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Brian Joseph Mogen 

 

 

Chair of the Supervisory Committee: 

Prof. Eberhard Fetz 

Physiology and Biophysics 

Here I present several approaches to applying engineering design principles to the central 

nervous system with the goal of using closed-loop approaches to enhance rehabilitative 

processes. These approaches cover invasive access to the brain and spinal cord, as well as 

physical rehabilitation techniques that employ closed loop principles for direct clinical utility. 

Targeted plasticity in the motor cortex was induced in a nonhuman primate model using paired 

electrical stimulation. This stimulation produced robust changes in a subset of tested sites and 

conformed to the predicted changes following Hebb’s framework of spike-timing dependent 

plasticity. Novel electrode access to the cervical spinal cord allows for targeting of hand and arm 

motor pools. I designed, fabricated, tested, and iterated on two approaches to access the ventral 

aspect of the spinal cord to directly stimulate arm movement using targeted electrical stimulation 

with the goal of creating robust, de-fatiguing motor outputs from a stable stimulation site. 

Finally, I architected a closed-loop rehabilitation platform that directly measures hand and arm 

function, uses those measurements to control engaging gameplay in a digital environment, and 

quantify the quality of movement created by the user with the goal of making long term 

rehabilitation fun, accurate, and engaging for the end user. These approaches taken together 

represent a comprehensive approach to closed-loop motor rehabilitation.  
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Chapter 1. Introduction  

1.1 THE MANY LOOPS OF THE CENTRAL NERVOUS SYSTEM 

There are many scales of space and time in which the nervous system operates to keep 

organisms moving around in the world. The entire process can be imagined as tiers of multi-

layered closed loops that interact to produce changes at the molecular, cellular, system, and 

organism levels. Much work has gone into studying the mechanisms by which these loops can be 

modified or changed at various levels and timecourses. Traditional models for monitoring these 

changes are often very unnatural, whether that entails studying cellular mechanisms in a culture 

dish, or constraining the behavior of a mouse or rat so electrophysiological measures can be 

taken. There is much less work available on modifying these loops in whole and freely-behaving 

animals (Fetz 2015). In Chapter 2 we present work showing that a measure of cortical 

connectivity, the Cortico-Cortico Evoked Potential, can be modulated via Spike Timing-

Dependent mechanisms in freely behaving primates. This result helps color the understanding of 

the impact of long-term Brain Machine Interfaces (BMIs) that deliver cortical stimulation at sub-

second timescales. The subsequent chapters contain explorations around larger-scale loops in the 

motor system. 

1.2 OPPORTUNITIES FOR INNOVATION 

True BMI technology has many barriers to being implemented in humans. First, I would 

argue, is a lack of reasonable interventions that can justify the surgical, financial, and social risks 

that come with the bleeding edge of new technology. Current work on restoring and augmenting 

function does not have a clear solution for reanimating the movement and function of a patient’s 

own hand. (McCrimmon 2016). In Chapter 3 we present a series of novel electrode designs for 
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reanimating the hand and arm through an approach that can place electrodes on the ventral aspect 

of the spinal cord, a novel and more easily approached location than current Intra Spinal Micro 

Stimulation techniques.  

If we expand the scope of our BMI definition to include all technologies that rely on 

feedback to effect a change in an organism’s behavior we can bring more reasonably applied 

solutions into the picture. In many cases the motor system can recover lost function through a 

variety of methodologies and clinical interventions that benefit from repetitive motions and 

positive feedback through the visual and auditory systems (Lang 2015). In Chapter 4 we describe 

a new closed loop rehabilitation platform that can augment traditional physical therapy 

treatments in the immediate term by sensing an impaired user’s movement and remaining muscle 

activity, using those signals to control a series of rehabilitative exercises, and providing goal-

oriented feedback to the user. We believe this early type of intervention is the closest broadly-

categorized BMI to clinical utility at the present time. 

1.3 REFERENCES 

Fetz, E. E. (2015). Restoring motor function with bidirectional neural interfaces. In Progress in 

Brain Research (Vol. 218, pp. 241-252). Elsevier. 

 

Lang, C. E., Lohse, K. R., & Birkenmeier, R. L. (2015). Dose and timing in neurorehabilitation: 

prescribing motor therapy after stroke. Current opinion in Neurology, 28(6), 549. 

 

McCrimmon, C. M., Wang, P. T., Nenadic, Z., & Do, A. H. (2016). BCI-Based Neuroprostheses 

and Physiotherapies for Stroke Motor Rehabilitation. In Neurorehabilitation Technology (pp. 

617-627). Springer, Cham. 
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Chapter 2. Cortico-Cortico Plasticity in Nonhuman Primates using 

Paired Electrical Stimulation 
In this chapter we explore whether the use of paired stimulation produces plastic changes 

in primate sensorimotor cortex following spike-timing-dependent rules. 

 

2.1 SUMMARY OF CONTRIBUTIONS 

This chapter was published as Paired Stimulation for Spike-Timing-Dependent Plasticity 

in Primate Sensorimotor Cortex in the February 2017 volume of the Journal of Neuroscience. 

This work was a natural offshoot of my original thesis goal of modifying cortico-spinal 

plasticity in primates. While pursuing both the new design of spinal implants and approaching 

cortico spinal evoked potentials there was time between design revisions that was amenable to 

this exploration. After the initial tests Stephanie Seeman joined the project to help manage the 

long experiments and massive amounts of data collected. 

I designed the study and exclusively debugged the first tests and troubleshooting of 

timecourses and animal handling. I designed the dual electrodes used and the surgical techniques 

for implanting them in primates. I performed all primate surgeries. I trained the animals, handled 

daily care, and performed the experiments. I also analyzed data, edited the publication, and 

responded to reviewer comments. A section on data collected not included in publication is also 

added. 

 

The full citation of the work follows: 

 

Stephanie C. Seeman, Brian J. Mogen, Eberhard E. Fetz, Steve I. Perlmutter 

Paired Stimulation for Spike-Timing-Dependent Plasticity in Primate Sensorimotor Cortex, 

Journal of Neuroscience, Volume 37, Issue 7, February 2017, Pages 1935-1949. 

DOI:10.1523/JNEUROSCI.2046-16.2017.  
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2.2 PUBLICATION 

2.2.A Introduction 

Neuroplasticity underlies many brain functions from learning and memory to recovery 

from injury (Sanes and Donoghue, 2000; Stuchlik, 2014). Hebb postulated that the repeated 

association of presynaptic and postsynaptic spiking modifies neuronal connections and forms the 

basis of learning (Hebb, 1949). The tenet of Hebbian plasticity as a basic mechanism of 

neuroplasticity has motivated an extensive field of research (Brown et al., 1990; Bi and Poo, 

2001; Caporale and Dan, 2008). 

Seminal in vitro studies by Markram et al. (1997) and Bi and Poo (1998) elucidated the 

activity-dependent nature by which a synapse is modified. If postsynaptic neuron B consistently 

generates an action potential within a short time window after receiving input from presynaptic 

neuron A, then the connection from A»B is strengthened. If B fires an action potential 

consistently before the input from A, then the connection from A»B is weakened (Bi and Poo, 

1998). Further studies have demonstrated the time course of this spike-timing-dependent 

plasticity (STDP) in many brain regions and organisms, including humans (Arai et al., 2011; 

Koch et al., 2013). However, intricacies of the precise temporal window and symmetry of the 

effect vary between type of synapse, brain areas, and species (Caporale and Dan, 2008; Feldman, 

2012). Additional studies have shown that, although timing is important, other factors such as 

dendritic location (Froemke et al., 2005) and convergence of inputs (Sjöström et al., 2001), the 

relative timing of spike trains (Froemke and Dan, 2002), and background firing rate (Sjöström et 

al., 2001) all play a role on the effects of plasticity.  

In vivo studies have demonstrated circuit and behavioral effects consistent with STDP 

using protocols such as pairing of sensory stimuli with electrical stimulation of central neurons 
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or pairing of two different sensory stimuli (Feldman, 2012). Pairing of neural activity with 

electrical stimulation in primary motor cortex has also produced STDP-like changes in cortical 

connections in nonhuman primates (Jackson et al., 2006; Lucas and Fetz, 2013; Nishimura et al., 

2013; Zanos, 2013) and rodents (Rebesco et al., 2010). In these studies, recorded spikes, muscle 

activity, or cortical field potentials were used to trigger stimulation repeatedly at a distant, but 

connected site. Varying the interval between the triggering event and stimulation produced an 

STDP time course remarkably similar to in vitro results. 

These findings, coupled with recent advances in brain–computer interface technology, 

suggest that directed STDP could strengthen or reorganize spared connections preferentially and 

produce lasting, functional recovery after neural damage such as stroke or spinal cord injury 

(SCI). Functional motor recovery facilitated by STDP paradigms has been demonstrated in 

animal models of stroke (Guggenmos et al., 2013) and SCI (McPherson et al., 2015), as well as 

in stroke (Buetefisch et al., 2011) and SCI (Bunday and Perez, 2012) patients.  

We sought to investigate the efficacy of open-loop, paired stimulation between sites in 

the sensorimotor cortex of awake, behaving monkeys to induce STDP. Although closed-loop 

stimulation has many advantages, one limitation is the need to record a strong and relevant 

trigger signal. This requirement is challenging for clinical applications that need to be effective 

over a patient’s lifetime. Paired stimulation bypasses the need for recording a neural signal for 

activity-dependent stimulation. Rebesco and Miller (2011) showed that paired stimulation in 

awake, behaving rats can produce increased functional connectivity in cortex. We used paired 

stimulation at a fixed interval, which can be applied for any connected sites at any time, to 

control the timing of presynaptic and postsynaptic activity. In addition, previous findings have 

largely focused on changes in behavioral outputs in response to STDP protocols and the extent of 
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cortical reorganization due to these protocols remains unclear. By recording LFPs from many 

sites in the hand area of sensorimotor cortex, we were able to measure direct changes in 

connectivity. 

2.2.B Materials and Methods 

Implant  

Dual electrodes. Two male monkeys 

(Macaca nemestrina), Q and U, were implanted 

bilaterally with custom-made dual electrodes 

(Fig. 2.2.1a) arranged in two 3 5 grids over 

sensorimotor cortex (Fig. 2.2.1b). Dual 

electrodes were constructed using two 0.005-

inch bare platinum-iridium (PtIr) wire rods cut 

to 3mm(surface electrode) and 

5mm(intracortical electrode) and each soldered 

to 32 gauge, insulated lead wires (Fig. 2.2.1a). 

The connection between the PtIr rod and lead 

wire was further insulated with 10 um parylene 

by the University of Washington 

Microfabrication Facility to insulate the solder 

joint and PtIr rod. The tips of each rod were then 

deinsulated by hand using a scalpel to an 

impedance of 22–160 kΩ (Monkey Q) and 4–60 

kΩ (Monkey U). For each dual electrode, a 3 and 

Figure 2.2.1. Implant Schematic. a, Top-

down view of macaque brain showing the 

approximate position of each dual 

electrode with respect to midline and the 

central and arcuate sulci (gray circles). 

Expansion shows side view schematic of 

dual electrode leads with respect to 

cortical layers. b, Numbered electrode 

sites for each monkey relative to the 

central sulcus (dotted line), as determined 

by median nerve stimulation. 



7 

a 5mm PtIr rod were secured in a small piece of polytetrafluoroethylene (PTFE) tubing with 

silicon glue. The tips of the 3 and 5 mm rods were placed 0.5 and 2–2.5 mm from the edge of the 

PTFE tube (Fig. 2.2.1a). In this way, the 5 mm rod penetrated to layer 5 of motor cortex 

containing corticofugal pyramidal cell somas, whereas the 3 mm rod rested on the surface of the 

brain. After each dual array was constructed, the back ends of the lead wires were soldered to 

connectors, one per hemisphere. 

Implant surgery. All surgeries were performed under isoflurane anesthesia and aseptic 

conditions. An incision was made along the midline of the scalp and muscle and connective 

tissue were resected to expose enough skull to place a 2.5-inch-diameter titanium casing. Four to 

eight screws were placed in the skull around the edge of the exposure. At least four of the skull 

screws were T-screws used as grounds for the electrode implant. Holes were drilled with a 1.1 

mm bit in a 3 x 5 grid with 2–3 mm center-to-center spacing using stereotaxic coordinates (Fig. 

2.2.1b). After all of the holes were drilled, one dual electrode was placed with forceps into each 

hole until resistance was felt between the longer rod and the dura. The dual electrode was then 

pushed through the dura and into the brain until a second resistance was felt between the shorter 

rod and the dura. We use the term “surface” instead of epidural or subdural to describe the 

location of the shorter rod because it was impossible to know whether the dura was punctured by 

the shorter rod. Once all of the dual electrodes for one hemisphere were implanted, a thin coat of 

dental acrylic (methyl methacrylate) was used to seal the holes and hold them in place. This 

process was repeated for the other hemisphere. The casing was then placed over the implant and 

secured to the skull screws with acrylic. The connectors for the dual electrodes were cemented to 

the skull within the casing. Animals received postoperative courses of analgesics and antibiotics. 
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Behavior 

Monkey U performed a center-out target acquisition wrist task in a sound-attenuating 

recording booth. Monkey U’s right hand was restrained in a manipulandum measuring torque 

about the wrist in the radial/ulnar (RU) and flexion/ extension (FE) axes. The torque produced in 

the FE–RU plane was displayed as the x–y coordinates of a tracking cursor on a video monitor in 

front of the animal. A trial began when a center target appeared on the monitor, representing the 

“zero force” or neutral position of the cursor. Monkey U was required to hold the cursor in the 

center target for 2 s before a peripheral target at one of eight cardinal positions was presented. 

Monkey U then moved the cursor by exerting isometric force on the manipulandum to the 

intended target and held it there for 2 s before returning to a second center target. The center-out-

center sequence was considered one trial. Applesauce reward was dispensed on a variable 1:2 

ratio for every peripheral target presented and at the end of each trial. Monkey Q merely sat 

quietly in the recording booth. 

Recordings 

General acquisition. Local field potentials (LFPs) were recorded using amplifiers from 

Guger Technologies in Monkey Q (4800 Hz sampling rate) and the Grapevine Neural Interface 

System from Ripple in Monkey U (30,000 Hz downsampled to 5000 Hz post hoc). Single-ended 

recordings from the intracortical and surface electrodes of one hemisphere, referenced to a skull 

screw, were made simultaneously on up to 26 channels (13 dual electrodes) in Monkey Q and up 

to 30 channels in Monkey U (15 dual electrodes). Post hoc recordings were re-referenced as a 

bipolar signal for each dual electrode (intracortical – surface) to acquire a more localized 

recording and high-pass filtered over 10 Hz. Wrist torques in the RU and FE axes were sampled 

for Monkey U by the Grapevine system at 1000 Hz. 
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Estimate of electrode location relative to the central sulcus. The stereotaxic coordinates 

at which the electrodes were implanted were determined using an atlas to target the hand area of 

motor cortex. Because the atlas is only an approximate guide, coordinates were sometimes 

amended in surgery such that the middle of the grid was ~18 mm lateral to bregma, which is the 

approximate location of hand motor area (Fetz and Cheney, 1980). To determine the location of 

each dual electrode more accurately relative to primary motor (M1) or somatosensory (S1) 

cortex, monopolar responses to stimulation of the contralateral median nerve were recorded with 

the monkey under ketamine sedation. The waveshape of the evoked potentials in stimulus-

triggered averages (StTAs) of single-ended, surface recordings indicated the position of the 

recoding site relative to the central sulcus (McCarthy et al., 1991). Evoked potentials with a 

positive phase followed by a negative phase were generated in precentral cortex, whereas a 

negative phase followed by a positive phase occurred in postcentral cortex. Based on these 

recordings, a putative position of the central sulcus was drawn onto the grid (Fig. 2.2.1b). 

Stimulation 

Assessment of corticocortical connectivity. To identify connectivity between recording 

sites, monkeys were seated in a primate chair in a recording booth while electrical stimulation 

was delivered to each dual electrode. Stimulation was biphasic, with the negative phase leading 

on the intracortical wire and the positive phase leading on the surface wire of the dual electrode. 

Stimuli were delivered in a series of increasing current intensities, termed stimulus ramps, 

ranging from 0 to 2.25mA with 7–10 increments in the ramp and interstimulus intervals of 300–
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500 ms; each ramp was repeated continuously 

100 times (Fig. 2.2.2b). Stimulus-evoked 

potentials (EPs) were measured at all ipsilateral 

sites in response to stimulation at one site 

during testing. A stimulus–response curve was 

produced for each site (Fig. 2.2.3c), building a 

map of connectivity across the grid. Single 

pulse stimulation of some sites elicited wrist 

and hand movement. For paired-stimulation 

conditioning experiments, ramp stimulation 

was performed in the booth for the two sites 

involved in conditioning (sites A and B) as 

well as a third control site (site C) not 

involved in conditioning. The order of test 

stimulation was randomized among the three 

sites. Testing stimulation was delivered at various time points relative to conditioning, as shown 

in Figure 2a. However, not all time points were recorded for each session to minimize the 

amount of time that an animal was handled because a complete session spanned several days. 

