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ABSTRACT OF THE DISSERTATION 
 

Performance Enhancing Mechanisms for Human Manipulation 

By 

Julius Klein 

Doctor of Philosophy in Mechanical and Aerospace Engineering 

University of California, Irvine, 2009 

Professor David Reinkensmeyer, Chair 

 

The goal of this dissertation project was to develop and evaluate three novel 

mechanisms for assisting people in moving the upper extremity for three functionally 

important tasks.  

The objective of the first mechanism was to improve steering of an automobile.  

This task is commonly affected in old age, but there currently exist few devices to 

assist in driving. We developed a novel passive, moving arm rest that can provide 

support to the arms when the hands are in the recommended grip positions behind a 

vehicle’s steering wheel. We provide experimental evidence that this simple gravity-

balancing mechanism can improve human performance and ergonomics in steering a 

car. 

The second mechanism aimed at assisting movement exercise of the forearm and 

wrist, an important task for rehabilitation after stroke. Existing mechanisms are 

cumbersome and expensive or achieve lighter weight by using a reduced number of 

degrees-of-freedom. A novel parallel mechanism was designed that is capable of 
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moving a person’s wrist along most of its natural workspace.   The design of the 

device was inspired by the kinematics of the bones in the human forearm itself.  The 

prototype device was used in preliminary experiments for a novel movement training 

application with the Nintendo Wii. 

The objective of the third mechanism was to assist in naturalistic movement 

exercise of the human arm, again an important task for rehabilitation after stroke.  

Existing arm exoskeletons suffer from limited backdriveability, high weight, reduced 

number of degrees-of-freedom and/or limited force generation capability. The novel 

parallel mechanism developed here is a modified version of the wrist/forearm 

mechanism.  The device incorporates lightweight, high-force, mechanically grounded 

pneumatic actuators, along with a spring-based counterbalancing system to balance 

the weight of the robot.  The resulting exoskeleton can apply substantial forces to the 

human arm across a wide range of joint movement, while remaining lightweight, 

matching or exceeding capabilities of existing arm exoskeletons.  The orthosis was 

used in an experiment with unimpaired subjects to test the hypothesis that practicing 

integrated, multi-joint movement will improve naturalistic movement ability more 

than practicing a matched amount of the isolated components of the integrated 

movement.
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Chapter 1 Introduction 

Arm weakness is a key factor that limits human motor function for a large number 

of people.  For example, as people age, they often become weaker (Lord et al. 2007), 

and this, combined with other aging-related functional deficits (such as reduced 

peripheral sensation, reduced control precision and poor reaction times) may affect 

their ability to perform important tasks such as driving (Anstey et al. 2005; Bryan and 

Luszcz 2000; Llaneras et al. 1998).  Following a stroke or spinal cord injury, 

weakness can be particularly severe, limiting a person’s ability to achieve many 

activities of daily living (Brenneman 2000; Chiou and Burnett 1985; Gosman-

Hedström et al. 2008). Unsuccessful attempts to move the impaired arm during 

recovery may also lead to frustration, decreasing a person’s willingness to exercise 

the arm, resulting in a downward spiral of disuse-related atrophy (Seligman and 

Maier 1967; Wolf et al. 1989). 

A promising approach to addressing the arm movement problems induced by 

weakness is to develop mechanical devices or orthoses that provide assistive forces 

for moving the arm.  Such devices can be used as exercise machines to help people in 

rehabilitating impaired limbs after suffering an accident (Emken et al. 2007; Frisoli et 

al. 2007; Gopura and Kiguchi 2007; Jackson et al. 2007; Kikuchi et al. 2007; Krebs et 
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al. 2007; Li-Qun et al. 2007; Loureiro et al. 2003; Lum et al. 2005; Mayr et al. 2008; 

Mihelj et al. 2007; Mistry et al. 2005; Perry et al. 2007; Rosati et al. 2007; Sanchez et 

al. 2006; Takahashi et al. 2005; Zhang et al. 2007), or for assisting humans in 

activities of daily living in order to improve their quality of life (Chakrabarti and 

Abel 1994; Herder 2005; Herder et al. 2006; Kramer et al. 2007; Mastenbroek et al. 

2007; Odell et al. 2007; Rodriguez 1972). 

The goal of this dissertation project is to develop and evaluate three novel 

mechanisms for assisting people in moving the upper extremity. Three target 

movement tasks were selected:  

1)  Steering an automobile (a 1 DOF task).  This task is commonly affected in old 

age, but there currently exist no performance-enhancing mechanisms to assist in 

driving, to our knowledge. 

2)  Unconstrained movement of the forearm and wrist (a 3 DOF task).  This is an 

important task for rehabilitation exercise after stroke, but existing mechanisms are 

cumbersome and expensive or achieve lighter weight by using a reduced number of 

DOF. 

 3) Unconstrained movement of the shoulder and elbow (a 4 DOF task).  This 

again is an important task for rehabilitation after stroke, but existing mechanisms 

suffer from limited backdriveability, high weight, reduced number of DOF and/or 

limited force generation capability.   
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1.1 Contributions and Goals 

The primary novel contributions of this dissertation are: 

1. Development of a novel passive arm rest that can provide support to the arms 

when the hands are in the recommended grip positions behind a vehicle’s 

steering wheel. Additionally, we provide experimental evidence that this 

simple gravity-balancing mechanism can improve human performance and 

ergonomics in steering a car (Chapter 2). 

2. Design and implementation of a novel parallel mechanism suited to assist the 

three degrees-of-freedom of human wrist/forearm movement (Chapter 3). 

This low-cost wrist robot is capable of moving a person’s wrist along most 

of its natural workspace.   The design of the device was inspired by the 

kinematics of the bones in the human forearm itself.  The prototype device 

was used in preliminary experiments by a colleague for a novel movement 

training application with the Nintendo Wii (Spencer et al. 2008). 

3. Design and implementation of a novel active arm exoskeleton that provides 

human-like range of motion for four degrees of freedom of elbow and 

shoulder movement (Chapter 4).  The mechanism is a modified version of 

the wrist/forearm mechanism.  The device incorporates lightweight, high-

force, mechanically grounded pneumatic actuators, along with a spring-

based counterbalancing system to balance the weight of the robot (Chapter 

5).  The resulting exoskeleton can apply substantial forces to the human 

arm across a wide range of joint movement, while remaining lightweight, 

matching or exceeding capabilities of existing arm exoskeletons. 
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4. Design and implementation of a motor learning experiment to validate the 

design of the BONES device. Important design goals for BONES were that 

it be capable of quantifying recovery of human movement ability of the 

four main joints of the human arm following rehabilitation exercise, and 

that it maximize motor learning during rehabilitation exercise by allowing 

functional movement practice.  The experiment tests whether BONES 

meets these goals.  In this experiment we used BONES in order to assess 

whether motor learning of functional movement is improved by allowing 

practice of more functional movement (Chapter 6).  The hypothesis is that 

practicing an integrated, multi-joint movement will improve movement 

ability more than practicing a matched amount of the isolated components 

of the integrated movement. 
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Chapter 2 The effect of dynamic arm support on 
grip forces and steering errors during simulated 
driving 

 

2.1 Introduction 

The goal of this project was to develop a moving arm rest that can provide 

support to the arms when the hands are in the recommended grip positions.  A 

literature search did not reveal previous research on dynamic arm rests for 

automobiles, so we based our research on mobile arm supports for neuromuscular 

rehabilitation (Rahman et al. 2000; Sanchez et al. 2006) in order to develop an arm 

support appropriate for driving.  Once this prototype had been built, we assessed its 

performance by monitoring the hand gripping forces and steering errors for 23 young 

adult subjects as they steered - using a driving simulator - through three virtual tracks 

of varying difficulty with and without the dynamic arm rest.  The results indicate that 

a dynamic arm rest can reduce grip forces and reduce steering errors.  
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2.2 Background and Motivation 

Loss of control of an automobile is the second largest factor contributing to motor 

vehicle accidents (Land Transport Safety Authority 2005). A key factor in 

maintaining control of an automobile is the driver's manual grip of the steering wheel.    

Securely gripping the steering wheel with both hands requires significant force 

generation to support the weight of the arms.  The goal of this project was to develop 

a simple arm support mechanism that could help relieve the weight of the arm during 

driving, and test whether it improved driving performance and ergonomics. 

The traditional recommendation is to keep the hands at "ten o'clock two o'clock", 

with the rationale being that control with two hands is more stable and allows the 

driver to make turns without releasing the wheel (State Compensation Insurance Fund 

2007).  It is unclear, however, whether this recommendation has been rigorously 

validated.  Recently, some driving organizations have recommended a lowering of 

the hands to between seven and nine o'clock for the left hand and between three and 

five o'clock for the right hand (Lehrer 2007; Long 2004; Minnesota Department of 

Public Safety 2007; Pennsylvania Department of Transportation 2007).  This lower 

hand position may make a person less likely to overcorrect in an emergency situation, 

reduce arm fatigue, and prevent the arms from being damaged in case the airbag 

deploys (Manitoba Public Insurance 2007).  Race car drivers, who presumably 

optimize their hand position to improve control and reduce fatigue, typically drive 

with their hands at three and nine o'clock (Grinstead 2007). 

Drivers often do not drive with the hands in the recommended positions, as 

recently quantified in a study that observed the hand positions of 4804 drivers as they 
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drove through eight road situations, including large multi-lane, freeways, tunnels, and 

arterial roads (Walton and Thomas 2005).  Only 25% of the drivers had both hands in 

the recommended positions, while 25% of the drivers kept both hands on the bottom 

half of the steering wheel, and 50% had one hand in recommended position.  About 

40% of 229 drivers who were tracked between two sites 10 km apart had shifted hand 

positions by the time they reached the second site, indicating that hand grip position 

selection is dynamic.  Drivers adopted the recommended position more frequently at 

faster speeds and on the six-lane freeway, suggesting that they believed that the 

recommended position provided better control in these conditions. 

For most cars, keeping the hands in the recommended position requires 

supporting the arms against gravity.  Conventional arm rests are typically too low to 

provide support for the arms with the hands at the top half of the steering wheel.  

Drivers can support the weight of the arms by contracting shoulder and elbow 

muscles, or, alternately, they can relax the shoulder and elbow muscles and suspend 

the arm between the two points defined by the steering wheel and the shoulder. This 

second strategy requires the driver to grasp the steering wheel with a sufficient grip 

force as to resist the weight of the arm. The relative contribution of these two 

strategies to normal driving has not been clearly defined.  However, what is clear is 

that either technique requires tonic muscle force generation of the arm or hand 

muscles respectively, which can lead to muscle fatigue and discomfort.  Drivers may 

minimize such fatigue by shifting each arm to and from the car's arm rests, as was 

observed by (Walton and Thomas 2005). Essentially, it seems that drivers may 

choose to temporarily rest one arm on the car's arm rest, adopting a non-
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recommended grip position, in order to recover from fatigue, and then re-adopt the 

recommended position as driving conditions or perceived comfort change. 

2.3 Methodology 

2.3.1 Dynamic arm rest 

The dynamic arm rest that we have developed has three degrees of freedom (DoF, 

Figure 2.1). The main component of this arm support consists of a four bar 

mechanism that provides weight support to the arm, in a way similar to an arm 

support developed by (Rahman et al. 2000) and a common commercial arm support 

(JAECO 2007).  An elastic cord spans the four bar mechanism so that the cord forces 

the mechanism to try to close, thereby lifting the arm. Depending on the weight of the 

driver's arm, the compensating force can be adjusted by extending the length of the 

cord by means of a lead screw, as proposed by (Rahman et al. 2000).  Between the 

four bar mechanism and the attachment of the device to the driver's seat, there is 

another DoF that consists of a rotational joint that allows the arm support to rotate 

horizontally. At the distal end of the device, where the driver's forearm is to rest on 

the device, there is a sliding joint that allows it to move backwards and forwards. 

These three DoF were selected after a detailed benchmarking and in collaboration 

with the technical staff of Ficosa International, so that the device could be potentially 

used on commercial vehicles as an aftermarket driving accessory. They can be seen 

as the simplest combination of joints that comfortably accommodated the motion of 

the arm as it turned a steering wheel.  
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Figure 2.1.  Mechanism diagram (left) Rendered armrest image (right).  (1) Horizontal 

rotation (2) Vertical rotation (3) Linear bearing that allows frontal/rear displacement of 
the arm rest (4) Elastic element that creates an upward force to support the arm (5) Soft 

armrest 

 

The driver's forearm rests on the top of the mechanism and is not strapped to the 

device. The range of motion of the mechanism is not as large as that of the human 

arm, but it covers the required range of motion during the action of driving. The 

device could be adjusted to the particular anthropometry of potential users by vertical 

and lateral adjustments of its attachment to the seat. 

2.3.2 Driving simulator 

We evaluated the dynamic arm rest using a custom-developed driving simulator.  

Subjects used a Logitech® MoMo Racing Force Wheel to steer a virtual car 

presented on a computer monitor in front of them (Figure 2.2). Subjects steered using 

only the dominant hand in the experiments described in this chapter.  To measure 

hand grip forces we incorporated a hand grip filled with water, connected to a 

Viatran® 247 pressure transducer. The hand grip was attached to the steering wheel 

at 3 o’clock, and expanded the steering wheel diameter to a more realistic dimension 

(0.38 m).  Hand grip pressure was sampled using a LabJack® U12, a USB A/D data 
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acquisition device. The resistance of the steering wheel was selected to be a light 

torsional spring with null displacement about the 0 degree rotation using the Logitech 

MoMo software. 

 

 
Figure 2.2.  Experimental Setup.  (1) Steering Wheel (2) Hand Grip (3) Pressure 

transducer (4) A/D Data Acquisition Device 

 
The graphical interface for the driving simulator was developed in Visual Basic, 

and is similar to a car racing game from a "first person" perspective, showing the road 

as if seen from behind the cockpit of the car (Figure 2.3). From the main menu three 

driving tracks can be selected Easy ('E'), Medium ('M'), and Difficult ('D'), each track 

harder than the previous one in terms of the number and sharpness of turns.  The 

tracks simulate driving on a flat highway through a desert.  For the experiments 

described here, the velocity of the car on each track was set to a fixed speed, in order 

to remove the confounding variable of speed control.  Note that each track type was 

created as a series of straight segments, therefore all turns were sharp and there was 

always some tracking error in turns, even for the best driver.  
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Figure 2.3.  Driving simulator.  (1) Steering Wheel (2) Hand Grip (3) Pressure 

transducer (4) A/D Data Acquisition Device/ Main menu (left) Driving a sample scenario 
(right) 

2.3.3 Experimental protocol 

A total of 23 subjects (17 males, 6 females, and aged 20-32) participated in the 

subject. The Institutional Review Board of U.C. Irvine approved the experiments, and 

subjects provided informed consent.   The experiment consisted of driving along the 

three tracks ('E', 'M' and 'D') with no arm support and the same three tracks with arm 

support. The order in which these six scenarios were experienced was randomized for 

each subject in order to reduce possible order of exposure effects. After a short test 

drive to get acquainted with the device, the subject drove each scenario for 2 minutes. 

The subject was allowed to take a break between tests. Each subject was instructed to 

drive the virtual car trying to follow a white dashed line located at the center of the 

road. Subjects were also instructed to maintain all the fingers in contact with the 

gripper while driving (Figure 2.4). No further instructions were given regarding the 

amount of force to be exerted on the gripper. The velocity of the car was set to remain 

constant for each scenario, although easier tracks were configured with higher speeds 

in order to simulate real driving scenarios. The constant velocity for each track was 
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approximately 105km/h (65mph), 90km/h (55mph) and 75km/h (45mph) for the 'E', 

'M' and 'D' tracks respectively.  

