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Millions of people around the world suffer chronic upper extremity disability. Reliable 

measurement of arm function is critical for development of therapies to improve recovery after 

impairment. In this study, we report a suite of automated rehabilitative tools to allow simple, 

quantitative assessment of hand and wrist motor functions. We measured range of motion and 

force production using these devices in cSCI participants with a range of upper limb disability and 

in neurologically intact participants at two time points separated by approximately four months.  

Additionally, we determined whether measures collected with the rehabilitative tools correlated 

with standard upper limb assessments, including the Graded Redefined Assessment of Strength, 

Sensibility, and Prehension (GRASSP) and the Jebsen Hand Function Test (JHFT). We find that 

the rehabilitative devices provide sensitive, accurate assessment of upper limb function in physical 

units over time in SCI participants and are well-correlated with standard assessments. These results 

indicate that these tools represent a reliable system for longitudinal evaluation of upper extremity 

function after cSCI and may provide a framework to assess the efficacy of strategies aimed at 
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improving recovery of upper limb function. Finally, we demonstrate the feasibility of using the 

system with video games to deliver automated repetitive motor therapy. 
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CHAPTER 1 

INTRODUCTION TO ASSESSMENT OF ARM FUNCTION 

1.1 Introduction 

Healthy manual prehension enables people to effortlessly perform activities of daily 

living, but upper limb function can be disrupted by any one in a long list of diseases and 

injuries.1 Disorders that affect nervous or muscle tissue can reduce strength or range of motion 

(ROM), both of which are critical components of manual prehension. Assessment of arm 

function is essential for determining rehabilitation efficacy, and it is necessary that the 

measurements be sensitive to a disorder’s characteristic impairments. Over time, this has led to 

the development of many distinct functional assessment schemes, most of which are specially 

designed for one cause of impairment, such as the Fugl-Meyer exam for stroke. Today, 

assessments are most commonly delivered by a trained medical professional with minimal 

specialized equipment out of convenience. For example, the Fugl-Meyer and many other exams 

rely on the ordinal scores of manual muscle testing (MMT) as a major indicator of function. In 

this dissertation, we have devised a novel suite of simple devices that can automate objective 

measurement of hand and wrist motor function. We demonstrate that this system is appropriate 

for use by people with cervical spinal cord injury (cSCI) and presumably many other forms of 

motor disability. 

The novel assessment system was designed to measure isometric force and ROM of 

isolated hand and wrist functions. Chapter 1 provides a background of arm assessment and the 

rationale for the content of this dissertation. Chapter 2 describes the novel system and its use by 

people with healthy motor function. Chapter 3 demonstrates the feasibility of using the system to 
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assess people with cSCI. Chapter 4 demonstrates the feasibility of using the system to 

rehabilitate people with cSCI. Finally, Chapter 5 summarizes the results and discusses the 

implications of this project. 

1.2 Prehension after cSCI 

Manual prehension is critical for nearly all activities of daily living (ADLs). Arm 

dysfunction can manifest in many various ways, such that there are at least 6 million people in 

the United States alone that suffer from debilitating impairment of the upper limb. One of the 

most devastating conditions is cervical spinal cord injury, affecting approximately 2.5 million 

people around the world.1 We chose to study arm dysfunction after cSCI to demonstrate the 

feasibility of use of the assessment system despite severe functional impairment. 

Quadriplegia is typically a lifelong condition that can affect anyone, but it most often 

afflicts younger people, costing individuals millions of dollars in medical and care expenses.2,3 

The vertebral level of the injury greatly determines the degree of spared neurological function, 

but at least some chronic impairment of manual prehension is almost always guaranteed. Higher 

injuries progressively de-enervate more proximal groups of arm muscles. Regardless of level, in 

the early stages of a cervical injury, the neural tissue is least functional and most vulnerable. 

Patients with any level injury spend months in the hospital to undergo palliative care and 

corrective surgeries as well as to stabilize basic critical functions like breathing and metabolism. 

As a result, the majority of injuries result in wasting and distortion of the muscles and neural 

tissue, especially below the level of the lesion. Until the dawn of the 21st century, the prognosis 

for people who sustained a cSCI was very poor, where the vast majority of people struggled with 

basic symptom management. Modern medicine and engineering have since improved the quality 
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of life after cSCI to the point where many individuals are able to focus on restoring lost motor 

functions. It became clear after much research that people with cSCI prioritized the restoration of 

manual prehension to regain an independent lifestyle.4–6 

Knowing the neurological details of an injury generally helps indicate spared function of 

specific muscle groups, but the level often does not predict prehensile function because of 

compensation. A perfect example of a compensatory technique is grasp tenodesis, where 

extension of the wrist passively flexes the de-enervated fingers.7–9 Contractures are an important 

symptom of paralysis where the muscle tissue maintains passive tension, and they are often 

painful and functionally detrimental. However, contractures can also manifest beneficially, as in 

the case of increasing passive finger flexion tension which can substantially improve 

performance of many ADLs when combined with wrist extension.10 The completeness of an 

injury also contributes to prognosis of prehension, where complete injuries typically have the 

worst prognosis for recovery. The spinal cord is highly organized and even minor differences in 

incomplete injuries can have remarkably different outcomes in functional recovery and 

independence. For example, the direction of an injury (ie. dorsal vs. ventral) can selectively spare 

sensory or motor function. Sensory function enables prehension without visual feedback, making 

it a huge asset for performing many ADLs. Upper limb motor function can be safely retrained 

during the chronic phase of the injury, but meaningful improvements are eventually often not 

expected unless resorting to extreme medical interventions like functional electrical stimulation 

(FES), tendon transfers or autologous stem cell treatments.  

Recent innovations have enabled or enhanced compensatory functions and so improved 

the odds of many quadriplegics experiencing meaningful improvements in performance of 
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ADLs. However, cSCI is a notoriously diverse injury that ultimately manifests as a unique 

mosaic of sensorimotor and autonomic dysfunction. The tools required for augmenting function 

of the paralyzed arm often require careful analysis of the injured individual’s distinct strengths 

and weaknesses. For example, thenar muscle tone is often completely missing after cSCI, leading 

to issues with thumb opposition. This might lead to problems with feeding oneself, but the use of 

a specially designed eating utensil might enable this function. Unfortunately, this approach can 

only extend so far, as specialized tools often require a critical professional eye to determine 

interventions that balance utility and budget. People with cSCI can continue to improve manual 

skills and independence years after the injury, but not all quadriplegics have enough spared 

function to make such progress without help.11 The remaining option is to undergo more intense 

rehabilitation, like repetitive motor therapy, but more invasive and often more experimental 

forms of treatment are also available.  

1.3 Existing Assessments for Prehension after cSCI 

The first comprehensive assessment tailored for people with cSCI was described by the 

American Spinal Injury Association (ASIA) in 1982 as the International Standards for 

Neurological Classification of Spinal Cord Injury (ISNCSCI), which subjectively rates sensory 

and motor function along the spinal cord.12 However, the level and completeness of an injury 

does not sufficiently predict performance of ADLs. The Graded, Redefined Assessment of 

Strength, Sensibility and Prehension (GRASSP) is one of the most recently developed and 

prominent options for thorough assessment of prehensile function following cSCI.13 Before 

GRASSP was developed, manual skill after cSCI was estimated either with batteries of 

functional tasks, such as the Jebsen Hand Function Test (JHFT), or with a simple survey, such as 
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the Spinal Cord Independence Measure (SCIM).14 The GRASSP exam includes piecewise 

assessment of arm muscle strength (MMT), hand sensation with Semmes Weinstein filaments, 

and both descriptive and performance-based tests of prehension. To estimate functional 

impairment, performance on each section is subjectively rated and combined into one score, 

similar to the Fugl-Meyer exam used for stroke. The GRASSP assessment kit costs about one 

thousand dollars and contains no complex parts but is ideally conducted by an experienced 

clinician. 

A diverse collection of novel technologies have also been developed recently for 

assessing arm function after cSCI, due largely to increasingly convenient and powerful 

technologies like high-speed computing and additive manufacturing that have enabled more 

effective bench-to-clinic prototyping.15 A recent review of rehabilitation technologies for 

individuals with cSCI reports the translational potential of current interventional trends and a list 

of recommendations for maximizing successful clinical implementation.16 The authors advocate 

that future approaches to therapy will benefit from the FAME approach, which assesses an 

intervention’s Feasibility, Appropriateness, Meaningfulness, Effectiveness, and Economic 

Evidence. Unfortunately, the report states that few if any studies provide sufficient evidence of 

all of these qualities, with barely any addressing Economic Evidence. The continued popular 

reliance upon subjective assessment in physical rehabilitation suggests that there is not yet a 

technology convenient enough for widespread clinical use. The remainder of this dissertation 

will describe the development of a novel and cost-effective system tailored for simple and 

reliable automated assessment of arm function and will demonstrate its feasibility for testing a 

wide variety of motor impairments. 
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CHAPTER 2 

DEVELOPMENT OF A NOVEL AUTOMATED SYSTEM FOR THE ASSESSMENT OF 

HAND AND WRIST MOTOR FUNCTIONS 

2.1 Abstract 

Reliable measurement of arm function is critical for development of therapies to improve 

recovery of manual prehension. In this report, we describe a suite of automated rehabilitative tools 

designed to provide simple, quantitative assessment of hand and wrist motor function. We 

measured range of motion and force production using these devices in neurologically intact 

participants at two time points separated by approximately four months.  Additionally, we 

compared measures collected with the rehabilitative tools to each other to better understand the 

relationships between tasks in healthy individuals. We find that the rehabilitative devices provide 

sensitive, accurate assessment of upper limb function in physical units over time in healthy 

participants and that the individual tasks correlate with each other in expected ways. These results 

indicate that these tools represent a reliable system for longitudinal evaluation of upper extremity 

function after impairment and may provide a framework to assess the efficacy of strategies aimed 

at improving recovery of upper limb function. 

2.2 Introduction 

Millions of people around the world suffer from arm disability caused by an illness such 

as stroke, cervical spinal cord injury, multiple sclerosis, cerebral palsy, or so many more.1 

Accurate and sensitive measurement of upper limb function is essential for the development and 

assessment of new therapies. However, every motor disorder presents distinct patterns of 
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impairment, and so each has a unique and often subjective method of assessment. To increase 

their utility and implementation, especially across causes of impairment, measurement systems 

should be simple to use, quantitative, and provide rapid, reliable measurements over time to 

promote longitudinal testing.2,3 To address these needs, we designed a suite of modular 

rehabilitative devices that provides accurate, sensitive, and objective assessment of isolated hand 

and wrist motor functions. 

To meet these design requirements and maximize utility across injury models, we 

minimized the complexity and cost of the system.  Importantly, isolated components of arm 

function, such as pinch force, can predict prehension.4 Thus, we developed a collection of modular 

tasks that each measures force or range of motion (ROM) of a single degree of freedom of 

movement of the hand and/or wrist. The modular task design minimized costs by reducing the 

quantity and complexity of parts, and we further reduced costs by selecting economical but robust 

commercial components. In this paper, we describe the design and calibration of the novel suite of 

measurement tools. We also determine the accuracy and sensitivity of the novel devices by testing 

healthy participants on two occasions spaced approximately four months apart. We find that the 

system is able to quickly and easily provide objective assessment of healthy hand and wrist 

function. 

