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With incidents of stroke becoming increasingly frequent, finding new means of providing more 

efficient and effective rehabilitation has become a rapidly growing area of research.  While much 

of the focus has been directed towards robot-based methods, mechanically passive methods 

capable of providing similar therapeutic benefits in a less expensive and safer package are also 

being explored.  Such devices are more practical for wide-spread use, both in a clinical setting as 

well as for in-home therapy.  This thesis developed a mechanically passive device for 

neuromuscular rehabilitation after stroke called WRIST (Wrist Resonator for Independent Stroke 

Training).  WRIST incorporates a tone-canceling linkage designed to counteract intrinsic wrist 

stiffness to ease movement, as well as an appropriately designed mass and superimposed spring 

stiffness to create a resonant environment that the user can take advantage of to facilitate repetitive 

wrist flexion and extension.  As a proof of concept, a pilot study with two, chronic, severely-

impaired stroke subjects was conducted to verify benefits of the linkage and resonant system.  The 

torque profiles of each subject’s wrist, as well as the residual wrist torque with the linkage engaged 

were measured and verified that the linkage accurately cancelled the intrinsic wrist stiffness.  

Moreover, the tone-canceling linkage increased active range of motion of the wrist, and 
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superimposing the resonant system further increased it.  These results support the idea that 

appropriately-designed, mechanically passive devices have the potential to provide therapeutic 

benefits similar to that of robotic rehabilitation devices. 
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SECTION 1: INTRODUCTION 

Stroke incidents are becoming increasingly common, with approximately 795,000 new or 

recurring cases each year [1].  With the likelihood of suffering a stroke doubling with each decade 

after the age of 55, combined with the baby-boomer generation now entering the greater half of a 

century in age and improvements in the medical field leading to prolonged life expectancy, strokes 

have become increasingly apparent.  Thus, research in the fields of both stroke prevention and 

rehabilitation has also increased substantially.  

A stroke can result from two scenarios: a blood vessel is blocked, subsequently cutting 

blood-flow to part of the brain (ischemic), or a weakened blood vessel in the brain ruptures 

(hemorrhagic).  Of these scenarios, ischemic strokes are much more common, occurring in 87 

percent of stroke cases [1].  Approximately 60 percent of those who suffer a stroke experience a 

long-term residual motor dysfunction after the first year [2].  These impairments make it difficult 

to perform activities of daily living (ADL) and even some of the most basic motor tasks.   

It was suggested that the effects of a stroke can be divided into two categories: impairment 

and disability [3].  Impairment is defined by the specific loss of psychologic, physiologic, or 

anatomic structure, which is characterized by the lesion size and location in the brain.  

Alternatively, disability is defined as a more general term that includes any restriction or lack of 

ability to perform an activity within the range considered normal.  Due to an increase in stroke 

cases coupled with a limited quantity of rehabilitation resources, many rehabilitation techniques 

have shifted towards functional improvement by learning compensatory techniques [3].  These 

techniques, while benefitting the patient’s primary goal of reducing disability by teaching methods 

of coping with their physical impairments, may subsequently hinder functional recovery of limb 

impairment [4].  In a study evaluating effective methods for improving chronic motor deficit after 
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stroke, it was shown that by restraining the unaffected limb and thus requiring the stroke patient 

to use their impaired upper extremity, the patient experienced substantial motor function 

improvements when compared to the control group [5].  This suggests that in order to truly 

overcome an impairment after stroke, it is essential that rehabilitation is not limited to 

compensatory techniques, and that functional movement be applied to the impaired limb. 

 

1.1 REHABILITATION METHODS 

To help improve and regain the ability to perform ADL and overcome impairments 

resulting from a stroke, stroke patients often go through extensive rehabilitation with the assistance 

of physical therapists.  During these therapy sessions, physical therapists will assist stroke patients 

with moving through repetitious normal movements in hope to retrain the brain to perform these 

motions, thus increasing motor function.  The basis behind this training is “neural plasticity,” 

which is the idea that motor activity causes the synapses and neuronal circuits to change and adapt 

to the damaged portion of the brain.  This adaptation can occur through three methods: 

compensatory changes in the damaged hemisphere through functional organization of the intact 

cortical tissue surrounding the damaged portion of the brain, activation of motor areas in the 

unaffected hemisphere, and increased activation of non-primary motor areas of the brain [4].  

Studies have shown that an effective method to reducing impairment and increasing neural 

plasticity is through repetitive movements of the impaired limb [6]. 

This repetitive movement can occur through multiple methods, which has sparked the 

question of what is the most effective method of robotic therapy, e.g. continuous passive motion 

(CPM), or active-assisted movement (movement with some form of robotic assistance).  In a study 

by Volpe and Ferraro in which CPM therapy was directly compared to interactive robotic treatment 
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on a stroke-impaired shoulder, CPM was found to improve shoulder stability and reduce tone [7].  

Tone is clinically defined as the resistance to externally imposed movement of a passive limb.  It 

was, however, also shown that the CPM did not significantly affect motor outcome, while active-

assistance robots improved motor function and power in the trained shoulder and elbow [7].  

Active-assisted movement allows the patient to participate in the rehabilitation, rather than simply 

being moved through a repetitive motion.  This keeps the patient more engaged in the therapy, as 

it is the patient’s own movement attempts that are causing the actual movement.  Furthermore, 

another study comparing the therapeutic benefits of active assistance from the ARM Guide robot 

to repetitive reaching motion therapy while unattached to the ARM Guide also suggests that the 

action of active repetitive motion, rather than mechanical assistance may be the key factor to 

recovering arm movement [8].  This was shown through approximately equal gains in active range 

of motion (AROM) and peak velocity during unassisted reaching for both groups.  Additionally, 

most subjects showed improved times in completing certain ADL, and some were also able to 

complete certain tasks after the therapy that could not be completed before.  The results of these 

studies indicate two concepts: CPM, while providing certain benefits in the overall reduction of 

disability, may not provide as much benefit as active assistance; moreover, though active robotic 

assistance leads to significant improvements in motor function, similar results may be attainable 

though active, unassisted movements alone.  Based on these concepts, a conclusion can be drawn 

that it is the active involvement of the stroke patient in repetitive movements that may be a key 

factor in motor recovery after stroke. 
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1.2 ROBOTICS FOR REHABILITATION THERAPY 

In concurrence with the notion that proper impairment recovery is experienced by actively 

involving the impaired limb, traditional rehabilitation with physical therapists involving assisted, 

repetitive motion of the impaired limb has shown promising results in reducing impairments and 

improving motor function.  The drawback of this form of therapy is that it is both time-consuming 

and labor intensive; this limits the amount of therapy a stroke patient is able to receive.  

Consequently, in a push to provide increased and improved rehabilitation techniques, the field of 

stroke rehabilitation has shifted to robotic rehabilitation methods.  Many studies have shown that 

repeating movement in the impaired limb has resulted in improved motor function, and robotics 

has introduced an effective method of providing patients with a means of practicing these repetitive 

motions.  Additionally, robotics also provides an easy way of quantitatively evaluating a patient’s 

progress through the integration of numerous forms of sensors.  It should also be noted, however, 

that the goal of bringing robotics into rehabilitation is not to replace the physical therapist; rather, 

robotics will be used in collaboration with therapists.  As stated by Hidler et al., the goal of the 

robot is to replace the therapist’s hands in certain circumstances by assisting patients during heavy, 

challenging, or repetitious movement and ease the physical strain on the therapist.  The therapist 

will continue to provide information used to evaluate the patient’s overall movement strategies.  

Moreover, the quantitative evaluation benefits of robotics can be used to support observations 

made by clinicians [9].  

Considering the benefits brought forth by robotics, numerous designs of varying size, 

functionality, and complexity have been created and tested.  One such robot is the MIT-MANUS.  