 
Figure 2.4.  Subject driving the simulator with the dynamic arm rest 

2.3.4 Data collection and analysis 

During each steering test, the simulator recorded the coordinates of the car's path 

and the analogue voltage signal representing the grip pressure at 20 Hz.  We 

calculated the steering error as the minimum distance between the car and the white 

dashed line in the center of the road at each time sample.  Steering reversals were 

defined as changes in the direction of the steering wheel motion (local 

maxima/minima of the steering error). They were determined by identifying the 

zeroes of the first derivative of the steering error. Prior to taking the first derivative, 

the steering error was smoothened using the moving average method (a span of 5 

samples was used in the average). The size of a steering reversal was defined as the 

area determined by the sum of all the driving errors occurred between steering 

reversals. A graphical example (Figure 2.5) shows how steering reversals are related 



 13

to the zeroes of the first derivative of the steering error. To analyze the grip force and 

steering error data we performed a two-way repeated measures ANOVA at the 

p=0.05 confidence level. Statistical differences of the outcome variables steering 

error and grip force for each track difficulty were evaluated for the ‘with’ and 

‘without’ dynamic arm rest conditions using paired t-tests with a significance level of 

p=0.05. Although we took p = 0.05 as the cut-off level for statistical significance as 

is commonly accepted, we report the exact p-value obtained for each comparison to 

inform the reader of the actual probability of an erroneous conclusion of a significant 

difference for each comparison. 

 

 
Figure 2.5.  Sample of a subject’s trial.  Sample of a subject's steering error (solid line) 

and the steering error first derivative (dashed line) during a single test. Steering 
reversals are changes in the direction of the steering wheel, which correspond to local 

maxima or minima in the steering error (white circles). We identified steering reversals 
by detecting the zeroes of the first derivative of the steering error (black filled circles). 

The numbered areas identify the area corresponding to each reversal. 

 
Our design criteria for the user attachment was that the attachment should be 

comfortable, hold the arm securely to the device, and allow a person with severe 
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spastic hemi-paresis to self-attach the arm to the device.  The T-WREX used the 

Elbow Ranger (DJ Orthopedics, $70) to hold the arm.  The Elbow Ranger has lower 

and upper arm cuffs that attach with Velcro that prevent the arm from slipping.  The 

Elbow Ranger also has an elbow hinge with maximum and minimum range of motion 

settings that may be used as an added safety measure to limit the range of motion of 

the patient if needed.  Use of an off the shelf brace reduced design cost, while 

ensuring a well-engineered, comfortable fit for the user.  The brace was also fitted 

with a customized pressure sensing hand grip that was equipped with a hydraulic 

bladder connected to a pressure transducer (Viatran Corp., 2476AHG, 0-50 PSIG).  

The handgrip allowed Java Therapy to incorporate hand grasp functionality to the 

therapy games. 

2.4 Results 

We measured the effect of the dynamic arm rest on the steering error and the grip 

pressure of 23 young adult subjects as they steered along three virtual tracks of 

differing difficulty. An example of the data captured in a sample test is shown in 

(Figure 2.6). 

The error and pressure means for each type of track and support condition are 

summarized in Table 2.1 and Table 2.2, and the differences in error and pressure with 

and without the arm support are shown in (Figure 2.7). Use of the arm support 

decreased steering error (ANOVA, p=0.005) and decreased grip force pressure 

(ANOVA, p<0.001). These reductions were significant for all three track types, 

(paired t-test, p=0.036, p=0.004 and p=0.038 for 'E','M' and 'D' tracks for steering 

error, and p=0.0001, p=0.0003 and p=0.0014 for grip pressure). The average 
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reduction in the mean steering error was 5.9% ('E'), 13.0% ('M') and 6.1% ('D').  The 

mean pressure reduction was 35.6%, 26.7% and 30.1% for the 'E', 'M' and 'D' tracks, 

respectively. Steering error (ANOVA, p=0.001) and grip force pressure (ANOVA, 

p<0.005) increased for more difficult tracks. 

To understand how use of the arm support reduced steering error, we analyzed 

steering reversals (Table 2.3 and Table 2.4), where a reversal was defined as a change 

in direction of the steering wheel motion. This parameter has been used previously as 

an indicator of a person's driving skills (Brown and Huffman 1972; Greenshields and 

Plat 1967), with more skilled drivers using fewer steering reversals. We found that 

use of the arm support significantly reduced the number of steering reversals for the 

'E' track (p=0.031) and the size of the steering reversals for the 'M' track (p=0.007).  

Use of the arm support also caused a marginally significant reduction in amplitude of 

the steering reversals for the 'H' track (p=0.062).  

 

Figure 2.6.  Sample of a subject's performance.  Steering error (top) and grip pressure 
data (bottom) during a single test 
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Figure 2.7.  Mean Driving Error Difference and Mean Grip Difference.  Top: Difference 
in mean steering error sorted by track type. A positive value indicates a reduction in 
error when arm support is applied. In all three tracks the reduction was significant.  

Bottom: Difference in grip pressure for each type of track. Similarly, the grip pressure 
was significantly reduced in all three cases. {*} Significant value (p<0.05) 

 

 

Figure 2.8.  Steering reversals and Steering Reversals Area Difference.  Top: Difference 
in number of steering reversals sorted by track type. A positive value indicates a 

reduction in the reversals count when arm support is applied. Only the 'E' case was 
significant (p<0.05).  Bottom: Difference in steering reversals size (duration and 

amplitude) for each type of track. Only the 'M' case was significant. The 'D' case was 
marginally significant. {*} Significant value (p<0.05), {+} Marginally significant value 

(p=0.06). 
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TABLE 2.1.  STEERING ERROR MEAN [M] 
(STANDARD DEVIATION) 

Condition Easy Medium Hard 

No Support 0.41 (0.11) 0.74 (0.19) 0.74 (0.13) 

With Support 0.37 (0.06) 0.62 (0.17) 0.68 (0.12) 

 
 

TABLE 2.2.  GRIP PRESSURE  MEAN [PSI] 
(STANDARD DEVIATION) 

Condition Easy Medium Hard 

No Support 1.75 (0.88) 2.10 (0.90) 2.69 (1.93) 

With Support 1.07 (0.69) 1.57 (0.92) 1.61 (0.88) 

 
 

TABLE 2.3.  MEAN NUMBER OF STEERING REVERSALS [COUNT] 
(STANDARD DEVIATION) 

Condition Easy Medium Hard 

No Support 75 (16.2) 104 (20.1) 94 (20.2) 

With Support 68 (16.6) 105 (17.1) 94 (12.9) 

 
 

TABLE 2.4.  MEAN SIZE OF STEERING REVERSALS [M·S] 
(STANDARD DEVIATION) 

Condition Easy Medium Hard 

No Support 0.59 (0.19) 0.78 (0.26) 0.92 (0.31) 

With Support 0.61 (0.20) 0.65 (0.24) 0.81 (0.24) 

 

2.5 Discussion 

The reason for the decrease in hand grasp pressure with use of the arm support 

seems straightforward: the weight balancing effect of the support reduced the 

necessary gripping force on the steering wheel. Thus the subjects could reduce their 

grasp pressure and still maintain a hold on the steering wheel.  The fact that the 

subjects did reduce their grasp pressure when given the opportunity by the arm rest is 
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consistent with studies of human motor control that indicate that the motor system 

attempts to minimize exertion when possible (Emken et al. 2007; Scheidt et al. 2000). 

The significant decrease in steering error with use of the arm support was 

unexpected and the reasons for it are less clear. We detected that subjects made 

significantly fewer steering reversals on the relatively straight course, and 

significantly smaller reversals on the courses with more turns.  These findings may 

explain the reduced steering error, and may be accounted for as follows. First, the 

arm support introduced some stiction, although it was designed to have low friction 

using high precision rolling bearings.  The stiction may have helped keep the car 

aligned with the center line as long as the line remained straight, once the subject 

actively moved the car to the center line, despite inherent noise in the subjects' motor 

signals. 

Second, the introduction of the dynamic arm rest also likely reduced the inherent 

noise that is present in motor signals.  Human motor noise possesses a signal-

dependent property, which is to say that the amount of variability in the force 

generated by a human increases with the mean force generated (Harris and Wolpert 

1998).   The arm rest reduced the mean force produced by the arm muscles to lift the 

arms, and may have therefore reduced force variability that contributed to steering 

reversals. 

The reason for the decreased reversal sizes on tracks with more frequent turns 

may relate to the inertia that the arm rest added to the arm's movement.  It is well 

known that the mass on a single degree of freedom dynamic system behaves as a low 

pass filter for the displacement signal. 
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2.6 Conclusion 

We developed a spring-loaded, passive arm rest that moves up and down with the 

driver's forearm, allowing the driver to grasp the steering wheel in the recommended 

location while still receiving weight support for the arm. 

Using a driving simulator that mimicked driving on highways, we found that 

young adult drivers significantly reduced their hand grasp pressure by about 30% and 

their steering error by about 5~10%.  These results suggest that incorporation of a 

dynamic arm rest into an automobile might improve driving ergonomics and safety. 

This conclusion should be taken in recognition of several limitations of the 

current study.  The study involved driving simulations - not real driving - of short 

duration only.  We also tested only highway type driving, for which the angle of all 

turns was less than 90 degrees.  It is unclear how the dynamic arm rest would affect 

city-type driving.  We also only tested driving with one hand, and future research 

should examine how driving with two hands and two arm rests compares to driving 

with two hands and no arm rest, or driving with one hand. 

During testing we observed some practical problems with the dynamic arm rest 

design. The clearance between the arm-machine contact surface and the lowest 

element of the supporting structure needs to be optimized in order to reduce the 

interference with the driver's leg.  Another issue is that if the driver executes a large 

turn (e.g. hand-over-hand turn), the arm may lose contact with the arm rest, which 

can then freely rotate to either side.  This issue might be ameliorated by replacing the 

manually adjustable pre-load of the inner elastic element with a controlled motor that 

automatically retracts the arm rest into a standard arm rest position if the driver's arm 
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loses contact with it. Such a mechatronic feature could also be used to automatically 

configure the weight support level for each driver. 

We did not study rapid lane change maneuvers, which frequently occur, for 

example, when driving in traffic.  An important direction for future research is to 

determine how the arm support affects safety during such maneuvers.  If it negatively 

affects safety, the arm support could possibly be moved to a dock either at the 

driver’s discretion or automatically based on sensing of the ongoing steering 

characteristics.  

To conclude, we note that we tested the dynamic arm rest with young, unimpaired 

adults.  However, the usefulness of a dynamic arm rest may be even greater for 

people with a disability or for elderly adults, who experience age-related decreases in 

arm and hand strength, and for whom such an arm rest may improve comfort of 

driving.   The greying of the populations in industrialized nations may therefore help 

drive the introduction of dynamic arm rests, if the results of this study are confirmed 

for actual driving. 
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Chapter 3 Closed-chain Robot for Assisting in 
Manual Exercise and Rehabilitation 

 

3.1 Introduction 

This chapter describes a Closed-chain Robot for Assisting in Manual Exercise 

and Rehabilitation (CRAMER), a simple and low-cost mechanism that provides three 

degrees of freedom assistance to the human wrist.   The design of CRAMER was 

inspired by the bones in the human forearm.   This chapter presents the design of 

CRAMER and analyzes its kinematics. 

3.2 Background and Motivation 

Limitations in wrist and forearm motion are key limiting factors to motor 

recovery following neurologic injuries such as stroke and spinal cord injury 

(Sadowsky et al. 2002).  Rehabilitation exercise can improve the ability to make these 

motions (Burgar et al. 2000; Giszter 2008), but existing exercise devices for the distal 

upper extremity are either simplistic, using a reduced number of degrees of freedom 

compared to the three degrees of freedom of the wrist and forearm, or cumbersome 

and bulky.   
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In recent years there have been numerous projects targeted at wrist and forearm 

rehabilitation (Ball et al. 2007; Charles et al. 2005; Hu et al.; Krebs et al. 2007; 

Takahashi et al. 2005; Williams et al. 2001). In this section we will review several of 

the most significant ones. 

After the promising clinical results of the pioneering MIT-MANUS robot on 

upper-limb shoulder/elbow rehabilitation (Krebs et al. 2007), a 3 DOF wrist module 

was attached to it in order to expand the capabilities of the robot (Charles et al. 2005; 

Krebs et al. 2007). This combination offered the opportunity to compare the 

outcomes of functional upper limb training as opposed to particular segment 

exercising (Figure 3.1).  

 
Figure 3.1.  MIT-Manus with a wrist module.  Human arm interacting with this 2 DOF 

device  (Krebs et al. 2007). 

 

Furthermore, this research group used this combination of robots to evaluate the 

outcome effects of proximal versus distal limb segments training sequence. After 6 

weeks of robotic wrist rehabilitation, followed by 6 weeks of shoulder/elbow training, 

the subjects presented an increase of 10 points in the Fugl-Meyer scale (Fugl-Meyer 

et al. 1975). 
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Another wrist mechanism compatible with the MIT-MANUS platform is 

presented in (Williams et al. 2001). This cable-driven device allows for the three 

main degrees of freedom of the wrist: flexion/extension, radial/ulnar deviation and 

pronation/supination (Figure 3.2).  

 

  
Figure 3.2.  Robot for wrist rehabilitation.  Rendered image of the serial mechanism 
driving the forearm and the wrist (left) Degrees of freedom of the actual mechanism 

(right) (Williams et al. 2001) 

 

The RICE-WRIST (Gupta and O'Malley 2006) is a 5 DOF haptic arm 

exoskeleton for training and rehabilitation in virtual environments. The supination of 

the forearm is achieved by means of a closed ring structure, while the 

flexion/extension and radial/ulnar deviation are driven by means of a mechanism 

based in the design of the Stewart Platform (Stewart 1965). Another mechanism 

based on a Stewart Platform is presented by (Takaiwa and Noritsugu 2005). This 

parallel mechanism is not an exoskeleton, but provides the means to drive a human 

hand along all of its DOF. The hand grabs onto a joystick-like handle driven by a 

pneumatically actuated platform. 
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Figure 3.3.  RICE-Wrist robot.  Human subject operating the RICE-Wrist robot (left) 
Exploded view of the CAD assembly of the RICE-Wrist (right) (Gupta and O'Malley 

2006)  

 

Developed at UCI in 2006, the H-WARD is a 3 DOF, pneumatically actuated, 

standalone wrist rehabilitation robot (Takahashi et al. 2005). Although 

supination/pronation and ulnar/radial deviation are not contemplated in this design, 

H-WARD offers grasping and releasing assistance while simultaneously keeping the 

palm of the hand unobstructed, allowing sensory feedback at the palm of the hand 

during rehabilitation (Figure 3.4). 

 

 
Figure 3.4.  UCI’s H-WARD wrist robot.  H-WARD drives the fingers with a 

mechanism that attaches on the dorsal side of the fingers, allowing the palm of the hand 
to be exposed in order to increase cutaneous feedback while grasping (Takahashi et al. 

2005) 

 



 25

Research groups like (Hesse et al. 2003) have focused on robot-assisted bilateral 

forearm and wrist movements. The device is a reconfigurable 1 DOF for forearm 

supination/pronation or wrist flexion/extension. Simultaneously, the impaired and the 

unimpaired limb underwent therapy. According to the authors, voluntary movements 

of the unimpaired limb have an important role in the neurological recovery of the 

impaired limb. 

Making rehabilitation devices inexpensive and portable is the goal of many 

research groups. In (Koeneman et al. 2004), a pneumatic muscle drives a 1 DOF 

crank-shaft mechanism that provides wrist flexion/extension (Figure 3.5). This 

muscle, known as the McKibben Artificial Muscle (Schulte 1962),  is normally 

extended, and contracts when inflated. 

 
Figure 3.5.  Single DOF wrist flexion mechanism driven by a pneumatic muscle actuator 

 

3.3 CRAMER Design 

CRAMER is a lightweight 3 DOF parallel mechanism actuated by 4 small, yet 

powerful, servomotors. The inspiration for the design of CRAMER was the human 

forearm. In the human forearm, the Ulna and the Radius bones prescribe a unique and 

complex motion in order to supinate/pronate (Kecskeméthy and Weinberg 2005). 



 26

The hand is strapped to a grip that can slide along two rods. The location of the 

two rods determines the translation and orientation of the hand. A wrist cuff is 

necessary in order to prevent the wrist from moving laterally or forward (axially in 

the direction of the forearm). Without this constraint, the location of the virtual center 

of rotation of the wrist is not fully defined, and the mechanism does not work 

properly. The wrist, modeled as a spherical joint, acts as the link closing the parallel 

mechanism formed by the two rods. Further detail on the kinematics of CRAMER 

can be found in 3.4. 