Conditioning. Three reciprocally connected sites were identified via EPs and selected for 

paired-stimulation conditioning. The “presynaptic” site was termed A, the “postsynaptic site” B, 

and the third site, C, was used as a control. For Monkey Q, conditioning stimulation was 

performed with the Neurochip2 (Zanos et al., 2011) in the home cage to assess the efficacy of 

Figure 2.2.2. Experimental timeline. a, 

Session timeline with all possible time points 

for testing and conditioning stimulation (not 

all time points were measured for every 

session). b, Schematic of ramped test 

stimulation applied to sites A–C during each 

testing time point (e.g., “b” in a). The exact 

number and magnitude of current steps varied 

across sessions, but was consistent within a 

session. c, Schematic of conditioning 

stimulation applied at sites A and B during 

conditioning period (e.g., “c” in a). 
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STDP while the animal was 

freely behaving, similar to 

previous monkey and rodent 

studies (Jackson et al., 2006; 

Rebesco et al., 2010; Rebesco 

and Miller, 2011; Lucas and Fetz, 

2013; Nishimura et al., 2013). 

Stimulation pulses were bipolar 

and biphasic as described during 

testing. Conditioning stimulation 

was delivered first to site A and 

then to site B with a fixed delay 

(Fig. 2.2.2c). For Monkey U, 

conditioning stimulation was 

performed in the recording booth, 

using rack-mounted equipment. 

Similar to Monkey Q, site A 

received stimulation first, 

followed by site B. 

 The paired-stimulation 

protocol during conditioning was 

as follows: three pulses at 330 Hz 

were delivered to site A and to 

Figure 2.2.3. Cortical connectivity from stimulus-evoked 

potentials. a, Example test stimulation (1.1mA)applied to 

purple site and recorded at green site in monkey Q 

(orange site is control, C, site used in Fig. 2.2.6). StTA 

shows average EP in black, individual trials (n=97) are 

shown in gray, and the light-blue shadow is the 95% 

confidence interval. Black arrowheads denote the max 

peak and trough used to calculate EP amplitude. b, 

Overlaid StTAs at each recording site for all current 

intensities of test stimuli delivered to R7. c, Stimulus–

response curves for each recording site for stimulation at 

R7 (mean±SEM). Blank panels indicate no response as 

judged from b. 
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site B separated by a specified delay (t) as measured between the first pulse in each train. This 

sequence was repeated at 2Hz for 1–3 h (Fig. 2.2.2c). Other stimulation protocols were also 

tested including 2 Hz single pulses, trains of 5 pulses at 1 kHz, trains of 10 pulses at 500 Hz, as 

well as longer duration conditioning sessions from 24 up to 72 h. We saw no consistent 

differences under these protocols and thus used three pulses at 330 Hz for the remainder of the 

study. A previous study also found that stimulus trains promote better plasticity in vivo than 

single pulses (Rebesco and Miller, 2011). The stimulus current selected for conditioning was 

one-third of the current in the middle of the dynamic range of the stimulus–response curve 

during testing (because condition stimulation was a three-pulse train instead of a single pulse 

during testing). The selected amplitudes were sufficient to activate neurons at site A and B 

without adverse effects such as disturbing the animal, causing cortical depression (due to 

prolonged stimulation with high currents; McCreery et al., 1986), or causing seizures. The 

current was further adjusted to be just at or below motor threshold if the one-third criterion 

evoked clear movements. 

Analysis 

 EPs. The peak–trough amplitude of EPs was measured and analyzed to document the 

strength of corticocortical connectivity. Trials were aligned on stimulus onset and grouped for a 

given current intensity. All trials were inspected by eye and those with movement artifacts were 

removed. From the remaining trials, StTAs were calculated from 50 ms before to 30 ms after the 

time of stimulation for each current intensity (Fig. 2.2.3a). To separate a physiological response 

from electrical artifact, a biphasic stimulation pulse was delivered directly into the Guger 

Technologies amplifiers to visualize the artifact. The artifact returned to baseline by 1 ms after 

stimulation, so any waveform within the first millisecond was ignored. The Grapevine system 
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has built-in artifact suppression, which grounded the recording channels for 1 ms at the time of 

stimulation. Each stimulus-aligned trial was also examined by eye for evidence of a clean 

separation between the stimulus artifact and the physiological response. Trials in which there 

was possible contamination by the artifact were discarded. The amplitude of the average EP was 

quantified by subtracting the largest trough from the largest peak in a window 1.5 to 30 ms after 

stimulation for all current intensities (Fig. 2.2.3a, arrowheads). Latency of the EP features could 

vary slightly, so care was taken to ensure that the same peak and trough for a given EP were 

measured across time points. This metric was chosen as a simple, unbiased way to capture the 

complicated, often multiphasic shape of the EP. Conditioning effects were measured as the 

percentage change in average EP amplitude from before to after conditioning, similar to other 

studies measuring changes in field potential recordings (Hess et al., 1996). For some 

conditioning experiments, testing was performed at regular intervals before and/or after the 

conditioning window to assess diurnal trends and wash-out of the effect. Preconditioning EP 

amplitudes were then quantified as the mean of all testing sessions before the start of 

conditioning. A subset of EPs were also quantified in Monkey U by the slope and amplitude of 

the first phase of the response because this was the response component most likely to be due to 

a monosynaptic connection between sites A and B. Only EPs from Monkey U were analyzed in 

this way because the artifact suppression feature of the Ripple amplifiers, and their ability to 

record up to 30 kHz, allowed consistent identification of the rising edge of the first phase of the 

response. 

Statistics. All EP amplitudes were quantified as a mean +/- SEM and p-values were 

calculated with a two-sample z test, except where noted. ANOVAs were used to determine the 

significance of differences between group means, followed by post hoc Kolmogorov–Smirnov 
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(K–S) or t tests. Results from the z test indicated that many connections outside of the A»B pair 

changed strength after conditioning stimulation. To quantify this network-wide change and to 

determine whether the A»B connection showed greater effects, we created cumulative density 

curves for the A, B, and C sites. Cumulative distributions have been used in in vitro STDP 

studies to assess effects between different experimental conditions (Lu et al., 2007). A control 

distribution for the outputs of site A (Acont) was compiled from the percentage change after 

conditioning of the evoked responses at all sites except B and C. Similar distributions were 

calculated for sites B (Bcont) and C (Ccont). One-sample K–S tests were used to determine 

whether the mean EP changes in the control distributions were significantly different from zero. 

The p-values for these tests are shown in the diagonal elements of matrices (termed “significance 

matrices”) at the bottom of Figures 2.2.10 and 2.2.13. 

 The Acont, Bcont, and Ccont distributions were compared with the distributions of EP 

amplitude changes between two of the A, B, and C sites (e.g., distribution of the A»B effects). 

The K–S test was used to assess the significance of differences between a control and a site-pair-

specific distribution. The p-values for these tests are shown in the off-diagonal elements of the 

significance matrices in Figures 2.2.10 and 2.2.13. For instance, in Figure 2.2.10, the upper right 

quadrant is the p-value of a K–S test between the A»B distribution and the Acont distribution. 

Two-sided significance of p < 0.05 for EP changes was based on the lower 2.5th and upper 97.5th 

percentile of control distributions. 

2.2.C Results 

Paired-stimulation conditioning was delivered between pairs of sites in sensorimotor 

cortex of awake, behaving monkeys to induce STDP. Results were obtained from two M. 

nemestrina monkeys for 15 different pairs of functionally connected sites, two of which showed 
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delay-dependent effects consistent with STDP as measured by the peak–trough amplitude of 

EPs. 

Selection of conditioning pairs from EPs 

We used EPs to identify and quantify the strength of connections between cortical sites. 

Changes in EP amplitude due to paired stimulation conditioning were interpreted as a change of 

connection strength. Stimulus ramps (see Materials and Methods) were delivered at each site 

individually while responses at all other sites on the electrode grid were recorded. StTAs of EPs 

revealed high connectivity across the grid, as indicated by short-latency, multiphase potentials. 

Figure 3a shows an example EP at site R11 in response to stimulation at site R7 at 1.1 mA. The 

first phase usually began within 2 ms, followed by broad, longer-latency phases that usually 

returned to baseline by ~50 ms after stimulation. After distinguishing the physiological response 

from the stimulation artifact (see Materials and Methods), a peak–trough measure quantified the 

amplitude of EPs between 1.5–30 ms after stimulation (EP amp = largest peak - largest trough; 

Fig. 2.2.3a, arrowheads). The stimulus ramps used a range of current amplitudes to describe the 

stimulus–response relationship (Fig. 2.2.3b,c). We chose a current range and step resolution that 

identified a threshold, linear range, and saturation point for a wide range of connected sites (see 

Materials and Methods). As can be seen in Figure 2.2.3b, stimulation at a single site elicited 

responses at many other sites, though not all. EP latency, shape, number of phases, and 

amplitude varied greatly from site to site, likely due to multiple factors, both technical (e.g., the 

relative positioning of the electrodes) and physiological (e.g., underlying monosynaptic and 

polysynaptic connectivity between sites). The polarity of EPs varied from site to site as well 

(Fig. 2.2.3b), likely due to the location of the electrodes with respect to the current dipoles both 

in cortical depth and across the central sulcus (Buzsáki et al., 2012). The median latency to the 
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first EP phase for all 

responses in both 

monkeys was 2.7 ms, 

although this varied 

over a large range 

(1.6– 12.7 ms, n= 187 

EPs; Fig. 2.2.4a). The 

number of phases in a 

given EP ranged from 

one to eight with a 

median of three (Fig. 

2.2.4b). Because EPs 

were highly variable 

from site to site, 

coupled with the 

conflation of technical 

and physiological 

mechanisms underlying 

EP shape, we hesitate to 

infer too much about the precise connectivity between sites solely based on EP characteristics 

(e.g., which EP phases correspond to monosynaptic vs polysynaptic connections). Because both 

could be affected by the conditioning paradigm, we used the peak–trough amplitude to quantify 

the strength of connections between sites and how this changed with paired stimulation. 

Figure 2.2.4. Characterization and comparison of EP measures. a, 

Histogram of latency to first phase of EP for all responses in both 

monkeys. Dotted line denotes minimum cutoff due to electrical 

artifact (1.5 ms) and arrowhead denotes median (2.7 ms). b, 

Histogram of number of phases in each EP. Arrowhead denotes 

median (3.0). c, Percentage change in A»B EP amplitude after 

conditioning compared with percentage change in slope of the first 

A»B EP phase for responses in Monkey U, for which we could 

record at a higher sampling rate and separate the first EP phase 

reliably from recording artifact (see Materials and Methods). d, 

Percentage change in A»B EP amplitude after conditioning 

compared with percentage change in amplitude of first A»B EP 

phase. Dotted line denotes unity; filled black point shows result 

from a successful conditioning session (Fig. 2.2.8); filled gray 

point shows result from an unsuccessful conditioning session (Fig. 

2.2.14). 
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Furthermore, conditioning effects on the slope and amplitude of the first response phase, which 

may be more susceptible to STDP effects (Diesmann et al., 1999), were highly correlated with 

the effects on the peak–trough amplitude (Fig. 2.2.4c,d, peak–trough vs slope p = 0.66, peak–

trough vs first phase p = 0.38, paired t test). 

To assess the specificity of changes in connectivity due to the paired stimulation, we 

compared the effects of conditioning on the A»B connection with those from A»C and C»B. 

Changes in EP amplitudes from A»C reveal nonspecific, presynaptic effects at site A, whereas 

changes in the C»B connection reveal nonspecific, postsynaptic effects at the B site. It is 

important to note that, although we selected a C site that was recurrently connected to both A and 

B, many other sites on the grid showed EPs from A and/or B (Fig. 2.2.3b) and could also be used 

to detect changes in global excitability due to the stimulation. 

Experiment Session A Site B Site C Site Pulses Current [uA] Frequency [Hz] Delay [ms] Duration [h] A»B [% change] B»A [% change] A»C [% change] C»B [% change]

1 20140917 R7 R11 R10 3@330Hz 330 2 20 3 87.41* 3.13 3.91 1.70

20141006 10 -42.13* -62.80 2.43 -1.13

20141027 30 70.79* 13.78 14.30 9.59

20150119 20 34.70* -53.50* -25.0 -8.08

20150316 200 -20.96 2.21 -.21 6.88

20150330 50 -45.07* -1.42 15.24 23.53*

20150403 20 250.65* 7.50 8.45 No EP

20150403† 20 -3.45 -10.66 9.37 No EP

20150406 100 -10.39 -1.45 22.6 23.0

20140422 30 -17.77 6.94 31.43* 15.35*

20140427 10 52.96* -10.30 19.74 31.48*

20150720 - - - -7.92 29.42* 9.10 -0.032

2 20150216 L7 L11 L10 3@330Hz 330 2 20 3 34.18* -34.70* -44.49* -24.76*

20150608 20 -1.93 52.24* -16.66 0.35

20150804 20 -19.18 28.47* -25.7 6.70

3 20150128 R11 R7 R10 3@330Hz 330 2 20 3 -14.14 19.97 6.68 -21.34

4 20150126 L3 L4 L8 3@330Hz 330 2 20 3 -17.82 -13.14 3.71 -20.49

5 20150615 L4 L3 L2 3@330Hz 330 2 20 3 5.22 -29.65* -10.61 -9.02

6 20150706 L8 L4 L6 3@330Hz 330 2 20 3 -17.51 8.86 12.77 -6.03

Table 2.2.1. Conditioning sessions for Monkey Q 

Experiments are grouped by sites and sessions and are listed chronologically. Percentage 

change in EP amplitude was measured immediately after paired stimulation ended. In session 

20150403 two conditioning blocks were performed with a 3 h gap in between. The first entry 

is the result of the first conditioning block and 20150403† is the second conditioning block 

(see Results). *p<0.05 based on control distributions from Figure 2.2.13. 
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Paired stimulation increases EP amplitude  

A representative paired-stimulation 

conditioning session (Table 2.2.1, session 

20140917) with a 20ms delay between stimuli 

is shown in Figure 2.2.5. Three hours of 

conditioning stimulation (3-pulse trains at 330 

Hz every 500 ms, 330 A) were delivered at 

sites R7 (A site) and R11 (B site) (Fig. 2.2.3a) 

while Monkey Q was in the home cage. 

Although stimulus ramps were used to probe 

the connectivity between sites (Fig. 2.2.3), a 

majority of the analysis focused on responses 

to 1.1 mA (outlined by the black box in Fig. 

2.2.5b), which was close to the cumulative 

current used during conditioning (i.e., 3 

pulses of 330A) and was in the middle of the 

stimulus range. 

In addition to testing connection 

strengths immediately before and after 

conditioning, we tested at additional times 

relative to the 3 h conditioning window (Fig. 

2.2.5b–d). Although EP amplitudes within a 

given testing period showed little variance 

Figure 2.2.5. Three-hour paired-stimulation 

conditioning session at 20 ms delay. a, 

Schematic of conditioning between site A 

and site B using the Neurochip while 

Monkey Q was in the home cage for 3 h. 

Sites A, B, and C were the same as in Figure 

2.2.3a. b, Preconditioning (blue) and 

postconditioning (red) stimulus–response 

curves at time points relative to conditioning 

as denoted by timeline. c, Average EP from 

A»B at current denoted by black box in b; 

diamonds denote peak and trough used to 

measure amplitude in b. Blue EPs in top 

three panels are averaged into a composite 

baseline (gray trace) in subsequent panels. d, 

Circles and left axis showing EP amplitude 

at times relative to conditioning at current 

denoted by black box in b. Horizontal gray 

line is mean of three preconditioning points; 

dashed line is 95% confidence interval. Bars 

and right axis show percentage increase in 

EP amplitude above composite baseline. 

Conditioning occurred during gray bar. 

Delay between stimuli was 20 ms. 
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(e.g., 0.34 CV; Fig. 2.2.3a), there was more variability over the course of 3 h before 

conditioning, consistent with previous observations (Richardson and Fetz, 2012). To account for 

this variability, we used the mean of all preconditioning EPs as a baseline (Fig. 2.2.5c,d). 

Immediately after conditioning, the EP amplitude from A»B increased 87.4% (from 219.3 ± 83.6 

µV to 411.0 ± 9.0 µV, mean ± SD, n = 295; p < 0.001). This increase in connection strength 

from A»B was maintained 3 h later (410.0 ± 9.0 µV, 86.9%, p < 0.001). Twenty-four hours after 

conditioning ceased, the amplitude fell back within the SD of the preconditioning baseline, but 

still remained significantly elevated (297.0 ± 10.0 µV, p < 0.001) and, by 48 h after conditioning, 

had fully returned to baseline (224.0 ± 

7.0µV, p = 0.56; Fig. 2.2.5d.). Changes in 

the slope of the stimulus–response curve, 

another measure of connection strength 

(Hess et al., 1996), follow those of the EP 

amplitude at the chosen current (Fig. 2.2.6, 

p = 0.54, paired t test, n = 41 sessions), 

suggesting that these results are 

consistent over the range of stimulus 

currents tested. 

Because potentiation of the A»B 

connection was maintained for at least 3 h in the absence of continued paired stimulation, we ran 

a second conditioning block to determine whether the A»B connection could be potentiated 

further. We tested this during one session (Table 1, session 20150403†) in which a 3 h block of 

paired stimulation was followed by 3 h of no stimulation and then an additional 3 h of paired 

Figure 2.2.6. Comparison of conditioning effects 

with two different EP measures. Shown is the 

percentage change in A»B EP amplitude after 

conditioning compared with percentage change in 

A»B slope of stimulus–response curve after 

conditioning for all conditioning sessions in both 

monkeys. The stimulus–response curve was fit with 

a linear function to good approximation (r2≥0.82). 
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stimulation. During the first conditioning block, the A»B EP increased from 123.1 ± 25.0 µV to 

431.6 ±56.2µV (250.7%, p < 0.05). After 3 h of no stimulation the A»B amplitude fell to 261.6 ± 

44.6 µV, which was still significantly larger than the preconditioning amplitude (112.5%, p < 

0.05). However, after a second 3 h block of paired stimulation, the A»B EP amplitude did not 

increase further and was maintained at 256.6 ± 36.0 µV (3.45% compared with the previous 

testing period, p > 0.05). 

