reach-to-

grasp action, unlike the jerky and lopsided profile [93] as demonstrated by stroke 

patient in Fig 6.12(e). 

Besides that, the peak velocity and acceleration in our designed motion, which is 

about 40mms-1 and 12mms-2, are very small as compared to 900mms-1 and 

6000mms-2 in the actual speed of wrist motion during reaching and grasping, 

6.5.2 Reaching and Grasping Trajectory  
The reach-to-grasp trajectory is illustrated in Fig 6.13, showing the paths of three 

key end effectors: thumb tip, index fingertip, and wrist joint. The green color 

cylinder in the graph represents the mug used in the grasping exercise. The three 

different stages of reach-to-grasp motion which includes preshaping, moving into 

optimum position, and finger closure for grasping can be clearly identified in the 

graph. 

 

Figure 6.13: The trajectories of thumb tip, index fingertip and wrist joint in Cartesian during reach-to-grasp. 

In Fig 6.14, the 2D plots of the motion trajectory are illustrated with the Y axis is 

the reaching direction towards the mug. As shown in the Fig 6.14(b), the natural 
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reach-to-grasp motion is a blend of preshaping, reaching, and grasping actions 

where the three stages are performed at the same time. Unlike the trajectory 

exhibited by the hand exoskeleton, the actual grasping motions performed by 

healthy subjects do not portray any distinct stages. The actual trajectory is 

advantageous as the duration of reach-to-grasp action is shorter. However, in order 

to safeguard the user’s safety in using the rehabilitation robot for training, the 

efficiency in time is sacrificed for a stage-by-stage motion. Preshaping is initiated 

from the start of reaching and ends about halfway of reaching to ensure a collision 

free movement. After that, flexion of fingers for grasping starts only at the end of 

reaching, where the hand has reached the optimum position for a firm grasp. 

The actual reaching trajectory of wrist joint shown in Fig 6.14(b) is comparable to 

the straight line trajectory profile designed for hand exoskeleton robot. Thus, a 

perfectly straight reaching motion at the wrist joint of the exoskeleton robot will 

not impose excessive strain or abnormal tone to the user’s muscles during training.   

 
                 (a)                                                                                  (b) 

Figure 6.14: Motion trajectories of thumb tip, index fingertip and wrist joint in 2D plane (a) Planned 

trajectories for exoskeleton robot (b) actual trajectories by healthy subjects [92]. 

The actual reach-to-grasp action is simulated in Solidworks and illustrated in Fig 

6.15. 
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Figure 6.15: From left to right, top to bottom are the sequence of animated reaching and grasping action 

performed by the hand rehabilitation robot. 

6.5.3 Grip Size 
Another important behavioral kinematic data in reach-to-grasp action is the grip 

size or hand aperture. The grip size usually reaches the maximum during 60-70% 

of the duration of reaching, as shown in Fig 6.16(a). The maximum grip size also 

increases with the speed of the movement. 

        
(a)                                                                                     (b) 

Figure 6.16: The plot of wrist velocity and grip size over time for reach-to-grasp training for (a) healthy 

subjects [92] (b) hand exoskeleton robot designed.  

In the designed motion profile of the hand exoskeleton robot shown in Fig 6.16(b), 

the grip aperture opens to the maximum size before the wrist joint reaches the 
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maximum velocity, or the midpoint of the reaching path. This is due to the strategy 

of forming grasp preshape at 50% of the reaching journey, in order to create a 

stable posture before moving close to the grasping position. The grip size 

maintains at the maximum aperture until the end of the reaching stage, where the 

fingers start to close for grasping. 

This design of grip size pattern in our rehabilitation robot corresponds to the reach-

to-grasp motion profile observed in grasping without aid of vision. In the research 

by Sivak [94], wider grip size and lower movement speed is observed when the 

patients had limited vision and information about the size and spatial information 

about the object. Their grip size reached the maximum before the peak velocity of 

wrist joint motion, which signifies a more cautious reaching strategy due to the 

lack of visual information.                                                     

 

Figure 6.17: Top image shows the moving velocity of hand in reach-to-grasp exercise, while the bottom image 
shows the change of grip size during the exercise. NV: normal vision, PV: peripheral vision [92]. 
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Chapter 7  

Epilogue 

7.1 Conclusion 
A hand rehabilitation system consists of thumb, index finger and wrist modules 

has been designed with the objective to provide task-oriented trainings for post-

stroke recovery exercises. The anatomy of human fingers and wrist is studied in 

detail to understand its ranges of motion and limitations, before using it as the 

reference in the design of the hand exoskeleton. In order to ensure the safety of 

using the exoskeleton, the workspaces of finger and thumb have been cross-

checked with the hand exoskeleton model in the CAD software.  