 
Figure 3.6.  Rendered image of CRAMER (left) Rendered model of CRAMER including 

a human hand (right) 

 

The device allows for the three rotations of the wrist (Figure 3.7). These rotations 

are: supination/pronation, radial/ulnar deviation, and flexion/extension. Wrist flexion 

is the downward movement of the wrist resulting in the palm facing inward. 

Consequently, extension is the upward movement of the wrist to which results in the 

palm facing outward (as if it were in contact with a vertical wall). Forearm supination 

is the rotation about the forearm that causes the hand to in a “palm up” posture. 

Forearm pronation is the antagonist movement to supination; therefore, the rotation of 

the forearm causes the hand to be in a “palm down” position. Radial and ulnar 
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deviation is the side-to-side movement of the hand at the wrist, toward or away from 

the thumb (Wu et al. 2005).  

 

 
(a) 

 
(b) 

 
(c) 

Figure 3.7.  Degrees of freedom at the wrist.  (a) 1-Extension / 2-Flexion (b) 1-Supination 
/ 2-Pronation (c) 1-Ulnar Deviation / 2-Radial Deviation 

 
CRAMER is powered by four Hitec HSR 5995TG hobby servo motors. Despite 

their relative small size, each servomotor can produce a maximum torque of 30kg·cm. 

 

  
Figure 3.8.  Servomotor, cover (left) and titanium gears (right) 

 

3.4 Kinematic and Jacobian Equations 

Similarly to the actuation of the shoulder joint on BONES (Chapter 4), CRAMER 

is a 3 DOF parallel mechanism that uses 4 actuators. In the case of BONES, the 

spherical joint at the shoulder is constrained by a set of brackets that prevented the 

exoskeleton from exerting forces in the direction of the Humerus (Figure 4.7). For 

CRAMER, there is no such hardware constraint. The wrist itself acts as its own 
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spherical joint constraint. As opposed to the hardware shoulder constraint in BONES, 

the wrist mechanism relies on the human wrist to actually complete the parallel 

mechanism. The robot cannot function properly without a human wrist. 

3.4.1 Kinematic equations 

Consider { }0F a coordinate system centered atO , located at the virtual center of 

rotation of the human wrist (Figure 3.9). The 0x -axis is in the direction of the 

forearm, with the positive direction distal to the elbow. The 0y -axis is perpendicular 

to the palm, pointing away from the palm top. The remaining axis, 0z , completes the 

coordinate system so that { }0F  is right handed. Let Sθ  be the angle of supination, 

defined as a rotation about 0,0x . Furthermore, Rθ  describes the radial deviation 

about 0,1y . Finally, Fθ  represents the wrist flexion, which corresponds to a rotation 

about 0,2z . 

We define a new coordinate system { }1,0F  as the translation of { }0F  from O  to 

A .  Let { }1,1F be secondary coordinate system, with origin A , defined as a rotation of 

{ }1,0F about the 1,0y -axis. The angle of rotation about 1,0y  is 1,1q . Consider a third 

reference frame, { }1,2F ,  located at A  and resulting from the rotation of { }1,1F about 

1,1z . The quantity of this rotation is 1,2q . Note that the axes 1,0 1,1 1,2x x x≡ ≡  are aligned 

in the direction of AB . 
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Similarly, { }2,0F  is the translation of { }0F  from O  to C , { }2,1F  is the result of 

rotating { }2,0F  about 2,0y  and { }2,2F is the result of rotating { }2,1F  about 2,1z . 

Correspondently, 2,1q  is the angle of the rotation about 2,0y  and 2,2q  is the quantity of 

the rotation about 2,1z . Furthermore, 2,0 2,1 2,2x x x≡ ≡  is aligned with CD . 

 

Figure 3.9.  Exploded view of a simplified model of CRAMER 
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Figure 3.10.  CRAMER’s main axes and angles of rotation 

 
We start describing the kinematic chain from O  to B  and O  to D  using a series 

of homogeneous transformations. We denote 0B and 0D  as the point locations of 

B and D  when the wrist is at the Home position ( 0F R Sθ θ θ= = = ). The position of 

B and D as a function of Fθ , Rθ  and Sθ  is defined by 

( ) ( ) ( ) 0 0z F y R x SB R R R B M Bθ θ θ= ⋅ − ⋅ ⋅ = ⋅ ,   (3.1) 

and 

( ) ( ) ( ) 0 0z F y R x SD R R R D M Dθ θ θ= ⋅ − ⋅ ⋅ = ⋅ ,   (3.2) 

where 
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S S S S
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θ θ θ θ θ θ θ θ θ θ θ θ

θ θ θ θ

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

.

 (3.3) 
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For simplicity, in (3.3) we used the following abbreviations c( )=cos( )θ θ  and 

s( )=sin( )θ θ .  

Closing the parallel mechanism’s chain via BA  and DC  we determine the vector 

q as a function of θ . Component-wise, the actuator positions 1,1q , 1,2q  , 2,1q and 2,2q  

are defined by 

( )
( )1,1

arctan z z
x x

x x

x x

B A
for B A

q B A

for B A

θ
θ

π

⎧ ⎛ ⎞−
− ≠⎪ ⎜ ⎟⎜ ⎟= −⎨ ⎝ ⎠
⎪ ± =⎩

,   (3.4)

( )
( )2,1

arctan z z
x x

x x

x x

D C
for D C

q D C

for D C

θ
θ

π

⎧ ⎛ ⎞−
− ≠⎪ ⎜ ⎟⎜ ⎟= −⎨ ⎝ ⎠
⎪ ± =⎩

,  (3.5) 

1,2
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0

y y
y y

y y

y y
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for B A
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⎧ ⎛ ⎞−
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⎪
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   (3.6)  

and 

2,2

arcsin

0

y y
y y

y y

y y

D C
for D C

q D C

for D C

⎧ ⎛ ⎞−
⎪ ⎜ ⎟ ≠⎪ ⎜ ⎟= −⎨ ⎝ ⎠
⎪

=⎪⎩

.   (3.7) 

Note that x xB A= and x xD C= does not belong to the reachable workspace of the 

mechanism, therefore the equations are non-singular. 

Given a set of desired Fθ , Rθ  and Sθ  within the wrist natural range of motion, 

then equations (3.4) through (3.7) provide the means to convert the wrist angles, θ , 

into actuator angles, q . 
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( )q f θ= ,     (3.8) 

 In Figure 2.1, several configurations of CRAMER are shown. 

 

 
(a) 

 
(b) (c) 

Figure 3.11.  Some configurations of CRAMER.  (a) Supination. (b) Extension. (c) Ulnar 
Deviation. 

 
The range of motion of CRAMER is summarized in Table 3.1. 
 
 

TABLE 3.1.  RANGE OF MOTION OF CRAMER [DEG] 

 CRAMER (Min.) CRAMER (Max) CRAMER Range of Motion ADL Range of Motion 

Rθ  -15 10 175 170 

Fθ  -70 90 25 90 

Sθ  -90 85 160 115 

The desired ADL angles are obtained from (Perry et al. 2007) 
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3.4.2 Jacobian equations 

The Jacobian matrix, ( )J θ , relates velocities at the end-effector and the 

velocities of the servo-motors. Furthermore, the transpose of the Jacobian matrix 

relates the torques applied to the wrist and the torques applied by the actuators. 

Taking the time derivative of equation reference goes here we obtain 

( )dq fq J
dt

θ θ θ
θ
∂

= = =
∂

.    (3.9) 

The computation of (3.9) was developed in (Spencer 2008; Spencer et al. 2008). 

For the complete derivation of ( )J θ , please see Appendix A  . 

 

 
Figure 3.12.  CRAMER adapted with a Nintendo Wii remote. 
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3.5 Conclusion 

We have developed a novel, low-cost forearm and wrist rehabilitation mechanism 

that accommodates much of the natural range of motion of the three degrees of 

freedom of the human wrist and forearm.  A colleague has integrated a Nintendo Wii 

remote into CRAMER (Figure 3.12) in order to allow patients to play the motion-

based games that have been developed for the Wii (Spencer et al. 2008).  

Future work on CRAMER should be focused on the possibility of making the 

device wearable, and on incorporating alternative actuators in order to generate 

higher torques, so the device is strong enough to assist patients with abnormal, 

elevated tone. 
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Chapter 4 Biomimetic Orthosis for the 
Neurorehabilitation of the Elbow and Shoulder 
(BONES) 

 

4.1 Introduction 

This chapter presents BONES, a novel design for a 4 DOF pneumatically-

actuated upper-limb rehabilitation robot. The device accommodates a wide range of 

motion of the human arm, while also achieving low inertia and direct-drive force 

generation capability at the shoulder.  A key accomplishment of this design is the 

ability to generate arm internal/external rotation without any circular bearing element 

such as a ring, a design feature inspired by the biomechanics of the human forearm. 

The chapter also describes the rationale for this device and its main design aspects 

including its kinematics, range of motion, and force generation capability. 

4.2 Background and Motivation 

Robotic devices that interact with the upper limb during rehabilitation process can 

be classified under several criteria, ranging from passive supports to active wearable 

devices. The main features used to characterize an orthosis are the degrees of freedom 
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of the device and its workspace (compared to the upper-limb’s range of motion). 

Other features associated with these mechanisms are the ability to passively cancel 

the effect of gravity and the way in which in forces are applied the subject’s arm 

(end-effector oriented devices apply force only to the hand).  

Most previous robotic therapy devices have used a reduced number of DOF 

compared to the human arm (Coote et al. 2003; Hesse et al. 2005; Hogan et al. 1995; 

Kahn et al. 2006; Reinkensmeyer et al. 2000; Riener et al. 2005). Therefore, the 

movements trained with these devices are not fully naturalistic.  Motor learning 

research suggests that motor learning is task specific (Schmidt and Lee 1998): i.e. 

that transfer of skill to other movements following training of one movement is 

limited.  Therefore, one way to improve robotic therapy may be to develop devices 

that allow patients to practice movements that are kinematically more similar to 

activities of daily living. 

Naturalistic arm movements can be accommodated with 5 or 6 DOF industrial 

robots (Lum et al. 2005; Toth et al. 2005), but these robots do not match the 

workspace of the human arm, limiting functional movements and raising safety 

issues.  Several groups are also developing robotic exoskeletons to meet the goal of 

more naturalistic arm movements (Bergamasco et al. 1994; Frisoli et al. 2005; 

Hurmuzlu et al. 1998; Nef et al. 2007a; Sugar et al. 2007).  These devices typically 

use a serial-chain design in which actuators are mounted on progressively more distal 

serially-connected links of the robot. Because of the serial-chain topology, a common 

strategy to achieve upper arm internal/external rotation is the use of serially-mounted 

ring bearings with an actuator mounted directly on the ring (Bergamasco et al. 1994; 
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Carignan et al. 2005; Frisoli et al. 2005; Mihelj et al. 2006; Schiele and van der Helm 

2006; Zhang et al. 2007). As we move distally along serial-chain mechanisms, weight 

and inertia reduction of distal links becomes more imperative. Reducing weight and 

inertia with this serial-chain strategy, while still achieving good force control 

typically requires use of small, highly geared actuators and force feedback, a strategy 

that has been implemented with success (Mihelj et al. 2006; Nef et al. 2007a).  

However, this strategy has the limitations that the endpoint impedance of the robot at 

high frequencies tends to infinity, and the weight and inertia of the robot are 

necessarily determined by the actuator selection.  

An alternate strategy to achieving a lightweight robot with good force control is 

to use a parallel mechanism with mechanically grounded actuators.  This strategy has 

the advantage that it allows large, direct-drive actuators to be used to generate force, 

since the weight of the actuators themselves need not be moved.  Extending such a 

design to more than 2 DOF is difficult though because of the need for complex 

mechanisms (Adelstein 1998). 

As an example of parallel, mechanically grounded robot we select the MIT-

MANUS (Krebs et al. 1998). As an example of serial topology rehabilitation robots, 

we highlight three different robots: ARM-In (Mihelj et al. 2007; Nef et al. 2007b), T-

WREX (Rahman et al. 2004; Rahman et al. 2000) and Pneu-WREX (Sanchez et al. 

2006; Sanchez et al. 2005). A brief description of these 4 robots follows. 

The MIT-MANUS robot (Figure 4.1) uses two mechanically grounded actuators 

to control planar motion of the robot end effector (Krebs et al. 1998). The core of the 
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MIT-MANUS is a 2 DOF direct-drive five-bar linkage SCARA mechanism driven by 

brushless motors. 

  

 
Figure 4.1.  A patient interacting with the MIT-MANUS 

 

The ARM-In features a total of 6 DOF: 4 main DOF of a human arm plus 2 DOF 

at the forearm level. Equipped with position, force and torque sensors, ARM-In uses 

a graphical computer interface in order to interconnect the exoskeleton to a series of 

rehabilitation games. The latest version of ARM-In robots (Mihelj et al. 2007) is 

equipped with a new shoulder actuation principle that accommodates shoulder 

elevation in order to correct the shoulder rotation center during shoulder flexion. 
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Figure 4.2.  ArmIN II 

 

The Wilmington Robotic Exoskeletal, or T-WREX, is a wheelchair arm 

exoskeleton that offers 4 DOF (Figure 4.3). This 2-link device is gravity balanced by 

means of two rubber bands. Subjects in the preliminary tests used T-WREX at home 

for two weeks. Results showed a significant improvement in tasks such as self-

feeding and object picking (Sanchez et al. 2006). 

 

 
Figure 4.3.  T-WREX 
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Figure 4.4.  Pneu-WREX.  CAD Model (left) Healthy subject on the first prototype of 

Pneu-WREX (right) 

 

Pneu-WREX (Figure 4.4) is the actuated version of T-WREX. This robot offers a 

naturalistic workspace using 5 DOF, gravity-balance and backdriveability by means 

of pneumatic sensorized actuators (Sanchez et al. 2005). Experimental results with 

this robot showed that an active gravity compensating mechanism has a beneficial 

effect on reaching tasks. Pneu-WREX does not allow shoulder-external rotation, as it 

was based on a passive weight supporting orthosis design (Rahman et al. 2000) that 

did not include this degree of freedom in order to improve the weight balance.  

However, feedback from therapists suggests that this degree of freedom is perceived 

as very important for stroke rehabilitation. In order to provide this additional degree 

of freedom, we developed BONES. 
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Figure 4.5.  Unimpaired subject on the first version of BONES. 

 

4.3 Stroke Rehabilitation and Robotic Therapy 

Stroke is a sudden disturbance of the blood supply to the brain, which causes 

partial loss of brain function. Last year there were about 780,000 stroke episodes in 

the U.S., a number that has increased yearly over the past decade due to an increase 

in the mean age of the U.S. population.  From 1994 to 2004, the stroke survival rate 

also improved 24.2 percent. The estimated direct and indirect cost of stroke for 2008 

is $65.5 billion (Rosamond et al. 2008). 

The result of more people having and surviving strokes is an increased need for 

rehabilitation services.  Stroke patients with hemiparesis usually suffer difficulty with 

daily activities such as reaching, grasping, or walking (National Institute of 

Neurological Disorders and Stroke 2008). Stroke survivors undergo rehabilitation 

therapy to improve movement ability, and it has been demonstrated that rehabilitation 
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progress depends on the training intensity (Kwakkel et al. 2004).  However, because 

rehabilitation is time intensive, health care providers limit the amount of therapy they 

will cover. Patients are receiving less therapy now than 20 years ago due to economic 

constraints on the U.S. health care system (Schmidt et al. 2002). 

The process of neurological rehabilitation depends on the patient’s ability to 

relearn how to trigger a proper response when a stimulus is given to move a specific 

limb or muscle – i.e. motor plasticity. Plasticity can be defined as the alteration of the 

properties of neurons and muscles, including their connectivity outline, ultimately 

leading to an alteration of their function (Seeley et al. 2003). 

In recent years there has been increasing interest in using robotic devices to help 

automate rehabilitation therapy for stroke patients (Brewer et al. 2007; Burgar et al. 

2000; Coote et al. 2003; Denève et al. 2008; Frisoli et al. 2007; Gupta and O'Malley 

2006; He et al. 2005; Herder 2005; Jackson et al. 2007; Jiping et al. 2005; Kikuchi et 

al. 2007; Kramer et al. 2007; Li-Qun et al. 2007; Loureiro et al. 2003; Lum et al. 