Although paired 

stimulation was delivered 

between specific A»B 

sites, the widespread 

connections across the 

electrode grid allowed us 

to see effects throughout 

the network. A summary 

of the post conditioning 

responses at all sites to 

stimulation at A, B, or C during the session illustrated in Figure 2.2.5 is shown in Figure 2.2.7 

(white tiles indicate no EP recorded). Many connections showed small increases or decreases in 

response to paired stimulation, but an ANOVA revealed a significant difference between the 

mean A»B, A»C (3.9%), and C»B (1.7%) responses immediately after conditioning (p < 0.001). 

Post hoc analyses demonstrated that the change in EP amplitude from A»B was significantly 

larger than that between A»C (p < 0.001, 2-sample t test) and C»B (p < 0.001). Two other sites 

showed a significant amplitude increase in EPs elicited from site A immediately after 

Figure 2.2.7. Network-wide effects of conditioning. Percentage 

change in EPs (color map shown to right) from A, B, and C to all 

other sites where there was a response. Panels show time points 

after conditioning (top to bottom). Data are from the same 

conditioning session shown in Figure 2.2.5. 
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conditioning (R6:17.6%, p < 0.001; and R12: 11.7%, p < 0.001; Fig. 2.2.7). Stimulation 

protocols producing changes in cortical connectivity that are unrelated to the stimulus pairing 

have been reported previously (Rebesco and Miller, 2011). These effects could result from 

global changes in cortical excitability due to the repetitive stimulation, which will be discussed 

in further detail below. The bottom three panels of Figure 2.2.7 show network-wide changes at 

testing periods 3, 24, and 48 h after conditioning. 

A second example conditioning session in Monkey U (Table 2.2.2, session 20150603) is 

shown in Figure 2.2.8. Because Monkey U was engaged in a behavioral task, testing and 

conditioning periods were obtained in the booth during one session. Conditioning stimulation 

was delivered for 1 h at a delay of 20 ms between site L3 (A site) and L7 (B site), with site L2 

Session A Site B Site C Site Pulses

Current 

[uA]

Frequency 

[Hz] Delay [ms]

Duration 

[h]

A»B [% 

change]

B»A [% 

change]

A»C [% 

change]

C»B [% 

change]

20150528 L3 L7 L2 3@330Hz 80 2 20 1 51.37* 8.41 -12.41 -0.97

20150529 B stim only 17.65 157.22* 2.54 -3.18

20150603 20 43.27* 7.14 -16.05 -2.09

20150604 - - - 19.96 0.54 0.29 2.74

20150608 10 27.15* 5.41 -0.47 0.68

20150609 30 23.53 4.07 4.80 1.17

20150611 100 6.20 1.50 4.52 -1.59

20150612 200 7.46 -3.82 0.88 0.72

20150806 20 28.64* 5.419 12.24 6.04

20150807 20 6.70 -1.14 8.30 0.96

20150928 20 18.52 2.92 36.19* 4.27

20151001 1 200 6 11.70 5.28 13.85 -1.14

20160108 3@330Hz 80 50 11.11 17.25 29.10* 2.88

20150707 L13 L12 L9 3@330Hz 100 2 20 1 5.23 -1.07 0.23 4.33

20150708 200 20 -3.46 -.45 -3.32 -3.75

20150922 L4 L8 L12 3@330Hz 80 2 20 1 5.04 3.30 -9.17 -3.38

20150924 20 6.46 8.97 11.07 2.40

20150521 L7 L3 L2 3@330Hz 80 2 20 1 5.57 53.75* -11.60 6.28

20150522 L8 L6 L12 3@330Hz 100 2 20 1 3.20 3.40 3.76 -5.91

20150527 L10 L15 L14 3@330Hz 120 2 20 1 17.16 -7.31 27.45* -40.74

20150702 L8 L9 L3 3@330Hz 120 2 20 1 7.29 4.14 6.64 1.11

20150709 L6 L2 L7 3@330Hz 140 2 20 1 -4.10 2.90 4.70 3.46

20150710 L12 L8 L13 3@330Hz 140 2 20 1 1.16 4.82 -1.78 2.64

Table 2.2.2. Conditioning sessions for Monkey U 

Experiments are grouped by sites and sessions and are listed chronologically. Percentage 

change in EP amplitude was measured immediately after paired stimulation ended. *p < 0.05 

based on control distributions from Figure 2.2.13. 
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serving as the control (C site) (Fig. 2.2.8a). Figure 2.2.8b shows the average EP for 400 µA 

stimuli before and after conditioning, with the peak and trough denoted by the black diamonds 

and the corresponding stimulus–response relationship shown in in Figure 2.2.8c. The insets show 

similar results obtained using the rising slope of the first component of the evoked potential as 

the measured variable, as has been used in in vitro paired-stimulation plasticity experiments 

(Froemke and Dan, 2002). Both metrics show a similar effect of conditioning (Fig. 2.2.4c, black 

filled circle). Again, we saw a large increase in EP amplitude from A»B (43.3%, p < 0.001) and 

variable increases and decreases among other connections. An ANOVA comparing mean 

responses among A»B, A»C (16%), and C»B (2.1%) was significant (p < 0.001) and post hoc t 

tests showed significant differences between the A»B and A»C and the A»B and C»B effects 

(both p < 0.001). As in the previous example, conditioning led to significant changes of EP 

amplitude at several other sites across the electrode grid (Fig. 2.2.8d). In summary, these two 

conditioning sessions exhibited a significant increase in EP amplitude between the targeted site 

pair that was accompanied by weaker, nonspecific effects at both the presynaptic and 

postsynaptic sites. 
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STDP and global changes result from paired stimulation 

Figure 2.2.8. One-hour paired-stimulation conditioning session at 20 ms delay. a, Schematic 

of conditioning session with 20 ms delay using rack-mounted equipment while Monkey U 

was in the booth for 1 h. Left, Cortical positions of A (purple), B (green), and C (orange) sites 

relative to the central sulcus (dotted line). b, StTA of A»B EP before (blue) and after (red) 

conditioning at current amplitude denoted by black box in c. Diamonds indicate peak and 

trough used to calculate amplitude plotted in c. Inset shows magnified view of the early part 

of the EP; black lines and arrows indicate the slope of the first response phase. c, Stimulus– 

response curve of A»B EP before (blue) and after (red) conditioning. Black box is current 

amplitude, 400µA depicted in b. Inset, Stimulus–response curve for slope of the first phase 

with the same color scheme. d, Percentage change in EPs from A, B, and C to all other sites 

where there was a response, as in Figure 2.2.7. Fifteen EP sites showed statistically 

significant changes, either increases or decreases, although none was as large as for the A»B 

EP. Significant EPs were A»C, A»L6, A»L8, A»L9, A»L15, B»L1, B»C, B»A, B»L4, 

B»L10, B»L13, C»A, C»L6, C»B, and C»L11. 
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STDP is characterized by a specific relationship between the change in synaptic strength 

and the delay between presynaptic and postsynaptic firing. Short delays, such as the 20 ms 

interstimulus interval highlighted in the above examples, are optimal for inducing potentiation in 

the A»B direction, whereas longer delays, typically 50 ms, lie outside of the potentiation window 

(Bi and Poo, 1998). We tested a range of delays (6, 10, 20, 30, 50, 100, and 200 ms; Tables 

2.2.1, 2.2.2) for the R7»R11 (Monkey Q) and L3»L7 (Monkey U) site pairs to determine whether 

the paired stimulation conditioning effects were consistent with an STDP rule. Figure 2.2.9 

shows that, at delays < 50 ms, the A»B connection is potentiated preferentially in accordance 

with a pre-before-post rule (Bi and Poo, 2001). The reverse B»A connection serves as a proxy 

for post-before-pre conditioning, for which the STDP rule predicts synaptic depression (Bi and 
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Poo, 1998). Although most B»A responses showed little change with conditioning, two cases in 

Monkey Q (Fig. 2.2.9, circles, lower left quadrant) showed the expected decrease. 

To confirm that the STDP effects were robust, we repeated conditioning sessions with the 

optimal 20 ms interstimulus delay for these two site pairs. Conditioning produced significant 

increases in EP amplitude from A»B in many, although not all, sessions (Fig. 2.2.9, Tables 2.2.1, 

2.2.2). On average, the change in A»B EP amplitude for 20 ms delays at these two site pairs was 

significantly different from zero (median change = + 39%; p < 0.01, one-sample sign test; the 

small number of data points were not normally distributed). A Kruskal–Wallis test showed a 

Figure 2.2.9. Conditioning effect as a function of paired-stimulation delay. Conditioning 

delay versus percentage change in EP amplitude immediately after paired stimulation ended 

between sites shown in Figure 2.2.5 (Monkey Q, circles) and Figure 2.2.8 (Monkey U, 

squares). Positive delays indicate pre»post (A»B) stimulation and negative delays indicate 

post»pre (B»A) stimulation. Dotted lines show 2.5th and 97.5th percentiles for the A 

distribution (green) or the B distribution (purple) from Figure 2.2.10a and c, respectively. 
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significant difference (p = 0.002) between the A»B, A»C (median = 6.1%), and C»B (1.0%) 

distributions for all 20-ms-delay sessions. Post hoc analyses indicated a significant difference 

between the A»B and C»B distributions (p = 0.007, Mann–Whitney test) and between the A»B 

and A»C distributions (p < 0.001). 

The effect of interstimulus interval on changes in the strength of the A»B connection 

strongly suggests a role for Hebbian STDP. However, as in the example conditioning sessions 

described above (Figs. 2.2.7, 2.2.8d), we observed EP changes outside of the target A»B 

connection that were not predicted by STDP. This result led us to question whether the A»B 

effects could be accounted for by global changes in excitability. To separate global from 

targeted, paired-stimulation effects on EP amplitude, we created a distribution of 

postconditioning effects for all outputs from site A (except B and C) and site B (except A and C) 

for the two site pairs (Q:R7»R11, U:L3»L7) across all delays (n = 23 sessions; Fig. 2.2.10 a, c). 

These two distributions were termed Acont and Bcont (see Materials and Methods) and are 

shown as histograms (Fig. 2.2.10a, c) and cumulative densities (Fig. 2.2.10b, d) in Figure 10. 

The Acont distribution showed a significant increase in EP amplitude compared with zero (4.0 ± 

1.0%, p < 0.001, 1-sample t test, upper left quadrant of significance matrix at the bottom right of 

Fig. 2.2.10), highlighting the nonspecific effects of repetitive stimulation. 

Comparison of the cumulative density curve of the Acont distribution to that compiled 

from just the A»B effects (Fig. 2.2.10b) shows a significant separation (p < 0.001, K–S test, 

upper right quadrant of significance matrix; Fig. 2.2.10). Therefore, the increase in connectivity 

strength from A to B due to the targeted conditioning surpasses that of the global effects on the 

network. Furthermore, increases in A»B EPs at short delays (10–30 ms) drive this difference 

because A»B effects at long delays (50–200 ms) were not significantly different from Acont (n = 



27 

6 sessions, p = 0.175, K–S test). Conversely, conditioning effects on the B»A EPs were not 

Figure 2.2.10. Cumulative density curves describe network-wide effects of conditioning. a, 

Acont distribution for all conditioning sessions for the two site pairs depicted in Figures 2.2.7 

and 2.2.8 showing the percentage change in EP amplitude from all sites except B and C for 

which stimulation at site A evokes a response; arrowhead denotes mean (+4.0%, n=146 EPs, 

p < 0.001) and dotted lines indicated the 2.5th and 97.5th percentiles, which are recapitulated 

in Figure 2.2.9. b, Acont distribution depicted as a cumulative density (purple) superimposed 

with the cumulative density of percentage change in A»B EPs (green) from all delays 

depicted in Figure 2.2.9. Light-colored shadows indicate the 95% confidence interval. c, Bcont 

distribution(mean = +1.3%, n = 143 EPs, p = 0.2), as in a. d, Bcont distribution cumulative 

density (green) compared with cumulative density of percentage change in B»A EPs (purple), 

as in b. Bottom right, Significance matrix for all effects: on-diagonal quadrants indicate p-

value of Acont and Bcont means compared with zero (one-sample t test); off-diagonal quadrants 

indicate comparison of the directed connection with the control distribution in the same row 

(two-sample K–S test). 
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different from those in the Bcont distribution (Fig. 2.2.10d; p=0.27, K–S test, lower left quadrant 

of significance matrix; Fig. 2.2.10) regardless of paired-stimulation delay (50–200 ms delays: n = 

6 sessions, p = 0.26, K–S test).  

Paired stimulation produces inconsistent STDP effects at most site pairs 

The results from the two site pairs 

discussed above demonstrated that STDP-like 

effects could be induced between cortical 

neurons after paired stimulation. We sought 

to extend these results to multiple sites and 

tested 13 other pairs in the hand area of 

primary motor and somatosensory cortex 

across both monkeys (Fig. 2.2.11) using a 20 

ms interstimulus delay. These sites 

encompassed both M1 and S1. However, we 

did not see any significant difference in 

effects on EP amplitude when considering 

connections within a particular region 

(M1»M1, S1»S1) or those that crossed the 

central sulcus (M1»S1, S1»M1) (one-way ANOVA, p = 0.18). The changes in the A»B, B»A, 

and A»C connections at 20 ms delay for all site pairs tested are shown in Figure 2.2.12 and 

Tables 2.2.1 and 2.2.2 summarize all conditioning experiment parameters. The two site pairs 

discussed above (Q:R7»R11 and U:L3»L7, leftmost in Fig. 2.2.12) highlight a pattern that is 

consistent with an STDP time course: an increased A»B connection and minimal changes in B»A 

Figure 2.2.11. Schematic of all conditioning 

pairs. Top left, Top-down view of macaque 

brain; dashed boxes outline positions of 

implant area bilaterally. Top right, Left 

electrode grid in Monkey U with A»B pairs 

used for conditioning sessions indicated by 

arrows; arrow points from A to B. Only the left 

hemisphere was used in Monkey U, which 

performed a behavioral task using the right 

hand. Bottom, Bilateral electrode grids for 

Monkey Q with A»B pairs used for 

conditioning sessions indicated. Dashed lines 

in Monkeys U and Q mark the central sulcus. 
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and A»C. Across all 13 site pairs tested, only one other pair (monkey Q:L7»L11) showed this 

pattern, but it was unrepeatable in two other sessions (Fig. 2.2.12).  

To examine the significance of the paired stimulation effects compared with the global 

effects for all site pairs, we again calculated cumulative distributions. Figure 2.2.13a summarizes 

the results for sessions with a 20ms delay for all 15 site pairs as the Acont distribution compared 

with the cumulative density of A»B and A»C effects. Similar distributions are shown for the B 

and C sites (Fig. 2.2.13b,c). There was a small, but significant, shift in the mean of Acont (2.5 ± 

0.9%, 1-sample t test, p = 0.01, n = 251, Fig. 13a, inset) and Bcont (2.7 ± 1.0%, p = 0.01, n = 

Figure 2.2.12. Summary of conditioning results for all conditioning sessions. Shown is the 

percentage change in A»B, B»A, and A»C EPs after conditioning at 20 ms delay for all site 

pairs tested in Monkey Q (top) and Monkey U (bottom). For the far left pair in each panel 

(top, R7»R11; bottom, L3»L7), multiple sessions at a 20 ms delay were conducted and these 

data are representative examples depicted in Figures 5 and 8. *p < 0.05 as determined by 

control distributions in Figure 2.2.13. 
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237, Fig. 2.2.13b, inset) away from zero after 

conditioning at a 20 ms delay, demonstrating 

the global changes in connections from 

stimulated sites. The mean of the Ccont 

distribution was not significantly different from 

zero ( 0.23 ± 0.28%, p = 0.68, Fig. 2.2.13c, 

inset), suggesting that the connections from 

unstimulated sites were not globally affected by 

conditioning. The p-values for these tests are 

shown in the diagonal elements of the 

significance matrix shown at the bottom of 

Figure 2.2.13. 

The A»B distribution showed significant 

separation from the Acont distribution 

(p= 0.03, K–S test, upper middle element of the 

significance matrix; Fig. 2.2.13a), particularly 

at large percentage increases (the upper right 

Figure 2.2.13. Network-wide effects of paired stimulation across all sessions. a, Cumulative 

densities for the Acont distribution (purple) from all site pairs at a conditioning delay of 20 

ms overlaid with the A»B (green) and A»C (orange) distributions. b, Cumulative densities for 

the Bcont (green curve), B»A (purple), and B»C (orange) distributions. c, Cumulative 

densities for the Ccont (orange curve), C»A (purple), and C»B (green) distributions. For all 

panels, light-colored shadow indicates 95% confidence interval; insets show histograms for 

the appropriate control distribution and arrowheads mark the mean. Cumulative densities 

were calculated similarly to those in Figure 10. Bottom right, Significance matrix for all 

combinations: on-diagonal quadrants indicate p-value of Acont, Bcont , and Ccont means 

compared with zero (one-sample t test); off-diagonal quadrants indicate comparison of the 

directed connection with the control distribution in the same row (two-sample K–S test). 
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tail of the A»B curve), again indicating an effect of targeted conditioning beyond the global 

effects on the network. Only three of the 15 site pairs tested (Monkey U: L3»L7; Monkey Q: 

R7»R11 and L7»L11; Fig. 2.2.12), including the two pairs described in Figures 2.2.7 and 2.2.8, 

drive this separation and lie outside of the 95th percentile of the Acont distribution. In contrast, 

there were no significant differences in the distributions for the B»A connection (p = 0.08, 

middle left element of the significance matrix) and the B»C connection (p = 0.31) compared with 

Bcont (Fig. 2.2.13b) or for the C»A connection (p = 0.63) and the C»B connection (p = 0.36) 

compared with the Ccont distribution (Fig. 2.2.13c). The A»C distribution was marginally 

significantly different from Acont (p = 0.05). 