2.3 Methods 

Study Design 

All procedures were approved by the Institutional Review Board at the University of Texas 

at Dallas. Thirteen participants with no history of neurological or arm injury was recruited through 

the University of Texas at Dallas. Within one half-hour session, these participants gave consent 
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and completed assessments using the rehabilitative devices with their right arm only. This testing 

was repeated on the right arm approximately four months later. Arm assessments of all participants 

were video recorded. 

 

Device Hardware and Software 

Figures depicting the novel assessment system are provided in Chapter 3. The system 

consisted of seven devices that were each designed to measure either the force or range of motion 

(ROM) of simple hand and wrist movements (Fig. 3.1). System components were designed using 

the CAD program SolidWorks (Dassault Systèmes) and created with Dimension Elite and Fortus 

250mc 3D printers (Stratasys). Four isometric tasks were designed to measure force and prevented 

joint movement. The isometric tasks assessed finger force, wrist flexion/extension force, and wrist 

rotation force with a D-grip handle and doorknob manipulandum.  Three isotonic tasks were 

designed to assess ROM of a single joint with negligible resistance.  The isotonic tasks measured 

wrist flexion/extension range of motion and wrist rotation range of motion with the handle and 

doorknob manipulanda.   

Mounted firmly within the 3D-printed housing of each device was either a quadrature 

rotary encoder for measuring angle in ROM devices ($90, TRD-S360VD, AutomationDirect.com) 

or two 20kg capacity load cells for measuring force in isometric devices ($7, RB-Phi-119, 

RobotShop.com). The rotary encoders provided 1/4° resolution, and the load cell signals were 

converted to a 10-bit value with approximately 25 g or 25 mN*m resolution.  The load cells in the 

finger force device were each calibrated with weights, while the other force devices were calibrated 

using a commercial torque meter (GLK-250E, Imada.com). Calibration constants were linearly 
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interpolated and saved with a custom Matlab program. Each device contained a custom printed 

circuit board (PCB) to automate device identification by the software and process the signals from 

the rotary encoder or load cells. A second PCB and a microcontroller (Arduino Uno, Arduino.cc) 

sampled the rotary encoder or load cells at 125Hz and sent timestamped signals to a custom Matlab 

assessment program that captured, saved, and displayed data. 

Figure 3.1 depicts the position of the hand in each of the devices.  For testing with the 

finger force device, Velcro straps were wrapped around the distal phalanges of the thumb and 

index fingers, securing the fingertips 5 cm apart (Fig. 3.1A). For the wrist force device, the hand 

was aligned so that torque was measured from the ulnar styloid process and to a point 5 cm distal, 

where the ulnar aspect of the hand rested in a stationary cradle (Fig. 3.1B).5,6 For both devices 

utilizing the handle manipulandum, the palm was firmly affixed to the handle with Velcro straps 

that pressed against the dorsal and distal end of the metacarpals (Fig. 3.1D).  For testing with the 

doorknob manipulandum, participants who could not produce thumb opposition were allowed to 

position the palm and fingers around the doorknob in a way that would provide sufficient grip 

stability. 

 

Testing with the Rehabilitative Devices  

To administer testing, each rehabilitative device was placed into a plastic dock and armrest 

ensemble affixed to an adjustable office chair. Participants sat in the chair and the forearm was 

comfortably positioned and rested in the armrest to an elbow flexion angle of 90° and shoulder 

abduction angle less than 45° with shoulders level.  Each assessment began with neutral wrist 

pronation and flexion angles of 0°. 
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All participants completed the seven tasks in the same order, starting with four isometric 

force tasks (wrist rotation with the doorknob, wrist flexion/extension, wrist rotation with the D-

grip handle, then finger flexion/extension) and followed by three isotonic ROM tasks (wrist 

rotation with the doorknob, wrist flexion/extension, then wrist rotation with the D-grip handle). 

For each of these tasks, participants performed 10 trials in each direction of movement 

(flexion/extension or pronation/supination), starting with the inward anterior direction (i.e., flexion 

or pronation). For isometric force testing, participants performed five trials in each direction and 

then repeated this sequence after a minute of rest. For ROM testing, participants completed ten 

consecutive trials in each direction. Participants were instructed to give their best effort on each 

trial, then return to and relax at the neutral position between trials.  Any trials with obvious 

compensatory movement were excluded and repeated after providing verbal feedback.   

 

Statistics 

Data are presented in the text as mean ± SEM of right arm performance.  For measurements 

made with the devices, data from 10 trials on each task was averaged to produce an individual 

mean for each participant.  Individual means are displayed as open circles in the figures.  

Coefficient of variation (CoV) was calculated using individual trials for each task.  A composite 

score was calculated to simplify correlations.  Significant differences were determined using 

unpaired t-tests, paired t-tests, Wilcoxon rank sum tests, and Pearson correlations, as appropriate.  

The statistical test used for each comparison is noted in the text.  In all figures, * indicates p<0.05, 

** indicates p<0.01, and *** indicates p<0.001. Error bars indicate mean ± SEM in all figures. 
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Figure 2.1. Body size is correlated with some novel metrics in healthy participants. 

 

Correlations between the seven novel metrics and healthy participant height, weight and forearm 

circumference. Blue and magenta dots represent male and female participants, respectively. 

 

2.4 Results 

Assessment of Finger Flexion and Extension 

Finger strength is essential for prehension, and it is the most commonly and severely 

impaired component of upper limb function for many common disorders. We designed a device to 

measure isometric force of flexion and extension of the opposed thumb and the index and middle 

fingers, a position critical for grasping (Fig. 3.2A). Participants performed 10 total trials for each 

direction of movement. Participants delivered significantly more flexion force than extension 

force, consistent with previous studies (Fig. 3.2C; Flex: 7.98 ± 0.64 kg; Extend: 1.77 ± 0.15 kg; 

Unpaired t-test, p = 3.2 x 10-9).4,7 Participants demonstrated a mean trial-to-trial coefficient of 
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variation of 0.13. As expected, total finger force was highly positively correlated with proximal 

forearm circumference (Fig. 2.1, bottom right).8 Circumference v. Force, Pearson’s correlation, r2 

= 0.70, p = 3.9 x 10-4). These results indicate that the finger isometric force device is accurate and 

sensitive for measuring pinch grip force in healthy individuals. 

 

Table 2.1. Novel measurements from uninjured group. 

 
# 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

1 8.61 1.45 8.30 3.12 8.04 5.44 8.30 3.12 90.5 85.1 102.5 77.5 90.7 76.4 

2 8.89 2.15 3.34 3.22 8.64 5.51 3.34 3.22 77.3 72.9 110.8 91.3 135.2 76.8 

3 6.93 1.78 3.37 2.36 4.27 3.93 3.37 2.36 82.6 66.7 110.5 82.5 97.0 85.5 

4 9.74 2.69 7.41 4.94 8.57 4.84 7.41 4.94 85.4 74.4 87.9 68.2 76.1 76.1 

5 9.05 1.86 4.87 3.08 7.77 8.10 4.87 3.08 74.9 71.2 85.1 75.8 109.6 92.6 

6 5.47 0.92 3.98 2.05 2.81 2.90 3.98 2.05 77.7 62.9 111.6 88.3 104.5 63.3 

7 5.32 1.20 1.66 1.04 3.03 2.61 1.66 1.04 70.0 60.0 109.7 51.8 90.9 38.2 

8 6.65 1.81 3.21 2.82 5.92 4.00 3.21 2.82 83.1 79.0 95.5 96.0 99.5 109.5 

9 8.71 1.65 4.93 4.10 6.98 5.37 4.93 4.10 87.8 84.3 107.5 69.1 119.9 62.0 

10 6.16 1.29 6.83 3.33 5.06 3.03 6.83 3.33 87.2 82.5 121.1 78.6 134.3 79.1 

11 12.38 2.70 8.59 4.13 8.68 4.50 8.59 4.13 77.6 62.3 92.5 41.9 102.2 35.8 

12 11.42 2.35 10.03 6.06 9.80 7.23 10.03 6.06 79.7 69.4 90.6 66.3 83.7 57.7 

13 4.43 1.15 3.80 1.88 3.13 2.02 3.80 1.88 82.6 63.8 128.1 74.5 149.0 84.9 

 

14 novel metrics for 13 uninjured participants. Each value is the average of 10 trials. Each 

column is one direction of measurement for one task: (1) finger flexion force [kg], (2) finger 

extension force, (3) wrist flexion force [N*m], (4) wrist extension force, (5) handle pronation 

force, (6) handle supination force, (7) doorknob pronation force, (8) doorknob supination force, 

(9) wrist flexion ROM [degrees], (10) wrist extension ROM, (11) handle pronation ROM, (12) 

handle supination ROM, (13) doorknob pronation ROM, (14) doorknob supination ROM. 
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Table 2.2. Novel measurements from SCI group. 

 

# 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

1 0.843 0.465 0.954 1.407 4.140 2.347 0.436 0.569 50.2 79.8 118.0 56.6 112.4 44.8 

2 0.610 0.695 2.270 2.101 3.891 2.235 1.087 1.087 78.2 62.6 103.0 71.7 97.9 65.9 

3 0.479 0.108 0.964 1.034 1.093 0.983 0.232 0.284 60.1 62.3 96.0 76.5 121.1 115.3 

4 0.220 0.023 2.256 2.498 1.436 1.483 0.409 0.434 78.5 57.0 107.2 62.7 103.9 78.6 

5 0.488 0.129 0.376 0.727 1.992 0.698 0.238 0.994 99.6 67.1 103.6 65.2 119.2 103.0 

6 0.000 0.000 1.151 1.534 1.563 0.978 0.400 0.457 81.1 45.9 97.4 68.8 109.6 59.1 

7 0.388 0.034 0.353 3.113 3.149 1.933 0.453 0.199 29.5 51.2 100.6 40.6 96.9 38.3 

8 0.094 0.008 0.034 0.587 0.137 0.288 0.033 0.110 9.2 24.7 9.5 12.9 5.4 5.1 

9 0.002 0.003 0.049 0.048 0.074 0.432 0.009 0.042 26.2 1.8 29.1 84.1 9.0 7.3 

10 0.029 0.006 0.034 0.201 0.209 0.569 0.024 0.390 27.9 39.9 79.5 92.3 82.5 46.9 

11 0.434 0.036 1.655 2.509 2.320 0.631 0.034 0.123 88.1 69.6 136.6 61.8 172.9 105.0 

12 0.078 0.094 0.825 0.425 2.602 1.192 0.348 0.133 48.2 44.9 144.7 32.5 100.7 54.5 

13 0.232 0.029 0.624 0.277 0.212 0.497 0.164 0.087 58.2 23.9 121.8 13.1 92.8 12.5 

 

14 novel metrics for 13 participants with cSCI (Chapter 3). Each value is the average of 10 trials. 