2002; Lum et al. 2005; Mayr et al. 2008; Mihelj et al. 2007; Nagai et al. 1998; Nef et 

al. 2007b; Perry et al. 2007; Rahman et al. 2004; Riener et al. 2005; Rosen et al. 

2005; Sanchez et al. 2005; Sledd and O'Malley 2006; Sugar et al. 2007).  Such 

devices may ultimately allow patients improved access to repetitive aspects of 

movement training at a reduced cost.  These devices have shown initially positive 

clinical results: patients who receive robotic therapy in the chronic or acute stages 

following stroke significantly improve their movement ability (Kwakkel et al. 2004).  

However, movement ability gains due to robotic therapy are small, and typically do 

not transfer to activities of daily living (Kwakkel et al. 2004).  Advantages of 
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rehabilitation robots are often hard to quantify due the length of the assessment 

period and patient-dependent variability of results (Siciliano and Khatib 2008). A key 

question for the field is therefore “How can robotic therapy be optimized to improve 

these initially positive clinical results?” 

A common outcome of rehabilitation studies is that function improvement is 

directly linked to patient engagement in the rehabilitation process, independently of 

the nature of the rehabilitation approach (robotic or non-robotic) (Sanchez et al. 2006; 

Schmidt et al. 2004). Furthermore, there exists evidence that robotic movement 

training techniques, such as active constrained therapy, robotic-induced force fields 

and others, may present greater movement improvement when compared to repetitive 

movement practice alone (Housman et al. 2007; Kahn et al. 2006; Krebs et al. 1998; 

Kwakkel et al. 2008; Lum et al. 2005; Sanchez et al. 2006; Toth et al. 2005). 

Following, some of the most relevant clinical testing studies are presented: 

Among the pioneer rehabilitation robots to undergo clinical testing, we find the 

MIT-Manus (Krebs et al. 1998). Results obtained with this robot, showed that the use 

of robotic therapy had no adverse effects and was well tolerated by the patients. They 

also proved that exercise therapy influenced motor recovery. In a more recent study, 

the ARM-GUIDE (Kahn et al. 2006) was used to compare efficacy of assisted robot-

based therapy versus unassisted therapy. Results from this experiment showed that 

both groups presented similar improvements, concluding that assisted robotic therapy 

did not provide any additional value other than the movement practice itself. A study 

from the Biomechatronics Laboratory at the University of California Irvine (Sanchez 

et al. 2005), concluded that improvement of stroke patients using robotic therapy did 
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not differ much when compared to a control group who followed simple table-top 

reaching exercises. Other studies (Kahn et al. 2006; Lum et al. 2005) concluded that 

when it comes to function recovery, the main factor is the total therapy time accrued. 

Nevertheless, another key element linked to successful robotic therapy is the 

capability of the robotic device to generate human-like movements and forces 

(Carignan et al. 2005; Frisoli et al. 2005; Schiele and van der Helm 2006) 

A clear advantage of robotic devices is the ability to quantify the performance of 

a subject’s rehabilitation history. Whether quantifying force levels, path-tracking 

errors, response times or other quantifiable parameters, robots offer a clear advantage 

when compared to human therapist’s subjective quantification of the patient’s 

progress. 

These findings converge towards a common goal for stroke rehabilitation: to 

make efficient rehabilitation accessible and affordable to a broader range of patients. 

Since the main elements against successful improvement of rehabilitation therapy are 

fatigue and inattention of the patient (Jan Nijhof and Gabriel 2006; Kahn et al. 2006; 

Loureiro et al. 2003; Nef et al. 2006), another key factor to a successful rehabilitation 

progress is the capability to maintain the engagement level and excitement of the 

patient during the therapy sessions. 

In order to maintain the level of engagement, interactive games have proven to 

work positively towards engaging stroke patients (Sanchez et al. 2005). Such games, 

driven by robotic devices, can transform the monotony of a repetitive self-assisted 

rehabilitation exercise into a challenging, exciting, quantifiable robotic assisted 

therapy session. Among these rehabilitation games, we find Java Therapy 



 45

(Reinkensmeyer et al. 2002), a software system for guiding repetitive movement 

practice. It can be used with inputs such as a force feedback joystick or other more 

complex devices. The main goal of this program is to make rehabilitation therapy 

affordable and home-based, instead of having hospital-based therapy. Low cost in-

home therapy tools can engage the patient and stimulate him/her to exercise more 

regularly. The system can keep a record of the patient’s progress and via web 

transmit the patient’s progress to their caregivers. Another graphical interface for 

robotic rehabilitation systems is the GENTLE/s, a system which integrates haptic and 

Virtual Reality technologies driven by a gravity compensated suspended arm orthosis 

(Loureiro et al. 2003). The aim of this project is to make quality machine-based 

rehabilitation available in the patient’s home following hospital discharge. 

Reducing muscle fatigue, while maintaining the effectiveness of the therapy, can 

be achieved by cancelling the effect of gravity of the assistive device. It has been 

suggested that gravity compensation increases the active range of motion during 

reach (when compared to gravity non-compensated reach). In (Prange et al. 2007), 

increased range of motion during gravity compensation is linked to lower levels of 

muscle activity, thus reducing the level of muscle fatigue during therapy. 

Strategies for optimizing robotic therapy include designing improved exercise 

protocols, developing more sophisticated control algorithms, and improving the 

mechanical design of the robots.  This thesis focuses on the last strategy: improved 

mechanical design. 
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4.4 Design description 

BONES is a new robot that uses a simple parallel mechanism with mechanically 

grounded actuators to achieve 3 DOF shoulder movement, including shoulder 

internal/external rotation (Radomski and Trombly Latham 2008).  The robot 

incorporates a serially-placed actuator for elbow flexion/extension, but uses a 

pneumatic actuator for this DOF to achieve large force output with light weight 

(Figure 4.5). 

The inspiration for the design used in BONES (Figure 4.6) was the human 

forearm.  We extended the same biomimetic principle that CRAMER is based on (see 

3.3 for further detail and references) and adapted it to the shoulder. We used a 

simplified model of the human internal forearm mechanism consisting of an external 

pair of actuators that wrap around the upper arm, hence the word ‘biomimetic’. 
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Figure 4.6.  Several CAD views of the main components of BONES. 

 

4.4.1 Mechanism Design Details  

The upper arm exoskeleton (Figure 4.7) mimics the upper arm motion as a 

spherical joint (Woodson et al. 1992) rotating about the shoulder (Figure 4.9, point 

S ). The rotation of the subject’s Humerus is aligned along the x -axis ( S  to E ). The 

elbow joint coincides with the upper arm’s x -axis at point E . The upper arm lengths 

( LH ) can be adjusted in order to accommodate a wide range of subjects. 
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Figure 4.7.  CAD model of the upper arm exoskeleton.  S represents the location the 
subject’s shoulder. E  represents the location the center of the subject’s elbow. TEC  is 
one of the two points through which the upper arm exoskeleton is actuated. BEC  is the 

second point through which the actuation takes place. 

 

 

 
Figure 4.8.  Elbow flexion/extension mechanism. 
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The arm is actuated at the elbow by means of two rods that can passively slide. 

One rod pivots with respect to static point YT  (at the center of rotation of the top 

yoke which is attached to the actuators) and is attached to the arm exoskeleton at 

pointTEC .  Note that TEC is not aligned with the elbow rotation axis, yet the point is 

close to the location of the subject’s elbow theoretical center. For simplicity we 

named this point Top Elbow Connection (TEC ). Similarly, the other rod pivots at 

YB  (bottom yoke center of rotation) and is attached to the arm at BEC  (bottom 

elbow connection point). 

 

       
Figure 4.9.  Rear Diamond and Upper Arm Geometry.  (left) Elbow motion diagram. 

(right) Rear ‘Diamond Structure’ actuation diagram. 

 

Both rods extend past YT  and YB , respectively, towards the back of the robot’s 

frame. The rear end of each these rods is actuated by two pneumatic cylinders using 

the scheme depicted in Figure 4.10 (we refer to this configuration as the ‘Diamond 

Structure’). The Diamond Structure includes two geometric tetrahedrons. The static 

base of the first tetrahedron is defined by 0CTL , YT  and 0CTR . The vertex of the 

first tetrahedron is TTV (‘Top Tetrahedron Vertex’). Similarly, the second 
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tetrahedron has a base defined by 0CBL , 0CBR and YB . Its corresponding vertex is 

BTV (Bottom Tetrahedron Vertex). The upper rod contains the points TTV  (rear 

end), YT  (yoke pivot point) and TEC  (elbow actuation point). Similarly, the lower 

rod aligns BTV , YB  and BEC . 

The distances from BTV to YB and from TTV to YT are fixed, but the distance 

from YT to TEC and from YB to BEC varies passively depending on the position of 

the exoskeleton. If points TTV and BTV are moved to the right, the arm moves to the 

left. When points TTV and BTV are moved downward, the arm moves up. If 

TTV and BTV are displaced in opposing directions, the elbow rotates about the x-

axis (internal/external rotation). In Figure 4.10 several configurations for the rear 

Diamond are shown. 

 

             
Figure 4.10.  Rear view of the ‘Diamond Structure’ for the elbow.  

 

In order for the pairs of cylinders to actuate the tetrahedron vertices we designed a 

mechanism (Figure 4.11)  that mimics a spherical joint by intersecting the two 

cylinder axis and the rod axes at TTV  (or BTV ). 

 



 51

 
Figure 4.11.  Novel spherical joint mechanism.  (left and center) CAD model of spherical 

joint mechanism. (right) Actual part used in the first BONES prototype. 

 

4.4.2 Range of Motion 

The range of motion (ROM), or workspace, achieved by BONES is summarized 

in Table 4.1. Note that we define home position to be [ ] [ ]1 2 3 4, , , 0, 0, 0, 0θ θ θ θ = , 

according to the angles described in Figure 4.7. In this position the upper arm is 

horizontal, aligning the elbow and the shoulder at the same elevation, and the forearm 

fully extended. The ROM is close to human ROM, except at the elbow, where we 

limit elbow flexion to prevent the robot from contacting the subject’s torso. 

 
TABLE 4.1.  RANGE OF MOTION OF BONES [DEG] 

 BONES (Min.) BONES (Max) BONES Range of Motion ADL Range of Motion 

θ1 -49 50 99 110 

θ2 -33 40 73 100 

θ3 5 81 76 135 

θ4 12 84 72 150 

Angles are measured with respect to the home position shown in Figure 4.7. 
The desired ADL angles are obtained from (Perry et al. 2007) 

4.4.3 Hardware, actuators, and sensors 

We incorporated pneumatic cylinder actuators and sensors into BONES as 

described next.  It would also be possible to use the same mechanism design with 
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other types of actuators, including linear or rotary electric motors.  Direct drive rotary 

actuators could be mounted at the yokes, for example. 

The main structural frame (Figure 4.6) consists of two oval-shaped aluminum 

plates (76.2cm x 86.3cm) separated by a 6.4cm gap. The gap between the two plates 

is used to enclose 10 Festo MPYE-5-1/8-LF-010-B proportional directional control 

valves. This gap is also used to route the sensor wiring, power supply and air supply 

in order to provide protection and making the overall design more aesthetically 

pleasing. 

Previous work from our research group (Wolbrecht 2007; Wolbrecht et al. 2006) 

revealed the importance of having the pneumatic valves and the pressure sensors as 

close to the cylinder as possible in order to minimize pressure loss, latency due to 

pressure wave dynamics and obtain more accurate cylinder pressure measurements. 

In order to locate the pressure sensors close to the cylinder chambers, we customized 

both ends of the double actuated Bimba cylinders to provide an attachment port for a 

Honeywell ASCX100AN pressure sensor (Figure 4.12). We machined a flat surface 

on both ends of the cylinder and drilled a precision hole into the chamber, allowing 

the pressure sensing port to become embedded directly inside the cylinder chamber. 

This solution enables a clean and direct pressure reading, while minimizing the 

required plumbing parts. During the machining process the chamber was pressurized 

at 0.68MPa (100PSI) so that any possible contaminating lubricant fluid or chip was 

blown away from the cylinder chamber. 

 



 53

    
Figure 4.12.  Novel pressure sensor placement.  (left) CAD exploded view of the 

assembly of the post-processed cylinder and the pressure sensor. (right) Actual view of 
the finished assembly. 

 
Five PFC-XLBP Bimba low friction, position feedback cylinders are used to 

actuate BONES. Diamond Structure is composed by four Bimba PFC-176.5-XBPL 

and the elbow is driven by a Bimba PFC-175-XBPL. Although the mechanism 

presents 4 DoF, we use one extra cylinder in the rear Diamond Structure (Figure 4.9) 

in order to achieve higher forces, higher stiffness control and add redundancy of 

measurements for safety purposes. 

BEI Duncan 9855R5K low profile potentiometers are located at the elbow joint 

and at each of the two revolute axes of the yokes (located at point YT  and BT  in 

Figure 4.9). 

The bearing surfaces for all revolute joints (elbow joint, shoulder spherical link 

and upper and lower yokes) use flanged tapered A4138B Timken bearings. We use 

tapered bearings to minimize backlash while maintaining a smooth, low friction 

rolling joint. The overall assembly presents very low backlash and friction 

simultaneously. 
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The device can be adapted to the anthropometry of a wide range of stroke 

patients. The arm length (from S  to E ) can be adjusted to accommodate 27.9 cm (11 

in) to 44.4 cm (17.5 in) long arms. Furthermore, in order to align the subject’s 

shoulder to the exoskeleton’s S point, the mechanism is provided with an electrically 

adjustable 30.5 cm (12 in) stroke pedestal and a motorized chair base capable of fine 

tuning the subject’s elevation by 10.1 cm (4 in) in the vertical direction, and 5.1 cm 

(2 in) in the lateral direction. BONES can also be easily reconfigured from right left 

arm configuration and vice versa.  

4.4.4 Kinematics 

In this section, we present the inverse kinematics for the mechanism, which allow 

us to solve for the cylinder coordinates to produce a desired joint motion of the 

human arm. 

Although there exist recommendations from the International Society of 

Biomechanics on how to define a joint coordinate system for the upper limb (Šenk 

and Chèze 2006; Wu et al. 2005), for simplicity we used the homogenous 

transformations similar to the Euler angles proposed in (Wu et al. 2005). While the 

rotation sequence XZX  is the common Euler angle formulation found in (Murray et 

al. 1994), we used the sequence ZYX which has singularities when Y is ±90 degrees.  

In our case, this singularity is not in the range of motion of the robot. To solve the 

kinematics of the robot, we defined the following coordinate systems, angles and 

transformations: 
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{ }0F is the reference frame with origin at S , and 0x -axis aligned to the line 

defined by S and E . The 0z -axis, as shown in Figure 4.7, is vertical pointing 

upward, orthogonal to the 0x -axis. Accordingly, the 0y -axis completes { }0F  as an 

orthogonal right-handed coordinate system. The angle 1θ  represents a rotation about 

the 0z -axis. The coordinate system { }1F is the result of rotating { }0F with respect to 

0z . Furthermore, 2θ  represents a rotation about the 1y -axis. { }2F is the result of 

rotating { }1F about 1y . In addition, 3θ  represents a rotation about the 3x -axis. In a 

similar process as the one described in Chapter 3, the explicit functions of TEC and 

BEC (both defined in the previous section) in the coordinate system { }0F are 

( ) ( ) ( )1 2 3 0z y xTEC R R R TECθ θ θ= ⋅ − ⋅ ⋅    (4.1) 

and 

( ) ( ) ( )1 2 3 0z y xBEC R R R BECθ θ θ= ⋅ − ⋅ ⋅ .   (4.2) 

Note that, according to the dimensional parameters described in Figure 4.7, the 

homogeneous coordinates of 0TEC  and 0BEC  are 
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. 