The rehabilitation robot adopts the principle of task-oriented training to improve 

the functional performance of patients’ hand. Reach-to-grasp exercise with a mug 

has been chosen as the primary activities of daily living (ADL) exercise to be 

performed using the hand exoskeleton. The reach-to-grasp exercise is split into 

three stages: preshaping, reaching, and grasping. The cylinder preshape is adopted 

for the grasping of a mug, where the thumb and index finger form a right angled L 

shape before grasping of the mug. Then, the exoskeleton moves to the optimum 

position between hand and mug which has been pre-determined offline. Lastly, the 

thumb and finger follows a logarithmic spiral trajectory to form the grip. The final 

position of the firm grasp is defined by a minimal distance between all finger joints 

with the centroid of the object. The motion trajectories are carefully planned to 

provide a natural motion profile to the rehabilitation exercise. 
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The control structure is divided into task space control and joint space control. For 

the simpler task of reaching, joint space PID position control is sufficient to 

control the reaching motion, as the joints motion can be decoupled and moved 

independently. For the grasping action, a task space PI controller is designed to 

control the logarithmic spiral trajectory of grasping.  

Simulation of the reach-to-grasp motion for hand exoskeleton robot is achieved 

with the synchronization between Labview and Solidworks. Motion commands 

from Labview are transferred to Solidworks in real time through the bridging plug-

in, NI Softmotion. The simulation results are compared and verified with the actual 

reach-to-grasp trajectories recorded in various literatures. The motion designed is 

similar to the motion profile in actual human reach-to-grasp action, but the 

exoskeleton moves at a slower speed with a more cautious approach. 

7.2 Future Work 
As further improvement and extension of the project, the hand exoskeleton robot 

can be completed with the installation of three other finger modules: middle finger, 

fourth finger and little finger modules. These finger modules can have a design 

similar to the index finger module, with the arc gear actuating finger joint from the 

remote center. The same DC motors and electronics system can be installed to 

drive the motor. 

On top of that, force sensor can be installed onto each finger joint to provide force 

feedback during the grasping of object. The sensors are important apparatus to 

monitor and limit the force and pressure exerted by the exoskeleton robot on the 

user’s fingers. The force feedback serves as a limit switch to prevent the robot 

from hurting user’s finger or damaging the object in manipulation. Two commonly 

applied force sensors are force sensing resistor and strain gauge. Force sensing 

resistor is a conductive polymer that comes in sheet form that changes resistance 

upon application of force. Strain gauge is a sensitive device that measures the 

deformation or strain of a structure through resistive change. The amount of stress 

applied to the structure can then be determined from the exerted strain. In order to 

capture a reliable reading, it is important to place the force sensor at the location 

where most forces pass through, such as the mounting for finger phalanges. With 

this additional information of force measurement on top of the existing positional 
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feedback, high level control algorithms such as sliding mode control [32], 

impedance control [57] and admittance control [95] can be introduced to improve 

the robot motion. With a more robust control system, ADL exercises that require 

complex object manipulation by the exoskeleton can be achieved. 
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Appendix 
Level Description BOM