Each column is one direction of measurement for one task (same as Table 2.1). 

 

Assessment of Wrist Flexion and Extension 

Wrist movement is an essential component of prehension, thus we designed two devices to 

quantify torque and ROM of wrist flexion and extension.9 Participants rested the ulnar aspect of 

the hand in a cradle, which either resisted the motion or provided negligible resistance, and 

performed 10 trials in each direction. cSCI participants produced significantly more isometric 

flexion force than extension force, consistent with previous studies (Fig. 3.3C; Flex: 5.41 ± 0.68 

N*m; Extend: 3.24 ± 0.36 N*m Unpaired t-test, p = 0.012).5,10 Wrist flexion ROM was also 

significantly larger than extension ROM (Fig. 3.3F, Flex: 81.3 ± 1.5°; Extend: 71.9 ± 2.3°; 

Unpaired t-test, p = 0.0035).  Participants demonstrated a mean trial-to-trial coefficient of variation 

of 0.12 for force and 0.03 for ROM measures. These results demonstrate that these two devices 
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can provide accurate and sensitive assessment of wrist flexion and extension function in healthy 

individuals. 

 

Assessment of Wrist Pronation and Supination 

We designed two devices to measure force and ROM of wrist pronation and supination.11,12 

We assessed these metrics using two distinct manipulanda: an easy to grasp D-grip handle and a 

more difficult to grasp doorknob. The handle attachment helped stabilize the hand for a cylindrical 

grip while the doorknob required a ball grip. Participants produced significantly more handle 

pronation than supination force (Fig. 3.4C; Pronate: 6.36 ± 0.66 N*m; Supinate: 4.58 ± 0.47 N*m; 

Unpaired t-test, p = 0.045). Pronation force generated using the doorknob manipulandum was 

significantly lower than that produced with the handle (D-grip handle v. doorknob; Paired t-test; 

Pronation: p = 0.0014; Supination: p = 0.12). The mean trial-to-trial coefficient of variation using 

the handle was 0.08 and using the doorknob was 0.12 in healthy participants. No significant 

differences were observed for pronation or supination ROM between the two manipulanda 

(Pronation, handle: 107.1 ± 5.8°; doorknob: 104.1 ± 3.5°; p = 0.5; Supination, handle: 74.0 ± 4.0°; 

doorknob: 72.1 ± 5.5°; Paired t-test, p = 0.6). Handle ROM trial-to-trial coefficient of variation 

was 0.05 and doorknob ROM was 0.05 in healthy participants.  Altogether, these results 

demonstrate that these four tasks can provide accurate and sensitive assessment of wrist pronation 

and supination function in healthy individuals. 
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Table 2.3. Standard assessment results from SCI group. 

 

# GRASSP 

(points) 
Strength Sensitivity 

Qualitative 

Prehension 

Quantitative 

Prehension 

JHFT 

(sec) 

1 78 40 13 6 19 62.99 

2 105 39 24 12 30 71.34 

3  
     

4 54 13 15 7 19 187.8 

5 93 34 24 5 30 91.1 

6 91 38 24 2 27 88.61 

7 54 18 17 0 19 128.52 

8 16 15 1 0 0 840 

9 8 8 0 0 0 840 

10 37 18 6 0 13 284.24 

11   
   364.31 

12 43 18 9 1 15 296.37 

13 47 13 15 2 17 226.89 

 

Results from two standard assessments conducted on participants with cSCI. GRASSP: Graded 

Redefined Assessment of Strength, Sensitivity and Prehension; JHFT: Jebsen Hand Function Test. 

 

Longitudinal Reliability of Assessments  

To evaluate whether the devices provided reliable longitudinal assessment, participants 

were retested on the same assessments approximately 4 months later (n = 13). We generated a 

composite score to normalize and combine performance across all devices. Retest reliability 

coefficients for each task and the composite score are provided in Table 2.1. The composite score 

demonstrated good reliability, while the reliability of the individual tasks varied from poor to 

excellent. Together, these findings indicate that the devices provide stable assessment over time, 

but more controlled testing over a shorter timescale is required to more confidently describe their 

reliability. 
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Table 2.4. Test-retest reliability values for uninjured group. 

 

 

r: Pearson’s r correlation coefficient; CI: 95% confidence interval. 

 

Correlations between Tasks 

To better understand the relationships between the novel measures of isolated arm 

functions, we added the two measures taken with each device and compared the combined 

performance on each task to that of the other six tasks (Fig. 2.2). We found that some tasks, most 

often force metrics, were correlated with other tasks in expected ways. The most strongly 

correlated metrics were finger and handle force, suggesting the importance of finger strength in 

producing handle torque (Table 2.5, Finger v. Handle force, Pearson’s correlation, r2 = 0.76, p = 

9.4 x 10-5). The handle and doorknob ROM tasks were only moderately correlated, suggesting that 

the two grip requirements differently affect wrist rotation mobility (Handle v. Doorknob ROM, 

Pearson’s correlation, r2 = 0.56, p = 0.0031). These results indicate that measurements collected 

Metric Task r CI 

Force Finger F/E 0.88 0.67 – 0.95 

 
Wrist F/E 0.89 0.69 – 0.96 

 
Handle 0.91 0.72 – 0.97 

 
Doorknob 0.38 0.35 – 0.8 

ROM Wrist F/E 0.78 0.56 – 0.92 

 Handle 0.91 0.71 – 0.96 

 Doorknob 0.65 0.46 – 0.88 

Composite All 0.87 0.66 – 0.95 
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with the devices generally do not correlate highly amongst themselves, indicating that the metrics 

may be largely independent. 

 

Figure 2.2. Task-task correlations for the uninjured group. 

 

Correlations between all seven novel metrics for the uninjured group. 
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Table 2.5. Task-task correlation coefficients for the uninjured group. 

 

Task 1 Task 2 r2 p-val 

Wrist ROM Knob ROM 0.11 0.28 

 Handle ROM 0.067 0.4 

 Wrist Force 0.13 0.22 

 Knob Force 0.12 0.24 

 Handle Force 0.075 0.37 

 Pinch Force 0.0058 0.8 

Knob ROM Handle ROM 0.56 0.0031 

 Wrist Force 0.13 0.23 

 Knob Force < 0.001 0.96 

 Handle Force 0.13 0.23 

 Pinch Force 0.2 0.12 

Handle ROM Wrist Force 0.28 0.063 

 Knob Force 0.064 0.4 

 Handle Force 0.28 0.064 

 Pinch Force 0.54 0.0045 

Wrist Force Knob Force 0.0016 0.9 

 Handle Force 0.51 0.006 

 Pinch Force 0.61 0.0015 

Knob Force Handle Force 0.37 0.028 

 Pinch Force 0.13 0.24 

Handle Force Pinch Force 0.76 < 0.001 

 

Practical utility of the measurement devices in healthy participants 

All participants were able to use most of the devices with minimal difficulty. Some of the 

stronger participants applied considerable strain on a few of the custom printed parts, but no plastic 

components were damaged from normal use. The only compensatory techniques commonly 

observed included wrist flexion during the handle pronation task and radial/ulnar finger deviation 

during the doorknob ROM task. Each force device required about 3-4 minutes to complete 20 

trials, while each ROM assessment required approximately one minute. These results suggest that 

the system is practical for quickly and easily quantifying upper limb motor function in healthy 

individuals. 
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Figure 2.3. Task-task correlations for the SCI group. 

 

Correlations between all seven novel metrics for the SCI group (see Chapter 3).  
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Table 2.6. Task-task correlation coefficients for the SCI group. 

 

Task 1 Task 2 r2 p-val 

Wrist ROM Knob ROM 0.82 < 0.001 

 Handle ROM 0.56 0.0034 

 Wrist Force 0.42 0.017 

 Knob Force 0.36 0.032 

 Handle Force 0.3 0.054 

 Pinch Force 0.31 0.047 

Knob ROM Handle ROM 0.66 < 0.001 

 Wrist Force 0.33 0.041 

 Knob Force 0.11 0.28 

 Handle Force 0.16 0.18 

 Pinch Force 0.14 0.21 

Handle ROM Wrist Force 0.22 0.11 

 Knob Force 0.15 0.19 

 Handle Force 0.24 0.091 

 Pinch Force 0.13 0.22 

Wrist Force Knob Force 0.25 0.082 

 Handle Force 0.42 0.017 

 Pinch Force 0.2 0.13 

Knob Force Handle Force 0.5 0.0072 

 Pinch Force 0.52 0.0052 

Handle Force Pinch Force 0.64 0.0011 

 

2.5 Discussion 

Here we provide a characterization of a novel suite of automated devices to measure 

isolated hand and wrist motor functions.  The system consisted of seven distinct tasks that quantify 

various aspects of isometric force and single joint ROM. We tested these devices on healthy 

participants, evaluated the reliability of measures over time, and compared metrics with each other 

to determine measurement redundancy.  

Overall, the devices provided measurements that agreed well with results from previous 

studies of upper limb motor function. Unsurprisingly, the four force devices had larger coefficients 

of variation than the ROM tasks. Altogether, these results demonstrate that the devices descried in 
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this study are capable of providing accurate and sensitive measurements across many distinct and 

essential wrist and finger functions in healthy participants. 

Consistent, stable assessment is critical for longitudinal studies that rely on evaluating 

recovery over time.  We find that the devices generally provide good test-retest reliability in 

healthy individuals.  Nearly all 14 measures were stable within cSCI participants after 4 months, 

suggesting that the devices developed here may be useful for measuring hand and wrist function 

in individuals with impaired function. More controlled testing is required to clarify the stability of 

measurements taken with the novel system in healthy individuals. 

The metrics of hand and wrist function collected with the devices often correlated with 

each other. The tasks were not designed to be entirely independent, so strong correlations between 

some metrics were anticipated. As expected, force and ROM tasks were best correlated with other 

tasks from those same categories. A strong correlation between metrics suggests possible 

redundancy of information. None of the tasks could clearly predict performance on the other tasks, 

suggesting that the tasks are diverse enough to provide information about unique aspects of hand 

and wrist function.  

While the purpose of this study was to collect comprehensive data on all devices, selecting 

a subset of devices based on residual upper limb function and reducing the number of repeats to 

match the desired statistical power could potentially speed data collection further.  Finally, the 

system is compact in size and constructed from relatively low-cost components.  This raises the 

potential for the devices to be packaged for home use.  The simple data stream collected with the 

devices could also be easily implemented into a video game architecture to increase engagement 

and promote user compliance.13–15 
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While the devices provide a number of advantages for quantitative rehabilitation studies, 

one disadvantage is the restriction to movement about a single joint.  Given the complexity and 

fine motor control of prehension, this restriction to a small number of single joint motions fails to 

capture the full range of hand and wrist dysfunction.  However, constraining the complexity of 

movement simplifies and improves measurement capabilities.4,5  Future studies are required to 

correlate device measures with functional outcomes, including ability to perform activities of daily 

living.  