Within the workspace of the human arm, for any given combination of roll, pitch 

and yaw transformations the location of TEC  and BEC is unique. 
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Once the location of TEC  and BEC is defined, we continue the kinematics 

analysis at the Diamond Structure. We express the location of the rear end of the 

upper and bottom rods in terms of the elbow connection points as 

TEC YTTTV TTV YT YT
TEC YT

−
= − − +

−
   (4.3) 

and 

BEC YBBTV BTV YB YB
BEC YB

−
= − − +

−
.   (4.4) 

Having determined the location of TTV and BTV , we define the cylinder 

coordinates for the four cylinders in the Diamond Structure (Figure 4.9) and the 

elbow cylinder (Figure 4.8) as 

0
0
0
0

TTV CTL
TTV CTR

q BTV CBL
BTV CBR
CER CEB

⎡ − ⎤
⎢ ⎥−⎢ ⎥
⎢ ⎥= −
⎢ ⎥

−⎢ ⎥
⎢ ⎥−⎣ ⎦

.    (4.5) 

The elbow joint coordinate can be determined independently from the previous 

calculations due to the fact that the elbow is decoupled from the Diamond Structure 

actuators. We define the edges of the triangle defined by the pointsCEB , E and CER  

(Figure 4.8) as follows: 

a CER CEB= −     (4.6) 

b E CER= −     (4.7) 

c E CEB= −     (4.8) 

Using law of cosines we obtain the following relation, 
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2 2 2 2 cos( )a b c bc α= + − .    (4.9) 

From (4.5) and (4.6) we can establish the relation 5a q= . According to the 

notation used in Figure 4.8, it holds that 

4 1 2θ π β α β+ = + + .    (4.10) 

Finally, using (4.9) and (4.10), the fifth cylinder coordinate as a function of the 

elbow angle, 4θ , is determined by 

2 2
5 4 1 22 cos( )q b c bc θ π β β= + − + − − .   (4.11) 

where 1β , 2β are constant. 

4.5 Force generation 

4.5.1 Relating Cylinder Forces, Joint Torques, and Endpoint Forces 

If the set of desired arm angular velocities are known, the required cylinder linear 

velocities are given by: 

( )c
dq fq J
dt

θ θ θ
θ
∂

= = =
∂

,    (4.12) 

where ( ) 5q t ∈ℜ , ( ) 4tθ ∈ℜ , ( ) 4 5:f θ ℜ →ℜ , and thus 5 4
cJ ×∈ℜ .  The 

transpose of the Jacobian relates the torques applied to the arm, τ , to the forces by 

the actuators, cF : 

( )c cJ Fτ θ= T .    (4.13) 

We use two different Jacobians for BONES.  One relates cylinder velocities to the 

robot joint velocities. The other relates robot joint velocities to wrist/forearm 

velocities in a world-centered frame.  The first Jacobian is important for relating the 
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actuators forces to the joint torques. The second Jacobian is important for 

determining the forces that the robot applies to the subject in endpoint coordinates. 

The location of the wrist can be described by the kinematic chain formed from the 

4 joint angles in the shoulder and elbow, similarly to how TEC and BEC  were 

defined but with an additional transformation for the elbow.  Using this 

transformation, three DOF of the wrist can be easily defined as the resulting position 

of the wrist.  A coordinate for the last DOF of the wrist needs to be defined from the 

rotation matrix of the transformation.  Using the swivel angle (Kang et al. 2005) as 

this final coordinate, a coordinate transformation from shoulder and elbow angles to 

wrist position and arm swivel can be defined as 

( )wq g θ= .    (4.14) 

Taking the derivative of this equation with respect to time gives us the arm 

Jacobian in 

( )w
w a

dq gq J
dt

θ θ θ
θ
∂

= = =
∂

.   (4.15) 

The cylinder Jacobian is found using (4.12) on (4.1)-(4.5). 

In order to solve the Jacobian that relates the pneumatic actuator velocities and 

the end-effector motion (wrist), we divide the path from one to the other in four 

intermediate steps (Figure 4.13). The first stage relates the velocity vector of the 

pneumatic cylinders and the velocity at TTV  and BTV  (points defined in Figure 

4.9). Determining the velocity of these two points leads to the second intermediate 

stage: solving for the velocity of BEC andTEC . Consequently, the third phase links 

the configuration of the upper arm (θ  from Figure 4.7) as a function of the velocities 
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of BEC andTEC . Because the elbow actuation is decoupled from the three previous 

stages, in the fourth and final intermediate step we add the elbow flexion/extension 

mechanism in order to determine the velocity of the end effector. 

 

 
Figure 4.13.  Intermediate steps relating the end-effector and the actuators, and their 
respective Jacobian matrices.  Steps 1 through 3 are dependent on the 4 pneumatic 

cylinders at the rear diamond. The last step adds the decoupled cylinder located at the 
elbow. 

 

The detailed derivations for the Jacobian equations are provided in Appendix A.2. 

 

4.5.2 Geometric Design, Special Considerations 

In serial robots, in which links are highly independent from each other, the 

dimensioning of geometrical design parameters in one link will have limited effects 

on the parameters in another link. Because of the parallel topology of BONES, each 

geometrical design parameter can affect simultaneously the RoM, Jacobian Matrix 

conditioning, maximal force capability and patient safety (moving parts could 

potentially collide with the patient’s body). For example if we increase zLE  (Figure 

4.7) in order to increase the distance between TEC and BEC , we will improve the 

mechanical advantage of the internal/external rotation but at the same time we will be 
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reducing the safety factor of the robot: BEC  (“Bottom Elbow Connection” point) 

will be closer to the patient’s body. Many of the design parameters present this 

duality between enhanced mechanical advantage versus reduced safety. 

One of the most critical design aspects of BONES are the locations of S  (the 

shoulder center), TEC and BEC  (Figure 4.7). These points play a very important role 

in transforming the forces from the sliding bars into torques at the upper arm 

exoskeleton structure. A change in the geometrical location of TEC and BEC will 

have a direct effect on the force capabilities, RoM and safety. 

Recall the coordinates of TEC and BEC  from (A.4) and (A.5) 

( )
( )  

y p y r y p r x

y p y r y p r y

p p r z

c c LH s s c s c LE S

TEC s c LH c s s s c LE S

s LH c c LE S

⎡ ⎤+ + +
⎢ ⎥
⎢ ⎥= + − + +
⎢ ⎥

+ +⎢ ⎥⎣ ⎦

, 

( )
( )  

y p y r y p r x

y p y r y p r y

p p r z

c c LH s s c s c LE S

BEC s c LH c s s s c LE S

s LH c c LE S

⎡ ⎤− + +
⎢ ⎥
⎢ ⎥= − − + +
⎢ ⎥

− − +⎢ ⎥⎣ ⎦

. 

With the original set of values in the first design of BONES, we observed that the 

robot was very weak in some directions. For example, for an arm in the home 

position ([ ] [ ]1 2 3 4, , , 0, 0, 0, 0θ θ θ θ = ) the robot was barely strong enough to lift its 

own weight. This was due to the fact that in order to move the arm in a pure elevation 

(about 2θ ), the robot had to provide additional external rotation to compensate for the 

moment arm produced by the forearm against gravity. Because of the relatively short 

distance between TEC and BEC , the robot had a reduced moment arm to generate 

internal/external rotation torques, therefore all the pneumatic power had to be 
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invested in overcoming the external rotation, leaving a reduced amount of lifting 

power. In such a scenario, the pneumatic valves were working close to saturation. 

To assess the best design values for these sensitive dimensions we crafted an 

optimization function in which the capability to lift the arm (exoskeleton+human 

arm) was the cost function. We optimized three parameters. The first one affected the 

y  coordinate of the shoulder origin, S . Parameter 2 represents a vertical translation 

of TEC and Parameter 3 a horizontal translation of BEC . Figure 4.14 shows the 

direction of the translation related to each parameter. 

 

         

Figure 4.14.  Design optimization based on three parameters.  Parameter 1 translates S  
in the y direction  (left) Parameter 2 moves TEC in the z direction. Similarly,  

Parameter 3 moves BEC  In the y direction (right) 

 

We consider the force capability of the robot at any given arm configuration as a 

vector-space defined by combinations of maximum/minimum force capabilities of 

each of the 4 pneumatic cylinders in the rear diamond. For any given shoulder 
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configuration, there exist 16 points, each representing a combination of all 4 cylinders 

applying maximum force in either direction. A line between two points represents 

combinations of 3 cylinders providing maximum force (“push” or “pull”) and the 

remaining cylinder is unconstrained by any force condition. A plane corresponds to a 

combination of two force-constrained cylinders and two unconstrained ones. 

We can characterize the maximum lifting capability as the highest intersection 

point between the polygonal volume and a vertical vector representing the weight of 

the arm in the direction of gravity, i.e. the combination of pneumatic forces able to 

produce the highest pitch torque (pure rotation about 2θ ). Furthermore, if we analyze 

the shape of this volumetric representation, we can characterize the strongest and 

weakest directions of motion. A rounder volume indicates a situation in which the 

robot is capable of transitioning from that position to another with no preferred 

direction. A narrow polygon with a dominantly long dimension shows the preferred 

(strongest) direction of motion in that configuration. It is desirable that, in any given 

configuration, the robot is capable of generating forces in all directions. 

We superimposed a sphere representing a 22Nm torque applied in any given 

direction, associated to the maximum torque required in ADLs (Table 4.2). If the 

robot was not able to provide more than 22Nm in a specific direction, the normal 

plane to that direction was at a distance of less than 22Nm away from origin, 

therefore the plane would intersect the sphere, and a spherical cap would become 

visible. If the robot was capable of exceeding 22Nm in any direction, from a specific 

arm configuration, the sphere was no longer visible. For example, with the original 

dimensions (before optimizing) and the arm located at [ ] [ ]1 2 3, , 50º , 0º , 0ºθ θ θ = − , the 
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robot was unable to exert a positive roll torque (external rotation of the arm), nor was 

it capable of elevating the arm (pitch). In this configuration, the robot was very strong 

only in one direction: along an undesirable combination of internal rotation and 

elevation of the arm.  

Changing Parameters 1, 2 and 3 reshaped the volumetric representation of the 

force capability. A set of optimized dimensions enabled the robot to successfully 

provide greater torques in the desired directions. An example of how modifying 

Parameter 2 and 3 affected the shape of the polygonal volume is shown in Figure 4.15 

(Parameter 1 was set to zero in this example). 

 

 

Figure 4.15.  Polygonal volumes represent maximal force capability.  If the sphere is 
partially visible, the robot won’t be able to exceed 22Nm in a particular direction.  The 

left plot shows the torque generation polygon of the initial BONES design, while the 
right plot shows the effect of setting 2 2.25Parameter in=  and 3 3Parameter in= . 

 

After experimenting with some preliminary estimates for each parameter, we 

realized that Parameter 1 had a greater influence on the capability of the robot to lift 
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the weight of the arm and the weight of the exoskeleton. Parameter 2 and 3 had a 

limited effect on the arm weight lifting capability, yet both parameters had the 

potential to fine tune the shape of the force representation in order to meet our goals. 

Therefore, we optimized Parameter 1 in order to achieve sufficient arm lifting 

power. We considered 22Nm to be the threshold below which the robot would not be 

able to provide the maximum torque necessary to lift the arm and the exoskeleton in 

typical activities in daily living (Table 4.2). The cost function for this optimization 

method was defined as the ratio of maximum elevation torque achievable by the robot 

with respect to the 22Nm threshold. 

The geometrical representation of the maximum lift corresponds to the distance 

from the center of the torque coordinate system to the intersection point of the gravity 

vector (vertical line) and the polygonal volume. For each polygonal volume, the 

intersection with a vertical line leaves two solution points. We only considered the 

point with the highest z -component. In Figure 4.16 we show the highest plane 

intersecting a vertical line centered at the origin, for several values of Parameter 1. 

For clarity purposes, we deleted the remaining 15 planes. Figure 4.17 shows the arm 

lifting ratio as a function of Parameter 1. 
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Figure 4.16.  Arm weight lifting capability as a function of shoulder center shifting, 
geometrical representation.  The vertical axis represents the torque (in Nm) applied to 

lift the arm (about 2θ ) 

 

Figure 4.17.  Lifting ratio as a function of shoulder center shifting, graphical result 
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After analyzing the results from the first optimization process, we set 

1 8Parameter in= , with a corresponding ratio 89% exceeding over the threshold.  

Although the optimization method would encourage a designer to set Parameter 1 to a 

value with a higher ratio, we took into consideration some additional benefits difficult 

to quantify, such as the ability to reconfigure BONES from left arm to right arm as 

simply as possible. By setting 1 8Parameter in= , we moved the shoulder to the sagittal 

symmetry plane of the supporting frame. If the robot had to be reconfigured from left 

to right arm configuration, any point located at the sagittal plane would remain in the 

same location, therefore reducing the number of parts that need reassembly during the 

reconfiguration process. 

 After determining the optimal value for Parameter 1, we continued the 

optimization process with Parameter 2 and 3. For these two parameters, our goal was 

to optimize the ratio between the shortest and the longest axis of the polygonal 

volume in order to discourage any undesirable direction to be stronger than the rest. 

By making the major axis and the minor axis similar, we were reshaping an ellipsoid-

like volume into a sphere, therefore equalizing the maximal applicable strength for 

any given direction. This ratio is related to the condition of the Jacobian matrix. 

When a Jacobian matrix is poorly conditioned in a given direction, the eigenvalue 

corresponding to that direction presents a large condition number. The poorly 

conditioned eigenvalue will cause difficulties in the numerical calculation along that 

direction, as if we were approximating a singular point (Merlet 2006; Saad 1989). 

The forces along the corresponding eigenvector will be very low, compared to better 
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conditioned directions (with lower condition numbers). Therefore, it is desirable that 

the Jacobian matrix remains as well conditioned as possible, with condition numbers 

as low as possible in all directions. A well conditioned Jacobian will translate directly 

into a system capable of offering similar forces in all directions. 

The plot of the ratio between the smallest and the largest axis as a function of 

Parameter 2 and Parameter 3 is shown in Figure 4.18. According to the results 

obtained, we selected 2 2.25Parameter in=  and 3 3Parameter in= . 

 

 
Figure 4.18.  Longitude of the shortest volume axis over the longitude of the longest 

volume axis as a function of Parameter 2 and Parameter 3 

 

4.5.3 Passive Gravity Support 

An elastic element provides weight support for the exoskeleton. In case of 

emergency or power outage, the exoskeleton returns to the home position, so the 

subject’s arm does not fall. The spring-like element also biases the force operating 

range of the actuators so that they have a greater, bi-directional range. The initial 
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adjustment of the elastic element was determined from (4.13) at the home position, 

but the final location of the attachment points was a trial-and-error process.  

For further detail on the Passive Gravity Support, please refer to Chapter 5. 

4.5.4 Joint Torque Range 

We attached 3.81cm (1.5in) diameter pneumatic cylinders to the device, and 

operated them at 6.3bar (90 PSI). With these numbers, the peak force generating 

capability of BONES is summarized in Table 4.2. 

 
TABLE 4.2.  TORQUES APPLIED TO THE ARM [NM] 

 BONES Impaired Arm Unimpaired Arm ADL 

τ1 76.8 27.2 53.9 8 

τ2 50.0 41.2 53.5 10 

τ3 42.2 19.1 35.6 1 

τ4 68.0 38.7 80.9 3.5 

Impaired limb data from (Dewald and Beer 2001). ADL extracted from (Perry et al. 2007). 
 

 

For BONES, we are targeting patients with severe to moderate arm impairment, 

i.e. Upper Extremity Fugl-Meyer Score less than 35 out of 66 max (Fugl-Meyer et al. 

1975).  For this level of impairment, the device's maximum torque is larger than the 

impaired arm's maximum torques. If higher force levels are required, larger diameter 

cylinders can replace the existing ones, or supply pressure can also be increased. 
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TABLE 4.3.  INERTIA OF THE EXOSKELETON [g·cm2 X 103] 

 axis BONES Human 

Upper arm 

X 165 39.8 

Y 696 204.4 

Z 740 190.5 

Forearm 

X 53 18.8 

Y 281 124.8 

Z 414 122.4 

Human data values have been extracted from (National Aeronautics and Space Administration 
1995). 

 

The upper arm exoskeleton weighs 3438g (including the elbow actuator). The 

forearm exoskeleton module weighs 921g for a total arm weight of 4359g. An 

average (across sexes) human upper arm weighs approximately 2500g, and a human 

forearm, 1720g, for a total of 4220g  (National Aeronautics and Space Administration 

1995).  Thus, the mass of the exoskeletal parts that the subject has to move is 

comparable to the mass of a human arm.  This relatively lightweight exoskeleton is 

made possible by the use of the parallel mechanism and mechanically grounded 

actuators.  Indeed, the total weight of the robot, including the actuators, is 18.5kg.  