.Qty Unit Cost Extended 
Cost Type Manufacturer 

Name 
Manufacturers Part 
Number 

1 ASSY, HAND EXOSKELETON 1     ASSEMBLY     
2 ASSY, WRIST MODULE 1     ASSY     
3 ASSY, WRIST ROLL MODULE 1     ASSY     
4 FRONT GUIDE, WRIST ROLL 1 200.0000 200.0000 MACHINED     
4 REAR GUIDE, WRIST ROLL 1 250.0000 250.0000 MACHINED     
4 RACK GEAR, WRIST ROLL 1 340.0000 340.0000 MACHINED     
4 SPACER, WRIST ROLL L11 9 6.1000 54.9000 STANDARD MISUMI DWSSB-D10-V4.5-L11 
4 SPACER, WRIST ROLL L37 4 8.2000 32.8000 STANDARD MISUMI SFJW10-37-M4-N4 
4 SCREW, SOCKET HEAD M4 L20 9 0.2000 1.8000 FASTENER BOSSARD   
4 SCREW, SOCKET HEAD M4 L15 8 0.2000 1.6000 FASTENER BOSSARD   
3 ASSY, WRIST FLEX MODULE 1     ASSY     
4 LEFT BRACKET, WRIST ROLL 1 63.0000 63.0000 MACHINED     
4 RIGHT BRACKET, WRIST ROLL 1 71.0000 71.0000 MACHINED     
4 LINK, WRIST ROLL BRACKET 1 47.0000 47.0000 MACHINED     
4 MOUNT, WRIST ROLL MOTOR 1 20.0000 20.0000 MACHINED     
4 BRACE, WRIST ROLL 1 5.0000 5.0000 DIE CUT     
4 STRAP, WRIST ROLL 1 3.0000 3.0000 DIE CUT     
4 MOTOR, WRIST FLEX 1 970.0000 680.0000 ACTAUTOR MAXON   
4 BELT, WRIST FLEX 1 14.0000 14.0000 STANDARD MISUMI   
4 INPUT PULLEY, WRIST FLEX 1 16.0000 16.0000 STANDARD MISUMI HTPA15S3M100-K-P5 
4 OUTPUT PULLET, WRIST FLEX 1 15.0000 15.0000 STANDARD MISUMI HTPB25S3M100-A-P6 
4 MOTOR, WRIST ROLL 1 970.0000 680.0000 ACTAUTOR MAXON   
4 ROLLER, WRIST ROLL 3 29.0000 87.0000 STANDARD MISUMI CFUAG6-16 
4 LEFT BEARING, WRIST FLEX 1 3.6000 3.6000 STANDARD MISUMI SB695ZZ 
4 RIGHT BEARING, WRIST FLEX 1 3.6000 3.6000 STANDARD MISUMI SB6800ZZ 
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4 RACK GEAR, WRIST ROLL 1 32.0000 32.0000 STANDARD KHK SS1.5-20C 
4 MOTOR SHAFT, WRIST ROLL 1 18.0000 18.0000 MACHINED     
4 SCREW, SOCKET HEAD M4 L10 8 0.2000 1.6000 FASTENER BOSSARD   
4 SCREW, SOCKET HEAD M3 L10 8 0.2000 1.6000 FASTENER BOSSARD   
3 ASSY, PALM MODULE 1     ASSY     
4 LEFT PILLAR, PALM MODULE 1 42.0000 42.0000 MACHINED     
4 RIGHT PILLAR, PALM MODULE 1 45.0000 45.0000 MACHINED     
4 PLATE, PALM MODULE 1 36.0000 36.0000 MACHINED     
4 BRACE, PALM MODULE 1 6.0000 6.0000 DIE CUT     
4 STRAP, PALM MODULE 1 5.0000 5.0000 DIE CUT     
4 BOTTOM BLOCK, PALM MODULE 2 6.0000 12.0000 STANDARD MISUMI HFSB5-2020-40 
4 TOP BLOCK, PALM MODULE 1 6.0000 6.0000 STANDARD MISUMI HFSB5-2020-59 
4 SCREW, SOCKET HEAD M3 L15 4 0.2000 0.8000 FASTENER BOSSARD   
4 SCREW, SOCKET HEAD M5 L20 4 0.2000 0.8000 FASTENER BOSSARD   
4 ASSY, INDEX FINGER MODULE 1     ASSY     
5 MOUNT, INDEX FINGER MODULE 1 42.0000 42.0000 MACHINED     
5 COVER, INDEX FINGER MODULE 1 16.0000 16.0000 MACHINED     
5 SHAFT, INDEX FINGER MODULE 1 18.0000 18.0000 MACHINED     
5 BEARING, INDEX FINGER MODULE 2 3.5000 7.0000 STANDARD MISUMI B685ZZ 
5 SCREW, SOCKET HEAD M5 L15 1 0.2000 0.2000 FASTENER BOSSARD   
5 SCREW, SOCKET HEAD M3 L10 4 0.2000 0.8000 FASTENER BOSSARD   
5 ASSY, MCP MODULE 1     ASSY     
6 MOUNT, MCP MODULE 1 65.0000 65.0000 MACHINED     
6 COVER, MCP MODULE 1 55.0000 55.0000 MACHINED     
6 MOUNT, MOTOR MCP MODULE 1 26.0000 26.0000 MACHINED     
6 MOTOR, MCP MODULE 1 240.0000 240.0000 ACTUATOR MAXON   
6 HOUSING, GEAR MCP MODULE 1 92.0000 92.0000 MACHINED     
6 PLATE, MCP MODULE 1 82.0000 82.0000 MACHINED     
6 ROLLER, MCP MODULE 1 42.0000 42.0000 MACHINED     
6 PULLEY, MCP MODULE 2 13.4000 26.8000 STANDARD MISUMI HTPA16S2M040-A-H3 
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6 BELT, MCP MODULE 1 5.2000 5.2000 STANDARD MISUMI HTBN144S2M-40 
6 SPUR GEAR, MCP MODULE 1 16.2000 16.2000 STANDARD KHK S1S14A - 0805F 
6 ARC GEAR, MCP MODULE 1 120.0000 120.0000 MACHIEND     
6 BEARING SHAFT, MCP MODULE 2 22.0000 44.0000 MACHINED     
6 ROLLER SHAFT, MCP MODULE 1 26.0000 26.0000 MACHINED     
6 BEARING, ROLLER MCP MODULE 2 4.8000 9.6000 STANDARD MISUMI B684ZZ 
6 BEARING, GEAR MCP MODULE 1 3.8000 3.8000 STANDARD MISUMI B675ZZ 
6 BEARING, PULLEY MCP MODULE 1 3.5000 3.5000 STANDARD MISUMI B674ZZ 
6 SUPPORT, ARC GEAR MCP MODULE 2 3.1000 6.2000 STANDARD MISUMI B604ZZ 