In this study, we develop a set of tools to quantify hand and wrist function and test them 

on healthy individuals.  We report that these devices demonstrate provide accurate, stable 

measurement of isometric and isotonic function.  These results indicate that these tools represent 

a reliable system for longitudinal assessment of upper extremity function, but further testing is 

required to demonstrate the feasibility of using this novel system to assess individuals with a range 

of severity of arm impairments. 
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3.1 Abstract 

Cervical spinal cord injury (cSCI) often causes chronic upper extremity disability. Reliable 

measurement of arm function is critical for development of therapies to improve recovery after 

cSCI. In this study, we report a suite of automated rehabilitative tools to allow simple, quantitative 

assessment of hand and wrist motor function. We measured range of motion and force production 

using these devices in cSCI participants with a range of upper limb disability and in neurologically 

intact participants at two time points separated by approximately four months.  Additionally, we 

determined whether measures collected with the rehabilitative tools correlated with standard upper 

limb assessments, including the Graded Redefined Assessment of Strength, Sensibility, and 

Prehension (GRASSP) and the Jebsen Hand Function Test (JHFT). We find that the rehabilitative 

devices provide sensitive, accurate assessment of upper limb function in physical units over time 

in SCI participants and are well-correlated with standard assessments. These results indicate that 

these tools represent a reliable system for longitudinal evaluation of upper extremity function after 

cSCI and may provide a framework to assess the efficacy of strategies aimed at improving recovery 

of upper limb function. 

3.2 Introduction 

Spinal cord injury is a common cause of disability, affecting more than 300,000 people in 

the US.1 The majority of injuries occur at the cervical level, which often impairs function of upper 

extremities and can lead to chronic disability.2–4 Accurate and sensitive measurement of upper 

limb function is a critical part of the development and assessment of new therapies to improve 

recovery after SCI. To increase their utility and implementation, measurement systems should be 
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simple to use, quantitative, and provide reliable longitudinal testing.5,6 Moreover, measurement in 

continuous physical units would be advantageous to simplify coordination and direct comparison 

of data across studies.  To address these needs, we designed a suite of modular rehabilitative 

devices for objective assessment of isolated hand and wrist motor functions.   

In this study, we tested whether these tools could quantify motor impairments in 

individuals with cSCI and examined retest reliability by assessing the same participants four 

months later. We also correlated performance on the rehabilitative devices with two common 

metrics of upper limb function after cSCI, the Graded Refined Assessment of Strength, Sensibility, 

and Prehension (GRASSP) exam and the Jebsen Hand Function Test (JHFT).7 Our results 

demonstrate that the system provides accurate, sensitive, and reliable measurements over time and 

that performance correlates with established outcome measures. The results indicate that the novel 

system can deliver simple and reliable longitudinal evaluation of upper extremity function after 

cSCI and may provide a framework to assess the efficacy of strategies aimed at improving recovery 

of upper limb function. 

3.3 Methods 

Study Design 

All procedures were approved by the Institutional Review Board at the University of Texas 

at Dallas. Fifteen participants with cSCI and no known cognitive deficits were recruited, and 

thirteen completed the study. Participants with cSCI were assessed on at least four separate 

occasions, with each session lasting between 30 minutes and 2 hours according to individual needs 

(Fig. 3.1). In the first session, participants were informed about the study plan and gave consent. 

In the second session, the participant’s right arm was assessed with the rehabilitative devices. The 
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participant then completed the GRASSP (n = 10) and Jebsen Hand Function (n = 12) assessments 

for both hands. In the third session, occurring approximately 4 months later, right arm function 

was retested with the rehabilitative devices (n = 10). In the fourth session, a complete ASIA exam 

and any remaining assessments were administered by a licensed physical therapist.7–9 

Thirteen participants with no history of neurological or arm injury was recruited through 

the University of Texas at Dallas. Within one half-hour session, these participants gave consent 

and completed assessments using the rehabilitative devices with their right arm only. This testing 

was repeated on the right arm approximately four months later. Arm assessments of all participants 

were video recorded. 

 

Device Hardware and Software 

The system consisted of seven devices that were each designed to measure either the force 

or range of motion (ROM) of simple hand and wrist movements (Fig. 3.1). System components 

were designed using the CAD program SolidWorks (Dassault Systèmes) and created with 

Dimension Elite and Fortus 250mc 3D printers (Stratasys). Four isometric tasks were designed to 

measure force and prevented joint movement. The isometric tasks assessed finger force, wrist 

flexion/extension force, and wrist rotation force with a D-grip handle and doorknob 

manipulandum.  Three isotonic tasks were designed to assess ROM of a single joint with negligible 

resistance.  The isotonic tasks measured wrist flexion/extension range of motion and wrist rotation 

range of motion with the handle and doorknob manipulanda.   

Mounted firmly within the 3D-printed housing of each device was either a quadrature 

rotary encoder for measuring angle in ROM devices (TRD-S360VD, AutomationDirect.com) or 
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two 20kg capacity load cells for measuring force in isometric devices (RB-Phi-119, 

RobotShop.com). The rotary encoders provided 1/4° resolution, and the load cells signals were 

converted to a 10-bit value with 2 g or 7 mN*m resolution.  The load cells in the finger force 

device were each calibrated with weights, while the other force devices were calibrated using a 

commercial torque meter (GLK-250E, Imada.com). Calibration constants were linearly 

interpolated and saved with a custom Matlab program. Each device contained a custom printed 

circuit board (PCB) to automate device identification by the software and process the signals from 

the rotary encoder or load cells. A second PCB and a microcontroller (Arduino Uno, Arduino.cc) 

sampled the rotary encoder or load cells at 125Hz and sent timestamped signals to a custom Matlab 

assessment program that captured, saved, and displayed data. 

Figure 3.1 depicts the position of the hand in each of the devices.  For testing with the 

finger force device, Velcro straps were wrapped around the distal phalanges of the thumb and 

index fingers, securing the fingertips 5 cm apart (Fig. 3.1A). An adjustable plastic bar was 

extended to meet the area between the thumb and index finger to stabilize hand position.  For the 

wrist force device, the hand was aligned so that torque was measured from the ulnar styloid process 

and to a point 5 cm distal, where the ulnar aspect of the hand rested in a stationary cradle (Fig. 

3.1B).10,11 For both devices utilizing the handle manipulandum, the palm was firmly affixed to the 

handle with Velcro straps that pressed against the dorsal and distal end of the metacarpals, and the 

participant rested the thumb on top of the handle (Fig. 3.1D).  For testing with the doorknob 

manipulandum, participants who could not produce thumb opposition were allowed to position the 

palm and fingers around the doorknob in a way that would provide sufficient grip stability. 
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Figure 3.1. Suite of hand and wrist assessment devices. 

 

Images of the finger flexion/extension device (A), the wrist flexion/extension devices (B/C), the 

wrist rotation device with the D-grip handle (D) and with the doorknob manipulandum (E), and 

the testing table used for assessing cSCI participants (F). 
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Testing with the Rehabilitative Devices  

To administer testing, the rehabilitative devices were affixed in place to an adjustable-

height table (Fig. 3.1F). Participants were oriented in front of the table, and the forearm was 

comfortably positioned and rested in the armrest to an elbow flexion angle of 90° and shoulder 

abduction angle less than 45° with shoulders level.  Each assessment began with neutral wrist 

pronation and flexion angles of 0°. 

All participants completed the seven tasks in the same order, starting with four isometric 

force tasks (wrist rotation with the doorknob, wrist flexion/extension, wrist rotation with the D-

grip handle, then finger flexion/extension) and followed by three isotonic ROM tasks (wrist 

rotation with the doorknob, wrist flexion/extension, then wrist rotation with the D-grip handle). 

For each of these tasks, participants performed 10 trials in each direction of movement 

(flexion/extension or pronation/supination), starting with the inward anterior direction (i.e., flexion 

or pronation). For isometric force testing, participants performed five trials in each direction and 

then repeated this sequence after a minute of rest. For ROM testing, participants completed ten 

consecutive trials in each direction. Participants were instructed to give their best effort on each 

trial, then return to and relax at the neutral position between trials.  Any trials with obvious 

compensatory movement were excluded and repeated after providing verbal feedback.   

 

Standard Assessments 

cSCI participants were tested with the GRASSP and JHFT exams, two established 

functional arm assessments suited to the injury.7 Both assessments were administered by trained 

medical professionals with certified equipment and according to standard procedures.12,13  
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Commercial isometric strength gauges were used in every session with functional assessments to 

measure peak grip and pinch force for both hands. A commercial digital dynamometer (Fabrication 

Enterprises Inc., 300lbs capacity, 1lb resolution) was used to measure power grip strength and a 

digital pinch gauge (Fabrication Enterprises Inc., 50lbs capacity, 0.1lb resolution) was used to 

measure lateral pinch force. Three trials were averaged per hand with each device.14  

 

Statistics 

Data are presented in the text as mean ± SEM of right arm performance.  For measurements 

made with the devices, data from 10 trials on each task was averaged to produce an individual 

mean for each participant.  Individual means are displayed as open circles in the figures.  

Coefficient of variation (CoV) was calculated using individual trials for each task.  A composite 

score was calculated to simplify correlations, such that performance on each device was 

normalized to uninjured performance and summed for all devices.  Significant differences were 

determined using unpaired t-tests, paired t-tests, Wilcoxon rank sum tests, and Pearson 

correlations, as appropriate.  The statistical test used for each comparison is noted in the text.  In 

all figures, * indicates p<0.05, ** indicates p<0.01, and *** indicates p<0.001. Error bars indicate 

mean ± SEM in all figures. 
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Table 3.1. Demographics of cSCI participants. 

 

S: speech, PO: physical/occupational, R: recreational, Ps: psychological, V: vocational, D: 

dietary. 

 

3.4 Results 

Participants 

Demographics for cSCI participants are provided in Table 3.1. Approximately 30% (n = 4) 

of both groups of participants were female. The average age, weight, and height was similar in 

 
Level 

 
Age 

 
Sex 

 
ASIA 

 
Complete? 

 
Trauma? 

Months 
Injured 

 
Rehabilitation 

 
Surgeries 

C4 69 F B I Y 99 S, PO, R, Ps, D Spinal fusion 

C4 28 M D I Y 5 PO, R Spinal fusion 

C2-
C6 

21 F - I N 20 PO, R, Ps None 

C5 21 M B I Y 43 S, PO, R Spinal fusion 

C5-
C6 

34 M - I Y 65 PO, R, Ps Spinal fusion 

C5-
C6 

41 M B I Y 31 S, PO, R Spinal fusion,  
suprapubic catheter 

C6 22 M B I Y 45 S, PO, R, Ps, V, D Spinal fusion 

C6 22 M C I Y 57 PO Spinal fusion 

C6-
C7 

25 M C I Y 40 S, PO, R Spinal fusion 

C7 41 F - I Y 246 PO, R Bilateral tendon transfer, 
autologous stem cell 

transplant 

C7 45 F - I Y 118 S, PO, Ps, V Spinal fusion 

C7 26 M A C Y 54 PO, R Ps Spinal fusion 

C7 23 M C I Y 84 PO None 
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cSCI and uninjured control (UI) participants (Age; cSCI: 32.2 ± 3.7, UI: 28.9 ± 0.9; Unpaired t-

test, p = 0.41; Height; cSCI: 1.76 ± 0.04 m, UI: 1.74 ± 0.04 m; p = 0.73; Weight; cSCI: 75.9 ± 5.4 

kg, UI: 76.2 ± 4.0 kg; p = 0.94).   