Mass could be further reduced in the next version of BONES by reducing part size. 

4.6 Conclusion 

This chapter presented the design and kinematic analysis of BONES, a novel 

robot that allows naturalistic motion of the human arm using mechanically grounded, 

direct drive actuators at the shoulder.  Direct drive actuation is achieved with a 

relatively simple mechanism inspired by the human forearm.  The range of motion, 

inertia, and force generating capacity of the mechanism are well matched to the 
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human arm.  In the clinic, we plan to use BONES to assist, resist, and perturb 

naturalistic arm movements, for the purpose of re-training movement ability after 

stroke. Development of BONES will allow us to rigorously test whether functional 

transfer of robotic therapy is improved by practicing more naturalistic movements, 

and will allow implementation of a wide variety of force assistance algorithms. 
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Chapter 5 Weight compensation 

 

5.1 Introduction 

This chapter describes the mechanism that passively counteracts the weight of the 

BONES exoskeleton (Chapter 4). Using springs in parallel with the pneumatic 

cylinders, we can partially reduce the effect of weight of the exoskeleton on a 

subject’s arm. Due do the complex and highly non-linear kinematics of BONES, 

perfect spring gravity compensation would require a complex system of cam pulleys. 

Our solution does not achieve a perfect compensation for all positions, but provides a 

mechanically simple and effective partial balancing effect, most effective around the 

home position described in (Rahman et al. 1995). Our spring system also serves the 

purpose of safely supporting the arm during an emergency stop leading to a drop in 

air pressure supply to the pneumatic cylinders. 

5.2 Overview 

In order to determine the effect of gravity on the robot exoskeleton we must 

define the position of the Center of Mass (CoM) of the exoskeleton (including the 
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human arm). Once the CoM is known for any configuration, we calculate the joint 

torque created by the weight of the exoskeleton at the shoulder rotation point. The 

next step is to transform the joint torque required to counterbalance the arm into the 

force required by the springs in order to balance the system. Since the springs will be 

placed in parallel with the pneumatic cylinders, we can use the Jacobian from (4.5). 

5.3 Determining the location of the Center of Mass (CoM) 

The desired torque we want to counterbalance at the home position is a function 

of the weight of arm, the weight of exoskeleton, the pitch elevation and the arm roll. 

A rotation of the yaw angle is unrelated to a change in the weight effect of the 

exoskeleton. 

The location of the CoM for positions other than the home position is defined as a 

sequence of homogeneous transformations 

 

 ( ) ( ) ( ) ( ) ( )1 2 3 4 0z y x zCoM R R R R CoMθ θ θ θ θ= − . (5.1) 

 

The direction of the rotation axes is defined as follows: 

 

• x-axis: along the arm (positive when distal from the shoulder) 

• y-axis: line shoulder to shoulder 

• z-axis: vertical (positive is up) 
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The angle vector,θ , defines each of the four degrees of freedom of BONES [yaw, 

pitch, roll, elbow]. Positive values of these angles are described for the right arm 

configuration as follows: 

• (+) yaw:  arm goes toward body 

•  (+) pitch:  arm goes UP 

•  (+) roll:  forearm goes UP 

• (+) elbow:  the elbow is extended 

An average upper arm length, LH=288mm (11.34in), was used in the calculations 

(Clauser et al. 1969). Similarly, we used LFA=355mm (13.98in) as the average 

forearm+hand length. 

The location of the CoM at the home position is listed in Table 5.1. CoM data was 

extracted from (Klapp et al.). The mass properties of the exoskeleton components 

were determined using the CAD software and solid modeler SolidWorks. 

 

TABLE 5.1.  MASS PROPERTIES AND COM OF THE EXOSKELETON 
 AND THE ARM  IN THE HOME POSITION. MASS [KG] COM [CM] 

 Mass CoM (x) CoM (y) CoM (z) 

ExosUpperArm 3.46 15.31 -11.73 -0.17 

ExosForearm 0.95 40.72 -3.68 -3.38 

HumanUpperArm(1) 1.68 15.18 0.00 0.00 

HumanForearm(2) 1.43 34.09 0.00 0.00 

(1) from (Clauser et al. 1969), Table I, average of line 6 and 7 
(2) (Clauser et al. 1969), Table I, average of line 8 and 9 
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5.4 Torques generated by the CoM. 

The torques generated by the arm and the exoskeleton structure is dependent on 

the location of their center of mass. If we define a gravity vector as  

 [0 0 1]gravity = −  

Then the torque can be computed from the dot product of the CoM (Table 5.1) 

vector and the gravity vector 

 ( )( ) 1..4i i iweight CoM gravity iτ = ⋅ × =  (5.2) 

where iτ represents the joint torque of the i-th component. If we apply (5.2) to 

ExosUpperArm, ExosForearm, HumanUpperArm and HumanForearm, then the total 

torque required to counter the effect of gravity on the arm will be the summation of 

the torques generated by the four previously described components. 

Because the springs are located in the rear Diamond Structure and the structure is 

decoupled from the elbow flexion/extension motion, the springs have no effect on the 

elbow. Accordingly, the torque (τ ) is a three-dimensional vector. 

5.5 Converting torques into actuator/spring forces 

The force needed to counter-balance BONES using 3 springs in parallel with the 

cylinders in the Diamond Structure is determined using the Jacobian matrix, J , 

which relates actuator velocities and joint angle velocities  

 C Jθ= , (5.3) 

where C represents the cylinder/spring lengths and θ  is the joint angle vector defined 

in 5.3. 
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Because we are using 3 springs (in parallel with cylinders 1, 3 and 4), we can 

remove the 2rd row of the original 3x4 Jacobian matrix determined to relate 

pneumatic cylinder force and joint torques. The Jacobian that relates the spring forces 

and the joint torques, SJ , will be an invertible 3x3 matrix. 

 ( ) 1T
SF J τ

−
= ⋅ , (5.4) 

where F  represents the spring force vector and τ represents the joint torque 

vector. 

5.6 Determining the spring constants 

In order to determine the spring constant we need to correlate the forces needed 

and the displacement of the cylinder rod (in parallel with its corresponding spring). 

So far we have calculated the force required to balance the exoskeleton and the arm 

for any given position. Now we correlate these forces with the corresponding rod 

lengths. 

The set of arm configurations chosen to linearize the behavior of the spring is a 

vertical drop of the arm from a 45 degree elevation ( 2θ ) to a -45 degree position with 

the elbow flexed 40 degrees ( 4θ ). The results are shown in Figure 5.1. 
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Figure 5.1.  Spring constant linearization. 

 

From the results of the initial simulations we observed that the spring placed in 

parallel with cylinder #1 was working in compression, while the other two were 

working in tension. In our first implementation of the gravity compensation 

mechanism, we used only the two tension springs. The mechanical design for this 

spring mechanism is shown in Figure 5.2. The preliminary experimental data 

collected from the balance prototype mechanism showed that the weight of the arm 

and the exoskeleton were greatly reduced for a region neighboring the home position, 

but the mechanism added high friction between the cables and the flexible cable 

housing, which reduced significantly the backdriveability of the exoskeleton. 
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Figure 5.2.  Spring compensation mechanism.  (1) Threaded rod. (2) Spring tensioner 

anchor. (3) Spring. (4) Steel cable with thimble. (5) Cable housing with low friction 
nylon inner layer. 

 

 
Figure 5.3.  Full assembly of the spring compensation mechanism. 

 

Our next goal was to reduce the friction by testing several material combinations 

of cable/housing. For the final solution, we modified the adapter at the rod end of the 

cylinder chamber in order to fit two brass inserts designed to eliminate any pinching 

point for the steel cable. The assembly of this low friction module is shown in Figure 

5.4. 
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Figure 5.4.  Low friction brass inserts.  (1) Brass inserts. (2) Pneumatic cylinder adapter. 

(3) Press fit pins. 

 
Despite our efforts to reduce friction with the brass inserts, drag created by the 

three spring modules was still offering undesirably high levels of friction. We 

decided to replace the existing support mechanism with a cable-free alternative. After 

analyzing the results from the previous solution with 3 springs, we tested several 

anchor points for a single spring-like element.  The final design solution is shown in 

Figure 5.6. The overall length of the spring (Figure 5.5) was 12in, and its rate was 

1.96 lb/inch. Elastomers were covered by a fabric sleeve serving a dual purpose: to 

prevent damage to the elastic filaments and to prevent injury in the case of filament 

rupture. 

 

 
Figure 5.5.  Extension spring used for the cable-free design. 
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Figure 5.6.  New mounted rear bar serves as an anchor point for a spring (marked with 

an arrow) 

 

5.7 Conclusion 

Testing of the counterbalancing mechanism validated the predicted results from 

Chapter 5.6: the robot remained in equilibrium for a wide range of arm 

configurations. The parallel springs successfully introduced static equilibrium to 

relieve the mass of the arm exoskeleton, adding the essential safety feature that 

prevented the robot from falling on the subject’s lap in case of an emergency stop or 

power failure. Nevertheless, the cable-based parallel spring mechanism introduced 

large friction forces, reducing the smoothness of the non-balanced arm exoskeleton. 

Re-evaluation of the counter-balancing mechanism and simplification of 

compensation design minimized friction while preserving the safety of the robot. 
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Chapter 6 Learning a multi-joint movement with 
haptic guidance from BONES: part versus whole 
training 

 

6.1 Introduction 

In this chapter we describe a motor learning experiment intended to answer the 

question: is it better to learn a multi-joint motor task by performing all of its 

components synchronously as opposed to learning the single-joint subcomponents 

sequentially? If so, then multiple-joint devices like BONES and CRAMER are 

desirable for improving the functional outcome of robot-assisted movement training.   

Chapter 4 described BONES, a 4 DOF upper-limb exoskeleton capable of 

assisting in naturalistic motions of the shoulder and elbow.  One of the key 

motivations for developing BONES was to allow practice of more complex 

movements, closer to those used in everyday motor functions.  Most previously 

developed robotic therapy devices have a reduced number of degrees of freedom 

compared to the human arm, and have found limited transfer of learning to functional 

tasks (Johnson 2006; Kwakkel et al. 2008). We hypothesize that practicing multi-
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joint movements will improve transfer of learning to functional tasks, as most 

functional tasks require multi-joint synergies.  

Taking advantage of the robot’s compliance, large range of motion and high force 

capability, the experiment described in this section tested normal motor learning 

mechanisms during learning of a motor task that requires coordinated shoulder and 

elbow motions. Our goal was to understand whether learning several single-joint 

motions independently through haptic demonstration indeed has an inferior training 

effect compared to learning the same task by practicing with all the joints 

simultaneously, i.e. is it better to learn a complex arm motion by practicing the whole 

movement, rather than by learning the individual joint motions that compose it? If so, 

robotic devices aimed at functional rehabilitation should be capable of producing 

multi-joint complex motions (like BONES) in order to maximize the benefit of the 

rehabilitation process (or minimize its overall duration), assuming the rehabilitation 

process relies in large extent on normal motor learning mechanisms. 

6.2 Overview 

There have been several previous studies on what is called “part-whole transfer” 

in the motor learning literature (Brydges et al. 2007; Dubrowski et al. 2005; Hansen 

et al. 2005; Hommel et al. 2001; Klapp et al. 1987; Schmidt and Lee 1998; Swinnen 

et al. 1988; Wenderoth et al. 2003).  Most of these studies have examined sequence 

learning, which refers to motor tasks that require the performance of a sequence of 

independent movements.  Practicing parts of a sequence can improve performance on 

the whole task, but, practicing the whole sequence is typically more effective (Briggs 

and Brogden 1954; Kurtz and Lee 2003).  However, when coordination between parts 
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is not a key element, part-practice training can sometimes have more beneficial 

results towards the whole task if compared to whole training (Mané 1984). 

There has been less research examining part-whole transfer in tasks that require 

simultaneous coordination of multiple joints, also referred to as ‘continuous tasks’ 

(Schmidt and Lee 1998), which are the most common types of tasks used in 

rehabilitation. For a continuous task that requires coordination between its individual 

components (such as arm stroke, kicking and breathing involved in swimming), 

practicing this task by breaking it down into individual components will not be as 

effective as practicing this task as a whole due to the fact that, even if individual 

components are learned, the subject still must learn how to coordinate the individual 

components (Schmidt and Lee 1998). Other research suggests that the extent to which 

coordination is involved in a complex task (an extreme example being piloting a 

helicopter during liftoff, where 4 separate controls must be operated simultaneously) 

is directly related to the importance of training the task as a whole (Zavala et al. 

1965). Nevertheless, practice of individual elements of a complex task can transfer to 

the overall task, even though practice of the complex task is usually more effective 

(Briggs and Waters 1958). 

6.3 Experimental Method 

6.3.1 Motor Task 

The desired motion was a complex synergy of shoulder elevation, 

internal/external rotation, abduction/adduction and elbow flexion/extension. We 

define this synergetic movement as 1 2 3 4( ) [ ( ) ( ) ( ) ( )]S t t t t tθ θ θ θ= , with 1θ , 2θ , 
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3θ  and 4θ  described in Figure 4.7. An example of the trajectory S  is shown in Figure 

6.1. The task assigned to the subject was to follow this trajectory using the 4 DOF of 

the upper limb. We decompose S  into 4 single-joint components 

1 1[ ( ) 0 0 0]C tθ= , 2 2[0 ( ) 0 0]C tθ= , [ ]3 30 0 ( ) 0C tθ= , and 

[ ]4 40 0 0 ( )C tθ= . To present S  and its components to the subject, subjects 

were comfortably seated and their arm strapped to the robot. BONES was 

programmed to compliantly assist the subject’s arm in moving along the desired 

trajectory using a previously-developed adaptive controller (Wolbrecht 2007).   The 

subject was instructed to try to follow along with the robot motion trying to predict 

the movement.   In other words, the robot haptically guided the subject’s arm through 

the desired trajectory during training.  The subject was instructed to try to follow 

along with the robot during this haptic training, and also could watch the movement 

of their arm.  During testing, the robot was put in backdrive mode, and provided no 

assistance for moving. 
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Figure 6.1.  Example of multi-joint task.  Each joint follows a sinusoidal wave with a 

different phase delay. 

  

6.3.2 Hypothesis 

When a whole motion or component was presented to a subject as a desired 

trajectory by the robot, the subject learned a corresponding force pattern u  with his 

or her arm. This force pattern was later applied by the subject to move the robot in 

zero-force control mode, producing a tracking error e .  

Our hypothesis was that “whole” training would be more effective in reducing the 

overall tracking error. Transfer of individual components into a synergistic motion is 

harder than learning the motion as whole, therefore, the part-whole learning transfer 

process is non-linear, and multiple-joint practice is better.  
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Figure 6.2.  Part training VS Whole training.  We hypothesized that learning to perform 

a task by training its individual joint components would not be as efficient as training 
the complex task using all the involved joints simultaneously. 

 

6.3.3 Experimental Protocol 

Four healthy adult volunteers performed two different motor tasks ( 1S and 2S ) 

with BONES involving three degrees of freedom of shoulder movement and one 

degree of freedom of elbow movement. The four components of iS  are noted as 

,1iC , ,2iC , ,3iC  and ,4iC  (for 1, 2i = ), as described in Section 6.3.1. The actual values 

for the two motions used during the experiment, are shown in Figure 6.3. 
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 Figure 6.3.  Components for motions S1 and S2, showing amplitude, delay, frequency 
and bias values used during experiment 

 

During Phase I, each subject trained one of the two motions according to the 

“part” or “whole” approach. Later, in Phase II, subjects trained the remaining motion 

following the alternative strategy. For both strategies, an initial visual and acoustical 

cue was presented to the subjects so they could learn to synchronize their movements 

with respect to the starting signal. It has been shown that cues can help develop an 

implicit memory of action with a particular body part (Krakauer et al. 2006). No 

visual feedback was provided during assisted or unassisted motions. As suggested in 

the literature, reducing the proportion of trials for which information regarding results 

or performance is provided can result in more effective learning (Schmidt et al. 1990; 

Schmidt and Wulf 1997; Winstein and Schmidt 1990; Wulf and Shea 2002; Yao et al. 