This robot is equipped with three motors and capable of moving through three degrees of freedom 

(DOF): abduction-adduction, flexion-extension, and pronation-supination.  The device is capable 
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of operating as a stand-alone robot, or in combination with a companion planar robot for the 

shoulder and elbow, allowing it to move through a total of five DOF [10].  A key benefit employed 

by the MIT-MANUS is that it requires little time for setup; the patient can be strapped into the 

robot and ready for therapy within two minutes.  This reduces the likelihood of the device 

becoming a chore for the patient and therapist to use.  Another advantage of the robot is that it is 

back-drivable, in that the endpoint impedance is low; this provides an environment in which the 

patient feels as if the robot is not connected and forcing them through certain movements.  This 

device has also shown successful improvements in motor function in both the wrist/hand as well 

as shoulder/arm, as seen in large gains in Fugl-Meyer scores [10].  However, while this device has 

shown optimistic results in stroke rehabilitation, the question arises if these benefits match up to 

the high cost of using a robotic device. 

Another robot designed for post-stroke therapy is the T-WREX.  Unlike the MIT-MANUS, 

this device is entirely passive.  Rather than providing active assistance, the T-WREX implements 

elastic bands to counteract gravity, making it easier for stroke patients to move in a 3D workspace.  

Moreover, by interchanging the elastic bands, the amount of assistance against gravity is 

adjustable; therefore, the device can be modified to fit a wide variety of patients.  Though the 

device is passive, it is also equipped with three rotary potentiometers as well as a hydraulic bladder 

to measure grasp pressure.  With this instrumentation, the device can be synced with computer 

games, and can also effectively measure and track improvement.  A pilot study was performed 

comparing the effectiveness of this device versus conventional therapy consisting of performing a 

series of exercises on a tabletop.  The results indicate that both the T-WREX training group and 

control group experienced significant improvements in Fugl-Meyer scale arm movement ability.  

Furthermore, the T-WREX group experienced larger gains that neared significance in the Motor 



6 
 

Activity Log in both quality and amount of affected arm use in the home setting, and also trended 

towards higher scores on all clinical measures when compared to the control group [11].  Another 

notable observation from the study is that these results all occurred for subjects with moderate to 

severe hemiparesis.  Stroke patients with such hemiparesis often have difficulty performing 

preferred training methods due to their inability to actively move through the exercises.  However, 

the passive support system of T-WREX was able to overcome this difficulty, allowing patients 

with this level of impairment to participate in this type of therapy.  Moreover, improvements in 

upper extremity motor control using this device were also similar to results found in devices such 

as the MIT-MANUS.  This supports the idea that active patient involvement can encourage motor 

recovery similar to that of therapy using robotic actuation, as well as the idea that passive, 

inexpensive devices can be viable options for in-home therapy [11].   

 

1.3 OVERVIEW OF THE DEVICE DEVELOPED IN THIS THESIS PROJECT 

In an attempt to combine the optimal qualities of rehabilitation, a rehabilitation device 

called WRIST (Wrist Resonator for Independent Stroke Training) was developed for recovery of 

wrist motor function for stroke patients.  The ability to articulate the wrist plays an important role 

in improving the usefulness of the hand by allowing it to move through a variety of orientations 

relative to the elbow [12].  Traditional therapy also focuses primarily on training the proximal limb 

before the distal limb segments, which could lead to a decreased or even lost ability to recruit 

synapses for distal rehabilitation [10].  In a review done of robotics as treatment devices, it was 

pointed out that due to economic pressures, rehabilitation centers are being required to reduce the 

amount of time they are able to dedicate to treating patients; hence the therapy provided during 

this time must be optimized [9].  In addition to optimizing therapy during clinical visits with 
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robotics, another method of improving therapy is to provide access to therapy in-home as well.  

Rehabilitation opportunities can then be made available to patients for extended periods of time.  

Introducing the option for in-home therapy to stroke patients also significantly reduces the cost of 

therapy, assuming the cost of the device is not exceptionally high.  Therefore, one of the primary 

goals of this device is to provide a method for reducing therapeutic costs through in-home 

rehabilitation.  This is accomplished by designing a relatively simple, portable, and low-cost 

device that implements benefits from both actuated and passive devices.  The device is based on 

the idea that repetitive motion promotes recovery after stroke.  It operates using the concept of 

resonant frequency, in which by moving the wrist back-and-forth through flexion-extension 

periodically at a specific frequency, hand motion is amplified, making it easier to move through a  

larger range of motion.  By amplifying hand movement, the resonant environment acts as a form 

of active assistance; however it implements only passive components.  To allow stroke patients 

with moderate to severe impairments to use the device, WRIST also implements a novel tone-

canceling linkage to counteract intrinsic stiffness, similar to the gravity-countering effect of the T-

WREX. 

While designing this device, many aspects of rehabilitation were considered in order to 

build a device that would provide an optimal form of therapy in a relatively small, portable, and 

inexpensive manner.  Therefore, the advantages and disadvantages of other devices were 

considered throughout the design process.  For example, robotic devices such as the MIT-

MANUS, MIME, and ARM Guide have all shown promising therapeutic benefits [8, 10, 13].  

However, one major disadvantage of these devices is their complexity, specifically the fact that 

they all implement robotic actuators; this increases the cost of the device, decreases safety, and 

makes it less practical for in-home therapy.  WRIST does not use any form of robotic motors or 
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actuators: The tone-canceling linkage and resonant system operate using a combination of moment 

arms and linear and torsion springs. 

Robotic devices undoubtedly have their place in stroke rehabilitation research as useful 

tools for thoroughly assessing and comparing training effects across numerous patient parameters 

in order to better understand specific mechanisms that support motor learning [8].  However, due 

to the added cost, complexity, and safety risks of a robotically actuated device, a key question 

arises assessing the cost-benefit ratio of wide-spread use of robotics in rehabilitation.  In a study 

comparing the effects of multiple methods of therapy, namely comparing MIME, ARM Guide, 

and conventional therapy in a reaching exercise, an optimal form of active assistance a robot 

provides during therapy was sought in an attempt to validate the added expenses of using a robotic 

device [8].  It was found that devices using active assistance in the form of “guided-force training” 

resulted in greater rehabilitative benefits when compared to both unassisted conventional therapy, 

as well as assistance where the subject receives mechanical assistance to complete the desired 

movement.  This guided-force training requires that the subject move using the correct muscle 

activation patterns.  If the movement is grossly incorrect, the robot would stop the subjects’ 

movements.  Moreover, if the subject moves through the patterns correctly, they would reach the 

target without any impedances from the robot [8].  The resonant system of WRIST embodies a 

similar quality: As the subject begins to move back and forth at the resonant frequency (defined 

by resonant spring stiffness and moment-arm inertia), the device will allow, and even amplify the 

subject’s hand movements in a continuous, fluid manner.  However, if the subject ceases to move 

at this frequency (synonymous to an incorrect muscle activation pattern), the device would oppose 

this change in motion, thus halting the subject’s movements.  Thus WRIST provides a form of 

“active” guided assistance through the applied forces of the resonant system, doing so in an entirely 
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passive manner.  Further benefits of the resonant amplification aspect of the device are that moving 

through a larger range of motion improves multipoint coordination, and greater proprioceptive 

sensory signals to the brain, qualities that are considered useful for promoting greater motor 

learning [14]. 

There is a consensus that increasing repetitions of a movement through additional training 

is more likely to result in greater improvements in motor function.  Therefore, it would be highly 

beneficial to be able to continue rehabilitation at home with training enhanced with devices 

managed by therapists.  Another benefit of the “guided” aspect of the resonant system is that when 

using the device, it acts as a form of trainer.  The resonant system only allows oscillatory and fluid 

movement at a specific frequency; therefore, there is essentially only one way the device can be 

used.  This means the device can be operated with little supervision, making it an ideal candidate 

for in-home rehabilitation.  While this cannot replace the quality of actual supervision from a 

therapist, it is beneficial in that it allows stroke patients to continue training when a therapist is not 

present.  Moreover, this allows therapists to more efficiently manage their time and provide 

assistance to multiple stroke patient at once, as a large portion of physical supervision of assisting 

patients through movements is alleviated. 