 

Assessment of Finger Flexion and Extension 

Finger strength is essential for prehension, and it is the most commonly and severely 

impaired component of upper limb function after cSCI.15–17 We designed a device to measure 

isometric force of flexion and extension of the opposed thumb and the index and middle fingers, a 

position critical for grasping (Fig. 3.2A). Participants performed 10 total trials for each direction 

of movement. Participants with cSCI delivered significantly less flexion force than uninjured 

participants, consistent with previous studies (Fig. 3.2C; cSCI: 0.30 ± 0.07 kg; UI: 7.98 ± 0.64 kg; 

Unpaired t-test, p = 1.6 x 10-5).15 Extension force was also significantly lower in cSCI participants 

(Fig. 3.2C; cSCI: 0.13 ± 0.06 kg; UI: 1.77 ± 0.15 kg; Unpaired t-test, p = 1.6 x 10-5).18 cSCI 

participants demonstrated a mean trial-to-trial coefficient of variation of 0.36. As expected, finger 

flexion force in cSCI participants was strongly positively correlated with both grip and lateral 

pinch dynamometry (Flexion force v. grip strength, Pearson’s correlation, r2 = 0.73, p = 4 x 10-4; 

Flexion force v. pinch strength, r2 = 0.66, p = 0.001).19 These results indicate that the finger 

isometric force device is accurate and sensitive for measuring pinch grip force in individuals with 

cSCI. 



 

36 

 
 

Figure 3.2. Device for assessing finger force. 

 

(A) Diagram of isometric finger module illustrating the force directions. (B) Example of single 

finger flexion and extension trials from uninjured and cSCI participants. Inset shows details 

lower force production in cSCI participant.  (C) cSCI participants generate significantly lower 

finger flexion and extension forces compared to uninjured controls.  Individual data is depicted 

with open circles.  Error bars indicate SEM. Significant differences were determined by unpaired 

t-tests and are noted as ***p < 0.001. 

 

Assessment of Wrist Flexion and Extension 

Wrist movement is an essential component of prehension, thus we designed two devices to 

quantify torque and ROM of wrist flexion and extension.20 Participants rested the ulnar aspect of 

the hand in a cradle, which either resisted the motion or provided negligible resistance, and 

performed 10 trials in each direction. cSCI participants produced significantly less isometric 
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flexion force than control participants, consistent with previous studies (Fig. 3.3C; cSCI: 0.89 ± 

0.21 N*m; UI: 5.41 ± 0.68 N*m; Unpaired t-test, p = 2.6 x 10-5).10,21 Similarly, isometric wrist 

extension force was significantly lower in cSCI participants (Fig. 3.3C; cSCI: 1.27 ± 0.27 N*m; 

UI: 3.24 ± 0.36 N*m; Unpaired t-test, p = 8.6 x 10-4).11,21,22 Both wrist flexion and extension ROM 

were significantly impaired compared to control participants (Fig. 3.3F, Flexion; cSCI: 56.5 ± 

7.4°; UI: 81.3 ± 1.5°; Unpaired t-test, p = 0.027; Fig. 3.3F, Extension; cSCI: 48.5 ± 5.8°; UI: 71.9 

± 2.3°; Unpaired t-test, p = 0.002).23  cSCI participants demonstrated a mean trial-to-trial 

coefficient of variation of 0.21 for force and 0.07 for ROM measures. These results demonstrate 

that these two devices can provide accurate and sensitive assessment of wrist flexion and extension 

function in individuals with cSCI. 

 
 

Figure 3.3. Devices for assessing wrist flexion and extension force and range of motion. 
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(A) Diagram of isometric wrist force module.  Red arrows indicate force direction. (B) Example 

of single wrist flexion and extension trials from uninjured and cSCI participants. (C) cSCI 

participants produce significantly lower wrist flexion and extension forces compared to uninjured 

controls.  (D) Diagram of the isotonic wrist flexion and extension ROM device showing direction 

of movement. (E) Example of single flexion and extension ROM trials performed by uninjured 

and cSCI participants. (F) Wrist flexion and extension ROM is significantly reduced in cSCI 

participants compared to uninjured participants.  Individual data is depicted with open circles.  

Error bars indicate SEM. Significant differences were determined by unpaired t-tests and are noted 

as *p < 0.05, **p < 0.01, ***p < 0.001. 

 

Assessment of Wrist Pronation and Supination 

We designed two devices to measure force and ROM of wrist pronation and supination.24,25 

We assessed these metrics using two distinct manipulanda: an easy to grasp D-grip handle and a 

more difficult to grasp doorknob. The handle attachment stabilized the hand for a cylindrical grip 

while the doorknob required a ball grip. cSCI participants produced significantly less handle 

pronation force than control participants (Fig. 3.4C; cSCI: 1.76 ± 0.38 N*m; UI: 6.36 ± 0.66 N*m; 

Unpaired t-test, p = 1.2 x 10-4). Similarly, handle supination force was significantly lower in cSCI 

participants (Fig. 3.4C; cSCI, 1.10 ± 0.19 N*m; UI, 4.58 ± 0.47 N*m; Unpaired t-test, p = 2.6 x 

10-5). The forces generated using the doorknob manipulandum were significantly lower than those 

produced with the handle (D-grip handle v. doorknob; Paired t-test; cSCI pronation: p = 0.001; 

cSCI supination: p < 0.001). cSCI participants demonstrated significant impairments in both 

pronation and supination force when using the doorknob compared to control participants (Fig. 

3.5C; Pronation, cSCI: 0.30 ± 0.08 N*m, UI: 3.63 ± 0.32 N*m; Unpaired t-test, p = 1.6 x 10-5; 

Supination, cSCI: 0.37 ± 0.09 N*m, UI: 3.51 ± 0.39 N*m; Unpaired t-test, p = 2.1 x 10-5). The 

mean trial-to-trial coefficient of variation using the handle was 0.18 and using the doorknob was 

0.27 in cSCI participants.   
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Wrist pronation and supination ROM were less affected by SCI than force production. cSCI 

patients demonstrated no difference in pronation with the handle or supination (Fig. 3.4F; 

Pronation, cSCI: 95.9 ± 10.2°, UI: 104.1 ± 3.5°; Unpaired t-test, p = 0.92; Supination, cSCI: 56.8 

± 6.7°, UI: 74.0 ± 4.0°; Unpaired t-test, p = 0.051).  Similarly, no significant differences were 

observed between groups for pronation or supination with the doorknob (Fig. 3.5F; Pronation, 

cSCI: 94.7 ± 7.4°, UI: 107.1 ± 5.8°; Unpaired t-test, p = 0.72; Supination, cSCI: 56.7 ± 9.7°, UI: 

72.1 ± 5.5°; Unpaired t-test, p = 0.24). Handle ROM trial-to-trial coefficient of variation was 0.04 

and doorknob ROM was 0.22 in cSCI participants.  Altogether, these results suggest that isometric 

force measures reveals deficits associated with cSCI while ROM is less affected. 

 
 

Figure 3.4. Assessment of wrist rotation function with the handle device. 

 

(A) Diagram of isometric wrist rotation module with the D-grip handle manipulandum.  Green 

arrows indicate force direction. (B) Example of single isometric wrist pronation and supination 
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trials from uninjured and cSCI participants. (C) Wrist pronation and supination force produced 

using the handle is significantly reduce in cSCI participants compared to uninjured controls.  (D) 

Diagram of the isotonic wrist pronation and supination ROM device with the handle 

manipulandum illustrating direction of movement. (E) Example of single flexion and extension 

ROM trials performed with the handle by uninjured and cSCI participants. (F) cSCI participants 

exhibit comparable wrist pronation ROM and a small, but significant, reduction in wrist 

supination ROM.  Individual data is depicted with open circles.  Error bars indicate SEM. 

Significant differences were determined by unpaired t-tests and are noted as *p < 0.05, ***p < 

0.001. 

 

 
 

Figure 3.5. Assessment of wrist rotation function with the doorknob device. 

 

(A) Diagram of isometric wrist rotation module with the doorknob manipulandum.  Green arrows 

indicate force direction. (B) Example of single isometric wrist pronation and supination trials from 

uninjured and cSCI participants collected using the doorknob manipulandum. (C) cSCI 

participants produce significantly less wrist pronation and supination force compared to uninjured 

controls.  (D) Diagram of the isotonic wrist pronation and supination ROM device with the 

doorknob manipulandum illustrating direction of movement. (E) Example of single flexion and 

extension ROM trials performed with the doorknob by uninjured and cSCI participants. (F) Using 

the doorknob manipulandum, wrist pronation and supination ROM is not significantly impaired in 

cSCI participants compared to uninjured participants.  Individual data is depicted with open circles.  
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Error bars indicate SEM. Significant differences were determined by unpaired t-tests and are noted 

as ***p < 0.001. 

 

Longitudinal Reliability of Assessments  

To evaluate whether the devices provided reliable longitudinal assessment, participants 

were retested on the same assessments approximately 4 months later (n = 10). We generated a 

composite score to normalize and combine performance across all devices. Retest reliability 

coefficients for each task and the composite score are provided in Table 3.2. The composite score 

and ROM tasks demonstrated excellent reliability, while the force tasks were comparatively less 

reliable. These findings indicate that the devices provide stable assessment over time to facilitate 

longitudinal testing. 

 

Table 3.2. Test-retest reliability values for cSCI group. 

 

 

r: Pearson’s r correlation coefficient; CI: 95% confidence interval. 

 

 

Metric Task r CI 

Force Finger F/E 0.63 0.4 – 0.89 

 
Wrist F/E 0.78 0.51 – 0.93 

 
Handle 0.73 0.47 – 0.92 

 
Doorknob 0.9 0.66 – 0.97 

ROM Wrist F/E 0.97 0.86 – 0.99 

 Handle 0.96 0.82 – 0.99 

 Doorknob 0.94 0.75 – 0.99 

Composite All 0.96 0.84 – 0.99 
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Correlation with standard functional assessments 

To benchmark these devices versus field-standard metrics, we compared measurements 

from each device to GRASSP and JHFT scores in cSCI participants. The composite score was 

highly correlated with GRASSP scores (Device composite score v. GRASSP score, Pearson’s 

correlation, r2 = 0.82, p = 3.4 x 10-4). Additionally, the composite score was moderately correlated 

with JHFT score (Device composite score v. JHFT total score, Pearson’s correlation, r2 = 0.58, p 

= 0.004).  Individual correlations for each device can be found in the Supplemental Data. These 

results indicate that measurements collected with the devices are well-correlated with standard 

metrics used in SCI studies. 

 

 
Figure 3.6. Motor function measured using the devices is correlated with standard assessments. 