An example site pair that did not exhibit a significant conditioning effect (Table 2.2.2, 

session 20150708) is shown in Figure 2.2.14. The A»B EP amplitude was 722.6 ± 6.6 µV before 

conditioning and 697.6 ± 6.0 µV after conditioning ( 3.5%, p > 0.05, Fig. 2.2.14b–d). Again, we 

measured the slope of the rising phase of the EP to confirm that the absence of an effect was not 

due to the peak–trough measure. As can be seen in the insets of Figure 2.2.14, b and c, the 

changes in slope before and after conditioning closely follow those of the peak–trough amplitude 

(Fig. 2.2.4c, gray filled circle). This was seen consistently across many experiments. There was 

no significant difference between the percentage change seen in A»B after conditioning using the 
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peak–trough amplitude compared with the slope of the first rising phase (p=0.66, paired t test; 

Figure 2.2.14. Paired stimulation does not produce a conditioning effect at all sites. a, 

Schematic of recording grid with A (purple), B (green), and C (orange) sites denoted for a 

conditioning session at a 20ms delay in Monkey U while in the recording booth for 1 h. b, 

StTA of A»B EP before (blue) and after (red) conditioning. Inset, Expansion of StTA 

showing the slope (black line and arrow) of the first EP phase. Black diamonds denote peak 

and trough used to calculate amplitude in c. c, A»B stimulus–response curve before (blue) 

and after (red) conditioning. Black box denotes current depicted in b. Inset, Stimulus–

response curve before and after conditioning for slope of first EP phase. d, Percentage change 

in EP amplitude from A–C to all other recording sites after conditioning. 
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Fig. 2.2.4c) or the absolute amplitude of the first phase (p=0.38, paired t test; Fig. 2.2.4d). 

2.2.D Discussion 

This study aimed to induce synaptic plasticity in sensorimotor cortex in awake, behaving 

nonhuman primates using a pairedstimulation protocol. Sites in precentral and/or postcentral 

cortex were deemed functionally connected if stimulation of one site evoked an LFP response at 

the other site. Prolonged paired stimulation of some connected sites at a fixed delay resulted in 

STDP, as evidenced by increased EP amplitude when conditioning with short delays but not long 

ones (Fig. 2.2.9). Plasticity effects in the targeted A»B connection surpassed global increases in 

connectivity throughout the network (Fig. 2.2.13). Surprisingly, this effect was only produced in 

two of 15 site pairs (13%). Effects in the other 13 site pairs predominantly showed global 

increases in connectivity (50% of pairs) or depression of the targeted site pair (44% of pairs), 

likely resulting from changes in excitability or generalized plasticity (Pascual-Leone et al., 

1998). These results are consistent with other studies, both in vitro (Bi and Poo, 1998) and in 

vivo (Jackson et al., 2006), showing that the expected effects of STDP were variable and 

occurred only in a subset of cases. The effects that we observed raise questions about the 

mechanisms underlying STDP between cortical populations induced with paired electrical 

stimulation in vivo. 

STDP between cortical populations may be induced via paired stimulation 

Typical in vitro STDP studies document connectivity changes using a direct measure of 

EPSPs (Markram et al., 1997; Bi and Poo, 1998; Sjöström et al., 2001; Froemke and Dan, 2002). 

Evidence of STDP has also been obtained with indirect measures such as evoked movements 

(Jackson et al., 2006; Lucas and Fetz, 2013), postspike electromyographic responses (Nishimura 
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et al., 2013), motor evoked potentials (Wolters et al., 2003), network modeling (Rebesco et al., 

2010; Rebesco and Miller, 2011), and others (Feldman, 2012). This study is one of the first to 

show long-lasting STDP in evoked LFPs mediated by cortical connections. The corticocortical 

EPs typically showed multiple phases, probably mediated by monosynaptic and polysynaptic 

connections between the sites. In two of the site pairs, STDP effects were robust, repeatable, and 

displayed a classic STDP time course (Fig. 2.2.9). The changes were evident in multiple EP 

phases (Fig. 2.2.5c), suggesting that many pathways between the two sites were similarly 

enhanced by paired stimulation. These results indicate that paired stimulation can induce targeted 

plasticity under the appropriate circumstances. Surprisingly, a majority of sites did not show 

STDP, which could be explained by several factors, as discussed below. 

STDP is a multifaceted phenomenon 

Paired stimulation of a source population at A and a target population at B could be 

considered comparable to the pre-post pairing in in vitro studies (Bi and Poo, 1998; Feldman, 

2000; Froemke and Dan, 2002). In principle, paired electrical stimulation in vivo will similarly 

induce activity at the presynaptic and postsynaptic sites in an appropriately timed manner to 

induce plasticity. However, as has been demonstrated in vitro, timing is only one of many factors 

governing plasticity at a given synapse (Feldman, 2012). We found that pairs of single pulses 

were insufficient, but trains of three pulses produced results consistent with observations in 

rodents (Rebesco and Miller, 2011). Sjöström et al. (2001) demonstrated the influences of 

background firing rate and cooperativity of multiple inputs on STDP effects in V1 with fixed 

pre-post delays. Spatiotemporal integration is critical for sufficient depolarization in the 

postsynaptic neuron such that a well-timed back-propagating action potential will promote STDP 

(Lisman and Spruston, 2005). 
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The intrinsic connectivity of cortical networks, comprising the number, strength, and 

location of connections, is another key factor governing synaptic plasticity (Sjöström et al., 2001; 

Froemke et al., 2005). Recordings of EPs from large populations provide only a gross measure of 

network connectivity that cannot resolve the specific synapses that might be conditioned. Of the 

many possible connections between cells at sites A and B, Figure 2.2.15 illustrates key pathways 

that could help to explain our 

mixed results. Long-range 

pyramidal cell collaterals 

identified in neuroanatomical 

studies (DeFelipe et al., 1986) 

likely provide the major excitatory 

pathway giving rise to EPs; these 

would be modified by 

conditioning and are probably the 

site of plastic effects observed in 

other in vivo STDP studies 

(Jackson et al., 2006; Rebesco et 

al., 2010; Rebesco and Miller, 

2011). Because LFPs incorporate 

many nearby current sources 

(Buzsáki et al., 2012), the EPs 

cannot differentiate those 

pathways that may be more 

Figure 2.2.15. Proposed diagram of interareal 

connections and STDP effects. Four of many potential 

pathways connecting an A and B site in sensorimotor 

cortex are shown to illustrate differential STDP effects 

produced in these networks and how they may interact. 

Upper layer 2/3 and layer 5 are the likely targets of the 

dual electrodes for each site, so only these layers are 

shown. The green pathway from A»B highlights 

successful potentiation due to convergent excitatory 

input between layer 5 pyramidal cells, as well as 

collaterals within the B site. Similarly, the green 

pathway from B»A shows successful depression. The 

other three pathways do not promote STDP for various 

reasons. The red pathway results in inhibition between A 

and B via inhibitory interneurons (circles). In the purple 

pathway, whereas inputs to the proximal dendrites 

would promote potentiation, inputs on the distal 

dendrites would not. Similarly, depression in the blue 

pathway is unsuccessful because the primary connection 

from B»A is in the distal dendrites. 
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amenable to STDP. Because spatial integration is one of the factors contributing to STDP 

(Sjo¨stro¨m et al., 2001), pathways having high convergence would be more likely to show 

plasticity (Fig. 2.2.15, green pathway). 

There are also multiple forms of STDP that occur in a regional and synapse-specific 

fashion (Feldman, 2012). In traditional Hebbian STDP, positive delays (pre before post) produce 

LTP, whereas negative delays (post before pre) promote LTD. Conversely, in anti-Hebbian 

STDP, LTD is produced at positive delays and moderate LTP at negative delays. Anti-Hebbian 

STDP occurs at a variety of synapses, particularly those of layer 2/3 neuron axons on the distal 

dendrites of layer 5 neurons, likely due to attenuation of the back-propagating action potential 

(Sjöström and Häusser, 2006). Because our paired stimulation probably invoked STDP at both 

proximal and distal dendrites, the resulting mixture of Hebbian and anti-Hebbian effects could 

have prevented net LTP from occurring at site B (Fig. 2.2.15, purple pathway). Connections 

between excitatory and inhibitory neurons (Fig. 2.2.15, red pathway) show a variety of STDP 

time courses (Caporale and Dan, 2008), further obscuring the net effects produced among a 

heterogeneous population. It should also be noted that fields from antidromically activated cells 

at B would presumably not be changed by the conditioning protocol and thus would dilute the 

measure of any actual A»B conditioning. 

Traditional Hebbian STDP also predicts depression in the B»A connections because this 

involves a negative delay. To the extent that the B»A connections from distal layer 2/3 at B to 

layer 5 cells at A exhibit anti-Hebbian STDP this would be consistent with the lack of B»A 

depression that we observed (Fig. 2.2.15, blue pathway). In addition, STDP effects incorporating 

multiple spike times do not add linearly (Froemke and Dan, 2002) and therefore, whereas B»A 
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connections may have experienced a negative delay between the initial paired-stimulation pulses, 

continued activation via recurrence may have interfered with the simplest Hebbian mechanism. 

Timing of presynaptic and postsynaptic activation is one of the few parameters that we 

could control experimentally, along with rate of stimulation. For two of our site pairs, a sufficient 

combination of these factors aligned such that the rate and timing of paired stimulation promoted 

STDP. We tested other protocols varying the rate, number of pulses, or duration of stimulation to 

optimize the parameter space (see Materials and Methods), but these did not produce 

conditioning effects for the other 13 site pairs. However, it seems likely that the synaptic 

connections mediating the EPs between these other pairs would be modifiable and that other, 

untested stimulation protocols would have activated the appropriate circuit elements for inducing 

STDP at these sites. 

Artificial effects of electrical stimulation 

Electrical stimulation is an excellent way to activate neurons rapidly, yet it is inherently artificial 

and nonspecific because it can activate axons and recruit neurons transynaptically (Gustafsson 

and Jankowska, 1976; Histed et al., 2009) in nonphysiological spatiotemporal patterns. Many 

studies using electrical stimulation to induce STDP record a neural signal from the presynaptic 

and postsynaptic site (Markram et al., 1997; Bi and Poo, 1998) or trigger postsynaptic 

stimulation from a neural event (Jackson et al., 2006; Rebesco et al., 2010; Nishimura et al., 

2013; Zanos, 2013) to ensure proper timing of action potentials and postsynaptic depolarization. 

We hypothesized that paired stimulation would be sufficient to induce well-timed spiking both 

presynaptically and postsynaptically with fixed delays appropriate to promote plasticity. This 

hypothesis is substantiated by in vivo evidence that paired stimulation can change the inferred 

connectivity of neural networks (Rebesco and Miller, 2011). Furthermore, studies in humans 
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using transcranial magnetic stimulation to pair stimulation of the median nerve with associated 

cortical areas demonstrate classic Hebbian STDP (Wolters et al., 2003). Therefore paired-

stimulation protocols should be able to promote targeted plasticity, as we observed for a subset 

of site pairs. However, it is possible that the artificial pattern of neural activation with electrical 

stimulation was not permissive for STDP at the other sites. 

Conditioning with spike-triggered stimulation (Jackson et al., 2006) produced a larger 

proportion of positive plasticity effects than paired electrical stimulation, which could be due to 

several significant experimental differences. Stimulating at site A rather than using recorded 

trigger spikes would have activated a larger population of more diverse cell types synchronously 

and consequently recruited a broader range of plasticity mechanisms, such as Hebbian and anti-

Hebbian effects. The net result of this broader recruitment may have been less facilitation of 

excitatory connections, producing fewer cases of significant changes in EPs in the present study. 

Second, the triggering spikes in the Jackson et al. (2006) study occurred in association with 

normal behavior, whereas we delivered paired stimulation in a preprogrammed manner 

independently of the modulation of local activity with movements or sleep spindles. Third, 

documenting the conditioning effects with peripheral responses to trains of cortical microstimuli 

rather than with cortical potentials evoked by single test stimuli would have involved different 

circuit mechanisms and potential loci of plasticity. These issues could be investigated in future 

experiments by direct comparison of results with spike- and stimulus-triggered conditioning. 

The complexity of different STDP mechanisms for different cell pairs (Sjöström et al., 

2001; Feldman, 2012) could be addressed with more specific stimulation techniques. For 

example, optogenetic stimulation can be used to activate only local excitatory pyramidal 

neurons, rather than the diverse, more widely distributed, excitatory and inhibitory population 
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recruited by electrical stimuli (Yazdan-Shahmorad et al., 2016). In a paired-stimulation protocol, 

optogenetic stimulation could begin to elucidate how different circuit elements contribute to 

STDP in cortical networks. 

In conclusion, our results indicate that conditioning in monkey sensorimotor cortex with 

paired electrical stimulation produced results consistent with STDP, but in a surprisingly small 

proportion of sites. The neural mechanisms explaining these results remain to be further 

elucidated. Future experiments could compare the results of conditioning with electrical 

stimulation and results with optogenetic or spike-triggered stimulation at the same cortical sites. 

2.2.E Additional Datasets Generated 

This project encompassed almost three years’ worth of experiments, troubleshooting, and 

experimental tangents. Alongside each session of stimulation data we also collected 10 minutes 

of spontaneous recording, also at 4800 or 5000 Hz. A coherence analysis was conducted on the 

spontaneous data and can be found in Stephanie Seeman’s PhD thesis (UW Neuroscience 

Program) but the results did not conclusively show any reliable metric of change in the 

conditioning paradigms we tested. Our initial tests followed the experimental timing set forth by 

Jackson et al. (2006). We attempted 24 hours of stimulation in a paired configuration using 

single and triplicate pulses as well as theta-burst stimulation protocols. The results of those early 

tests were incredibly varied. In most cases we saw global depression of outputs and inputs in 

response to stimulation. The net amount of current we were injecting was several orders of 

magnitude larger than that of Jackson which may have contributed to the sporadic.  All together 

there is a compendium of over 100 10-minute spontaneous recordings across two animals and the 

corresponding stimulation data available for further study. 



40 

2.2.F References 

Arai N, Muller-Dahlhaus F, Murakami T, Bliem B, Lu MK, Ugawa Y, Ziemann U (2011) State-

dependent and timing-dependent bidirectional associative plasticity in the human SMA-M1 

network. J Neurosci 31: 

15376–15383.  

 

Bi GQ, Poo MM (1998) Synaptic modifications in cultured hippocampal neurons: dependence 

on spike timing, synaptic strength, and postsynaptic cell type. J Neurosci 18:10464 –10472.  

 

Bi G, Poo M (2001) Synaptic modification by correlated activity: Hebb’s postulate revisited. 

Annu Rev Neurosci 24:139 –166.  

 

Brown TH, Kairiss EW, Keenan CL (1990) Hebbian synapses: Biophysical mechanisms and 

algorithms. Annu Rev Neurosci 13:475–511.  

 

Buetefisch C, Heger R, Schicks W, Seitz R, Netz J (2011) Hebbian-type stimulation during 

robot-assisted training in patients with stroke. Neurorehabil Neural Repair 25:645– 655.  

 

Bunday KL, Perez MA (2012) Motor recovery after spinal cord injury enhanced by 

strengthening corticospinal synaptic transmission. Curr Biol 22:2355–2361.  

 

Buzsáki G, Anastassiou CA, Koch C (2012) The origin of extracellular fields and currents–EEG, 

ECoG, LFP and spikes. Nat Rev Neurosci 13:407– 420. 

 

Caporale N, Dan Y (2008) Spike timing-dependent plasticity: a Hebbian learning rule. Annu Rev 

Neurosci 31:25– 46.  

 

DeFelipe J, Conley M, Jones EG (1986) Long-range focal collateralization of axons arising from 

corticocortical cells in monkey sensory-motor cortex. J Neurosci 6:3749 –3766. 

 

Diesmann M, Gewaltig MO, Aertsen A (1999) Stable propagation of synchronous spiking in 

cortical neural networks. Nature 402:529 – 533. 

 

Feldman DE (2000) Timing-based LTP and LTD at vertical inputs to layer II/III pyramidal cells 

in rat barrel cortex. Neuron 27:45–56. 

 

Feldman DE (2012) The spike-timing dependence of plasticity. Neuron 75:556–571.  

 

Fetz EE, Cheney PD (1980) Postspike facilitation of forelimb muscle activity by primate 

corticomotoneuronal cells. J Neurophysiol 44:751–772. 

 

Froemke RC, Dan Y (2002) Spike-timing-dependent synaptic modification induced by natural 

spike trains. Nature 416:433– 438.  

 



41 

Froemke RC, Poo MM, Dan Y (2005) Spike-timing-dependent synaptic plasticity depends on 

dendritic location. Nature 434:221–225.  

 

Guggenmos DJ, Azin M, Barbay S, Mahnken JD, Dunham C, Mohseni P, Nudo RJ (2013) 

Restoration of function after brain damage using a neural prosthesis. Proc Natl Acad Sci U S A 

110:21177–21182.  

 

Gustafsson B, Jankowska E (1976) Direct and indirect activation of nerve cells by electrical 

pulses applied extracellularly. J Physiol 258:33– 61.  