Following a study using the passive device T-WREX, subjects were asked a follow-up 

survey in order to evaluate the device in terms of its most desirable qualities as well as aspects that 

could be added or improved on the device [15].  Overwhelmingly, the subjects appreciated the 

improved interest and movement ability of the device, specifically regarding the interactive video 

games and the arm support to balance the weight of the subjects’ arms against gravity.  Both of 

these features are incorporated into WRIST.  One of the primary benefits of incorporating a device 

with a video game is the concept of “functional causality of movement,” which is the idea that a 



10 
 

subject is volitionally effecting a movement that is causing something meaningful to happen in a 

simulated environment [15].  By incorporating a magnetic rotary encoder into the design to 

measure wrist angle, movements in WRIST can be synced with simulated movements in video 

games.  This concept is important in that it makes the therapy more engaging.  If a subject with 

severe limb weakness is able to successfully move in a virtual environment, the movement 

becomes more rewarding, and is more likely to reinforce repetitive practice [15].  Moreover, 

WRIST is also equipped with a tone-canceling linkage used to counteract intrinsic stiffness in the 

wrist.  Similar to the counterweights of T-WREX, the linkage is used to offset some of the factors 

that cause movement difficulty while attempting to complete a specific task. 

 

1.4 COMPARISON WITH OTHER RESONANCE-BASED DEVICES 

The concept of implementing a resonant environment in stroke rehabilitation has been 

previously tested in a device called RAE (Resonating Arm Exerciser) [16].  Rather than for wrist 

rehabilitation like WRIST, this device focuses on the entire arm.  It is built around a wheelchair, 

and incorporates an aluminum tube that pivots around the hub of the wheelchair.  An elastic band 

is then secured to two points on the frame, and the arm can then attach to any point on the band, 

thus allowing the neutral position to be adjusted.  The device also includes an adjustable padded 

trough to help support the patients forearm during therapy.  Two pilot experiments were also 

performed: the first tested the hypothesis that RAE’s resonant property would amplify the subject’s 

active range of motion (AROM), and the second was a pilot study to evaluate the effectiveness of 

RAE as a rehabilitation device.  In the first experiment, subjects were able to increase their AROM 

by a factor of 1.7.  In the second experiment, subjects increased their AROM by 14 ± 9 degrees, 

or 66% ± 20% after 3 weeks of exercise, and their change in Fugl-Meyer score after three weeks 
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of training was 8.5 ± 4.1 points.  Moreover, the study found a moderate correlation between 

improvements in AROM and Fugl-Meyer score, which suggests that the device may provide a 

simple means of measuring motor function that is comparable to an established clinical 

measurement [16].  These results are encouraging, considering WRIST operates using similar 

concepts, and can also easily measure AROM to potentially assess motor improvement. 

A non-passive version of WRIST was also built and tested prior to this device.  This version 

utilized a voice-coil linear actuator to create the resonant system of the device.  Initially, the device 

was configured with resonant frequencies between 1.75 and 2.5 Hz.  Many of the subjects that 

used the device had a large amount of tone in their wrist, which led to multiple problems during 

testing.  Through personal communication with Justin Rowe, it was discovered that low-level 

subjects had difficulty moving at the specified range of resonant frequencies, and were also unable 

to naturally rest their wrists at the neutral position of the resonant system.  Moreover, a resonant 

system is based on the idea of applying a form of assistive sinusoidal oscillatory torque; however 

when a sinusoidal wrist torque is applied to subjects with severe tone, the applied torque will not 

result in sinusoidal wrist movements. 

The issues that presented themselves during initial testing led to multiple ideas for revisions 

to the device. Because low-level subjects with severe tone were unable to use the device at the 

resonant frequencies at or above 1.75 Hz, it was determined that the device must be adapted to 

include a means of integrating additional mass (since the square of the resonant frequency is 

inversely proportional to the mass).  Furthermore, to help combat the moderate to severe tone in 

low-level subjects and help them move correctly within the resonant environment, it was suggested 

that a passive support system be added.  Lastly, the original design operated via computer, which 

made it more expensive and limited its portability and practicality for in-home rehabilitation.  
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Therefore, it was suggested that an alternative to operating the device using a computer be pursued.   

Considering these revisions, a new device (WRIST) was designed based on the same idea of 

resonance for wrist rehabilitation. 

 

SECTION 2: DEVICE DESIGN 

As previously stated, repetition in training is a key element in relearning motor function.  With 

traditional therapy requiring constant attention from a physical therapist resulting in high physical 

and capital cost, and most robotic rehabilitation devices being highly complex and expensive, 

current options for in-home therapy are relatively limited.  Therefore, there is a need for a simpler, 

low-cost alternative to allow patients to easily continue their rehabilitation training in-home.  This 

has led to the design and development of the WRIST rehabilitation device.  There are multiple 

qualities to this device that make it ideal for in-home therapy, namely size, cost, simplicity of 

design, and variability.  The benefits are described in further detail as follows: 

1. Size: The device measures 14 in. x 17 in x 8 in (without hand plate and arm cuff) and 

weighs approximately 15 lbs. (without added steel and lead weights). 

2. Cost: The prototype cost approximately $4000 to build (with the highest percentage 

attributing to manufacturing costs). 

3. Simplicity of Design:  The device relies entirely on passive components to operate and 

does not require any form of active actuation. 

4. Variability:  The device was designed with a variable-length moment arm that can be 

adjusted to vary the resonant frequency of the system, the stiffness of the resonant system 

can be adjusted, the tone-canceling linkage stiffness can easily be changed to adjust the 
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amount of assistance, and the constant torque spring for the tone-canceling system can be 

adjusted to change the neutral position of the device. 

Furthermore, the original design allowed wrist movement of approximately ± 30 degrees.  In 

the revision of WRIST, the ROM was increased to approximately ± 60 degrees to better represent 

the ROM of a normal wrist in everyday tasks of 60/60 degrees flexion/extension [10].  Multiple 

benefits accompany this increase in ROM: By moving through a larger range of motion, the soft 

tissue is stretched further and the range of sensory input is also increased, which is believed to 

promote improved recovery.  A Solidworks model of the revised device is shown in Fig. 2.1. 

 

 
 

Fig. 2.1: Complete Solidworks assembly of device. 1a) Resonant system springs; 1b) Resonant system 
adjustable moment arms; 2) Tone-canceling linkage; 3) Torsion springs for linkage that generate tone-

cancelation; 4) Constant torque spring to adjust neutral position of tone-canceling profile. 
 
 
 
 
 
 



14 
 

2.1 RESONANT SYSTEM 

Like the original design, WRIST is also based around the idea of resonance.  Resonance is 

a concept in which if a system operates at its resonant frequency, its movement will be amplified 

as the system stores and releases energy at the proper moments.  The resonant frequency of the 

system is directly related to the natural frequency and is characterized by two key elements: the 

inertia and the stiffness of the system.   

𝜔𝑛 = √
𝑘

𝐽
     (1) 

 Eq. (1), k represents the torsional stiffness and J is the inertia of the system.  The 

relationship between resonant and natural frequency is then given by the following equation: 

𝜔𝑟 = 𝜔𝑛√1 − 2𝜁2    (2) 

where 𝜁 is the damping ratio of the system.  Referring to Eqs. (1) and (2), it is apparent that the 

resonant frequency is directly dependent on the stiffness, the inertia, and the damping ratio.  