 

Normalized composite score integrating performance on all devices is highly correlated with 

total GRASSP score (A) and moderately correlated with score on the Jebsen Hand Function Test 

(B). The dotted line represents the mean of the UI group, with standard deviation shown in grey. 
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Practical utility of the measurement devices in cSCI participants 

All cSCI participants were able to use most of the devices with minimal difficulty. The 

only instance in which a participant was unable to interact with the devices was a participant with 

a C7 injury that could not use the finger force device due to severe proximal interphalangeal 

contractures that prohibited comfortable extension. One participant with a C5 injury was not able 

to complete the wrist flexion and doorknob ROM device assessments without assistance returning 

to the neutral position. Each force device required about 3-4 minutes to complete 20 trials, while 

each ROM assessment required approximately one minute. These results suggest that the system 

is practical for quickly and easily quantifying arm function in the context of chronic cSCI. 

3.5 Discussion 

Here we provide a characterization of a novel suite of automated devices to measure hand 

and wrist motor function after cSCI.  The system consisted of seven distinct tasks that quantify 

various aspects of isometric force and single joint ROM. We compared measurements made with 

each of the devices in cSCI and uninjured participants, evaluated reliability of measures over time, 

and correlated the metrics with established assessments of quadriplegic upper limb function.  

Overall, the devices provided a robust characterization of impairments after cSCI.  As 

expected, cSCI participants were the most severely impaired on tasks that required finger strength, 

specifically the finger and doorknob isometric force devices.15 The force metric that was least 

impaired compared to controls was wrist extension.11,26  The majority of cSCI participants 

demonstrated ROM that was comparable to uninjured controls, indicating the isometric tasks 

provide a more robust assessment of motor deficits.  Altogether, these results demonstrate that the 
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devices described in this study are capable of providing accurate and sensitive measurements 

across many distinct and essential wrist and finger functions commonly impaired after cSCI. 

Consistent, stable assessment is critical for longitudinal studies that rely on evaluating 

recovery over time.  We find that a composite score that takes into account performance on all 

devices provides excellent test-retest reliability comparable to that of GRASSP (r  > 0.9).12,27  Each 

of the individual tasks demonstrated acceptable to good reliability even after 4 months, suggesting 

that the devices developed here may be useful for long-term studies aimed at improving hand and 

wrist function after cSCI. 

The metrics of hand and wrist function collected with the devices correlated well with 

standard assessments used in SCI rehabilitation studies. A composite score that took into account 

performance on all devices was very highly correlated with GRASSP scores. The strength subscore 

of the GRASSP assessment was best correlated with composite performance measurement for the 

devices, consistent with the devices’ emphasis on isometric force generation.  Additionally, the 

composite score was well-correlated with the JHFT test.  However, the correlation was slightly 

weaker than that observed for GRASSP scores, primarily driven by a more bimodal distribution 

of JHFT scores compared to a more even distribution of GRASSP and composite device scores.  

The strong correlations with both gold-standard assessments suggests that relatively limited, 

simple assessment with the devices can be used to accurately gauge hand and wrist function after 

cSCI.   

The assessment devices described in this study were developed to provide a number of 

advantages over existing tests of function for rehabilitation studies.  One key advantage is the 

simple measurement of continuous data in physical units, including angle, torque, and linear force.  
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This allows direct comparison of effect size and magnitude of changes in performance, a benefit 

over assessments that rely on ordinal scores.  The use of continuous physical values also largely 

mitigates any variance in tests that rely on a subjective scoring system, which would facilitate 

comparison of data across multiple sites in a trial.  Moreover, unlike ordinal assessments, there is 

no performance ceiling or necessary stratification, which may make the devices useful for 

measuring hand and wrist function in other populations with varying degrees of impairment, such 

as stroke patients. The high resolution of both the force and range of motion devices allows 

detection of small changes in function, an advantage in interventional studies.  This level of 

sensitivity provides a means to identify progressive changes across time in longitudinal studies.  

However, additional studies are necessary to define clinically important differences.   

Measurement with the devices is simple and relatively rapid.  Data collection with the 

entire suite of devices took approximately twenty minutes to collect ten repeats of each movement 

in each direction, a total of 140 trials.  This testing duration is comparably or slightly shorter than 

that typically required for GRASSP and JHFT.  While the purpose of this study was to collect 

comprehensive data on all devices, selecting a subset of devices based on residual upper limb 

function and reducing the number of repeats to match the desired statistical power could potentially 

speed data collection further.  Finally, the system is compact in size and constructed from relatively 

low-cost components.  This raises the potential for the devices to be packaged for home use.  The 

simple data stream collected with the devices could also be easily implemented into a video game 

architecture to increase engagement and promote user compliance.28–30 

While the devices provide a number of advantages for quantitative rehabilitation studies, 

one disadvantage is the restriction to movement about a single joint.  Given the complexity and 
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fine motor control of prehension, this restriction to a small number of single joint motions fails to 

capture the full range of hand and wrist dysfunction.  However, constraining the complexity of 

movement simplifies and improves measurement capabilities.10,15  Future studies are required to 

directly correlate device measures with functional outcomes, including ability to perform activities 

of daily living.  

In this study, we characterize a set of tools to quantify hand and wrist function after spinal 

cord injury.  We report that these devices demonstrate provide accurate, stable measurement of 

isometric and isotonic function and are well-correlated with gold-standard assessments.  These 

results indicate that these tools represent a reliable system for longitudinal assessment of upper 

extremity function after cSCI and may provide a framework to assess the efficacy of strategies 

aimed at improving recovery of upper limb function. 
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CHAPTER 4 

THE NOVEL SYSTEM, INTEGRATED WITH VIDEO GAMES, CAN DELIVER 

AUTOMATED REPETITIVE MOTOR THERAPY 

4.1 Abstract 

Repetitive motor therapy is effective at restoring arm functions after impairment. Hand 

therapies that incorporate exercise technology and video games improve patient engagement and 

compliance, consequently increasing neuroplasticity and functional recovery. In this report, we 

use a variant of the previously described modular assessment system to demonstrate the 

feasibility of its use for delivering automated repetitive motor therapy (ARMT) after cSCI. We 

developed three distinct, classic arcade games that could be played using any one of the three 

modules, using either wrist or finger flexion/extension or wrist pronation/supination. We 

demonstrated that the system is able to successfully deliver ARMT by using a simple algorithm 

to monitor user performance and respond with appropriate changes in gameplay difficulty. These 

results suggest that the assessment system may be able to provide a cost-effective solution for 

automated arm therapy after cSCI. Further studies are required to evaluate the system’s 

longitudinal feasibility and efficacy for rehabilitating isolated and complex arm functions. We 

predict that training of isolated arm functions with this system will be able to generalize to 

improved performance of activities of daily living (ADLs), especially when combined with other 

therapies that enhance neuroplasticity. 
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4.2 Introduction 

Repetitive motor therapy has been shown to be effective at restoring arm function after 

various causes of impairment.1 Unfortunately, the repetitive aspect of therapy is not time-

efficient, and the amount of physical therapy required to make meaningful functional 

improvements demands an incredible amount of direct professional attention over a long period 

of time. Many specialized arm exercise technologies are emerging to improve delivery of 

physical therapy for the arm, but cost seems to continue to be a considerable barrier to 

widespread implementation in the clinic or at home.2,3 Video games are commonly used to 

improve patient engagement and compliance, consequently increasing neuroplasticity and 

functional recovery.4 As such, the isolated arm functions assessed by the novel cost-effective 

system should be incorporated with engaging video games to quickly and easily deliver therapy, 

possibly without supervision. 

Here we report the feasibility of using the modular assessment system for delivering 

automated repetitive motor therapy (ARMT) after cSCI. We developed three distinct, classic 

arcade games that could be played using any one of the three modules, using either wrist or 

finger flexion/extension or wrist pronation/supination. We demonstrated that the system is able 

to successfully deliver ARMT by using a simple algorithm to monitor user performance and 

respond with appropriate changes in gameplay difficulty. These results suggest that the simple 

automated arm assessment system may be able to provide a cost-effective solution to the unmet 

clinical need for convenient and engaging repetitive arm therapy after cSCI. Further studies are 

warranted to evaluate the system’s longitudinal feasibility and efficacy for rehabilitating isolated 

arm functions. We predict that training of isolated arm functions with this system will be able to 
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generalize to improved performance of activities of daily living (ADLs), especially when 

combined with other therapies that enhance neuroplasticity. 

4.3 Methods 

Device Hardware 

 The system consisted of three devices that were each designed to measure either the force 

or range of motion (ROM) of simple hand and wrist movements for the purpose of playing video 

games (Fig. 4.1). Physical system components were designed using the CAD program 

SolidWorks (Dassault Systèmes) and created with Dimension Elite and Fortus 250mc 3D 

printers (Stratasys). Two tasks were designed to assess ROM of a single joint with variable 

resistance.  These isotonic tasks measured wrist flexion/extension range of motion or wrist 

rotation range of motion with a doorknob manipulandum. One isometric task was designed to 

measure force and prevented movement. 

Mounted firmly within the 3D-printed housing of each ROM device was a quadrature 

rotary encoder for measuring angle (1/4° resolution, TRD-S360VD, AutomationDirect.com) next 

to an electromagnetic clutch with voltage-controlled torque (AMC-10, Ogura.com). The rotary 

encoder and clutch had interlocking gears to apply up to 1 N*m resistive torque to the 

manipulandum’s axis of rotation.  The finger strength task was the same as previously described, 

and the load cells provided 2 g resolution (RB-Phi-119, RobotShop.com). The load cells in the 

finger force device were each calibrated with weights. Calibration constants were linearly 

interpolated and saved with a custom Matlab program. Each device contained a custom printed 

circuit board (PCB) to automate device identification by the software and to process the signals 

from the rotary encoder or load cells. A second PCB and a microcontroller (Arduino Uno, 
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Arduino.cc) sampled the rotary encoder or load cells at 125Hz and sent timestamped signals to a 

custom Matlab assessment program that captured, saved, and displayed data. This main board also 

provided the adjustable voltage powering the clutch. 

Figure 3.1 depicts the position of the hand in each of the devices. For testing with the finger 

force device, Velcro straps were wrapped around the distal phalanges of the thumb and index 

fingers, securing the fingertips 5 cm apart (Fig. 3.1A). An adjustable plastic bar was extended to 

meet the area between the thumb and index finger to stabilize hand position. For testing with the 

wrist flexion/extension device, the hand was positioned so that the ulnar aspect of the hand rested 

in a stationary cradle (Fig. 3.1C).5,6 For the wrist pronation/supination device, participants who 

could not produce thumb opposition were allowed to position the palm and fingers around the 

doorknob in a way that would provide sufficient grip stability (Fig. 3.1E). 