 

Hebb DO (1949) The organization of behavior: a neuropsychological theory. 

New York: Wiley. 

 

Hess G, Aizenman CD, Donoghue JP (1996) Conditions for the induction of long-term 

potentiation in layer II/III horizontal connections of the rat motor cortex. J Neurophysiol 

75:1765–1778.  

 

Histed MH, Bonin V, Reid RC (2009) Direct activation of sparse, distributed populations of 

cortical neurons by electrical microstimulation. Neuron 63:508 –522.  

 

Jackson A, Mavoori J, Fetz EE (2006) Long-term motor cortex plasticity induced by an 

electronic neural implant. Nature 444:56–60.  

 

Koch G, Ponzo V, Di Lorenzo F, Caltagirone C, Veniero D (2013) Hebbian and anti-Hebbian 

spike-timing-dependent plasticity of human corticocortical connections. J Neurosci 33:9725–

9733.  

 

Lisman J, Spruston N (2005) Postsynaptic depolarization requirements for LTP and LTD: a 

critique of spike timing-dependent plasticity. Nat Neurosci 8:839–841.  

 

Lu JT, Li CY, Zhao JP, Poo MM, Zhang XH (2007) Spike-timing dependent plasticity of 

neocortical excitatory synapses on inhibitory interneurons depends on target cell type. J Neurosci 

27:9711–9720. 

 

Lucas TH, Fetz EE (2013) Myo-cortical crossed feedback reorganizes primate motor cortex 

output. J Neurosci 33:5261–5274.  

 

Markram H, Lu¨bke J, Frotscher M, Sakmann B (1997) Regulation of synaptic efficacy by 

coincidence of postsynaptic APs and EPSPs. Science 275: 213–215.  

 

McCarthy G, Wood CC, Allison T (1991) Cortical somatosensory evoked potentials. I. 

Recordings in the monkey Macaca fascicularis. J Neurophysiol 66:53– 63.  

 

McCreery DB, Bullara LA, Agnew WF (1986) Neuronal activity evoked by chronically 

implanted intracortical microelectrodes. Exp Neurol 92:147– 161.  

 



42 

McPherson JG, Miller RR, Perlmutter SI (2015) Targeted, activity-dependent spinal stimulation 

produces long-lasting motor recovery in chronic cervical spinal cord injury. Proc Natl Acad Sci 

U S A 112:12193–12198. 

 

Nishimura Y, Perlmutter SI, Eaton RW, Fetz EE (2013) Spike-timingdependent plasticity in 

primate corticospinal connections induced during free behavior. Neuron 80:1301–1309.  

 

Pascual-Leone A, Tormos JM, Keenan J, Tarazona F, Can˜ete C, Catala´ MD (1998) Study and 

modulation of human cortical excitability with transcranial magnetic stimulation. J Clin 

Neurophysiol 15:333–343.  

 

Rebesco JM, Miller LE (2011) Enhanced detection threshold for in vivo cortical stimulation 

produced by Hebbian conditioning. J Neural Eng 8:016011.  

 

Rebesco JM, Stevenson IH, Ko¨rding KP, Solla SA, Miller LE (2010) Rewiring neural 

interactions by micro-stimulation. Front Syst Neurosci 4: pii: 39.  

 

Richardson AG, Fetz EE (2012) Brain state-dependence of electrically evoked potentials 

monitored with head-mounted electronics. IEEE Trans Neural Syst Rehabil Eng 20:756 –761.  

 

Sanes JN, Donoghue JP (2000) Plasticity and primary motor cortex. Annu Rev Neurosci 23:393– 

415.  

 

Sjöström PJ, Häusser M (2006) A cooperative switch determines the sign of synaptic plasticity in 

distal dendrites of neocortical pyramidal neurons. Neuron 51:227–238.  

 

Sjöström PJ, Turrigiano GG, Nelson SB (2001) Rate, timing, and cooperativity jointly determine 

cortical synaptic plasticity. Neuron 32:1149– 1164.  

 

Stuchlik A (2014) Dynamic learning and memory, synaptic plasticity and neurogenesis: an 

update. Front Behav Neurosci 8:106.  

 

Wolters A, Sandbrink F, Schlottmann A, Kunesch E, Stefan K, Cohen LG, Benecke R, Classen J 

(2003) A temporally asymmetric Hebbian rule governing plasticity in the human motor cortex. J 

Neurophysiol 89:2339– 2345.  

 

Yazdan-Shahmorad A, Diaz-Botia C, Hanson TL, Kharazia V, Ledochowitsch P, Maharbiz MM, 

Sabes PN (2016) A large-scale interface for optogenetic stimulation and recording in nonhuman 

primates. Neuron 89:927– 939.  

 

Zanos S (2013) Cortical surface recurrent brain-computer interfaces. Doctoral dissertation. 

University of Washington, Seattle, WA. 

 

Zanos S, Richardson AG, Shupe L, Miles FP, Fetz EE (2011) The Neurochip-2: an autonomous 

head-fixed computer for recording and stimulating in freely behaving monkeys. IEEE Trans 

Neural Syst Rehabil Eng 19:427– 435.   



43 

Chapter 3. Novel Cervical Spinal Implant Designs and Tests for Motor 

Reanimation in Primates 
Design and evaluation of a new technique for electrical stimulation of the cervical spinal 

cord to control hand and arm movement in the nonhuman primate. 

3.1 INTRODUCTION 

The spinal cord has been a clinical target for accessing the central nervous system since the 

mid 1960s when Shealy and colleagues first used an implanted pulse generator to stimulate the 

dorsal columns to alleviate pain based on Wall and Melzack’s Gate Theory of Pain. (Shealy 

1967, Melzack and Wall 1965). Since then, electrical stimulation has become a tool for a variety 

of sensory and motor recovery paradigms, and a promising area of exploration whose clinical 

applications have been limited by technology and methodological difficulty in all animal models, 

including higher order animals like humans and non-human primates.  

EPIDEMIOLOGY 

There are more than 282,000 people with spinal cord injury and associated paralysis in the 

United States (NSCIS 2016). These people face a variety of challenges depending on the 

anatomical level and severity of their injury. Injuries range from slight compression of the spinal 

cord in conditions like cervical myelopathy to complete transection of the spinal cord stemming 

from severe trauma. The range of symptoms these patients face is similarly expansive, from 

tingling and numbness in the extremities, to incontinence, or even complete loss of motor 

control, sensory perception, and autonomic function below the level of injury. Patients who have 

lost function in all four limbs (tetraplegia) report that recovering hand and arm function is more 

important than regaining walking and leads to the greatest increase in quality of life (French et 

al. 2010). 
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Damage to the spinal cord itself can be functionally addressed by restorative methods. 

Restorative techniques and research into the problem fall mainly in two areas: regenerative, and 

augmentative. Regenerative techniques in this context include interventions designed to natively 

regrow and reconnect disconnected spinal areas above and below injuries and include 

pharmacological and biological approaches. These advances employ small-molecule therapies, 

and stem cell therapies designed to either enhance native healing mechanisms post-injury or 

deliver novel neural outgrowth and cellular precursors (Silva, et al. 2014). These therapies are 

promising and outside the scope of this thesis work. Detailed reviews on stem cell therapies 

(Vismara, et al.2017), small molecules (Varma, et al. 2013), and combination therapies (Fong, et 

al. 2009) can be found elsewhere. 

Augmentative techniques have focused on restoring motor function using a variety of 

stimulation techniques targeting various levels of the motor system from muscles to peripheral 

nerves, and the spinal cord directly. These techniques involve electrically stimulating the motor 

system in a variety of established methods that induce movement via activating neural tissue 

either directly or by modulating the excitability of a neuronal population, or activating fibers of 

passage. These augmentative techniques provide a direct method for reanimating lost function 

key for improving quality of life for patients. 

ANATOMICAL CONSIDERATIONS 

The spinal cord is a critical passage carrying vital control information which influences 

voluntary limb movements as well respiratory, digestive, and bowel functions. Many of the 

descending tracts present in the cord to handle control of these activities have been highly 

conserved across vertebrate evolution, including both spinothalamic and spinocerebellar tracts 

(Watson, et al. 2009). The evolution of fine motor control in humans and non-human primates 
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has also created evolutionary disparities in relative tract sizes that carry descending fine motor 

commands (Lemon 2008). The dorsolateral corticospinal tract present in humans and old world 

monkeys (including macaques used throughout this experiment) is anatomically greater in 

number of fibers present per tract and lateral placement than in new world monkeys and rats and 

other small mammals. This anatomical difference is also mirrored electrophysiologically in the 

amplitude of cortico-motoneuronal EPSPs as well as functionally in the hand dexterity across 

species (Courtine, et al. 2007). The differences across species here indicate that the scientific 

community needs to pay attention to appropriate models for human functions, like fine motor 

control, that do not have appropriate analogs in all preclinical animal models. 

ELECTRODE TECHNOLOGY 

Current electrode technology is limited in the spinal stimulation field; however technology 

parallels to cortical electrical stimulation in the BCI field can be drawn. In cortical BCI there is a 

tradeoff in signal/stimulation output specificity and invasiveness. This has separated cortical 

modalities into electroencephalography, electrocorticography, and intracortical recording and 

stimulation. These modalities allow access to most aspects of the brain due to the relatively 

uniform and shallow anatomy of the brain across animal models. The spinal cord is much more 

difficult to access both surgically and non-invasively based on its position and asymmetric 

dorsal-ventral geometry. Therefore, the analogs to cortical stimulation techniques are imperfect. 

So far the field has adapted EEG technology for non-invasive stimulation, and dorsal-only 

epidural techniques for pain management in most animal models. Intra-spinal recordings and 

stimulation are also common in small animal models but become much rarer in a few studies 

using chronic intra-spinal electrodes in primates (Zimmerman and Jackson 2014, Nishimura, et 

al. 2013b).  
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These technologies have seen limited application to primate motor stimulation paradigms and 

upper extremity motor outputs. Transcutaneous stimulation of the lumbo-sacral cord has shown 

promise in restoring some volitional motor function in standing, rhythmic activity, and assisted 

stepping (Grahn, et al. 2017); however results from 

the cervical cord have not been realized yet. Epidural 

stimulation offers a seemingly more targeted 

stimulation by placing electrodes closer to the spinal 

cord.  Commercially available spinal stimulation 

electrodes come in two configurations, paddle, and 

longitudinal (Figure 3.3.0). Both are designed with 

pain management in mind and neither is optimized for 

motor outputs in large animal models. Epidural 

stimulation has shown great promise in pain 

management (Bendersky, et al. 2014) but has failed to provide the electrode coverage required to 

provide therapeutic motor recovery at the cervical level in patients with Parkinson’s Disease 

(Thevathasan, et al. 2010). Earlier work in rodents did produce reliable motor recovery in a 

Parkinson’s Model, indicating that differences in electrode technology may play a key factor in 

efficacy (Fuentes, et al. 2009), especially considering that epidural cervical stimulation has been 

able to reduce spasticity due to spinal cord injury in humans (Barola, et al. 1995).  

Over the past decade intraspinal stimulation has been explored as a technique to bring more 

targeted control to the upper limb. These studies have been carried out with high impedance 

microwire electrodes mostly made by hand. Moritz et al (2007) conducted a seminal mapping 

study throughout the cervical region of the sedated primate cord and showed that the outputs 

Figure 3.3.0. Boston Scientific Spinal 

Cord Lead Portfolio. Current lead 

designs include paddles (left) and 

longitudinal electrodes with varying 

electrode density and size. (Boston 

Scientific, Marlborough, MA) 
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from intraspinal stimulation sites do not follow clean, distinct somatotopic organization within 

the cord, and can elicit several simultaneous muscle activations. Follow-up work showed that the 

movements from intraspinal stimulation were synergistic, and realistic reaching and grasping 

behaviors could be recreated using only two stimulation sites (Zimmerman, et al. 2011), selected 

from many tested sites. This stimulation paradigm has also been used to demonstrate restorative 

possibility (Mushahwar and Horch, 2000) and explore fundamental neural principles in the 

corticospinal pathway (Jankowska and Edgely, 2006). Evidence of spike-timing dependent 

plasticity mechanisms in corticospinal motor pathways has been seen in experiments coupling 

cortical neural activity to intraspinal stimulation in freely behaving animals (Nishimura, et al. 

2013a). Additional work showed an awake animal with a spinal cord injury could learn to control 

spinal stimulation via both cortical activity and remaining muscle activity to perform a torque 

tracking task (Nishimura, et al. 2013b). Animals with a temporary disruption to the cortico-spinal 

path are able to control intraspinal stimulation using unaffected cortical signals to accomplish 

complex reaching and grasping behaviors as well (Zimmerman and Jackson 2014). 

In a comparison of epidural, subdural, and intraspinal stimulation from a variety of locations 

along the cord Sharpe 2014 tested an acute, sedated primate preparation with limited ventral 

spinal cord stimulation using large silver ball electrodes. The resulting low stimulation 

thresholds and varied motor outputs showed that the ventral cord could be an interesting target 

for further study. Of all the previous work only two studies of note have managed to maintain 

intraspinal electrodes in the primate spinal cord for chronic applications (Nishimura, et al. 2013b, 

Zimmerman and Jackson 2014). 

RATIONALE 
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Early stimulation experiments provide significant evidence and hope for reanimation 

applications in higher-order animals; however very few restorative stimulation paradigms have 

been actualized in humans and non-human primates thus far. One of the challenges, as 

highlighted by the comparative lack of human and NHP studies, is the lack of suitable long-term 

targeted stimulation paradigms. Personal communications with researchers using spinal 

stimulation in primates highlighted the difficulty of obtaining stable, long-term recordings and 

stimulation paradigms for use in non-human primates and a recent review by Giszter (2015) 

highlights the challenges facing long-term motor recovery at the spinal cord:  

“Data in spinal cord of primate from Nishimura (2013b) and in 

cat from Mushahwar. (2000) suggest that current electrodes 

cannot exceed about 3 month survival times in spinal 

implantations. The ideal type and design of electrode to record and 

stimulate spinal cord for long-term neuroprostheses use remains 

an unsolved problem.” 

 

From a translational research perspective, the lack of a safe, long term electrode paradigm for 

specific motor stimulation in primates has limited the ability of the clinical community to 

provide restorative therapies for patients suffering from all varieties and severities of spinal cord 

injury. This lack of options prompts the need for designing new approaches to accessing the 

spinal column for a variety of restorative procedures in primates. 

3.2 SYSTEM SUMMARY AND DESIGN PRINCIPLES 

In this engineered system we describe a series of electrode designs and surgical approaches 

that aim to improve functionality of augmentative spinal stimulation techniques by accessing the 

circumference of the spinal cord for targeted electrical stimulation. The working hypothesis that 

the ventral aspect of the spinal cord offers unique access to motor pools, ventral spinal roots, and 

fibers of passage that may be amenable to fine motor control paradigms based on the stimulation 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4367173/#B87
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4367173/#B80
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results previously seen with intraspinal stimulation was explored in three iterations. Mechanical 

considerations of microelectrodes and the rostral-caudal movement of the spinal cord in the 

spinal column (Danner, et al. 2016) affect the robustness of long-term implanted electrodes. The 

goal of the platform is an ECoG-like surface electrode paradigm that can be used to access the 

entire circumference of the spinal cord at any spinal segment in the primate to allow for the most 

versatile therapeutic outputs. Based on a seminal mapping by Moritz et al. (2007), we focus work 

on the cervical spinal cord where the anatomy is fairly uniform and stimulation is known to 

produce a variety of hand and arm movements that are highly relevant to the patient goals of 

independence and motor function recovery (Anderson, et al. 2004).  

3.3 DESIGN 1.0 

The first design of our novel spinal stimulation 

system was created for acute testing of surgical protocols 

and motor responses to stimulation under sedation in a 

proof-of-concept setting in nonhuman primates. The 

original design was based on the hypothesis that flexible 

electrode technology could be used to fit into the subdural 

space surrounding the spinal cord and stimulate neural 

tissue to elicit robust motor activity without penetrating 

electrodes. Figure 3.3.1 shows an idealized version of the 

electrode system overlaid on a fixed spinal cord, highlighting the unique stimulation 

combinations provided by novel electrode placement. We hoped to directly stimulate ventral 

motor pools and fibers of passage projecting to motor control areas of the cervical spine. 

Figure 3.3.1. Cross section of 

spinal cord with theoretical 

electrode placement (black) 

possible bipolar current stimulation 

paths (red). 



50 

3.3.A Design 

There were several key factors in the original design of the subdural spinal array. Length, 

width, and radius of curvature all had to be matched to the specific anatomy of the animals 

undergoing surgery to ensure that the array would fit around the cord without damaging the 

dorsal or ventral roots. The manufacturing design and electrode materials are based on flexible 

electrode fabrication techniques adapted from microfluidic fabrication techniques. Schematics 

for the electrodes were created to scale in Adobe Illustrator (Adobe Systems, San Jose, CA) and 

sent to a contract manufacturer for fabrication (CorTec Neuro, GmbH, Freiburg, Germany). 

CorTec used the design schematics to manufacture a multilayer electrode array using proprietary 

bonding techniques. The array has a poly-dimethyl-siloxane (PDMS) base layer that was 

chemically treated to bond a metal base layer using photolithographic techniques. The metallic 

base layer then was treated to be able to hold platinum traces containing the flexible electrode 

leads and electrode contact pads. The traces were designed as alternating zig zags to allow 

movement and flexion of the array without breaking the continuity of the electrode connections 

in the array. Another layer of PDMS was deposited on top of the leads and cured, creating an 

electrically-insulated flexible electrode array. The features and final shape of the array was then 

exposed by laser cutting the outline of the array, through-holes, and electrode contacts from the 

PDMS. A catheter containing insulated guide wires was attached to the electrode leads on one 

end and a labeled connector on the other to allow connection of the electrode array to the 
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recording and stimulation hardware used in the experiments. Figure 3.3.2 shows the final seven-

electrode array, catheter, and dimensions used for testing Design 1.0. 