1994). More specifically, it has been suggested that providing performance 

summaries every fifth trial during a simulated batting exercise was more beneficial 

than providing performance summaries after every repetition (Schmidt and Wulf 

1997). Furthermore, outcomes from the same study showed that delaying the 
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feedback for a few seconds was more effective learning than presenting immediate 

feedback. In this experiment, the only real-time feedback received by the subjects 

was the force pattern generated by the robot. A performance score was displayed after 

every non-assisted motion, but no information regarding performance was given to 

the subjects during the training trials (Winstein and Schmidt 1990; Wulf and Shea 

2002). The measured outcome was the tracking error during the non-assisted 

repetitions. Subjects were instructed to focus on predicting the movements of the 

robot instead of focusing exclusively on their own body part movements. Some 

studies suggest that external-focus instructions enhance the effectiveness of practice 

sessions (Kelso 1995; Riley et al. 1999; Wulf et al. 1998; Wulf et al. 1999).  

The order in which subjects trained “whole” or “part” and the motion used for 

each learning strategy were randomized: some subjects trained 1S  as “whole” and 

later trained 2S  as “part”, other subjects trained 2S  as “whole” and then 1S  as “part”.  

 The resulting training sequence in Phase I and Phase II for each subject is 

summarized in Table 6.1 and Table 6.2. In the tables we represent a movement set, 

characterized by 4 training repetitions followed by an assessment test. During each 

phase, subjects would repeat each set 15 times. When subjects trained a motion 

according to the “whole” approach, the robot would assist the whole motion 4 times. 

Afterwards, subjects would repeat the “whole” motion without assistance. This 

sequence would be repeated 15 times. In the case of “part” training, the robot would 

show each component sequentially (in randomized order) four times. After a total of 

16 individual movements, the subjects would perform the “whole” unassisted 

strategy. The total number of movements for each joint was the same for each 



 88

training approach; consequently, the overall time of the “part” training was 4 times 

longer than that of the “whole” strategy. 

 

TABLE 6.1.  EXPERIMENTAL PROTOCOL: PHASE I 

Subject Training (repetitions) Test 

1 1S - whole  (x4) 1S - whole 

2 1S - part  (x4) 1S - whole 

3 2S - whole  (x4) 2S - whole 

4 2S - part  (x4) 2S - whole 

 

TABLE 6.2.  EXPERIMENTAL PROTOCOL: PHASE II 

Subject Training (repetitions) Test 

1 2S - part  (x4) 2S - whole 

2 2S - whole  (x4) 2S - whole 

3 1S - part  (x4) 1S - whole 

4 1S - whole  (x4) 1S - whole 

 

After each phase, the subject’s performance was characterized by a sequence of 

15 scores, corresponding to the tracking error RMS for all four joint angles. 

One week later, all subjects were asked to repeat the protocol in order to assess 

any learning retention. 
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6.3.4 Data Analysis 

For each subject, we recorded their performance during each assessment trial (15 

trials for each learning strategy). We calculated the RMS of the tracking error using 

the following equation   

( )
4 2

1

ˆ( ) ( )i i
i

Score t tθ θ
=

= −∑ ,                                (6.1) 

where iθ is the desired joint angle as a function of time, and îθ is the measured 

joint angle. 

In order to value synchronization relative to each joint as opposed to 

synchronization with respect to time, we shifted each assessment trial. Using the 

maximal score as the cost function, the optimization of the phase delay can be 

expressed as 

( )
4 2

1

ˆ( ) ( )i i
i

Score t t dθ θ
=

= − +∑ ,                                (6.2) 

where d  is the phase delay for the measured joints. The delay was applied to all 

four components simultaneously. The increment step used for d was one millisecond, 

corresponding to the sampling period of our A/D acquisition hardware. A comparison 

between a subject’s performance before and after applying the phase optimization is 

shown in Figure 6.4. 
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Figure 6.4.  Original data (left), data after applying phase shifting optimization (right) 

 

6.4 Results 

An example of a subject’s Phase I and Phase II results is shown in Figure 6.5. 

 

Figure 6.5.  Data collection sample. Performance of a subject during Phase I (upper left) 
and Phase II (upper right). Score [deg] of each assessment trial during Phase I (lower 

left) and Phase II (lower right) 
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Figure 6.6.  Overall performance (per subject) while training “part” and “whole” (left), 
and performance during assessment test, one week later (right) 

 

   

Figure 6.7.  Regression lines of the overall scores as a function of test number (across 
tests, for all subjects) for each training strategy on the first training day (left) 

Regression lines for the retention test results, one week later (right) 

 

The slope of the regression line (Figure 6.7) was negative in all cases, showing a 

significant learning rate. The difference between the two slopes was significantly 

different during the first day. One week later, during the retention test, slopes were 

not significantly different. Overall, “whole” training helped the participants to learn 

the trajectory significantly better than “part” training. The first score obtained by the 
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“whole” training subjects during the first day was significantly lower than the first 

“part” training score (t-test, 0.04p = ). The last score with both learning strategies 

was not significantly different (t-test, 0.26p = ). One week later, during the retention 

assessment, no significant differences were found for the first score (t-test, 0.50p = ). 

Nevertheless, the last test was significantly better for “whole” compared to “part” (t-

test, 0.04p = ). A summary of the score values for both training strategies, and their 

differences can be found in Table 6.3, Table 6.4 and Table 6.5 

 

TABLE 6.3.  EXPERIMENTAL PROTOCOL RESULTS: SCORES [IN] 
(STANDARD DEVIATION) 

 Day 1 (Std. Dev.) One week later (Std. Dev.) 

Overall Score (part) 15.3 (1.8) 16.5 (1.6) 

Overall Score (whole) 12.1 (1.0) 12.3 (1.6) 

First Score (part) 19.7 (4.2) 18.8 (4.3) 

First Score (whole) 12.5 (3.8) 16.5 (3.3) 

Last Score (part) 13.1 (1.4) 15.2 (3.9) 

Last Score (whole) 11.6 (3.7) 11.8 (3.7) 

 

TABLE 6.4.  EXPERIMENTAL PROTOCOL RESULTS: SCORE DIFFERENCES [IN] 
(STANDARD DEVIATION) 

 Day 1 One week later 

Overall Score (difference) 3.2 (1.7)* 4.19 (1.9)* 

First Score (difference) 7.2 (4.0)* 2.4 (6.3) 

Last Score (difference) 1.7 (2.5) 3.3 (1.8)* 

(*) significant with p<0.05. All differences are calculated as “part” – “whole” 
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TABLE 6.5.  EXPERIMENTAL PROTOCOL RESULTS: REGRESSION LINES SLOPES [IN/TEST#] 

 Day 1 One week later 

Slope (part) -0.35* -0.13 

Slope (whole) -0.11 -0.21*  

Slope (difference) -0.23* +0.17 

(*) significant with p<0.05. All differences are calculated as “part” – “whole” 

6.5 Summary 

To our surprise and despite the complexity of the motor task, subjects were able 

to learn by training individual parts and later summing their effects into a 

synchronous motion. Nevertheless, whole-trained subjects had lower error across all 

trials (performance in “part” training was always about 5 degrees worse than “whole” 

training). If we compare learning over time, instead of over test number, whole 

training was not only more effective in producing lower errors, but caused the 

subjects to progress faster: the slope was steeper and the last score was better (lower) 

than part training. Figure 6.8 shows this time transformation. If we compare scores 

over time statistically, the new slope of the “part” is not significantly different from 

the “whole” slope (unaltered by the time transformation). We observed that both 

slopes are similar, indicating a similar learning rate.  
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Figure 6.8.  Regression lines of the overall scores as a function of time (across tests, for 
all subjects) for each training strategy 

 

6.6 Conclusion 

BONES proved to be an excellent tool for complex motion generation, which is 

desirable for providing a more efficient rehabilitation for impaired subjects who need 

to train the movements involved in the activities of daily living. 

Subjects who trained by parts had to conceptually sum the individual trajectories 

for each single joint motion, while whole trained subjects didn’t require this 

summation process solve the synergistic movement. Motion planning should be more 

effective if it is planned in terms of the overall intended outcome (“whole” motion), 

rather than in terms of the specific movement patterns (Prinz 1997). Nevertheless, 

“part” training provided information about the individual components in greater 

detail, such as range of motion for each movement. Because we were measuring 

overall tracking error accuracy, synchronization was a key factor in reducing the 

error. Information on motion components synchronization is transmitted more 
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effectively when subjects train the motion as a whole, yet individual motion detail 

may be learned more efficiently when training the motion as a part.  This suggests 

that while whole training is the faster way for a person to conceptually grasp and 

begin to perform a complex movement, mixing some amount of part training into 

whole training may help people to more effectively tune the individual joint 

movements that comprise the whole.  
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Chapter 7 Summary of Contributions and Future 
Work 

 

7.1 Summary of Contributions 

This thesis describes the development and testing of three mechanisms that assist 

in the motion of the human arm. The primary contributions resulting from the 

development of these devices are described in the following sections. 

7.1.1 Dynamic arm rest to assist in driving 

We developed a spring-loaded, passive arm rest that moves up and down with the 

driver's forearm, allowing the driver to grasp the steering wheel in the recommended 

location while still receiving weight support for the arm. Using a driving simulator 

that mimicked driving on highways, we found that young adult drivers significantly 

reduced their hand grasp pressure by about 30% and their steering error by about 

5~10%.  These results demonstrated that incorporation of a dynamic arm rest into an 

automobile might improve driving ergonomics and safety. 

During testing we observed some practical problems with the dynamic arm rest 

design. The clearance between the arm-machine contact surface and the lowest 
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element of the supporting structure needs to be optimized in order to reduce the 

interference with the driver's leg.  Another issue is that if the driver executes a large 

turn (e.g. hand-over-hand turn), the arm may lose contact with the arm rest, which 

can then freely rotate to either side.  This issue might be ameliorated by replacing the 

manually adjustable pre-load of the inner elastic element with a controlled motor that 

automatically retracts the arm rest into a standard arm rest position if the driver's arm 

loses contact with it. Such a mechatronic feature could also be used to automatically 

configure the weight support level for each driver. 

7.1.2 CRAMER 

We developed a novel, low-cost forearm and wrist rehabilitation mechanism that 

accommodates much of the natural range of motion of the three degrees of freedom 

of the human wrist and forearm. This Closed-chain Robot for Assisting in Manual 

Exercise and Rehabilitation (CRAMER) is a lightweight 3 DOF parallel mechanism 

actuated by 4 small, yet powerful, servomotors. The inspiration for the design of 

CRAMER was the motion of the Ulna and the Radius bones while prescribing the 

unique and complex motion of forearm pro/supination. A colleague integrated a 

Nintendo Wii remote into CRAMER in order to allow patients to play the motion-

based games developed for the Wii, demonstrated the potential utility of this device 

for distal extremity rehabilitation. 

7.1.3 BONES 

The third mechanism presented in this dissertation was BONES (Biomimetic 

Orthosis for the Neurorehabilitation of the Elbow and Shoulder). We presented the 
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design and kinematic analysis of this novel 4 DOF pneumatically-actuated upper-

limb rehabilitation robot. The device was able to assist the human arm in a wide 

range of motion, while also achieving low inertia and direct-drive force generation 

capability at the shoulder.  A key accomplishment of this design was the ability to 

generate arm internal/external rotation without any circular bearing element such as a 

ring, a design feature again inspired by the biomechanics of the human forearm. 

We also introduced a spring-based counterbalancing mechanism that introduced 

static equilibrium to relieve the mass of the arm exoskeleton, adding the essential 

safety feature that prevented the robot from falling onto the subject’s lap in case of an 

emergency stop or power failure. However, the initial cable-based counterbalancing 

solution introduced large friction forces, reducing the smoothness of the non-

balanced arm exoskeleton. Re-evaluation of the counter-balancing mechanism and 

simplification of compensation design minimized the friction while preserving the 

safety of the robot. 

Important design goals for BONES were that it be capable of quantifying 

recovery of human movement ability of the four main joints of the human arm 

following rehabilitation exercise, and that it maximize motor learning during 

rehabilitation exercise by allowing functional movement practice.  To validate these 

goals, we designed and implemented a motor learning experiment with healthy 

subjects. In this experiment we used BONES to assess whether motor learning of 

functional movement is improved by allowing practice of more functional movement.  

The hypothesis was that practicing an integrated, multi-joint movement improved 

movement ability more than practicing a matched amount of the isolated components 
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of the integrated movement. The results of this experiment proved BONES to be an 

excellent tool for complex motion generation, and showed that training of complex 

movements is more efficient when training the whole motion rather than the parts.  

However, unexpectedly, people can begin to learn a complex movement by 

experiencing only its parts.   

7.2 Future Work 

Important directions for future work are as follows. 

7.2.1 Dynamic arm rest to assist in driving 

The design of the arm support can be improved in order to reduce potential 

collision with driver’s body. Safety features such as an emergency locking device 

could be implemented and synchronized to the airbag triggering signal in order to 

fold the arm rest during a collision, thus preventing potential injury caused by the 

device.  

It is unclear how the dynamic arm rest would affect city-type driving, in which 

right angle turns are frequently made, and these driving conditions should be studied. 

Additionally, we only tested driving with one hand, therefore future research should 

examine how driving with two hands and two arm rests compares to driving with two 

hands and no arm rest, or driving with one hand. 

7.2.2 CRAMER 

Future work on CRAMER should be focused on the possibility of making the 

device wearable, and on incorporating alternative actuators in order to generate 

higher torques, so the device is strong enough to assist patients with abnormal, 
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elevated tone. Implementation of force control on CRAMER would improve the 

device’s backdriveability. 

7.2.3 BONES 

The design of BONES can be improved in order to reduce the overall weight of 

the exoskeletal structure. Feedback from therapists has indicated the need for a 

simpler and faster mechanism to adjust arm length.  

To use the mechanical capabilities of BONES at its maximum potential, a 

graphical user interface needs to be implemented. Such software should include 

engaging games for stroke patients that also make use of the wide range of motion of 

the robot. 

A follow-up on motor learning experiments with a larger sample size is needed to 

assess the significance of our study. According to our results, learning a complex task 

as a “whole” was more efficient than training its individual movements. Nevertheless, 

subjects were able to sum the individual effects of the motion subcomponents into 

one synchronous movement. Future experiments should include testing of a 

combination of “part” and “whole”. A combination of both training techniques might 

be the most effective way of learning, with whole training useful for quickly giving 

the trainee the overall concept of the movement, but part training useful for working 

on appropriate range of motion for individual joints, when the trainee persists in 

making systematic errors during the whole trajectory. 

BONES provides the ability to implement a wide variety of force assistance 

algorithms for rehabilitation training after stroke, such as assisting, resisting, and 

perturbing naturalistic arm movements. Clinical testing with BONES should evaluate 
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whether these modes are differentially beneficial for provoking neuroplasticity after 

stroke.  BONES will also allow a rigorous test of whether functional transfer of 

robotic therapy is improved by practicing more naturalistic movements.  
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Appendix A   Jacobian Matrix Derivations 

A.1 Jacobian Matrix for CRAMER 

Following, we summarize the derivation of the time-derivative leading to the 

Jacobian matrix for CRAMER (Chapter 3). 

For simplicity, (3.8) is broken up into  

 

( ) ( ) ( )( ),q g B Dθ θ θ= ,    (A.1) 

 

which leads to  

 

( )dq g B g Dq J
dt B D

θ θ θ
θ θ

∂ ∂ ∂ ∂⎛ ⎞= = + =⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠
.   (A.2) 

 

Due to the length of the equations, each matrix component will be described 

separately, according to the following notation 
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The components of (A.3) are 
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Accordingly, we repeat the process for
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, obtaining 
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The remaining components of 
g
D
∂
∂

 are 
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. 