Therefore, these are the parameters that must be considered when designing the system.  Lastly, 

the amplification gain of the system (i.e. the increase in movement at resonance) is given in Eq. 

(3). 

𝐴 =
1

2𝜁√1−𝜁2
     (3) 

In Eq. (3) it is evident that amplification gain, A, is inversely proportional to 𝜁.  Due to the 

resonant nature of the device, it is imperative A be sufficiently large.  Therefore, to ensure A is 

large, 𝜁 must be minimized.  Since 𝜁 represents the total friction in the system, it is critical that the 

device be designed in a manner that minimizes friction. 
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2.1.1 Parameter Selection 

By ensuring 𝜁 is minimized, the inertia and stiffness of the system are the only remaining 

parameters to select.  An ideal frequency to achieve within the physiologic range of human 

movement is approximately 1 Hz [16].  However, because subjects using the previous iteration of 

WRIST had difficulty moving at higher resonant frequencies, a large amount of physical mass was 

added to the system.  This allows the device to achieve a resonant frequency as low as 

approximately 0.60 Hz.  Moreover, it was decided that it would be ideal if the device was capable 

of operating through a range of frequencies.  This allows patients with more severe impairments 

to begin at slower frequencies and later increase to more challenging higher frequencies.  To 

determine the proper values for k and J, a desired DC gain, GDC, was chosen.  Using Eq. (4), the 

desired stiffness can then be determined. 

𝐺𝐷𝐶 =
1

𝑘
     (4) 

Once k is known, the desired inertia can easily be determined using Eq. (1).  Eq. (1) gives 

the natural frequency of the system; assuming the friction of the system is small (𝜁 ≅ 0), the 

resonant frequency is approximately equal to the natural frequency. 

These parameters are realized through a simple passive mass-spring system.  In order to 

achieve a range of frequencies, either the system’s stiffness, k, or inertia, J, must be varied.  In 

order to design the resonant system to fit the needs of as wide variety of patients as possible, the 

device was designed with the ability to adjust both of these parameters.  The stiffness of the system 

is selected through the combination of two torsion springs and two linear springs.  The linear 

springs are attached to a cable, which is wrapped around and secured to a pulley.  The pulley is 

centered on the axis of rotation, to ensure a linear stiffness is achieved.  While the torsion springs 

are set at a constant value, the linear springs can easily be swapped in and out with various degrees 
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of stiffness to adjust the DC gain of the system.  Moreover, the inertial parameter of the resonant 

environment can also be adjusted, both by changing the amount of mass, as well as the length of 

each moment-arm.  Through the combination of adjusting these parameters, a wide variety of 

resonant frequencies can be achieved.  The resonant system of the device can be approximated as 

a torsional harmonic oscillator, represented by the following equation: 

𝐽�̈� + 𝑐�̇� + 𝑘𝜃 = 𝜏    (5) 

where J is the inertia of the system, c is the damping, k is the stiffness, and 𝜏 is the input torque.  

The damping ratio is related the overall damping, c, by the following equation: 

𝜁 =
𝑐

2√𝑘𝐽
     (6) 

In order create a resonant setting, the system must be underdamped, meaning c must be as 

close to zero as possible.  Therefore, careful consideration was taken when designing the device 

to ensure friction was minimized. 

A pilot study was also carried out as a proof-of-concept for the device.  If Eq. (5) is 

parameterized with values used during the pilot study, a magnitude response of the resonant system 

can be obtained.  These values are listed in Table 2.1. 

Table 2.1: Parameters of Resonant Environment from Pilot Study (Subject 1).  There parameters are used 
to represent how a possible magnitude response would look. 

 

Inertia (J) [Nm^2] Damping Ratio (ζ) Stiffness (k) [Nm/rad] 

.1629 0.239 2.95 

 

Using these values with Eqs. (1) and (2), a resonant frequency of approximately 0.63 Hz 

is found; the amplification gain is also found to be 2.15 using Eq. (3).  These values yield the 

following magnitude response shown in Fig. 2.2. 
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Fig. 2.2: Theoretical magnitude response of resonant system based on realistic values that would be found 
during training. 

 

2.2 TONE-CANCELING SYSTEM 

When a person suffers a stroke, the physical impairments associated with the stroke often 

result in spasticity, which is a velocity-dependent increase in stretch reflexes [17], and excessive 

stiffness and resistance to passive stretch, known as tone.  Through personal communication with 

Justin Rowe, it was discovered that during testing using the previous iteration of WRIST, the 

excessive tone in the patients’ wrists factored into the difficulty of moving at the resonant 

frequency of the device.  When creating a resonant system with a DC gain of 0.1, a peak gain of 

1, and a resonant frequency of 0.5 Hz, the resonant assistance of the robot was counteracted, 

rendering it ineffective.  Previous studies have recognized that increased muscle tone may be due 

primarily to intrinsic changes in the muscle, rather than only increased reflex activity  [18, 19].  

Moreover, co-contraction of the antagonist muscle is recognized clinical occurrence in stroke 

victims, which results in additional stiffness in the impaired joints [20].  Therefore, in order to 

reduce the negative effects of tone during therapy, a passive support system was designed to 
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mitigate the additional tone in the stroke patient’s wrist by canceling out the intrinsic stiffness of 

the wrist.  The following stiffness curve was used as the profile in which to design the passive 

support system. 

 
 

Fig. 2.3: Average intrinsic wrist stiffness profiles of a healthy and stroke subject, retrieved from [21]. 

 

As shown in Fig. 2.3 the stiffness profile is not constant throughout the entire ROM, hence 

a simple linear spring system would likely not prove sufficient in representing this profile.  

However, a function generating linkage that achieves the desired stiffness profile was designed 

using the methods described in [22].  In this function generator, an input torque is coordinated with 

the rotation of an output crank.  By providing a desired nonlinear output torque profile as an input 

into the algorithm, the algorithm outputs an assortment of linkages capable of producing said 

profile with a constant stiffness torsion spring.  Therefore, in order to provide the correct desired 

torque profile, Fig. 2.3 must be integrated.  By inputting the integral of the intrinsic stiffness curve 

and sorting through the linkage designs, a compact linkage was selected.  The function generator 

that was selected is a 6-bar Watt II mechanism.  A visual representation of this linkage as well as 
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a comparison of the polynomial curve used to generate the linkage (found by integrating Fig. 2.3) 

and the actual linkage profile are shown in Figs. 2.4 and 2.5, respectively. 

 

 
 

Fig. 2.4: Solidworks representation of tone-canceling linkage. 

 

 
Fig. 2.5: Intrinsic wrist torque-angle profile for a stroke-impaired wrist inferred from [21], integrated 
from Fig. 2.3 (above).  An overlay of the profile the tone-canceling linkage is capable of achieving is 

included.  (Note: the profile is inverted about the x-axis, as the torque that must be created by the tone-
canceling linkage must be the negative of the intrinsic wrist torque-angle profile). 
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Moreover, because intrinsic stiffness of stroke subjects can vary significantly, especially 

between subjects with low to severe tone, this parameter was also designed to be adaptable to a 

wide-variety of patients.  The torque for this linkage is provided by a set of four 360 degree 

deflection torsion springs working in parallel.  Each spring can be easily engaged or disengaged 

by attaching the spring-arm to a hooked support that is fixed to a rotating keyed shaft, as shown in 

Fig. 2.6.   

 
 

Fig. 2.6: Solidworks representation of variable torsion springs used to the adjust torque-angle profile of 
the tone-canceling linkage. 

 

 

As shown in Fig. 2.6, each individual spring can be engaged or disengaged, resulting in a 

range of stiffness from 0.05 to 0.30 Nm/rad in increments of 0.025 Nm/rad, and totaling to a 

combined stiffness of 0.35 Nm/rad.  Fig. 2.7 shows the range of achievable profiles by adjusting 

the number of attached springs. 
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Fig. 2.7: Range of linkage torque-angle profiles achievable by varying the torsion spring configuration. 
 