6 
RETAINING RING, BEARING MCP 
MODULE 4 0.8000 3.2000 STANDARD MISUMI STWS4 

6 MOUNT, PIP MODULE 1 82.0000 82.0000 MACHINED     
6 MOUNT, MCP FINGER 1 60.0000 60.0000 MACHINED     
6 BRACE, MCP FINGER 1 2.0000 2.0000 DIE CUT     
6 SCREW, SOCKET HEAD M2 L5 2 0.2000 0.4000 FASTENER BOSSARD   
6 SCREW, SOCKET HEAD M2.5 L8 12 0.2000 2.4000 FASTENER BOSSARD   
6 SCREW, SOCKET HEAD M3 L5 2 0.2000 0.4000 FASTENER BOSSARD   
5 ASSY, PIP MODULE 1     ASSY     
6 COVER, PIP MODULE 1 55.0000 55.0000 MACHINED     
6 MOUNT, MOTOR PIP MODULE 1 26.0000 26.0000 MACHINED     
6 MOTOR, PIP MODULE 1 240.0000 240.0000 ACTUATOR MAXON   
6 HOUSING, GEAR PIP MODULE 1 88.0000 88.0000 MACHINED     
6 PLATE, PIP MODULE 1 74.0000 74.0000 MACHINED     
6 ROLLER, PIP MODULE 1 30.0000 30.0000 MACHINED     
6 PULLEY, PIP MODULE 2 13.4000 26.8000 STANDARD MISUMI HTPA16S2M040-A-H3 
6 BELT, PIP MODULE 1 5.2000 5.2000 STANDARD MISUMI HTBN124S2M-40 
6 SPUR GEAR, PIP MODULE 1 14.5000 14.5000 STANDARD KHK S80SU16B + 0704 
6 ARC GEAR, PIP MODULE 1 88.0000 88.0000 MACHIEND     
6 BEARING SHAFT, PIP MODULE 2 20.0000 40.0000 MACHINED     
6 ROLLER SHAFT, PIP MODULE 1 22.0000 22.0000 MACHINED     
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6 BEARING, ROLLER PIP MODULE 2 4.8000 9.6000 STANDARD MISUMI B684ZZ 
6 BEARING, GEAR PIP MODULE 1 3.5000 3.5000 STANDARD MISUMI B674ZZ 
6 BEARING, PULLEY PIP MODULE 1 3.5000 3.5000 STANDARD MISUMI B674ZZ 
6 SUPPORT, ARC GEAR PIP MODULE 2 3.5000 7.0000 STANDARD MISUMI B674ZZ 