3.3.A.1 Physical Constraints 

There are several factors at play in designing for the spinal cord that were considered during 

the design process. The factors fell into two areas of concern, the sizing of the array and the 

curvature needed to wrap the small primate spinal cord. Based on previous experience, it was 

estimated that ~1.5mm of subdural space exists surrounding the spinal cord, making the depth 

the least important factor as compared to length and width. The length of the array was based on 

historical data from imaging and skeleton reconstructions. We modeled the spinal cord as an 

ellipse with major and minor axes of 0.7 and 0.5 cm respectively to arrive at an approximate 

circumference of 3.8cm using Ramanujan’s approximation: 

 

 

 

Figure 3.3.2. Custom Cor Tec array fabricated for encircling the spinal cord in the cervical 

enlargement. The flexible array has seven 300µm platinum/iridium contacts encased in silicon 

rubber (PDMS) for flexibility and strength. These electrodes arose from discussions at the 2013 

CSNE Microelectrode Conference. 

b=.5cm 

a=.7cm 
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𝑝 ≈ 𝜋[3(𝑎 + 𝑏) − √(3𝑎 + 𝑏)(𝑎 + 3𝑏)] 

We then added a 0.3cm tag to the end of the array design with a hole that could be used to fix the 

array in place with small suture during the surgical process and subsequent experiment. 

3.3.A.2 Electrode Constraints 

For ongoing recording and stimulation of the spinal cord an electrode array must also be 

durable through both recording and stimulation. An early attempt at using parylene-C 

microelectrodes with gold traces and platinum/iridium showed delamination and electrode failure 

at currents above 0.5mA. Electrodes used for stimulation and recording in the central nervous 

system must have higher current thresholds to evoke motor outputs and the ability to maintain 

higher currents (>1.0mA) throughout the healing, scarring, and chronic use. 90/10 

Platinum/Iridium was chosen for all future electrodes with the goal of also designing for future 

safety with modern MRI imaging techniques (D’Andrea, et al. 2014). Target impedance was 100 

kΩ as a goal to balance between low-impedance stimulation and hardware requirements and 

high-impedance electrode recording goals. Before implantation the impedance of each trace was 

measured on the arrays. Trace impedance was measured at 1 kHz using an IMP-2A Metal 

Electrode Impedance Tester (Bak Electronics, Inc. Umatilla FL). Trace impedance was 107 ±38 

kΩ. 

3.3.B Surgical Protocol 

All protocols were approved by the University of Washington Institutional Animal Care and 

Use Committee. Both animals used in this experiment were adult female Macaca nemestrina 

from the Washington National Primate Research Center colony tissue program weighing 7.0 and 
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7.4 kg. The surgical protocol for both animals was identical. Animals were sedated using 

ketamine and maintained under isoflurane anesthesia by WANPRC anesthesiology staff 

throughout the experiment. Experiments lasted the maximum three hours including surgery and 

electrophysiology, limiting the complexity of stimulation and recording paradigms possible.  

Animals were positioned prone in a stereotaxic frame using earbar, mouth roof, and orbit 

stabilization. We targeted cervical segments C5/6/7 in the first animal and C7/8/T1 in the second 

animal to understand the spectrum of motor outputs from hand-related cervical spinal cord. The 

area from C2-T2 was identified using palpation, overlying hair was shaved, and the area was 

sterilized using surgical antiseptic. A stepwise illustration of the surgical protocol is found in 

Figure 3.3.3. 
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We visually identified the muscular midline and used the electro-cautery surgical knife 

(Bovie Specialist Pro, Bovie Medical Corporation, Purchase NY) to dissect down to the tips of 

Figure 3.3.3. Cross Section Illustration of Surgical Protocol for Array Design 1.0 outlined in 

3.3.B. A. The animals were positioned prone on the operating table. B. A midline incision 

exposed dorsal aspect of the target vertebrae. C. The dorsal process was removed exposing the 

dura (dark blue), underlying CSF (light blue), and a ground screw was placed. D. The dura was 

opened and retracted at midline. E. The dentate ligament (orange) was cut bilaterally. F. The 

flexible array (black) was inserted under the cord in the subdural space and pushed around the 

cord. The tag end of the array was loosely sutured to the dura on the insertion side to hold the 

array in contact with cord throughout the experiment. 

A. 

C. 

E. 

B. 

D. 

F. 
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the spinal processes of the target vertebrae (C5/6/7 and C7/8/T1 in respective animals). The 

Bovie tip was swapped from a standard blade electrode to a small ball tip for fine dissection 

down the lateral masses of the vertebrae. Bovie current was lowered to avoid currents activating 

the spinal cord during surgery. The dorsal aspect of the target vertebrae were exposed to the 

lamina and articular processes bilaterally. Rongeurs and a Kerrison punch were used to remove 

the dorsal process and both laminae, exposing the dura. Electrical ground screws were pre-drilled 

and inserted into the lateral mass of target vertebrae using the angled method described by 

Perlmutter, et al. (1998). The dura was pierced and opened along the midline one segment 

anterior and posterior to target segments. Using blunt instruments the spinal cord was slowly 

pushed to the side between target segments to expose the dentate ligament on the ventrolateral 

aspect of the cord. The dentate ligament was cut, freeing the ventral cord from the dura and the 

process was repeated for the other side. 

The array was passed under the cord on one side at the desired segment, between dorsal and 

ventral root pairs. The cord was gently moved aside again so the array could be grabbed with 

forceps and pulled entirely around the spinal cord. The array was finally secured in place using 

6-0 sutures to connect the tag end of the array to the dura. The entire process was repeated for the 

second array at the neighboring segment. Ground wires were secured around the ground screws 

previously placed to complete the surgical process. Only 4 of the 7 electrodes were in contact 

with the cord at each segment. The dura was left open for the duration of the experiment and 

moisture was maintained periodically with surgical saline solution. Animals were sacrificed by 

WANPRC staff at the conclusion of the experiment. Two arrays were placed in each animal in 

adjacent spinal segments.  
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3.3.C Experimental Methods 

Once electrodes were implanted, we used the remaining surgical time to stimulate as many 

combinations of electrode pairs as possible and observe motor responses in the surgical suite. 

Stimulation was delivered as short trains, using 3 constant-current pulses (anodal first square 

waves 200us per phase) at 300Hz, delivered at 0.5 Hz intervals (STG4008, Multichannel 

Systems, Reutlingen Germany) between pairs of electrodes (bipolar) or an electrode and the 

distant ground screw (unipolar). The amplitude of the stimulation began with 250µA and was 

manually adjusted in 250 µA increments on the fly with a maximum stimulus of 2.0mA. An 

audible tone was played at stimulation onset to help identify timing of motor responses. The non-

stimulated channels were connected to a recording amplifier (g-USB Amplifier, Guger 

Technologies, Graz Austria) controlled by a custom-written software GUI (Matlab, Mathworks, 

Natick MA). Neural signals and stimulation triggers were sampled at 4800Hz and saved to file 

for offline analysis. Line noise was considerable in the surgical suite and only a few 

representative traces were captured when surgical heating equipment was briefly turned off.  

Motor responses were monitored by visual inspection alongside the auditory cue and 

categorized by arm. Specific muscles were not identifiable, but the movements were categorized 

into finger (including thumb), forearm (including wrist), and proximal. Movements were also 

graded coarsely on size, from no response through twitch, and large movement as determined by 

observing personnel. There was insufficient time during the procedure for a detailed exploration 

of motor thresholds. 
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3.3.D Stimulation Results 

Motor responses were evoked from the vast majority of electrodes around the cord. Most 

notably, all 4 ventral electrodes produced bilateral movements. We covered four spinal segments 

in two animals (C5-T1) and 14/16 electrodes produced motor outputs at from the stimulation 

sites and all 10 bipolar pairs tested produced motor outputs. Summary results are shown in 

Figure 3.3.4. Midline dorsal and ventral electrodes produced predominantly bilateral movements 

while the seven of eight lateral electrodes produced ipsilateral movement. One lateral site 

unexpectedly produced contralateral movement in the opposite forearm. Of the bipolar 

stimulation sites 87% (27/31 movements) were subsets of movements evoked at either unipolar 

site. In four cases the bipolar stimulation added unique movements not found at either 

stimulation site.  

Figure 3.3.4. Summary of movements evoked by spinal stimulation. Bipolar stimulation 

(dashed lines) generally yielded a subset of the motor outputs from the corresponding 

unipolar stimulation sites (black symbols). Laterality of movements is indicated by position 

of the marker relative to the stimulation symbol and size of the symbol corresponds to the 

relative strength of the movement. 
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The movements evoked by 

stimulation of the spinal cord were 

very naturalistic grossly 

somatotopically organized by spinal 

segment. Figure 3.3.5 shows gross 

categorical somatotopy. While not 

documented explicitly, the 

movements encompassed all 

aspects of arm and hand movement 

necessary to encompass functional 

reanimation. We observed 

synergistic reaching, and grasping movements consistent with intraspinal stimulation results 

grossly organized by spinal segment (Moritz, et al. 2007, Sharpe and Jackson 2014). We also 

observed activation of flexor and extensor muscle groups moving the forearm about the elbow as 

well as the hand about the wrist. Finger movements observed included thumb and forefinger 

opposition and finger flexion. Finger extension was not observed.  

The stimulation test current of 250µA was able to elicit movement in 23 of 28 unipolar and 

bipolar stimulation sites. Three of 28 sites tested required 500uA stimulation, and two sites 

produced no movement up to 2.0mA.  

Figure 3.3.5. Summary of the gross somatotopic 

organization of motor outputs in two animals from 

unipolar stimulation. Consistent with previous mapping 

the proximal outputs were seen anterior to distal 

outputs 
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Electrophysiological recordings were limited due to line noise in the surgical theater. We 

were able to make one set of recordings in Monkey A with surgical equipment briefly 

disconnected. Example evoked potentials are shown in Figure 3.3.6. Bipolar stimulation trains 

(n=25) across the anterior spinal cord produced several spinal evoked potentials when visualized 

post-hoc and showed electrophysiological phenomena at short ( >10ms) latencies likely caused 

by direct activation of underlying fibers, as well as longer latencies (>30ms). One ventral site 

showed evidence of temporal summation in response to train stimulation, potentially indicating 

that the response comprised aspects of both direct fiber activation as well as trans-synaptic 

contributions. The amplitudes and thresholds of the evoked potentials were likely lower and 

higher, respectively than would be expected in an awake animal. Isoflurane anesthesia is known 

Figure 3.3.6. Example spinal evoked potentials in response to bipolar surface spinal 

stimulation across Spinal Segment C6. Red line connects electrodes for bipolar stimulation. 

Insets show stimulation-triggered averages recorded from non-stimulated sites (mean +/- 2 

standard deviations, n=25 stimulations). Long timescale responses are shown first with insets 

to highlight short-latency phenomena. 
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to reduce excitability, as evidenced by reduced motor evoked potentials as well as ascending F-

wave potentials converging on the cervical spinal cord in humans (Zhou and Zhu 2000). 

3.3.E Design Feedback 

The initial results from Design 1.0 were very promising.  Short stimulation trains delivered to 

the spinal cord surface on the dorsal, ventral, and lateral subdural aspects of the spinal cord 

produced motor outputs with general somatotopy covering the range of movements necessary for 

functional reanimation. The data were consistent in two animals. Early electrophysiology 

showed that electrical potentials could be recorded from the surface of the cord in response to 

electrical stimulation, validating choices in material design, electrode impedance targets, and 

stimulation currents. 

The main issue for optimization for future iterations was the size and shape of the electrodes. 

The array was too long to properly fit around the cord. Several electrodes did not contact the 

cord and were unusable for stimulation. Future generations adapted electrode spacing and array 

length. Additionally, the geometry of the array led to connector leads running out the back of the 

animal perpendicular to the cord which is not optimal for chronic implantation and 

accommodating spinal cord translation within the column. Future revisions adjusted the sizing 

and spacing of the electrodes to target the leads at the ventral aspect of the cord. 

3.4 DESIGN 2.0 

Design 2.0 was built to evaluate chronic implantation of the electrode. The chronic 

experiments carry a much greater risk of adverse effects and so we selected animals that had 

completed other experiments and had existing cortical hardware. Using these animals expanded 
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the experimental goals of characterizing not only the spinal longevity and motor outputs, but also 

expanding to explore cortico-spinal connections.  

3.4.A Design 

Array 2.0 was designed to improve on the number and variety of motor outputs seen in 

design 1.0 with additional features to accommodate chronic implantation. The overall layout was 

rotated by 90 degrees so that the leads exiting the array would run parallel to the axis of the 

spinal cord and reduce the torque present at the implant site while directing leads towards the 

animal’s preexisting cortical electrode connection hardware (Figure 3.4.1). Additional strain 

relief was incorporated along the axis of the spinal cord through the use of z-bends made with 

silastic attachments to accommodate movement of the spinal column within the spinal cord. The 

width of the array in the rostral-caudal dimension (circumferentially wrapping the cord) was 

Figure 3.4.1. Overview of Array Design 2.0. A. Schematic of spinal implant electrical 

routing for array. Electrodes implanted around the spinal cord have leads routed to head 

caps from previous procedures that can safely house connectors, recording and 

stimulation hardware, and batteries. B. Photograph of Design 2.0. Key features include 

the 90⁰ turn for leads to improve routing, updated anchor points on the catheter, stress 

relief in the early catheter, and a variable tie-down pattern of holes for securing around the 

cord. 

A. B. 
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reduced to 2.4 mm better fit between dorsal and ventral roots segmentally exiting the cord. In 

response to array 1.0’s oversize length the array was shortened and an adjustable attachment 

system was implemented using a series of small holes that provided ~5mm of flexibility when 

attaching the array around the cord. To accommodate the smaller array the eight electrodes were 

placed closer together to maximize circumferential contact with the cord. Finally a vertebral 

attachment point was added to the catheter 1.5cm rostral to both the array and the axial strain 

relief features so the array could be secured to the bone on the dorsal aspect of the cord and 

prevent significant rotation around the axis of the spinal cord while maintaining rostral-caudal 

flexibility. 

3.4.B Surgical Protocol  

The surgical protocol for Design 2.0 was similar to Design 1.0 with additional techniques 

used for more gently wrapping the array around the spinal cord and rebuilding the mechanical 

A. B. C. D. E. 

F. G. H. I. J. 

Figure 3.4.2. Design 2.0 Surgical methods. A-D. Bilateral laminectomy as described in 

3.3.B E-F. A small metal tool (grey) was used to pass suture (yellow) under the spinal 

cord and tie to the array. G-H. The array was gently pulled back around the cord. I. The 

array is fastened to itself using the adjustable fastener holes. J. The dorsal aspect of the 

cord is covered in a layer of gelfoam and covered in acrylic anchored to lateral mass 

screws. 



63 

stability of the cord post-implant. The protocol is outlined in Figure 3.4.2. Steps A-D are the 

same as detailed in section 3.3.B. A custom spatula tool was fashioned to help pass the arrays 

under the spinal cord without disturbing the dorsal and ventral roots. Once the spinal cord was 

separated from the dura and dentate ligaments at the section of interest a 1.5 x 60x.02 mm 

section of 301 Half Hard stainless steel was bent to match the curvature of the spinal cord during 

surgery (Figure 3.4.3). A small hole was punched into the end of the thin metal strip and suture 

lightly tied to the hole. The metal provided enough mechanical strength to pass under the spinal 

cord. The suture was pulled under the cord, removed from the tool, and the tool was removed 

from under the spinal cord. The suture was then tied onto the array and used to gently pull the 

electrode lead end of the array around the spinal cord. The array leads were positioned along the 

central axis of the cord (Figure 3.4.4) and secured in place. The dura was closed with 5-0 suture, 

gel foam was placed over the incision, and a dam of acrylic was used to cover the missing dorsal 

1 cm 

Figure 3.4.3. Custom Array Insertion Tool. A. Front view. B. Side View. 
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process space of the exposed segments. The animals were allowed to recover and monitored for 

signs of discomfort.  

3.4.C Experimental Methods 

We conducted tests of 6 electrode arrays, (48 electrodes) in three animals (Monkey O, V, and 

T) to determine whether Array 2.0 was a suitable platform for producing long term motor outputs 

in a chronic primate model. Animals were managed by WANPRC veterinary staff between 

experiment sessions. The animal history, implant locations, and type of motor data collected are 

listed in Table 3.4.1. We discovered post-mortem that the C5 array in Monkey O was installed in 

reverse at the C5 segment with the electrode leads facing away from the surface of the cord and 

insulated from direct contact. The mis-positioned array was tested with the same measures as the 

Figure 3.4.4. Post Implantation Position Verification. A. Photograph of electrodes 

implanted in Animal V. Full laminectomy of vertebrae C5-C7 is visible over electrodes. 

Bilateral anchoring and electrical ground screws are visible before the acrylic cap is created. 

B. Radiograph of electrodes implanted in Animal T. A-P indicates anterior and posterior of 

animal. Full laminectomy of vertebrae C5-C7 is visible over electrodes. Bilateral anchoring 

and electrical ground screws are visible as well. Electrodes are wrapped around the spinal 

cord in the subdural space. Electrode leads are given slack (posterior side) before being 

routed up to the head-mounted can for housing connectors to allow translation of the array 

during normal animal movement. 