 

As shown in Fig. 2.7, a wide range of torque profiles can be achieved.  This range was 

selected primarily because after earlier testing with three stroke subjects ranging from low to 

severe impairments, it appeared that the original stiffness value was sufficiently large.  Therefore, 

the range was focused around lower stiffness values.  As shown in Fig. 2.7, the curve crosses the 

x-axis at the origin.  However, stroke victims tend to have increased muscle activation in their 

flexor muscles, causing abnormal synergies that result in a net torque applied in flexion [23].  This 

causes the wrist to rest in a flexed position.  To account for this in the linkage design, a linear 

spring with a low k-value was added to the device.  When integrating the stiffness curve, there is 

an additional constant in the torque equation that must be accounted for; this linear spring can be 

used to represent that constant value.  Similar to the linear springs used in the resonant system, the 

“constant-torque” spring is joined to the axis of rotation by attaching to a cable that is wrapped 

around and secured to an additional pulley, as shown in Fig. 2.8.   
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Fig. 2.8: Solidworks representation of constant torque spring system. 
 
 

By selecting a spring with a low k-value, it can be assumed that the torque applied by the 

spring does not vary significantly as the length of the spring is changed during movement of the 

wrist.  Therefore, the additional torque can be assumed constant.  However, if the length of the 

spring is changed significantly, it will change the amount of additional applied torque.  Thus, by 

attaching an adjustable screw to one end of the spring to allow its resting length to be adjusted, the 

entire curve shown in Fig. 2.7 can be shifted up or down.  This in turn changes the neutral position 

of the linkage (i.e. at which point the tone-canceling linkage changes from pulling in flexion to 

pulling in extension).  A representation of how adjusting the resting length of the linear spring 

affects the torque profile is depicted in Fig. 2.9. 
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Fig. 2.9: Varying the neutral position of the original torque-angle curve by varying the rest length of the 
constant torque spring. 

 

SECTION 3: PILOT STUDY 

In order to verify the functionality of the different aspects of the design, a pilot study was 

conducted.   

 

3.1 METHODS 

Two stroke patients participated in the experiment.  Subject 1 is a male, 41 years old, 

suffered an Ischemic stroke, is approximately four years post-stroke, and has an upper-extremity 

Fugl-Meyer score of 19/66.  Subject 2 is also a male, 44 years old, suffered a Hemorrhagic stroke, 

is approximately six years post-stroke, and has a Fugl-Meyer score of 22/66. 
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3.2 PROTOCOL 

 

3.2.1 Matching Tone-Cancelation 

All components of the device were initially disengaged.  Subjects were asked to sit behind 

the device in a position where they could comfortably place their arm in the arm cuff.  Each subject 

was then assisted with aligning their impaired wrist above the device’s axis of rotation and 

strapping each finger and wrist onto the hand plate using Velcro.  Fig. 3.1 depicts how subjects 

were seated and secured into the device.   

 

 

Fig. 3.1: Representation of how subjects were positioned in the device during testing. 

 

As shown in Fig. 3.1, the subject’s arm is placed into the cuff, and the wrist axis of rotation 

is aligned with the axis of rotation of the device.  The hand is secured to the hand plate with a 

padded Velcro strap over the back of the hand, and individual Velcro loops to secure each finger 

(the thumb rests freely next to the hand).  After being secured into the device, the subject was 
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instructed to relax their hand, and allow their hand to move towards its resting position.  The 

subject was then be asked to move as far as possible in extension, relax, and then move as far as 

possible in flexion.  This was repeated twice so an average unassisted range of motion (ROM) 

could be obtained.  Then, the subject was again asked to relax their wrist, and an Interface force 

transducer (model No. SMA-200) was attached to the end of the hand plate.  Holding onto the 

force transducer, the subject’s hand was slowly pulled through the entire range of motion of the 

device to determine the torque profile of the wrist.  After being recorded, the torque profile was be 

uploaded to Matlab to view and match the profile with the correct tone-canceling profile.  The 

physical linkage was then configured with the ideal profile, and the subject was again pulled 

through the full range of motion of the device to determine the residual profile.  Ideally the residual 

profile should be close to zero; if it was determined that the linkage configuration could be 

improved to better match the intrinsic profile of the wrist, the device was adjusted to minimize the 

residual profile.  The effectiveness of the tone-canceling linkage can also be verified by asking the 

subject to relax their wrist and moving their wrist to different positions.  If the linkage is correctly 

counteracting the intrinsic stiffness, the subject should be able to rest at the desired position without 

being held in place by either the physical therapist or subject themselves (indicating the net torque 

is approximately zero).  Therefore, this method was also used to verify the effectiveness of the 

tone-canceling linkage.  After configuring the tone-canceling linkage, the subject was again asked 

to move as far possible in both extension and flexion to determine their assisted ROM. 

 

3.2.2 Resonant System 

Once the torque profile of the wrist was matched, the resonant system of the device was 

engaged.  Prior to allowing the subject to attempt to use the resonant system, step responses of the 
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device with the subject’s wrist attached were obtained.  This was used to determine the damping 

ratio of the system.  Next, the resonant system was engaged and configured in a way that minimizes 

the resonant frequency, while also ensuring the resonant stiffness was neither too soft to mask any 

resonant properties, or too strong to prevent the subject from moving at all.  The subject was then 

asked to attempt to repeatedly move back and forth in a rhythmic pattern at whatever speed felt 

natural, and the assisted AROM was recorded using the magnetic rotary encoder.  Using the force 

transducer, the torque profile of the resonant system was also obtained, to verify that the subject 

was indeed moving through a resonant environment.  Lastly, the tone-canceling linkage was 

removed, and the subject was again asked to move through the resonant system to obtain the 

unassisted AROM. 

 

3.3 RESULTS 

 

3.3.1 Tone-Cancelation 

The tone-canceling linkage was able to match the torque profiles of each subject’s wrist 

with reasonable accuracy.  For Subject 1, the linkage was set to a stiffness of 0.225 Nm/rad, with 

a constant torque value of 0.97 Nm.  The tone in the wrist of Subject 2 was slightly lower; thus the 

linkage was set to a stiffness of 0.175 Nm/rad and a constant torque value of .62 Nm.  The torque 

profiles and comparisons with ideal tone-cancelation configurations of each subject are shown in 

Figs. 3.2a and 3.3a. 
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Fig. 3.2: a) Measured unassisted wrist torque and matched ideal linkage profile (0.225 Nm/rad; 0.97 Nm) 
for Subject 1 (Note: Matched linkage profile is inverted to better compare with wrist torque); b) 

Measurement verifying simulated matched linkage profile is realized in device. 

 

  
 

Fig. 3.3: a) Measured unassisted wrist torque and matched ideal linkage profile (0.175 Nm/rad; 0.62 Nm) 
for Subject 2 (Note: Matched linkage profile is inverted to better compare with wrist torque); b) 

Measurement verifying simulated matched linkage profile is realized in device. 

 

As shown in Figs. 3.2a and 3.3a, the linkage profiles are capable of matching the wrist 

torque profiles fairly accurately.  Also, as shown in Figs. 3.2b and 3.3b, the simulated ideal tone-

canceling torque profiles were measured to make sure they accurately match the simulated profiles.  

The effectiveness of the tone cancelation can be seen by viewing the residual torque profile of the 

wrist with the ideal linkage configuration.  For the linkage to be effectively canceling the effects 
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of the wrist torque due to intrinsic stiffness, the residual torque should be zero.  The residual torque 

profiles for both subjects are shown in Figs. 3.4a and 3.4b. 