6 
RETAINING RING, BEARING PIP 
MODULE 4 0.8000 3.2000 STANDARD MISUMI STWS4 

6 MOUNT, DIP MODULE 1 74.0000 74.0000 MACHINED     
6 MOUNT, PIP FINGER 1 51.0000 51.0000 MACHINED     
6 BRACE, PIP FINGER 1 2.0000 2.0000 DIE CUT     
6 SCREW, SOCKET HEAD M2 L5 2 0.2000 0.4000 FASTENER BOSSARD   
6 SCREW, SOCKET HEAD M2.5 L8 9 0.2000 1.8000 FASTENER BOSSARD   
6 SCREW, SOCKET HEAD M3 L5 2 0.2000 0.4000 FASTENER BOSSARD   
5 ASSY, DIP MODULE 1     ASSY     
6 COVER, DIP MODULE 1 55.0000 55.0000 MACHINED     
6 MOUNT, MOTOR DIP MODULE 1 26.0000 26.0000 MACHINED     
6 MOTOR, DIP MODULE 1 240.0000 240.0000 ACTUATOR MAXON   
6 HOUSING, GEAR DIP MODULE 1 76.0000 76.0000 MACHINED     
6 PLATE, DIP MODULE 1 65.0000 65.0000 MACHINED     
6 ROLLER, DIP MODULE 1 18.0000 18.0000 MACHINED     
6 PULLEY, DIP MODULE 2 13.4000 26.8000 STANDARD MISUMI HTPA16S2M040-A-H3  
6 BELT, DIP MODULE 1 5.2000 5.2000 STANDARD MISUMI HTBN118S2M-40 
6 SPUR GEAR, DIP MODULE 1 14.5000 14.5000 STANDARD KHK S80SU16B + 0704 
6 ARC GEAR, DIP MODULE 1 78.0000 78.0000 MACHIEND     
6 BEARING SHAFT, DIP MODULE 2 18.0000 36.0000 MACHINED     
6 ROLLER SHAFT, DIP MODULE 1 20.0000 20.0000 MACHINED     
6 BEARING, GEAR DIP MODULE 1 3.8000 3.8000 STANDARD MISUMI B675ZZ 
6 BEARING, PULLEY DIP MODULE 1 3.5000 3.5000 STANDARD MISUMI B674ZZ 
6 SUPPORT, ARC GEAR DIP MODULE 2 3.2000 6.4000 STANDARD MISUMI B673ZZ 

6 
RETAINING RING, BEARING DIP 
MODULE 3 0.7000 2.1000 STANDARD MISUMI STWN3 

6 MOUNT, DIP FINGER 1 48.0000 48.0000 MACHINED     
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6 BRACE, DIP FINGER 1 2.0000 2.0000 DIE CUT     
6 SCREW, SOCKET HEAD M2 L5 2 0.2000 0.4000 FASTENER BOSSARD   
6 SCREW, SOCKET HEAD M2.5 L8 9 0.2000 1.8000 FASTENER BOSSARD   
6 SCREW, SOCKET HEAD M3 L5 2 0.2000 0.4000 FASTENER BOSSARD   
5 SCREW, SOCKET HEAD M2.5 L8 6 0.2000 1.2000 FASTENER BOSSARD   
5 SCREW, SOCKET HEAD M3 L8 4 0.2000 0.8000 FASTENER BOSSARD   
5 ASSY, THUMB MODULE 1     ASSY     
6 MOUNT, MOTOR THUMB PRONATION 1 35.0000 35.0000 MACHINED     
6 MOTOR, THUMB PRONATION 1 240.0000 240.0000 ACTUATOR MAXON   

6 
MOUNT, WORM GEAR THUMB 
PRONATION 1 21.0000 21.0000 MACHINED     

6 WORM GEAR, THUMB PRONATION 1 7.8000 7.8000 STANDARD MISUMI KWG0.8-R2 
6 WORM WHEEL, THUMB PRONATION 1 11.1000 11.1000 STANDARD MISUMI AG0.8-20R2 
6 SHAFT, THUMB PRONATION 1 52.0000 52.0000 MACHINED     
6 BEARING, SHAFT THUMB PRONATION 6 4.0000 24.0000 STANDARD MISUMI B676ZZ 