 

Video Game Software 

Three retro-style video games were chosen largely for their simplicity and familiarity of 

gameplay: Galaga, Asteroids, and Breakout. In Galaga, the user avatar is a spaceship that moves 

side-to-side to shoot enemies and avoid incoming fire. In Asteroids, the user avatar is a spaceship 

that rotates in the middle of the screen, shooting the surrounding moving space debris. In Breakout, 

the user avatar is a paddle at the bottom of the screen that moves side-to-side to reflect a ball to 

break a wall of bricks. The games were developed using Adobe Flash and supported two-way 

JSON communication with the custom Matlab assessment program using a local TCP/IP socket 

connection. The Matlab program simultaneously processed the data generated by the game and the 

module. In this way, the Matlab program processed all data to command the position of the avatar 
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among other important aspects of gameplay. The angle data generated by the ROM modules was 

directly proportional to the avatar position. Alternatively, the finger force module required 

coordinated flexion or extension of both fingers to proportionally increase the avatar’s speed of 

movement for either direction. 

The games were designed to provide multiple dimensions of adjustable gameplay difficulty 

to accommodate a wide range of motor impairments. A basic set of rules were defined to 

automatically adjust gameplay difficulty settings according to the user’s play conditions 

(game/device) and performance (hit rate). Three distinct categories of difficulty were available for 

adjustment: range, resistance, and gameplay. A greater range difficulty required a larger wrist 

angle or finger force to cover a certain amount of distance in the game. The clutch was 

implemented to easily adjust the amount of torque resistance in the ROM modules. Finally, each 

of the games had two adjustable gameplay variables, such as ball speed and paddle width in 

Breakout, as an additional source of challenge for the user. 

Automated adjustment of gameplay difficulty was guided by a running average of in-game 

performance. The Matlab program received data from the game client about the outcome of 

important events, which consisted of hits (ex. brick broken or enemy destroyed) and misses (ex. 

lost life). After every 5 outcomes, the most recent five outcomes were averaged to calculate a 

performance hit rate which was compared to a threshold. Individual events resulting in a recent hit 

rate above the 75% threshold increased all available types of difficulty in the same proportion, and 

vice versa for falling below the threshold. The amount of change in difficulty initiated at 10% of 

the variable’s total range at the start of each new level in a game. This percent change halved after 
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every 15 events to stabilize the difficulty, making it harder to manipulate closer to the end of a 

level. 

 

Testing with the Games 

All procedures were approved by the Institutional Review Board at the University of Texas 

at Dallas. Fifteen participants with cSCI and no known cognitive deficits were recruited, and 

fourteen were able to play at least two games within a single hour long test session. To administer 

testing, the rehabilitative devices were affixed in place to an adjustable-height table (Fig. 3.1F). 

Participants were oriented in front of the table, and the forearm was comfortably positioned and 

rested in the armrest to an elbow flexion angle of 90° and shoulder abduction angle less than 45° 

with shoulders level, and with neutral wrist pronation and flexion angles of 0°. A computer screen 

displaying the video games was placed on the table. The module was selected by the examiner, 

but the participant selected the game to play. Prior to playing the game, the participant delivered 

1-2 trials of maximal finger force or wrist angle (no torque) in each direction to calibrate the 

maximum range difficulty. Each game started with default gameplay parameters, minimal 

resistance (if any), and the range difficulty at 50% maximum force or angle. Each participant 

played between 2 and 7 games for up to five continuous minutes each. Players had an infinite 

number of lives to allow convenient and continuous gameplay. Verbal feedback was provided to 

participants to correct any obvious compensatory movements. All testing with the video games 

was video recorded. 
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4.4 Results 

Feasibility of Delivering ARMT to cSCI Participants with the Rehabilitative Devices 

The fourteen cSCI participants had mild to severe impairments in upper extremity motor 

function, as evidenced by their wide range of GRASSP scores (n=10). One participant with a C5 

injury was too impaired to use any device to play any game effectively, which was due mainly to 

severe wrist extensor contractures that kept both hands constantly extended at 90 degrees. 

Altogether, the other 13 participants played just over 4 hours of games across the 3 modules. The 

participants played nearly half of the games (26/54) with the doorknob module, with the 

remaining games divided almost equally between the wrist (15) and finger (13) flexion/extension 

modules. The participants elected to play Breakout (21) and Galaga (19) more often than 

Asteroids (14). Resistive torque was enabled for the majority of participants who played a game 

with the wrist flexion/extension module (8/9) but for less than half of the participants who played 

games with the doorknob (5/12). Only participants with severe impairments had difficulty 

completing the first level of a game. In general, the participants admitted enjoying using the 

devices to play video games, especially when the conditions were appropriately challenging. 

Participants often reported feeling some amount of muscle or mental fatigue at the end of a 5-

minute game, especially when the resistive torque was enabled. These results demonstrate that 

people with cSCI can safely use the system to play video games to engage in ARMT of isolated 

hand and wrist functions. 
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Figure 4.1. The novel system can be combined with video games to deliver ARMT. 

 

Participant with cSCI playing Galaga and controlling avatar position with the doorknob module. 

Nearly every participant was able to use at least one device to play a video game. 

 

Dynamic Difficulty Drives User Performance 

 Simple algorithms were informed by the user’s performance to dictate the progression of 

multiple difficulty settings throughout a game (Fig. 4.2). The three video games were distinct but 

relatively simple and straight forward, requiring the user to accurately position the game’s avatar 

in order to get points (hit) and avoid losing lives (miss). Participants often had no difficulty 

achieving these gameplay goals at the beginning of a level, but high hit rates lead to an all-

around increase in difficulty. In response, the participant would often begin to make more 

mistakes which would result in lower difficulty. As intended, the user’s performance in the game 
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was able to match the difficulty to develop a steady cumulative 75% hit rate in every game. 

These results demonstrate that the system is effective at determining appropriate gameplay 

conditions for people with a range of arm impairments after cSCI. 

 

Figure 4.2. Data from example game session. 

 

Simple algorithms encourage greater user effort by adjusting the difficulty of the game in 

response to gameplay performance. (A) A continuous signal generated by a person with a C6-C7 

injury using the finger force module, where flexion is positive. (B) Cumulative gameplay 

outcomes over time. (C) Hit rate adjustments are calculated from most the recent 5 outcomes. 

The horizontal line represents the 75% difficulty adjustment threshold. (D) Difficulty setting 

over time, which increases when the hit rate is above the 75% threshold and vice versa. 

 

4.5 Discussion 

Here we demonstrate that the novel suite of automated devices can be used with video 

games to provide training of basic hand and wrist motor functions after cSCI.  The system 

consisted of three video games with dynamic difficulty and three distinct tasks that together 
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quantified various aspects of isometric force and single joint ROM. We established the feasibility 

of independent use of this system in participants with cSCI and demonstrated that the system is 

able to respond to and modify user behavior. 

Overall, the participants reported that interacting with the devices to play the video games 

was enjoyable. Consistent with previous reports, very few participants could use the finger force 

device to effectively play games due to severe finger paralysis, especially for extension (which 

controlled rightward/clockwise velocity). As a result, most of the testing was conducted with the 

two ROM modules, often with variable torque resistance. Participants were typically able to play 

with torque resistance when using the wrist flexion/extension device, but were generally not able 

to produce sufficient grip stability to manipulate the doorknob at higher torques. Thus, the torque 

was disabled for most of the participants using the doorknob module. These results are consistent 

with previous reports of average wrist flexion/extension force spared after cSCI compared to 

controls (Chapter 3). 

As the player advanced through each level, the dynamic difficulty algorithm controlled a 

progression of changes to physical (angle/force) and gameplay variables in response to user 

performance. This performance was defined based on the unique rules of each game. For example, 

in Breakout, the player receives a hit (or 1) for hitting a brick and a miss (or 0) for missing the ball. 

Every 5 outcomes, the hit rate updated and either increased or decreased all available dimensions 

of difficulty. Participants remarked noticing changes in various types of difficulty, but admitted 

that the progression was slight enough to avoid frustration, and that the changes to difficulty often 

provided stimulating challenge and promoted engagement. 
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Automated adjustment of difficulty is a common and useful feature of specialized exercise 

equipment, like the speed or slope settings on a treadmill. Some commercially available devices 

already provide similar capability for quickly and easily retraining arm functions. Many 

approaches also utilize video games, but the hardware typically avails many degrees of freedom 

of arm movement to simulate a more diverse array of prehension requirements typical of ADLs.7 

The main concern with this type of design is the opportunity for the user to enlist compensatory 

skills that reduce the efficacy of targeted training. The proffered solution is that a trained therapist 

spends time monitoring the patient to provide corrective feedback as needed. Although the current 

novel system was designed to minimize compensation by incorporating a modular approach that 

repetitively trains simple and isolated arm functions, participants with cSCI nonetheless 

discovered various methods of compensation that made some measurements questionable. For 

example, without more information about EMG activity, we were not always able to determine if 

flexion of the wrist against a high resistance was accomplished without the help of isometric 

shoulder adduction forces. To eliminate the need for constant supervision, simple engineering 

changes that further reduce compensation were identified and will be implemented for future 

testing. 

Longitudinal studies should be conducted using the novel system with video games to test 

its capability to train and improve arm functions. Consistent, stable assessment is critical for 

longitudinal studies that rely on evaluating recovery over time. The rehabilitative devices were 

physically robust throughout all video game play, but further testing is required to determine the 

stability of the system after thousands of hours of use in many different, and often stronger, patient 

populations in addition to cSCI. We predict that continued use of this rehabilitative system could 
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result in improvements to strength and range of motion of essential distal arm functions that will 

likely generalize to improved function performing untrained ADLs.8 

In this study, we demonstrate that the novel arm assessment system can be used to play 

video games by people with cSCI.  We report that these devices can provide robust and flexible 

delivery of ARMT of isolated hand and wrist motor functions after cSCI.  These results indicate 

that these tools represent a reliable system for longitudinal training of upper extremity function 

after cSCI and may be cost-effective enough to provide a convenient option for arm therapy 

throughout the healthcare system as well as in the home and without professional supervision. 

4.6 References 

1. Dobkin, B. H. Motor rehabilitation after stroke, traumatic brain, and spinal cord injury: 

common denominators within recent clinical trials. Curr. Opin. Neurol. 22, 563–569 

(2009). 

 

2. Reinkensmeyer, D. J. & Boninger, M. L. Technologies and combination therapies for 

enhancing movement training for people with a disability. J. Neuroeng. Rehabil. 9, 17 

(2012). 

 

3. Musselman, K. E., Shah, M. & Zariffa, J. Rehabilitation technologies and interventions for 

individuals with spinal cord injury: translational potential of current trends. J. Neuroeng. 

Rehabil. 1540, 12984–18 (2018). 

 

4. Maciejasz, P., Eschweiler, J., Gerlach-Hahn, K., Jansen-Troy, A. & Leonhardt, S. A 

survey on robotic devices for upper limb rehabilitation. J. Neuroeng. Rehabil. 11, 3 

(2014). 

 

5. Decostre, V. et al. Wrist flexion and extension torques measured by highly sensitive 

dynamometer in healthy subjects from 5 to 80 years. BMC Musculoskelet. Disord. 16, 

(2015). 

 

6. Hartkopp, A. et al. Effect of training on contractile and metabolic properties of wrist 

extensors in spinal cord-injured individuals. Muscle and Nerve 27, 72–80 (2003). 