  

Fig. 3.4: Residual torque profile for a) Subject 1, and b) Subject 2, with tone-canceling linkage engaged.  
The theoretical residual torque (based on the difference between simulated ideal linkage profile and 

measured unassisted wrist torque) is also overlaid. 

 

As shown in Figs. 3.4a and 3.4b, the residual torque profiles are not zero; however they 

were significantly reduced from the initial wrist torque profiles, and adopted a more linear, 

constant torque characteristic.  For both subjects, the residual torque was also reduced to below 1 

Nm throughout the entire ROM; this compares to maximum recorded torques of approximately  

2.5 Nm and 2 Nm for Subjects 1 and 2, respectively.  Moreover, theoretical residual torque profiles 

were also calculated to determine if the measured residual torques match what would be expected 

based on the difference between the measured unassisted wrist torque profile and ideal matched 

linkage profile.  Both theoretical residual profiles for Subjects 1 and 2 matched the measured 

residual torque profile with reasonable accuracy.  One notable difference is that the measured 

residual torque is slightly greater in magnitude than the theoretical residual torque (shown by the 

negative shift in measured torque profile).  A possible explanation for this is that as the subjects 

continued to use the device, their wrist was stretched in the process, thus reducing the intrinsic 
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stiffness.  Therefore, the ideal linkage profile may have begun pulling with a net torque in 

extension, which is consistent with the negative shift in torque in Figs. 3.4a and 3.4b. 

Another observation made with the torque measurements is that the torque profile was 

consistently larger in magnitude (negative shift) when the torque was measured starting in the 

maximum position in extension and moving towards the maximum position in flexion, as 

compared to when moving from flexion to extension.  This is believed to be due to intrinsic friction 

in the device itself, and is why each measured torque has two curves, extension-to-flexion (EF) 

and flexion-to-extension (FE).  This difference in the two curves also increases when the wrist is 

in the device, which suggests that hysteresis in the wrist may also be a contributing factor. 

 

3.3.2 ROM Assessment 

In addition to measuring the torque profiles of the wrist and tone-canceling linkage, the 

ROM of each subject was also analyzed.  Measurements were recorded for initial unassisted ROM, 

ROM with assistance from the matched configuration of the tone-canceling linkage, and ROM in 

the resonant system both with and without the tone-canceling linkage engaged.  The results are 

shown in Figs. 3.5a-d for Subject 1. 
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Fig. 3.5: Subject 1 ROM a) No assistance; b) Tone-canceling assistance; c) Resonant environment (with 

tone-canceling assistance); d) Resonant environment (without assistance). 

 

As shown in Fig. 3.5a, Subject 1 had a resting position near maximum allowable flexion 

of the device (approx. -68 degrees).  Because both subjects had a resting wrist angle of 

approximately -60 degrees or greater in flexion, increases in ROM in extension were noted as the 

primary measure of improvement.   Without assistance from any of the device’s passive systems, 

Subject 1 had an initial ROM of approximately 12.9 degrees in extension.  After configuring and 

engaging the tone-canceling linkage, the subject was able to move from -60 degrees in flexion to 

-30 degrees in flexion (Fig. 3.5b); this resulted in a net increase of 16.7 degrees in extension when 

compared to the subject’s unassisted ROM.  Subject 1 was also successfully able to move through 
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the resonant system.  As shown in Fig. 3.5c, while in the resonant environment, the subject’s ROM 

again increased to a maximum of 38.3 degrees peak-to-peak, and up to 22.3 degrees in extension 

(from neutral position).  The subject was also able to maintain an average ROM of 33.6 degrees 

while resonating at a resonant frequency of 0.86 Hz.  When the assistive tone-canceling linkage 

was removed and the subject was again asked to move through the resonant system (Fig. 3.5d), 

the subject’s ROM reduced to a maximum of 26.8 degrees peak-to-peak and only 10.9 degrees in 

extension from the neutral position, while maintaining an average ROM of 22.2 degrees while 

moving at a resonant frequency of 0.93 Hz.  When comparing both the assisted and unassisted 

movements through the resonant system, a decrease of 11.5 degrees in maximum ROM and 10.5 

degrees in continuous ROM was found when the tone-canceling assistance was removed.  

Moreover, rather than being centered at zero degrees (pointing forwards) with the neutral position 

of the device, the subject was resonating around approximately -11 degrees in flexion when 

unassisted by the tone-canceling linkage.  The ROM results are summarized in table 3.1. 

 

Table 3.1: ROM Measurements (Subject 1). 

 Initial 

Unassisted Initial Assisted 

Assisted with 

Resonance 

Unassisted with 

Resonance 

Max ROM  

(degrees) 
12.9 (extension) 29.6 (extension) 38.3 26.8 

Continuous 

ROM 

(degrees) 

-- -- 33.6 ± 2.2 22.2 ± 1.6 

Resonant 

Frequency 

(Hz) 

-- -- 0.86 ± 0.03 0.93 + 0.02 
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In order to match the wrist torque profile with the linkage for Subject 2, the constant torque 

spring needed to be set to the minimum setting.  Even after being set at the minimum setting, the 

device was slowly pulling the subject’s wrist in extension while the subject relaxed his wrist.  

Therefore, the assisted ROM did not provide an accurate measure of range of motion through the 

subject’s own forced movement.  The subject was also unable to resonate in the device; thus an 

active ROM measurement was not recorded for the resonant system.  It is believed that the reason 

the subject was unable to resonant is because after pushing in flexion, the subject was unable to 

immediately relax his wrist when moving in extension.  Therefore, the subject was essentially 

fighting the device as it attempted to extend his wrist. 

 

3.3.3 Step Response 

In addition to measuring ROM in the resonant system, step responses of the wrist with 

tone-canceling assistance in the resonant environment were also recorded.  By measuring the step 

response of Subject 1, the experimental resonant frequency and damping ratio could be determined 

using Eqs. (1) and (2), and the logarithmic decrement.  During the pilot study, multiple stiffness 

configurations were testing for the resonant system.  By analyzing the step response of a 

configuration with a total stiffness of 2.47 Nm/rad and an added mass of 5.44 kg (four 3 lb. steel 

weights), the damping ratio was found to be 0.38 ± 0.04, and the damped natural frequency was 

found to be 0.61 ± 0.10 Hz.  The total inertia used to calculate the resonant frequency is a 

combination of the added mass, the inertia of the components of the device (estimated using 

parallel axis theorem), and an estimated inertia of the hand from [24].  Given the damped natural 

frequency, the resonant frequency can then be calculated using the following equation: 

𝑤𝑟 = 𝑤𝑑
√1−2𝜁2

√1−𝜁2
                (7) 
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Using Eq. (7), the resonant frequency is found to be 0.59 ± 0.10 Hz.  The predicted resonant 

frequency found using the measured damping ratio, and values of stiffness and inertia used in the 

step response is 0.57 Hz.  These values are summarized in Table 3.2. 

 

Table 3.2: Measured and theoretical values for step response. 
 

 Measured 

Value 

Theoretical Value System 

Parameters 

𝜔𝑑 (Hz) 0.61 ± 0.10 0.63 -- 

𝜔𝑟 (Hz) 0.56 ± 0.09 0.57 -- 

ζ 0.38 ± 0.04 -- -- 

k (Nm/rad) -- -- 2.47 

J (Nm2) -- -- 0.1365 

 

Using the damping ratio of 0.38 found from the step response, a theoretical step response 

was plotted using the theoretical damped natural frequency.  This was then overlaid with an 

experimental step response, as shown in Fig. 3.6. 