6 
BEARING, SUPPORT THUMB 
PRONATION 4 3.6000 14.4000 STANDARD MISUMI B686ZZ 

6 ROLLER, THUMB PRONATION 2 42.0000 84.0000 MACHINED     

6 
SHAFT, SUPPORT THUMB 
PRONATION 2 30.0000 60.0000 MACHINED     

6 SPUR GEAR, THUMB PRONATION 1 18.0000 18.0000 STANDARD MISUMI SSA1-25 
6 FRONT PLATE, THUMB PRONATION 1 60.0000 60.0000 MACHINED     
6 REAR PLATE, THUMB PRONATION 1 60.0000 60.0000 MACHINED     
6 SPACER, THUMB PRONATION 4 4.2000 16.8000 STANDARD     
6 SCREW, SOCKET HEAD M2.5 L8 4 0.2000 0.8000 FASTENER BOSSARD   
6 SCREW, SOCKET HEAD M3 L8 4 0.2000 0.8000 FASTENER BOSSARD   
6 SCREW, SOCKET HEAD M2 L5 8 0.2000 1.6000 FASTENER BOSSARD   
6 ARC GEAR, THUMB PRONATION 1 135.0000 135.0000 MACHINED     
6 MOUNT, THUMB CMC  1 82.0000 82.0000 MACHINED     
6 BRACE, THUMB CMC 2 2.0000 4.0000 DIE CUT     
6 REAR SLIDER, THUMB CMC 1 52.0000 52.0000 MACHINED     
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6 FRONT SLIDER, THUMB CMC 1 70.0000 70.0000 MACHINED     
6 SPRING, LINEAR THUMB CMC 1 24.7000 24.7000 STANDARD MISUMI CFS0.6 
6 BEARING, THUMB CMC 1 3.4000 3.4000 STANDARD MISUMI SB684ZZ 
6 MOUNT, MOTOR THUMB CMC 1 35.0000 35.0000 MACHINED     
6 MOTOR, THUMB CMC 1 240.0000 240.0000 ACTUATOR MAXON   
6 BRACKET, THUMB MP 1 65.0000 65.0000 MACHINED     
6 MOUNT, MOTOR THUMB MP 1 35.0000 35.0000 MACHINED     
6 BEARING, THUMB MP 1 3.4000 3.4000 STANDARD MISUMI SB684ZZ 
6 MOTOR, THUMB MP 1 240.0000 240.0000 ACTUATOR MAXON   
6 BRACE, THUMB MP 1 2.0000 2.0000 DIE CUT     
6 BRACKET, THUMB IP 1 55.0000 55.0000 MACHINED     
6 BRACE, THUMB IP 1 2.0000 2.0000 DIE CUT     
2 ASSY, BASE MODULE 1     ASSY     
3 PLATE, BASE MODULE 1 25.0000 25.0000 MACHINED     
3 BRACKET, PILLAR BASE MODULE 8 1.8000 14.4000 STANDARD MISUMI HBLSSB5 
3 PILLAR, BASE MODULE 4 5.5000 22.0000 STANDARD MISUMI HFSB5-2020-50-LTP 
3 HOUSING, LEAD NUT 1 36.0000 36.0000 STANDARD MISUMI   
3 LEAD NUT, BASE MODULE 1 14.7000 14.7000 STANDARD MISUMI MTSFR8 
3 LINEAR GUIDE, BASE MODULE 2 117.2000 234.4000 STANDARD MISUMI SXR28-280 
3 MOTOR, BASE MODULE 1 680.0000 680.0000 ACTUATOR MAXON   
3 MOUNT, MOTOR BASE MODULE 1 16.0000 16.0000 MACHINED     
3 COUPLING, BASE MODULE 1 61.5000 61.5000 STANDARD MISUMI SCXW21-4 
3 BEARING, BASE MODULE 2 27.9000 55.8000 STANDARD MISUMI BGHKB626ZZ-20 

3 LEAD SCREW, BASE MODULE 1 46.2000 46.2000 STANDARD MISUMI 
MTSBRW8-350-F8-V6-
S20-Q6 

3 PLATFORM, BASE MODULE 1 35.0000 35.0000 STANDARD MISUMI   
3 SCREW, SOCKET HEAD M2 L5 2 0.2000 0.4000 FASTENER BOSSARD   
3 SCREW, SOCKET HEAD M3 L8 2 0.2000 0.4000 FASTENER BOSSARD   
3 SCREW, SOCKET HEAD M4 L8 4 0.3000 1.2000 FASTENER BOSSARD   
3 SCREW, SOCKET HEAD M5 L8 38 0.4 15.2000 FASTENER BOSSARD   

 
TOTAL COST     8504.6000       
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