A. B. 
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rest of the arrays; however the data from the C5 array is included in the qualitative movement 

analysis but excluded from the quantitative stimulation threshold analysis as results were 

significantly greater than all other arrays. In Monkey T an array was implanted at C7 

successfully, but the implanted leads running to the animal’s head for the array were destroyed 

shortly after implantation and before any data could be collected. It is excluded from all 

analyses. 

 Qualitative movements were noted by visual inspection to an approximate muscle group or 

movement (i.e. bicep, or wrist flexion), and then bucketed into categories of trunk, proximal 

(movements about the elbow and shoulder), and distal (finger, thumb, and wrist movements).  

For experiments animals were sedated using 10mg/kg ketamine and transported to the lab 

space. Body temperature was maintained using a circulating warm water pad. Animals were 

given additional doses of ketamine if their movements became disruptive during data collection, 

typically after ~1 hour of experimentation time. Experiments lasted less than two hours. Animals 

were returned to their home cage and monitored for recovery at the conclusion of the experiment. 

Stimulation was delivered on multiple days through a Ripple Grapevine Neural Interface 

Processor unit with a stimulating Micro+Stim headstage (Ripple Systems, Salt Lake City, UT). 

As in previous designs, stimulation was delivered as a single biphasic pulse (anodal first, 

200us/phase, at 1Hz) ramp (n~=25) as described in Chapter 2 with currents ranging from 100-

700µA delivered between a target electrode and a distant ground screw anchored to the lateral 

Animal Implant 

Location 

Total Sessions Motor Output Data 

Type 

Medical History 

Monkey T C5,C7(connector 

failed) 

3 Visual Inspection, EMG MRSA 

Monkey V C5,C7 1 Visual Inspection MRSA 

Monkey O C5(incorrectly 

positioned),C7 

5 Visual Inspection, Cortical Implant 

Failure, MRSA 

Table 3.4.1. Summary of Array 2.0 Implant Durations. 
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mass of a vertebrae. Consistent with previous experiments we categorized threshold as the 

intensity at which a movement was observed in 100% of the stimulations. These movements 

could occur in a single muscle (i.e. bicep), a coordinated movement (wrist flexion, where it was 

difficult to assign an individual muscle), or simultaneous, wherein more than one 

movement/muscle was observed at a current threshold. We also observed additional supra-

threshold movements that occurred when stimulation exceeded threshold and additional groups 

were activated. In one experiment, wire EMG electrodes were temporarily implanted in four 

muscles of the distal and proximal arm (biceps, triceps, flexor carpi ulnaris (FCU), and extensor 

carpi ulnaris (ECU)) using a needle and wire technique and correct placement in the target 

muscles was verified via trains of low-intensity stimulation. Wires were routed to the headstage 

for simultaneous recording. Signals were digitized at 30kHz and stored. Post hoc signals were 

downsampled to 2kHz and high pass filtered over .1 Hz to remove baselines before averaging 

and rectifying and calculating stimulation triggered averages using data from -25 to +250ms 

surrounding a stimulation. 

3.4.D Results 

Evoked Movements 

We tested 40 electrodes for evoked 

movements across three animals and 

two spinal segments. Unipolar surface 

stimulation to a distant ground evoked 

ipsilateral movements at 65.0% of the 

40 sites tested. Distal movements 

occurred in 35.0% of sites, proximal 

Figure 3.4.5. Categorical Responses by Segment. 

C5 and C7 electrode arrays exhibited segmentation 

of responses where C5 elicited more proximal and 

trunk movements whereas C7 elicited more distal 

movements across three animals. 
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movements in 27.5% of sites, and trunk movement in 15.0% of sites. For 13.0% of sites 

simultaneous movements occurred across multiple movements/muscle groups. The breakdown of 

C5 and C7 distal, proximal, trunk and simultaneous movements are presented in Figure 3.4.5. 

We see fairly clearly that there is more proximal and trunk movement from the C5 electrodes 

compared to the C7, and C7 is weighted towards distal movement. Simultaneous movements 

were comparable at the two segments. 

The stimulation threshold was for eliciting movement was 298 ±177.9µA (The misplaced C5 

array not included in the current analyses produced movements at 4 electrodes the threshold was 

725±170.8µA) across all sites, which is higher than stimulation currents required for intraspinal 

microstimulation (Moritz, et al. 2007). We also wanted to understand any circumferential effects 

electrode position had on threshold. We took the previous mathematical ellipse model described 

in Section 3.3.1.A and matched the physical dimensions of the manufactured array and electrode 

locations to the perimeter of the ellipse model. From there we normalized back to a circle to 

compare stimulation threshold by electrode along the dorso-ventral axis as seen in Figure 3.4.6.A 

Figure 3.4.6. Circumferential Stimulation Thresholds. A. A circular model of implanted 

electrodes around the cord B. The stimulation response as a function of electrode position 

shows a trend towards higher ventral thresholds compared to dorsolateral responses. 
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We then collapsed the electrode position along the vertical axis to obtain the comparison of 

radial electrode position to stimulation intensity seen in Figure 3.4.6.B. Overlapping datapoints 

due to threshold symmetry were maintained during analysis but separated for visual clarity in the 

figure. Interestingly we see a slight trend towards higher thresholds at the ventral aspect of the 

cord for unipolar stimulation.  

In addition to unipolar stimulation to a distant ground we also tested bipolar stimulation 

paradigm across electrodes within an array following the same stimulation ramp protocol. We 

tested a C7 array in all possible combinations with stimulation up to 700µA. The data are 

summarized as threshold movement + suprathreshold movements color coded alongside their 

numerical value in Table 3.4.1. Of note we see that the summary matrix is not symmetrical along 

the diagonal, indicating there are potentially anodal and cathodal factors of stimulation that affect 

or change the exact pathway by which movements are evoked. This presentation of C7 data also 

highlights the great variety of responses present during bipolar stimulation. It has been 

hypothesized and explored in spinal stimulation EMG data (Sharpe and Jackson 2014) that 

temporally separated, paired stimulation delivered to two sites generate motor outputs that sum 

linearly in time. In that framework some data was collected at 0 ms delays from dorsal and 

ventral paired stimulation. For Sharpe it appeared to trend that responses to paired dorsal 

stimulation remained a linear combination while a ventral paired stimulation displayed nonlinear 

behavior. Our dataset allows us to explore these combinations in depth as depicted in Figure 

3.4.7. We first broadly categorized movements into flexions or extensions at the distal (hand, 

wrist, finger) or proximal (bicep and tricep) levels. Using the unipolar stimulation data as a 

reference we built out the theoretical linear combination hypothesis map. We then compared the 

data to the hypothetical linear combination and counted both addition (movements that actually 
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occurred but weren’t predicted) and subtraction errors (movements that were expected to occur 

but didn’t). We could then tally the total number of errors as a measure of deviation from 

linearity. We found that the superposition principle that was touted for combinational EMG did 

not hold well at the categorical level. We found only 23.21% of sites were correctly predicted 

with 59 total errors (in a space of 56 bipolar combination pairs).  
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     Cathode 
 
Anode 

E1 E2 E3 E4 E5 E6 E7 E8 

E1   R fing flex 
500uA 

R thumb 
flex 500 

L wrist flex 
and tri 500 
+L fing 

flex, R tri, 
wrist flex 
600 

R tri, wrist 
flex  
L tri 600 

R tri, wrist 
flex 500 

R tri, wrist 
flex 500 

E2  R tri, wrist 
flex 500 

R fing flex 
400 

R tri, 
 R wrist 
flex 500 

R tri, wrist 
flex 400 

R fing flex, 
lat, tri 
L wrist flex 
500 

R tri, wrist 
flex 400 

R tri, fing 
flex 400 

E3 R fing flex 
400 

R thumb 
and finger 
flex 400 

R tri, wrist 
flex 500 

R fing flex, 
ulnar dev 
300 

R finger 
Flex 300 

R fing flex 
300  
+ R wrist 
flex 400 

R hand 
grasp, wrist 
ext 400 
+ tri wrist 
flex, fing 

flex 500 

R tri, fing 
flex 400 

E4 R thumb 

flex 400 

R thumb 

ext, tri 500 

R fing flex 

600 

     

E5 R thumb 
500 
+ R fing 

flex, tri, L 
tri 600 

R wrist 
flex, tri 500 

R wrist 
flex, fing 
flex, tri 500 

 L tri 500    

E6 R fing flex, 
wrist flex, 
L tri 600 

R tri 400 
+ R wrist 
flex 500 

R tri, wrist 
flex 500 

  L tri 600 L tri 400 L tri 400 

E7 R wrist 
flex, tri 400 

R wrist 
flex, tri 400 

R wrist 
flex, tri 400 

L tri 600 L tri 600 L wrist flex 
600 

  

E8 R wrist 
flex, tri 500 

R tri, fing 
flex 400 

+ Rwrist 
flex 500 

R fing flex 
400 

L ulnar dev 
700 

L thumb 
flex 400 + 

L ulnar dev 
500 

L tri, wrist 
flex 600 

L tri 700  

Table 3.4.1. Array Design 2.0 Monkey O C7 Bipolar Stimulation Summary 

Table 3.4.1 shows a full list of movements evoked by bipolar stimulation across all possible 

electrode pairs. The diagonal contains unipolar anodal-first stimulation to a distant ground. 

We may naïvely expect to see a symmetric matrix however there may be anodal and cathodal 

effects changing the outputs of inverse responses between electrode pairs. 
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Theoretical E1 E2 E3 E4 E5 E6 E7 E8

E1 0 R PE,  R DF R PE,  R DF 0 L PE L PE 0 0

E2 R PE,  R DF R PE,  R DF R PE,  R DF R PE,  R DF R PE,  R DF, L PE R PE,  R DF, L PE R PE,  R DF R PE,  R DF

E3 R PE,  R DF R PE,  R DF R PE,  R DF R PE,  R DF R PE,  R DF, L PE R PE,  R DF, L PE R PE,  R DF R PE,  R DF

E4 0 R PE,  R DF R PE,  R DF 0 L PE L PE 0 0

E5 L PE R PE,  R DF, L PE R PE,  R DF, L PE L PE L PE L PE L PE L PE

E6 L PE R PE,  R DF, L PE R PE,  R DF, L PE L PE L PE L PE L PE L PE

E7 0 R PE,  R DF R PE,  R DF 0 L PE L PE 0 0

E8 0 R PE,  R DF R PE,  R DF 0 L PE L PE 0 0

Actual E1 E2 E3 E4 E5 E6 E7 E8

E1 0 0 R DF R DF L DF R DF, R PE, L PE R DF, R PE R PE, R DF

E2 0 R PE,  R DF R DF R DF, R PE R DF, R PE R DF, R PE, L DF R PE, R DF R PE, R DF

E3 R DF R DF R PE,  R DF R DF R DF R DF R DE R PE, R DF

E4 R DF R DF R DF 0 0 0 0 0

E5 R DF R DF, R PE R DF, R PE 0 L PE 0 0 0

E6 R DF, L PE R DF, R PE R DF, R PE 0 0 L PE L PE L PE

E7 R DF, R PE R DF, R PE R DF, R PE L PE L PE L DF 0 0

E8 R DF, R PE R DF, R PE R DF L DE L DF L PE, L DF L PE 0

Additions E1 E2 E3 E4 E5 E6 E7 E8

E1 0 0 0 1 1 2 2 2

E2 0 0 0 0 0 1 0 0

E3 0 0 0 0 0 0 1 0

E4 1 0 0 0 0 0 0 0

E5 1 0 0 0 0 0 0 0

E6 1 0 0 0 0 0 0 0

E7 2 0 0 1 0 1 0 0

E8 2 0 0 1 1 1 1 0

Subtractions E1 E2 E3 E4 E5 E6 E7 E8

E1 0 2 1 0 1 0 0 0

E2 2 0 1 0 1 1 0 0

E3 1 1 0 1 2 2 2 0

E4 0 1 1 0 1 1 0 0

E5 1 1 1 1 0 1 1 1

E6 0 1 1 1 1 0 0 0

E7 0 0 0 0 0 1 0 0

E8 0 0 1 0 1 0 0 0

Total Errors E1 E2 E3 E4 E5 E6 E7 E8

E1 0 2 1 1 2 2 2 2

E2 2 0 1 0 1 2 0 0

E3 1 1 0 1 2 2 3 0

E4 1 1 1 0 1 1 0 0

E5 2 1 1 1 0 1 1 1

E6 1 1 1 1 1 0 0 0

E7 2 0 0 1 0 2 0 0

E8 2 0 1 1 2 1 1 0

Figure 3.4.7. Linearity Analysis of Bipolar Stimulation at C7. From the top down a 

Theoretical map of superpositions was created by adding the responses to unipolar 

stimulations across pairs. The data was lateralized and categorized by movement type for ease 

of comparison (L PE = Left Proximal Extension (Triceps), R DF = Right Distal Flexion 

(finger or wrist)).  
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EMG Responses 

In another experiment we were able to capture EMG from 4 ispilateral muscles during a 

small subset of unipolar and bipolar stimulation ramp sets. The stimulation-triggered averages 

(N=25) are presented in Figure 3.4.8. 

 

 

3.4.E Design Feedback 

A variety of mechanisms contributed to failure of the chronic implants. Table 3.4.2 

summarizes experiment duration and endpoints. Only one of the three failures was directly 

Figure 3.4.8. Ipsilateral EMG Responses to Unipolar and Bipolar Stimulation. 

Electrodes 2-4 were stimulated with single pulse stimulations from 100-700uA using a ramp 

stimulation protocol while Monkey T was sedated. EMG recordings were taken from four 

dominant and oppositional arm muscles. Bipolar stimulation produced higher amplitude 

outputs than either unipolar stimulation site. Altering the polarity of the stimulation (E3/E4 vs 

E4/E3) produced slightly different responses. 
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related to the flexible array technology; the remainder were related to connectors, perioperative 

management, and preexisting health concerns. 

Pain management appears to be a major limitation in working with non-human primate 

models of reanimation. We noted during the recovery period post-surgery for all animals that 

there was a fine line to balance between ensuring the animals’ post-surgical pain is dulled and 

not causing undue stress and over treating pain. Pain management is already a multifactor 

problem in veterinary medicine where ordinal scales and physician conversation can’t take place 

(Di Vicenti 2013). Confounding that with destabilizing spinal surgery adds yet another layer of 

complexity to the care process. With extensive spinal cord surgery the animal is at risk of severe 

spinal cord injury in response to hyper flexion or hyperextension of the spine post-surgery. There 

are not standard bracing systems in place for behaving primates and the bone fusion process to 

recover from a spinal surgery is expected to take more than 8 weeks (Boden 2002). This long 

recovery is a large risk window for overuse injuries. In one animal we observed an acute SCI as 

a result of hyperextension against the bracing material on the dorsal aspect of the vertebrae. The 

second animal was observed with a slightly ruptured C7 disc on X-ray which was shortly 

followed by a constriction of the spinal column likely caused by electrode migration following 

increased mobility of the spinal column. We hypothesize that both of these failure mechanisms 

were caused by poor control over the spinal fixation and forces produced by the adult primates. 

The third animal was put down due to complications from a previous procedure that affected 

Animal Implant Location Implant Duration [days] Failure Mechanism 

Monkey T C5, C7 23 Electrode Translation 

Monkey V C5, C7 9  Unrelated   

Monkey O C5, C7 3 Induced Cervical SCI 

Table 3.4.2. Array 2.0 Implant Durations and Failure Mechanisms. 
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cortical function and likely incurred a spinal cord injury during a seizure unrelated to the surgical 

protocol.  

The promising early results seen with subdural flexible arrays were compromised by 

mechanical problems in the chronic setting that ultimately led to premature electrode failure in 

several tests.  The motor responses were very encouraging and the concentration of response on 

the ventral aspect of the cord encourages more design on approaches for accessing that new 

territory. Future designs look towards integrating more robust fixation techniques while 

maintaining flexibility in stimulation layout. Our linearity analysis calls into question the 

prevailing thought that motor outputs to paired stimulation acts linearly. While poor linearity is 

undesirable from an engineering systems perspective, the fact that we can create wholly new 

subsets of movements that are not necessarily bounded by the original electrode placement is a 

potential advantage for the future of spinal stimulation as a restorative paradigm. 

3.5 DESIGN 3.0 

Design 3.0 prompted rethinking access to the ventral aspect of the spinal column. 

Discussions with spinal neurosurgeons including Drs. Christoph Hofstetter, Trent Treadway, and 

Jeffery Roh around the failure mechanisms seen in chronic implantation of Design 2.0 all moved 

towards existing, well-tolerated spinal instrumentation. Our initial designs were predicated on a 

dorsal surgical approach mirroring existing spinal stimulation, fixation hardware, and electrode 

placement techniques. Design 3.0 altered this paradigm by separating the dorsal and ventral 

electrodes and adapting a ventral approach and mirroring the orthopedic safety profile of well-

established cervical total disk replacement technologies. By combining the established protocols 

of dorsal epidural stimulation with paddle electrodes and ventral epidural stimulation using 

adapted cervical replacement disks instrumented with electrodes we hoped to improve the safety 
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profile of the electrodes while maintaining the variety of motor outputs seen with earlier design 

revisions. We tested the ventral aspect of the protocol in acute preparation but were unable to test 

them in concert. 

3.5.A Design 

For Design 3.0 we proposed a two part implant that separates dorsal and ventral electrodes, 

minimizes structural damage during implantation, and maintains access to the ventral stimulation 

targets accessed by the previous generations of electrodes. 