 

Fig. 3.6: Step response of wrist with tone-canceling assistance in resonant environment (Subject 1).  The 
theoretical response is parameterized with the damping ratio obtained from the measured step response, 

and the ideal damped natural frequency based on the inertia and stiffness of the system. 
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Unfortunately, a step response was not recorded for the resonant stiffness that resulted in 

the largest increase in ROM.  However, by using a ratio of the damping ratio from the previously 

measured step response, the damping ratio for the optimal stiffness was found to be 0.24.  Using 

Eqs. (3) and (6), this results in a theoretical amplification gain of 2.15 and a resonant frequency of 

0.64 Hz. 

To determine the amplification from unassisted ROM to assisted resonance ROM, the 

neutral position of the assisted resonant system was determined, and was found to be 

approximately 3.7 degrees.  By subtracting this from the maximum angle achieved in extension 

during resonance, which was 26.0, the maximum angle achieved in extension from the neutral 

position was 22.3 degrees.  This results in an amplification of 1.73. 

 

3.4 DISCUSSION 

 

3.4.1 Experiment Evaluation 

In the same study of T-WREX that evaluated subjects’ favorite current and potential new 

features, some of the most popular answers were summed into “technology that helps me to 

achieve tasks” [15].  One factor of this category includes providing more movement assistance by 

incorporating robotic actuation.  Though WRIST does not provide “robotic” actuation, its passive 

resonant system does provide a form of actuated assistance that helps subjects move through a 

larger ROM than they would otherwise be able to with the assistance from the tone-canceling 

linkage alone.  This is evidenced in the pilot study, where the subject’s ROM was increased from 

12.9 degrees in extension from the resting position without assistance, to 29.6 degrees with tone-

canceling assistance (in two 15 degree intervals), to a total of 33.6 degrees of repeated oscillatory 
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movement with the resonant system (up to 22.3 degrees in extension from the resting position).  

These results are promising for both the tone-canceling linkage as well as the resonant system. 

Though the profiles of the tone canceling linkage left some residual torque, it was expected 

that the generalized tone-canceling profile may not exactly match the wrist torque profile at every 

position.  Both subjects had difficulty moving in extension, and the natural resting position of their 

wrist was near the maximum allowable position in flexion.  The unassisted wrist torque profiles 

confirm this, as the intrinsic wrist torque tends to pull the wrist towards a flexed position.  

However, when Subject 1 was placed in the tone-canceling linkage, their wrist became free-

standing, and was able to be moved to almost any position without tending to pull back towards 

flexion.  A similar result was seen for Subject 2; however rather than remaining at a fixed position, 

the subject’s wrist was slowly pulled in extension.  When looking at the residual torque profiles, 

the profiles become much more linear and tend to remain a more constant value.  With further 

optimization, such as adjusting the constant torque, it is believed that the residual torque could be 

further reduced.  The tone-canceling linkage also appeared to be effective while the resonant 

system was engaged.  With the linkage engaged in resonance, Subject 1 was able to resonate both 

in a larger ROM when compared to unassisted resonating, as well as in a position centered closer 

to the neutral position of the device.  This allowed the subject to move a greater distance in 

extension.  Furthermore, when removing the assistive linkage, the subject commented that it felt 

more difficult to move through the resonant system. 

 

3.4.2 Evaluation of Wrist Stiffness 

The resonant frequencies Subject 1 moved at with the tone-canceling linkage assistance 

and while unassisted were 0.86 and 0.94 Hz, respectively.  Given the stiffness settings of the device 
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and the estimated inertia, the predicted resonant frequency for this resonant setup was 0.64 Hz.  

This gives a fairly significant different in frequency of 0.22 Hz and 0.30 Hz for the assisted and 

unassisted movements, respectively.  To try and determine the cause of this, the unassisted and 

assisted wrist torque profiles were analyzed (Figs. 3.2a and 3.4a).  When initially predicting the 

stiffness and resonant frequency of the device with the subject’s wrist attached, it was assumed 

that the stiffness of the system would dominate any residual stiffness, as the residual stiffness 

would be approximately zero.  To test this assumption, the wrist torque profiles were differentiated 

to determine an average stiffness.  The wrist stiffness curves (unassisted and assisted) for Subject 

1 through the active ROM while in the resonant system are shown in Fig. 3.7. 

 

 
 

Fig. 3.7: Unassisted and assisted stiffness profiles for Subject 1, taken from derivatives of Figs. 3.2a and 
3.4a, respectively. 
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across -27 to 0 degrees) was 1.04 Nm/rad (35 percent of spring stiffness) for Subject 1; when the 

tone-canceling assistance was engaged, the average stiffness across the assisted AROM (averaged 

across -20 to 27 degrees) was reduced to 0.32 Nm/rad (11 percent of spring stiffness).  When 

factoring the assisted wrist stiffness of Subject 1 into the overall stiffness, the resonant frequency 

increases from 0.64 Hz to 0.67 Hz.  When adding the unassisted wrist stiffness for Subject 1 into 

the overall stiffness of the system, the resonant frequency increases to 0.74 Hz.  Therefore, after 

factoring in the wrist stiffness, the difference in resonant frequencies is only slightly reduced from 

a difference of 0.22 and 0.30 Hz to 0.19 and 0.20 Hz for the assisted and unassisted resonant trials, 

respectively.  Moreover, the difference in resonant frequencies for both the assisted and unassisted 

instances only vary by 0.07 Hz.  A summary of the previous data is provided in Table 3.3. 

 
Table 3.3: Measured and theoretical resonant frequencies for both assisted and unassisted resonance. 

 

 Assisted Unassisted 

 Measured Theoretical Measured Theoretical 

𝜔𝑟 (Hz) (not 

including residual 

wrist stiffness) -- 0.64 -- 0.64 

𝜔𝑟 (Hz) 

(including  

residual wrist 

stiffness) 0.86 ± 0.03 0.67 0.94 ± 0.02 0.74 

ζ 0.24 -- 0.24 -- 

k𝑟𝑒𝑠 (Nm/rad) -- 2.95 -- 2.95 

k𝑤𝑟𝑖𝑠𝑡_𝑟𝑒𝑠𝑖𝑑 

(Nm/rad) 0.32 -- 1.04 -- 

k𝑡𝑜𝑡𝑎𝑙 (Nm/rad) -- 5.36 -- 6.41 

J (Nm2) -- 0.1629 -- 0.1629 

 

 

The fact that the resonant frequency did not vary significantly when the tone-canceling 

linkage was engaged and disengaged suggests that the intrinsic stiffness, especially when 

considering residual stiffness when the tone-canceling linkage is active, does not significantly 
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affect the resonant frequency.  As a result, there must be an additional factor contributing to the 

difference in theoretical and measured resonant frequencies.  As the tone-canceling linkage was 

designed only to counteract intrinsic wrist stiffness, the primary contributing factor is believed to 

be due to increased wrist stiffness during periods where the subject is actively moving their wrist.  

One potential contribution is reflex stiffness. Reflex stiffness is velocity-dependent; thus, if the 

subject is moving through the resonant system, the overall wrist stiffness will be greater than when 

the subject is slowly and passively being moved through the ROM (i.e. when measuring torque).  

Moreover, wrist stiffness is also affected by whether or not the hand is flexed.  In a study conducted 

by Kuchenbecker et al., it was shown that wrist stiffness is increased when the subject is applying 

a grip force [24].  This could also be a possible reason as to why the resonant frequency increased 

when the subject was actively moving through the resonant environment; when the subject is 

actively moving through the resonant environment, larger muscle activation is occurring, and their 

muscles become more tensed as compared to when they are relaxed and being passively pulled 

during both step responses and while measuring torque profiles.  To determine the amount of total 

stiffness while the subject was actively moving through the resonant system, the damped natural 

frequencies measured during resonance and the damping ratio were used to calculate the total 

stiffness that would result in the observed resonant frequencies.  By plugging these terms into Eqs. 