 

7. Kowalczewski, J., Chong, S. L., Galea, M. & Prochazka, A. In-Home Tele-Rehabilitation 

Improves Tetraplegic Hand Function. Neurorehabil. Neural Repair 25, 412–422 (2011). 



 

61 

 

8. Harris, J. E. & Eng, J. J. Strength training improves upper-limb function in individuals 

with stroke: A meta-analysis. Stroke 41, 136–140 (2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

62 

CHAPTER 5 

CONCLUSIONS 

5.1 Summary of Findings 

Millions of people around the world are affected by arm paralysis or dysfunction, 

resulting in chronic disability of manual dexterity that leads to tremendous loss of functional 

independence and quality of life.1 To date, there is no clinical consensus for an objective method 

to assess and retrain distal arm function. Recently developed technologies provide increasingly 

beneficial interactive features, but people with the most severe impairments (like cSCI) still have 

limited access to practical technological options for recovery. Even fewer options are intended 

for unsupervised use at the patient’s home due to the opportunities for unauthorized 

compensatory tactics that may not even be apparent to the user. Scientific reviews often indicate 

cost as a major barrier to satisfying this unmet clinical need.2 In this dissertation, I have 

described a novel cost-effective system for simple, objective measurement of isolated hand and 

wrist functions that may also be able to deliver automated repetitive motor therapy without the 

need for continuous supervision. Restricting the shoulder and elbow to one position allows a 

finer level of control over user performance which leads to more sensitive measurements. The 

other important added benefit to this approach is its practicality for people with severe deficits, 

which has the potential to provide a much-needed shared framework for assessment of arm 

function. Chapters 2 and 3 demonstrate the practicality of using the system to measure various 

basic hand and wrist motor functions in healthy and cSCI participants. Moreover, Chapter 4 

demonstrates the feasibility of using the system to provide automated repetitive motor therapy. 

This system was designed to measure isolated arm functions, but it is notoriously difficult to 
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predict the impact of training simple arm movements on meaningful improvements of manual 

prehension and independence. Significantly more work is required to test the system’s efficacy 

as a rehabilitative tool. 

5.2 Impact of the Research 

Providing a practical means to measure and train arm function of people with disability in 

a controlled and automated way would have an incalculable positive impact on the lives of those 

directly affected, their families, the workforce and the healthcare system. We have demonstrated 

that the novel system has the potential to provide a wide range of benefits that could address 

many unmet clinical needs. First, we expect that the sensitivity and continuity of the system’s 

measurements will increase the likelihood of detecting significant changes in clinical research 

studies compared to standard ordinal assessments. Similarly, therapists should be able to use the 

system to benchmark function throughout treatment. Finally, we expect that the system will 

eventually be able to improve patient access to cost-effective motor therapy. 

The results of this research suggest that implementation of this system throughout the 

healthcare system will be facilitated by its low cost and simplicity (both in form and function). 

Many questions remain regarding the system’s rehabilitative feasibility and efficacy, however 

the system’s potential for widespread implementation facilitates exploration of these features. 

This system would be well suited as a replacement for manual muscle testing, making it an ideal 

supplemental tool for conducting traditional ordinal exams like the Fugl-Meyer and GRASSP 

exams. Ideally, this research would help homogenize arm assessment and expedite the 

development of therapies for various causes of arm impairment. 
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Loss of function due to arm impairment is difficult to treat for many reasons.3 First, an 

enormous amount of time and effort is required from the patient and therapist to make 

considerable progress, highlighting an unmet need for automation of therapy. Additionally, 

having a motor impairment almost always poses opportunities to practice compensatory habits 

which can prevent recovery of normal function if left uncorrected, demonstrating the benefits of 

careful restriction of function to enable therapy without supervision. Finally, the sheer variety of 

causes and severity of symptoms of arm impairments necessitates specialized professional help, 

which has led clinical physicians to rely overwhelmingly on subjective manual tests of motor 

function. This trend has largely persisted due to a lack of widespread clinical adoption of any one 

technological solution, mainly because of limitations due to cost and practical utility.2 This 

dissertation demonstrates that accurate and sensitive measurement of arm function can be 

accomplished with a handful of economical components that measure isolated movements. 

5.3 Project Limitations 

This project was especially limited by the quantity of impaired participants who were 

recruited, which is typical of SCI studies due to issues with transportation or compliance. This 

resulted in undersampled comparisons that should be interpreted with care. Specifically, while it 

was beneficial to have a wide range of impairments to correlate with standard assessments, this 

meant that few inferences could be made about disabilities with similar scores. Further research 

is required to better elucidate the implications of performance of isolated arm functions in the 

context of meaningful manual prehension. 

Furthermore, this study only provided results from testing participants on two occasions. 

While the majority of measurements taken with the system were reliable after 4 months, some 
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participants changed performance significantly over time. Future studies should conduct more 

thorough short- and long-term repeated measurements to improve statistical confidence and 

provide better evidence of measurement repeatability. 

5.4 Future Directions 

As this is the first report of the novel assessment system, an incredible amount of work 

still remains to further validate its feasibility for measuring simple arm functions in humans, 

especially as a means to estimate functional prehension. To demonstrate the system’s 

adaptability as a clinical tool, future research with this system should include assessment and 

training of many people across all kinds of causes and symptoms of impairment. The impaired 

participants in this study had chronic cSCI, which causes extreme muscle weakness throughout 

the arms. Other motor impairments will likely often exhibit different types of functional 

disabilities, such as a deficit in response time rather than in force or range of motion. 

Demonstration of this system’s capability to provide accurate and sensitive measurement of 

various aspects of motor function will be critical for its widespread implementation in the clinic 

and at home. 

The prototype system was sufficient to provide reliable assessment of isolated arm 

functions in the clinic, but simple engineering changes should be made to improve the quality of 

measurements and further facilitate practical use for unsupervised training. Major updates to the 

hardware will include simplification of the most expensive components (rotary encoder and 

clutch), wireless communication of the modules with the computer, a mechanism enabling easier 

replacement of the modules in the dock, detachable clamps for affixing to the side of any table, 

and various minor adjustments to the tasks to prevent compensation. The software will also 
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require changes to both the development platform (Matlab) and physical gameplay (bimanual 

controller inputs) which should improve ease of use and implementation. 

Many standard motor assessments rely heavily on subjective ordinal scoring of isometric 

forces produced by individual muscles. The novel system provides 14 distinct metrics of various 

isolated motor functions essential for prehension. Other simple modular tasks could easily be 

added to the suite to provide a more complete picture of upper limb function. We predict that 

tasks designed to measure things like elbow flexion force or wrist deviation angle will add value 

to the system by enhancing its relevance to more aspects of upper limb impairments. A more 

comprehensive measurement system will be more appropriate for completely supplanting all 

forms of subjective MMT. 

Rehabilitation specialists have debated the most effective aspects of motor therapy for 

decades. The current professional consensus encourages rehabilitative strategies that emphasize 

repetition, behavioral salience and task-specificity. The prevailing theory is that repetition and 

salience increase neuroplasticity and that task-specificity provides more realistic and therefore 

more informative feedback that the body uses to relearn lost functional abilities. Playing video 

games with rehabilitation equipment to enhance repetition and engagement is not a new idea, but 

relatively few developing technologies opt to restrain the arm during training. The suspected 

concern with restraint is that training of isolated movements may translate poorly to performance 

of ADLs. However, many studies suggest that making substantial improvements to one aspect of 

arm function, such as muscle strength, or on one specific task, like turning a doorknob, can 

generalize significant improvement to other non-trained tasks.4 This implies that it is possible to 

promote meaningful improvements in manual prehension without the need for task-specific 
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training, which often requires complicated and therefore expensive equipment. Further work 

with the novel system should elucidate the practicality of training isolated arm functions to 

facilitate the recovery of performance on untrained ADLs. 

If the system proves to be practical for stable and reliable assessment and training of 

basic arm functions, it should be combined with other forms of treatment to enhance recovery. 

Many types of therapies are designed to use the body’s own restorative abilities to augment and 

directly improve tissue functions.5 Muscles can be stimulated with transcutaneous functional 

electrical stimulation (FES), which artificially simulates repeated electrochemical contraction of 

muscle tissue to induce myogenesis. The measurement system could be easily upgraded to 

stimulate muscles during use. Alternatively, many emerging treatments are designed to promote 

neuroplasticity, or the formation of new neural connections.6,7 Many of the most effective 

therapeutic techniques are somewhat invasive, such as spinal stimulators, but these biomedical 

technologies are typically capable of integrating with other devices, such as the novel 

rehabilitative system. A novel and exciting form of neural recovery enhancement, called 

Targeted Plasticity Therapy (TPT), uses a wirelessly controlled implant to deliver brief bursts of 

electricity to the vagus nerve, which results in the release of endogenous neurochemicals 

throughout the brain that enhance neural plasticity. Neural activity that occurs close enough in 

time to vagal stimulation is capable of selectively enhancing connections formed between the 

recently activated neurons.8 This makes automated deliver of therapy that much more important. 

When deemed safe and appropriate, the novel system should be used to combine ARMT with 

TPT with the expectation that it will improve the rate and amount of recovery compared to 

ARMT therapy alone.9,10 
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Figure 5.1. The novel system could be used to deliver Targeted Plasticity Therapy. 

 

A person uses the novel system to play a video game. The system can communicate with 

technology that stimulates the vagus nerve, enhancing the plasticity of networks of neurons that 

are activated during therapy. 

 

5.5 Final Conclusions 

The work described in this dissertation establishes the practicality of measuring and 

training isolated arm functions using a diverse array of novel tasks, each of which are designed 

to represent some distinct component of prehension. Previous work in our lab demonstrated that 

training upper limb motor skills lost after neurological injury can generalize to untrained skills, 

suggesting that the simple modular devices would be able to translate benefits to performance of 
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untrained ADLs.4 We extended this concept for use in humans to provide a framework for 

objective and automated arm assessment, potentially across all causes and forms of motor 

impairments. 

Repetitive motor therapy is most often the first step to attempt recovery after onset of 

disability, but treatment efficacy can be hindered by a variety of factors like time and patient 

engagement. Automation of manual therapy would provide boundless opportunity for patients to 

maximize repetition of training. Video games have proved to be a powerful psychological tool to 

engage a person’s focus and attention, even when the goal is to perform a mundane task. 

Methods that stimulate neuroplastic processes, like repetition and salience, can together 

contribute substantially to neurological modes of recovery.11 The novel system was designed to 

incorporate these critical features to demonstrate the feasibility of using it to deliver AMRT, 

potentially across all causes and forms of impairment. 

Many technologies exist that provide sophisticated measurement and training of various 

aspects of arm function, but no one device has yet been endorsed by the healthcare community. 

This dissertation establishes a simple and cost-effective technology for quickly and easily 

assessing isolated arm functions in healthy and impaired individuals. This work has the potential 

to transform the convenience of automated arm assessment. Future experiments will be able to 

use this system to investigate the extent of generalization of recovery as well as to develop a 

clearer picture of the relationship between manual prehension and isolated motor functions.  
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