 

A.2 Jacobian Matrix for BONES 

In this section we present the detailed derivation of the time-derivative leading to 

the Jacobian matrix for BONES, previously introduced in 4.5.1. For simplicity 

purposes, we will use the following abbreviations 

 

y 1

p 2

r 3

e 4

c  = cos( )
c  = cos( )
c  = cos( )
c  = cos( )

θ
θ
θ
θ

      and      
y 1

p 2

r 3

e 4

s  = sin( )
s  = sin( )
s  = sin( )
s  = sin( )

θ
θ
θ
θ

, 

 

where the angle vectorθ follows the notation defined in Figure 4.7 . As stated in 

4.5.1, we divide the overall Jacobian relating the actuator to the end-effector into 

several intermediate steps (Figure 4.13). For simplicity purposes, we will describe the 

first 3 steps in reverse order: starting with the shoulder angles in order to locate 

TEC and BEC , then progressing to TTV and BTV , and finalizing at cylinders the 

rear diamond structure. 
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Starting with step 3, we relate the arm angles the location of TEC , BEC  (Figure 

4.9) and the arm angles θ . We expand  (4.1) and  (4.2) to their expanded symbolic 

form: 

( )
( )  

y p y r y p r

y p y r y p r

p p r

c c LH s s c s c LE

TEC s c LH c s s s c LE

s LH c c LE

⎡ ⎤+ +
⎢ ⎥
⎢ ⎥= + − +
⎢ ⎥

+⎢ ⎥⎣ ⎦

,   (A.4) 

( )
( )  

y p y r y p r

y p y r y p r

p p r

c c LH s s c s c LE

BEC s c LH c s s s c LE

s LH c c LE

⎡ ⎤− +
⎢ ⎥
⎢ ⎥= − − +
⎢ ⎥

− −⎢ ⎥⎣ ⎦

.   (A.5) 

 

Similarly, we expand (4.3) and (4.4), to obtain 

 

 

1,1

2 2 2
1,1 2,1 3,1

2,1

2 2 2
1,1 2,1 3,1

3,1

2 2 2
1,1 2,1 3,1

·

·

·

x

y

z

LS F
YB

F F F

LS F
BTV YB

F F F

LS F
YB

F F F

⎡ ⎤
⎢ ⎥+
⎢ ⎥+ +
⎢ ⎥
⎢ ⎥

= +⎢ ⎥
+ +⎢ ⎥

⎢ ⎥
⎢ ⎥+
⎢ ⎥+ +⎣ ⎦ ,    (A.6) 

 

where YB  and LS  are defined in Figure 4.9, and 

( )
( )

1,1

2,1

3,1

  

  

x y p y r y p r

y y p y r y p r

z p p r

F YB c c LH s s c s c LE

F YB s c LH c s s s c LE

F YB s LH c c LE

= − + − +

= − + − +

= + +

 

and  
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1,2

2 2 2
1,2 2,2 3,2

2,2

2 2 2
1,2 2,2 3,2

3,2

2 2 2
1,2 2,2 3,2

·

·

·

x

y

z

LS F
YT

F F F

LS F
TTV YT

F F F

LS F
YT

F F F

⎡ ⎤
⎢ ⎥+
⎢ ⎥+ +
⎢ ⎥
⎢ ⎥

= +⎢ ⎥
+ +⎢ ⎥

⎢ ⎥
⎢ ⎥+
⎢ ⎥+ +⎣ ⎦ ,    (A.7) 

with 

( )
( )

1,2

2,2

3,2

  

  

x y p y r y p r

y y p y r y p r

z p p r

F YT c c LH s s c s c LE

F YT s c LH c s s s c LE

F YT s LH c c LE

= − − +

= − − − +

= + −

 

 

We differentiate (A.4) and (A.5) with respect to θ , 

 

( ) ( ) ( )
( ) ( ) ( )

0

y p p r y p y r y p r y r y p r

y p p r y p y r y p r y r y p r

p p r p r

c s LH c c LE s c LH c s s s c LE s c c s s LE
TEC s s LH c c LE c c LH s s c s c LE c c s s s LE

c LH s c LE c s LE
θ

⎡ ⎤− − − + − − − +
⎢ ⎥∂ ⎢ ⎥= − − + + − +

∂ ⎢ ⎥
− − −⎢ ⎥⎣ ⎦

(B.8) 

 

( ) ( ) ( )
( ) ( ) ( )

0

y p p r y p y r y p r y r y p r

y p p r y p y r y p r y r y p r

p p r p r

c s LH c c LE s c LH c s s s c LE s c c s s LE
BEC s s LH c c LE c c LH s s c s c LE c c s s s LE

c LH s c LE c s LE
θ

⎡ ⎤− + − − − − +
⎢ ⎥∂ ⎢ ⎥= − + − + +

∂ ⎢ ⎥
− +⎢ ⎥⎣ ⎦

(B.9) 

 

We define thECJ , an intermediate Jacobian matrix relating the shoulder angles to 

TEC ,  BEC . Using (B.8) and (B.9), we obtain thECJ . 
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 thEC

TEC

J
BEC
θ

θ

∂⎡ ⎤
⎢ ⎥∂= ⎢ ⎥
∂⎢ ⎥
⎢ ⎥∂⎣ ⎦

 (A.10) 

 

In step 2, we repeat the previous process applied to (A.6) and (A.7), which leads 

to  

 ( ) [ ]
2

3
1 1 2 33·TTV I TEC YTLS Column Column Column

TEC YT TEC YTθ
⎛ ⎞∂ −= − =−⎜ ⎟∂ − −⎝ ⎠

,(A.11) 

 

with  

 

( )

( )

( )

3
2

3
2

3
2

2
1,3

2 2 2 2 2 2
1,3 2,3 3,3 1,3 2,3 3,3

1,3 2,3
1 1 2 2 2

1,3 2,3 3,3

1,3 3,3

2 2 2
1,3 2,3 3,3

1 F

F F F F F F

F F
Column LS

F F F

F F

F F F

⎡ ⎤
⎢ ⎥−
⎢ ⎥+ + + +⎢ ⎥
⎢ ⎥

= −⎢ ⎥
⎢ ⎥+ +
⎢ ⎥
⎢ ⎥−⎢ ⎥

+ +⎢ ⎥⎣ ⎦

 

( )

( )

( )

3
2

3
2

3
2

1,3 2,3

2 2 2
1,3 2,3 3,3

2
2,3

2 1 2 2 2 2 2 2
1,3 2,3 3,3 1,3 2,3 3,3

2,3 3,3

2 2 2
1,3 2,3 3,3

1

F F

F F F

F
Column LS

F F F F F F

F F

F F F

⎡ ⎤
⎢ ⎥−
⎢ ⎥+ +
⎢ ⎥
⎢ ⎥

= −⎢ ⎥
+ +⎢ ⎥+ +

⎢ ⎥
⎢ ⎥−⎢ ⎥

+ +⎢ ⎥⎣ ⎦
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( )

( )

( )

3
2

3
2

3
2

1,3 3,3

2 2 2
1,3 2,3 3,3

1,3 3,3
3 1 2 2 2

1,3 2,3 3,3

2
3,3

2 2 2 2 2 2
1,3 2,3 3,3 1,3 2,3 3,3

1

F F

F F F

F F
Column LS

F F F

F

F F F F F F

⎡ ⎤
⎢ ⎥−⎢ ⎥+ +⎢ ⎥
⎢ ⎥
⎢ ⎥= −
⎢ ⎥+ +
⎢ ⎥
⎢ ⎥

−⎢ ⎥
+ +⎢ + + ⎥⎣ ⎦

 

 

( )
( )

1,3

2,3

3,3

 

 

 

x y p y r y p r

y y p y r y p r

z p p r

F YT c c LH s s c s c LE

F YT s c LH c s s s c LE

F YT s LH c c LE

= − − +

= − − − +

= + −

 

 

Similarly for BTV , we obtain 

 

 ( ) [ ]
2

3
2 1 2 33·BTV I BEC YBLS Column Column Column

BEC YB BEC YBθ
⎛ ⎞∂ −= − =−⎜ ⎟∂ − −⎝ ⎠

,(A.12) 

 

with  

 

( )

( )

( )

3
2

3
2

3
2

2
1,4

2 2 2 2 2 2
1,4 2,4 3,4 1,4 2,4 3,4

1,4 2,4
1 2 2 2 2

1,4 2,4 3,4

1,4 3,4

2 2 2
1,4 2,4 3,4

1 F

F F F F F F

F F
Column LS

F F F

F F

F F F

⎡ ⎤
⎢ ⎥−
⎢ ⎥+ + + +⎢ ⎥
⎢ ⎥

= −⎢ ⎥
⎢ ⎥+ +
⎢ ⎥
⎢ ⎥−⎢ ⎥

+ +⎢ ⎥⎣ ⎦
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( )

( )

( )

3
2

3
2

3
2

1,4 2,4

2 2 2
1,4 2,4 3,4

2
1,4

2 2 2 2 2 2 2 2
1,4 2,4 3,4 1,4 2,4 3,4

2,4 3,4

2 2 2
1,4 2,4 3,4

1

F F

F F F

F
Column LS

F F F F F F

F F

F F F

⎡ ⎤
⎢ ⎥−
⎢ ⎥+ +
⎢ ⎥
⎢ ⎥

= −⎢ ⎥
+ +⎢ ⎥+ +

⎢ ⎥
⎢ ⎥−⎢ ⎥

+ +⎢ ⎥⎣ ⎦

 

( )

( )

( )

3
2

3
2

3
2

1,4 3,4

2 2 2
1,4 2,4 3,4

2,4 3,4
3 2 2 2 2

1,4 2,4 3,4

2
1,4

2 2 2 2 2 2
1,4 2,4 3,4 1,4 2,4 3,4

1

F F

F F F

F F
Column LS

F F F

F

F F F F F F

⎡ ⎤
⎢ ⎥−⎢ ⎥+ +⎢ ⎥
⎢ ⎥
⎢ ⎥= −
⎢ ⎥+ +
⎢ ⎥
⎢ ⎥

−⎢ ⎥
+ +⎢ + + ⎥⎣ ⎦

 

 

( )
( )

1,4

2,4

3,4

 

 

 

x y p y r y p r

y y p y r y p r

z p p r

F YB c c LH s s c s c LE

F YB s c LH c s s s c LE

F YB s LH c c LE

= − + +

= − + − +

= + +

 

 

Summarizing step 2, we define ECTVJ , the Jacobian matrix relating TEC ,  BEC  

and TTV ,  BTV . 

3 3

3 3

0

0

x

ECTV

x

TTV

J
BTV

θ

θ

∂⎡ ⎤
⎢ ⎥∂= ⎢ ⎥

∂⎢ ⎥
⎢ ⎥∂⎣ ⎦

   (A.13) 

 

Progressing to step 1, we calculate the differentials for the rear diamond cylinders 

lengths 1 2 3 4[ , , , ]q q q q , expressed as  
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 4,5 5,5 6,51
2 2 2 2 2 2 2 2 2

4,5 5,5 6,5 4,5 5,5 6,5 4,5 5,5 6,5

F F Fq
F F F F F F F F Fθ

⎡ ⎤∂ ⎢ ⎥=
∂ ⎢ ⎥+ + + + + +⎣ ⎦

, (A.14) 

 

( )
( )

1,5

2,5

3,5

1,5
4,5 2 2 2

1,5 2,5 3,5

2,5
5,5 2 2 2

1,5 2,5 3,5

3,7
6,5 2 2 2

1,5 2,5 3,5

0

0

0

x y p y r y p r

y y p y r y p r

z p p r

x x

y y

z z

F YT c c LH s s c s c LE

F YT s c LH c s s s c LE

F YT s LH c c LE

F
F LS YB CBR

F F F

F
F LS YB CBR

F F F

F
F LS YB CBR

F F F

= − − +

= − − − +

= + −

= + −
+ +

= + −
+ +

= + −
+ +

 

 

 4,6 5,6 6,62
2 2 2 2 2 2 2 2 2

4,6 5,6 6,6 4,6 5,6 6,6 4,6 5,6 6,6

F F Fq
F F F F F F F F Fθ

⎡ ⎤∂ ⎢ ⎥=
∂ ⎢ ⎥+ + + + + +⎣ ⎦

, (A.15) 

 

( )
( )

1,6

2,6

3,6

1,5
4,6 2 2 2

1,6 2,6 3,6

2,5
5,6 2 2 2

1,6 2,6 3,6

3,7
6,6 2 2 2

1,6 2,6 3,6

0

0

0

x y p y r y p r

y y p y r y p r

z p p r

x x

y y

z z

F YT c c LH s s c s c LE

F YT s c LH c s s s c LE

F YT s LH c c LE

F
F LS YB CBL

F F F

F
F LS YB CBL

F F F

F
F LS YB CBL

F F F

= − − +

= − − − +

= + −

= + −
+ +

= + −
+ +

= + −
+ +
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 4,7 5,7 6,73
2 2 2 2 2 2 2 2 2

4,7 5,7 6,7 4,7 5,7 6,7 4,7 5,7 6,7

F F Fq
F F F F F F F F Fθ

⎡ ⎤∂ ⎢ ⎥=
∂ ⎢ ⎥+ + + + + +⎣ ⎦

, (A.16) 

 

( )
( )

1,7

2,7

3,7

1,5
4,7 2 2 2

1,7 2,7 3,7

2,5
5,7 2 2 2

1,7 2,7 3,7

3,7
6,7 2 2 2

1,7 2,7 3,7

0

0

0

x y p y r y p r

y y p y r y p r

z p p r

x x

y y

z z

F YT c c LH s s c s c LE

F YT s c LH c s s s c LE

F YT s LH c c LE

F
F LS YT CTL

F F F

F
F LS YT CTL

F F F

F
F LS YT CTL

F F F

= − − +

= − − − +

= + −

= + −
+ +

= + −
+ +

= + −
+ +

 

 

 4,8 5,8 6,84
2 2 2 2 2 2 2 2 2

4,8 5,8 6,8 4,8 5,8 6,8 4,8 5,8 6,8

F F Fq
F F F F F F F F Fθ

⎡ ⎤∂ ⎢ ⎥=
∂ ⎢ ⎥+ + + + + +⎣ ⎦

, (A.17) 

 

( )
( )

1,8

2,8

3,8

1,5
4,8 2 2 2

1,8 2,8 3,8

2,5
5,8 2 2 2

1,8 2,8 3,8

3,5
6,8 2 2 2

1,8 2,8 3,8

0

0

0

x y p y r y p r

y y p y r y p r

z p p r

x x

y y

z z

F YT c c LH s s c s c LE

F YT s c LH c s s s c LE

F YT s LH c c LE

F
F LS YT CTR

F F F

F
F LS YT CTR

F F F

F
F LS YT CTR

F F F

= − − +

= − − − +

= + −

= + −
+ +

= + −
+ +

= + −
+ +

 

 



 124

Concluding step 1, we introduce TVcJ , the Jacobian matrix relating TTV , BTV  

and the cylinder lengths at the rear diamond structure. 

 

 

3
1 3

4
1 3

2
1 3

1
1 3

0

0

0

0

x

x

TVc

x

x

q

q

J
q

q

θ

θ

θ

θ

∂⎡ ⎤
⎢ ⎥∂⎢ ⎥
∂⎢ ⎥
⎢ ⎥∂= ⎢ ⎥∂⎢ ⎥
⎢ ⎥∂
⎢ ⎥∂⎢ ⎥

∂⎣ ⎦

 (A.18) 

 

Finally, the Jacobian matrix that relates the rear diamond pneumatic actuator’s 

velocity and the elbow motion (steps 1~3) is 

 

 thC TVc ECTV thECJ J J J= , (A.19) 

 

So far, we have determined the relation between the 4 pneumatic cylinders in the 

diamond structure and the elbow orientation. Now we will introduce the decoupled 

action of the elbow cylinder (step 4). 

Recall (4.11), which related 5q (the elbow cylinder) and 4θ (the elbow angle). If 

we differentiate the equation with respect to 4θ , we obtain 

 

 ( )
( )

4 1 25
2 2

4 4 1 2

· ·

2· · ·

b c sinq
b c b c cos

θ β β
θ θ β β

− − −∂
=

∂ + − − −
 (A.20) 
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Let us define 5

4
thXYZS

qJ
θ
∂

=
∂

, then the overall Jacobian matrix relating the 5 

pneumatic actuators and the 4 arm angles, defined in (4.15), is 

 

 
0

0
thc

thXYZS

J
J

J
⎡ ⎤

= ⎢ ⎥
⎣ ⎦

 (A.21) 

 