(1) and (6), while also knowing the total inertia of the system (J), the total stiffness while 

resonating at the frequencies measured for both the assisted and unassisted cases can be 

determined.  The total stiffness for both the assisted and unassisted resonance were found to be 

5.36 Nm/rad and 6.41 Nm/rad, respectively.  These values are represented as ktotal
 in Table 3.3.  

When comparing these values to the theoretical stiffness including only the spring stiffness, this 

results in a difference of 2.42 and 3.46 Nm/rad for the assisted and unassisted resonance, 



39 
 

respectively.  When also accounting for the wrist stiffness, the difference in stiffness is 2.10 

Nm/rad for assisted resonance, and 2.43 Nm/rad for unassisted resonance. 

 

3.4.3 Net System Torque 

Lastly, the net torque profile of the resonant system with the wrist and linkage attached 

was also compared with the initial unassisted wrist torque profile from Fig. 3.2a. 

 

  

Fig. 3.8: Comparison of initial unassisted wrist torque and final net torque with wrist, linkage assistance, 
and resonant system all engaged.  All torque profiles are for Subject 1. 

 

As shown in Fig. 3.8, the end result of the combination of spring systems causes the entire 

torque profile to be shifted downwards so that the majority of the torque profile is below the x-
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forward) and into extension.  This means that where the subject would normally be applying a 

torque in extension to move (positive torque), the device changes the environment so the subject 

is essentially able to provide a varying force in flexion (negative torque) and still move in 

extension.  This is believed to be beneficial as both subjects had little ROM in extension.  

Therefore, the new environment utilizes the subject’s abnormal synergies that manifest themselves 

in increased flexor muscle activation, and overcomes this net torque in flexion to allow subjects to 

move both in flexion and extension.  

 

SECTION 4: CONCLUSION AND FUTURE WORK 

The results obtained during the pilot study are promising.  The initial torque curve to design 

the tone-canceling linkage appears to accurately represent a standard profile for intrinsic stiffness, 

as the wrist torque profiles measured during testing showed to match this curve with reasonable 

accuracy.  The resonant aspect of the device also showed encouraging results, as the ROM of 

Subject 1 increased substantially.  This suggests that the use of an entirely passive device has the 

potential to provide an effective means of rehabilitation training.  However, because this was a 

pilot study, further testing must be done to validate these initial results.  Therefore, future work 

would include designing a larger study involving eight or more subjects to replicate this 

experiment and run statistical analyses to test for significant improvements in ROM.  Moreover, 

subjects should be randomized in regard to which order ROM is tested to ensure that the increase 

in ROM evidenced during initial testing is not simply due to factors such as becoming more 

familiar with moving through the device or a reduction in tone due to stretching the wrist.  For 

example, a method of doing this would be rather than beginning with unassisted ROM, then ROM 

with tone-cancelation, and finally ROM in the resonant environment, some subjects could begin 
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in the resonant environment and end with the unassisted ROM being measured, while others could 

begin with tone-cancelation, and then move to resonance and finally unassisted ROM. 

Based on the results of the larger pilot study, a long-term trial could also be carried out in 

which training using this device could be compared to conventional therapy to determine if using 

this device improves motor function, as well as if the improvements are sustained over a long 

period of time.  In an experiment using the resonating wheelchair RAE, a moderate correlation 

was found between increases in AROM and increases in Fugl-Meyer score [16].  This suggests 

that measuring ROM could provide an easy method for measuring improvements in motor 

function.  Therefore, a long-term study could be used to further assess whether or not measuring 

ROM to evaluate motor function is comparable to other established clinical measurements.  

Moreover, it would also be beneficial to measure extensor muscle activation using EMG to 

determine how much the flexor and extensor muscles are activated while resonating.  This could 

be monitored to determine if the co-contraction of extensor and flexor muscles is reduced by 

training in the “guided-force training” of the resonant system, which requires a form of muscle 

activation timing and coordination to properly move through the resonant environment. 

Regarding the device itself, the idea of adding a small actuator to the device to apply 

negative damping that would help cancel some of the damping in the wrist has been considered.  

By removing additional damping in the system, the peak amplification at resonance is increased, 

thus the subject would achieve a greater benefit from the resonant system.  Though adding an 

actuator to the device does take away from the passive nature of the device, the actuator would not 

need to be large, and therefore would not significantly affect the cost or safety of the device. 

Lastly, an additional application of the tone-canceling linkage could also be to integrate it 

into a stand-alone wearable glove.  Similar ideas have also been built and tested with promising 
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results  [25, 26].  The benefit of this tone-canceling linkage is that it is designed specifically based 

on a general wrist intrinsic stiffness profile.  Therefore, this linkage should have a better chance at 

minimizing residual torque in the wrist, and based on the measured residual torque profiles, it 

looks as if it is able to successfully reduce the intrinsic wrist stiffness.  The realization of WRIST 

brings the idea of a practical, inexpensive option for “robotic” in-home stroke rehabilitation one 

step closer to becoming a reality.  
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APPENDIX A: 

 

DETAILED COST BREAKDOWN FOR WRIST PROTOTYPE 
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Table 1: Detailed Cost Breakdown for WRIST Prototype 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Quantity Item Each Total

1 Raw Materials (Aluminum) 100.00$    100.00$    

1 Clear Acrylic 35.00$       35.00$       

1 Hardware (screws, bolts, nuts, etc) 100.00$    100.00$    

1 Torsion Spring: 2.750 in-lbs. 360 degrees (LTL048J 08 M) 9.31$         9.31$         

1 Torsion Spring: 5.500 in-lbs. 360 degrees (LTR063L 08 M) 9.31$         9.31$         

1 Torsion Spring: 4.198 in-lbs. 360 degrees (LTL059K 08 S) 11.11$       11.11$       

1 Torsion Spring: 6.998 in-lbs. 360 degrees (LTR070M 08 S) 11.77$       11.77$       

2 Music Wire Torsion Spring: 180 Degree, Left-Hand, 28.00 in-lbs  $         2.22 4.44$         

2 Type 302 Stainless Steel Extension Springs: 4" Overall; 21.41 lbs/in  $         6.57 13.14$       

1 Type 302 Stainless Steel Extension Springs: 6" Overall; 2.84 lbs/in  $         6.36 6.36$         

1 Type 302 Stainless Steel Extension Springs: 5" Overall; 2.98 lbs/in  $      10.64 10.64$       

1 Thrust Bearing 9/16" OD, 1/4" ID, .193" L 2.14$         2.14$         

4 Steel Weights (3in Dia. x 1.5in) 7.50$         30.00$       

2 Steel Pulleys 2" OD 4.80$         9.60$         

1 Steel Pulley with Easy-Turn Bearing 1" Groove Dia. 11.42$       11.42$       

20 Mini High-Precision Ball Bearing 1/4" ID, 3/8" OD, 1/8" Width 5.28$         105.60$    

1 Shaft: 1/4" D, 6" Lg., keyway 3/32" wd. X 3/64" deep 19.46$       19.46$       

1 Shaft: 1/4" D, 4" Lg., 18-8 Stainless Steel Pin 6.13$         6.13$         

2 Shaft: 1/4" D, 6" Lg., 18-8 Stainless Steel Pin 6.83$         13.66$       

1 Shaft: 1/4" D, 2" Lg. 316 Stainless Steel Pin 3.33$         3.33$         
1 Shaft: 3/8" D, 15: Lg. 1566 Steel 7.74$         7.74$         

1 Key stock: 3/32"x3/32"; 12" Lg. 1.20$         1.20$         

1 Precision Screw: 1/4"-80, 1 1/4" Lg. 9.23$         9.23$         

1 Precision Screw Bushing: 5/16" D, 5/8" Lg. 7.86$         7.86$         

1 Plastic Head Thumb Screw 1/4"-20; 3" Lg. 4.38$         4.38$         

1 Machining Labor 3,500.00$ 3,500.00$ 
TOTAL: 4,042.83$  
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APPENDIX B: 

 

PART DRAWINGS OF WRIST PROTOTYPE 
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