The ventral electrodes are 

integrated into existing styles 

of tolerated disk replacement 

implants. A variety of 

commercially-available 

designs exist including static 

polymer, static metal alloy, 

and articulated designs 

(Cincu 2014) are available 

which are used to alleviate 

pain and motor symptoms 

caused by disk herniation. Importantly, multiple disk segments can be surgically replaced using 

this technique as illustrated in Figure 3.5.1. In traditional disk replacement surgeries the dorsal 

aspect of the replacement disk is in close proximity to the ventral aspect of the spinal canal. 

Surgical consultation with collaborating neurosurgeons confirmed that the procedure could easily 

be adapted to place a modified disk on the subdural space of the spinal cord.  

Figure 3.5.1. Radiograph of adjacent articulated cervical 

replacement disks in a human subject while maintaining range 

of motion. Adapted from Cincu 2014. 
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The other half of the array design could be addressed using existing clinical dorsal epidural 

techniques. Flexible paddle electrodes, either commercially available for dorso-medial coverage 

or as designed in Array 2 for dorsolateral coverage could be inserted in the same procedure with 

much less invasive protocols compared to array Designs 1 and 2 standard protocols. 

Two electrodes sets were manufactured to test the feasibility of the technique. First, a set of 

four plug-style electrodes were hand made using the same methods as outlined in Chapter 2 with 

only one contact per site. These insulated plugs were ~1mm in diameter when insulated and 

designed to slip into pre-drilled holes directly though the vertebral body and rest on the ventral 

epidural aspect of the spinal cord. A second electrode was manufactured in the style of existing 

cervical disc replacements using 

biocompatible polyether ether 

ketone (PEEK) (Sigma Aldrich, St. 

Louis MO), Figure 3.5.2. A small 

piece of PEEK was machined into 

a 5x4x2mm block and five Pt/Ir 

electrode wires were inserted 

through .5 mm holes drilled 

longitudinally through the block 

and secured with silastic. The wires 

were soldered to connector leads within a silicone catheter alongside a low-impedance ground 

wire and again sealed with silastic. Trace impedances for the replacement disc array were 10.4 

±4 kΩ and the plug array was 25.5±8 kΩ at 1kHz. 

Figure 3.5.2. Modified Replacement Disc Electrode 

used for Array 3.0 

5 mm 
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3.5.B Surgical Protocol 

The ventral approach required a novel surgical procedure very different from previous 

strategies and took place in two parts. A procedural schematic of the implant protocol can be 

seen in Figure 3.5.3. 

Figure 3.5.3. Cross Section Illustration of Surgical Protocol for Array Design 3.0. A. The animal 

is positioned prone on the operating table. B. Soft tissue is resected and a small 

hemilaminectomy gives access to the dorsal epidural aspect of the cord. C. The dorsal array is 

placed. D1. For the ventral plug design the animal is flipped supine, a midline incision is made 

and vertebrae exposed. A series of holes is drilled through the vertebral body. E1. Electrodes 

leads are placed into the holes and secured with methyl methacrylate. D2. For the disk 

replacement design the intervertebral disk is removed (orange). E2. A pre-sized replacement disk 

is slid into place and the two adjacent vertebrae are fixed at the vertebral body with standard 

fixation hardware. 

A. B. C. 

D1. E1. 

D2. 
E2. 
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The surgical process was assisted via intraoperative fluoroscopy to verify ventral vertebrae 

positions. The animal (Female, M. nemestrina, 6.8kg) was sedated under isoflurane anesthesia 

and placed supine on an air support bag to cradle the head and neck. Electrocautery was used to 

open 8cm M/L in the mid-cervical region. Blunt dissection using fingers was used to gently part 

the underlying air sacks and fascia away from C4-C7 vertebrae and expose the vertebral bodies. 

Connective tissue on the vertebrae was removed and a needle inserted into the disc between two 

arbitrary vertebrae as a landmark for in-surgery imaging.  

A fluoroscopic image was used with the needle as reference to identify exposed vertebrae. 

The plug electrodes were inserted first. We located C5 and C7 vertebrae and used a small bore 

drill bit (1mm) to drill 2 holes per vertebrae spaced ~2mm evenly from midline in the M/L plane. 

We initially intended to insert electrodes in the holes until the pressure of the ventral dura was 

felt. A small needle ground wire was placed under the skin at the dorsal midline of the animal. 

Figure 3.5.4 shows fluoroscopic images of the implantation procedure. 

Figure 3.5.4. Fluoroscopic images obtained during the Array 3 experiment. A A reference 

needle was used for identifying vertebrae from the ventral approach. B. Two plug electrode 

arrays inserted in C5 and C7 vertebral bodies. C. Schematic of idealized implant locations 

from the ventral view perspective. 

A. B. C. 
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The modified replacement disk electrodes were then placed following traditional disk 

replacement protocols. Briefly the C4/C5 disc was removed using a kerrison punch, scalpel, and 

small curette and the bone faces were cleaned and smoothed using a 2mm burr bit to expand and 

shape the disk replacement opening. We chose the C4/C5 disc for two reasons, first to explore a 

previously unmapped location, and second to not interfere with the existing plug electrode 

placements. The modified disk was then press fit into the matching space and ground wires were 

attached to the dorsal lead. 

The surgical protocol for chronic implantation was designed to take place in two phases, 

separated by a week of recovery and monitoring. In the first surgery a cortical housing would be 

installed to house connectors and any cortical implants. Second, the dorsal electrode array would 

be implanted and leads would be routed up to the cortical housing. The animal would be 

overturned in surgery and the dorsal electrodes would be placed. The animal was sacrificed 

following the experiment per WaNPRC Tissue Program protocols for organ harvesting. 

3.5.C Experimental Methods 

We were able to test one acute ventral preparation. In this proof-of-concept experiment we 

stimulated each of the electrodes and electrode pairs within the plug array and replacement disc 

while the animal remained under isoflurane anesthesia post-implant. At each site a stimulation 

ramp as previously described and accompanying auditory tick was used to probe stimulation 

thresholds at all sites matching stimulation techniques for Design 2.0. Bipolar pairs of electrodes 

were tested using biphasic, anodal first single pulse stimuli. The animal was visually inspected 

for signs of hand and arm movement. Threshold was determined as the current (in 50µA) steps 

which elicited a movement 100% of the time. When threshold was found to be less than 100µA 
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we found the lower threshold to the nearest 5µA. We also tested the motor responses to a 

paradigm of 40Hz trains of stimuli delivered for 500ms at .5Hz intervals.  

3.5.D Stimulation Results 

We tested the stimulation responses to four individual plug electrodes placed on the left and 

right ventral aspect of C5 and C7 vertebral bodies, as well as a custom 6-lead instrumented 

replacement intervertebral disc placed between C4 and C5 vertebrae. Motor threshold for the 

plug electrodes were 366±28µA with a standout low threshold response of 45 µA at C5-R which 

was likely caused by advancing the electrode through the dura during insertion. 

The stimulation results from Design 3.0 were very comparable to the Array 2.0 results with a 

full spectrum of movements seen in response to stimulation through each all of the 4 electrode 

plugs placed in C5 and C7. Bilateral movements including proximal and distal flexion and 

extension were seen. We also tested each stimulation pair with trains of stimulation at 40 Hz, 

which produced strong, robust movements for the duration of the .5s stimulation duty phase and 

did not appear to fatigue through multiple stimulations. Full summary datasets are reported 

below for completeness: 
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Summary responses to single stimuli  

 
 

Summary Responses to 40 Hz trains 

 
 

The single replacement disc array we tested similarly easy to place and secure, however 

verification of positioning was difficult even with the aid of in-surgery fluoroscopy. We were 

forced by the placement of the earlier plug electrodes to move the disc array rostrally to the 

C4/C5 segment where we expected to have responses dominated by proximal movements. 

Biceps contraction was the only response we saw and thresholds were much higher than all the 

other designs we had tested (1012 ±125µA). Biceps responses were lateralized on the right side 

Site Stim Type Current [uA] Threshold [uA] L Motor Outputs R Motor Outputs

C5-L single 400 350 BR, delt

C5-L single 700 350 BR,delt, Bi

C5-R single 45 45 delt

C5-R single 60 45 Bi, delt, 

C5-R single 90 45 Bi, Delt, BR

C7-R single 350 350 FDS, ulnar, thumb flex, thumb adduction

C7-R - C5-R single 50 50 BR, supinator, Bi

C7-L single 400 400 Tri

C7-L single 450 400 Tri, Fing Flex

C7-L single 800 400 Tri, Fing Flex, Thumb flex

C7-L - C5-L single 350 350 delt

C7-L - C5-L single 500 350 delt, tri

C5-R - C7-L Single 60 60 Bi

C5-R - C7-L Single 300 60 lat Bi

C5-R - C7-L Single 500 60 Fing Flex, Lat Bi

C5-L - C7-R single 350 350 delt fing flex, thumb flex

C5-L - C7-R single 700 350 bi, delt fing flex, thumb flex

C5-R - C5-L single 60 60 delt

C5-R - C5-L single 200 60 delt BR

C5-R - C5-L single 600 60 delt BR

C7-L - C7-R single 300 300 tri Fing Flex

C7-L - C7-R single 350 300 Fing Flex, thumb flex, tri Fing Flex

C7-L - C7-R single 700 300 Fing Flex, thumb flex, tri Fing Flex

Site Stim Type Current [uA] Threshold [uA] L Motor Outputs R Motor Outputs

C5-L train 350 350 BR, delt

C5-L train 700 350 BR, delt, Bi

C5-R train 45 45 Bi, Delt

C7-R train 300 300 strong grip, finger flex, Bi, FCU

C7-R - C5-R train 350 350 BR, supinator, Bi

C7-L train 450 450 Tri

C7-L train 500 450 Tri, Fing Flex, Thumb flex

C7-L - C5-L train 350 350 delt

C7-L - C5-L train 700 350 delt, tri, bi, pec, finger flex

C5-R - C7-L train 40 40 Bi

C5-R - C7-L train 300 40 lat Pec, Bi

C5-R - C7-L train 500 40 Fing Flex, Lat Pec, Bi

C5-L - C7-R train 300 300 delt fing flex

C5-L - C7-R train 600 300 delt,bi,tri,wrist ext fing flex, thumb flex

C5-R - C5-L train 60 60 delt, BR

C5-R - C5-L train 400 60 delt delt, BR

C7-L - C7-R train 300 300 thumb flex Fing Flex

C7-L - C7-R train 600 300 Fing Flex, thumb flex, pronator Fing Flex, thumb flex, pronator

C7-L - C7-R train 700 300 Fing Flex, thumb flex, wrist flex Fing Flex, thumb flex, pronator
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of the array but bilateral responses appeared throughout midline and left side electrodes failed to 

produce a motor response even with up to several milliamps of current, leading us to believe 

there was a fault in the manufacture and current was not reaching the electrodes. 

Summary Replacement Disc responses: 

 
 

3.5.E Design Feedback  

The surgical protocol for the ventral approach was significantly easier than the previous array 

designs. Insertion took less than 30 minutes for all arrays and the amount of bone structure 

removed was minimal. Even when coupling this protocol with a hemi-laminectomy to place a 

dorsal array in tandem the subject will lose almost no structural bone support. Adapting a 

protocol that is already in human practice is a much more robust framework for experimental 

longevity.  

The stimulation results from the quick design test also were encouraging in the that we could 

reproduce a full range of movements encompassing both hands, anti-gravity biceps movements 

as well as proximal deltoid with just 4 electrodes. Combining these four stable electrodes with 

even a standard small dorsal column stimulating array could be valuable for patients with 

mobility impairments. There are two suggested next steps in the tests that should be pursued 

based on discussions with practicing neurosurgeons. First, we should adapt existing, well-

tolerated human implant hardware currently used for spinal stabilization and disc replacement. 

Commercially-available, pediatric-sized replacement discs offer the manufacturing precision and 

Site Stimulation Current [uA] Threshold L Motor OutputsR Motor Outputs

Site 1 Single 950 950 Bi

Site 2 Single 950 950 Bi

Site 3 Single 1200 950 Bi Bi

Site 4 Single 1200 1200 Bi Bi

Site 5 Single 3000 N/A

Site 6 Single 4000 N/A
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physical sizes necessary for long-term primate experimentation. Simple aftermarket 

modifications can allow the addition of electrodes and possibly even embedded stimulation 

electronics. Second, we should expand the adapted hardware platform to acute testing in human 

subjects with existing conditions requiring disc replacement in cervical region.  It is a viable path 

to perform acute tests in-surgery using modified versions of the same hardware that the patient is 

receiving permanently. Current surgical protocols allow for multiple implant fittings during 

surgery and by opening up the experimental protocol to otherwise healthy individuals with a 

minor skeletal issue we could greatly expand the population available for implant testing and 

validation while maintaining the current low-risk profile of replacement disc implants. 

3.5.F Summary Discussion 

This is the first set of experiments to investigate a novel platform for interfacing the cervical 

spinal cord to induce upper limb movement, in primates. Overall we found that these arrays are 

capable of producing the necessary spectrum of naturalistic movements for use in functional 

neurorecovery. Serious challenges were encountered in the longevity of early designs. Balancing 

post-operative pain, animal movement, and surgical risk are highly complex in the non-human 

primate model. The lack of primate-specific braces, and self-managed medication regiments, as 

are present in human protocols, underscores the difficulty in working with this model organism. 

The robust movements elicited using the paradigms of design 3.0 are encouraging steps towards 

spinal BMI platforms with maximized motor outputs and specificity alongside minimal surgical 

risk. 

MECHANISMS OF ACTION 

We did not explicitly address the exact mechanisms by which movement was produced. 

Several factors may contribute to the variety of motor responses observed. Activation areas in 



84 

response to electrical stimulation are expected to fall off with distance squared and the low 

stimulation currents at threshold (<250µA) suggest that direct neuronal activation is likely not 

the main activation pathway. Previous work and simulation of cortical neuronal tissue suggests 

that fibers of passage have lower stimulation thresholds than cell bodies (Gustafasson 1976, 

Histed 2009). Computational models of electrical stimulation for hindlimb stepping in rats 

(Cappograsso 2013) also suggest that trans-synaptic activation is the predominant mechanism in 

response to intraspinal microstimulation, which in theory should be activating tissue even closer 

to spinal motoneurons.  

Our observations that most stimulation sites produce multiple movements also suggests that 

the path is not directly tied to ventral motoneuron activation and is likely mediated by 

stimulating fibers from interneurons and intraspinal tracts. We also observed no occurrences of 

purely oppositional movement, indicating that the stimulated systems likely were mediated via 

interneurons or fibers rather than directly stimulating efferent motoneurons which would be more 

likely to produce a more random pattern of muscle activation. The latencies we observed (all 

>5ms) also provide evidence that the mechanisms is polysynaptic since it is much later than the 

~2.6ms activation time we would expect from a direct activation model.  

Trans-synaptic and interneuron-mediated interactions may indeed be an advantage of spinal 

stimulation for motor reanimation. We observed robust, synergistic movements that aligned with 

natural behaviors across all implant designs. We also know that spinal stimulation produces a 

more natural recruitment order than nerve stimulation in the muscle fibers carrying out those 

movements, which decreases fatigue and may increase strength (Mushahwar and Horch 2000, 

Bamford 2005). Finally, we know that circuits in the spinal cord remain functional after injuries 

that alter descending commands. The post-injury stability of ISMS motor function observed in 
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rats (Sunshine 2013) may not be exactly consistent in primates and humans due to disparity on 

descending command loss; however there are cases of injured primates controlling spinal 

stimulation paradigms for functional recovery (Nishimura 2013b). Likely many mechanisms of 

action converge to produce robust movements and additional experiments will be required to 

tease out the contribution of each. 

 

BMI APPLICATIONS 

The ultimate goal of this work is to further the tools available to BMI researchers, 

technologists, and clinicians as we strive to deliver the most intuitive and capable rehabilitative 

paradigms for people suffering from spinal cord injury. Pioneering work by Moritz (2008), 

Pohlmeyer (2009), Bouton (2016), and Ajiboye (2017) have shown that the brain can drive 

control signals that restore some level of natural function to the upper limb with functional 

electrical stimulation of the forearm muscles. Computationally this can be a difficult problem 

with 32 muscles of the hand, arm and forelimb (most not easily accessible through surface 

stimulation) working in concert to produce movements. Recruitment order and fatigue concerns 

aside, surface spinal stimulation appears to provide a natural range of movements from a lower 

set of dimensions that can be more easily encoded in stimulation to produce movement, and 

likely a more intuitive control paradigm for BMI applications. In the case of prolonged use it is 

likely that both learning and plasticity may be present in spared pathways that will further 

increase control and function (Nishimura 2013b). 

While robotic systems may allow completion of pre-programmed tasks (Hochberg 2012), the 

psychological agency of a patient is removed. Based on previous surveys of patient desires we 

maintain that the spinal cord is the optimal level for reanimation to restore fine motor skills. 

Foundational tools for interfacing with the spinal cord are a platform on which advances in 
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cortical decoding (Branco 2017), new control algorithms (Lebedev 2017), and closed-loop 

feedback (Bensmaia 2014, Zimmerman 2014) can be built just as in the development of many 

cortical brain computer interfaces (Moran 2010). Challenges remain around longevity which may 

be mitigated by combining spinal stimulation with established orthopedic technologies as 

preliminarily reported in our Array Design 3.0. Moving forward with the project we would 

suggest changing the design of Array 3.0 to retrofit existing, commercially available pediatric 

replacement disk technology, either articulated or solid, with electrodes so that all established 

hardware technology can be used. A solid spinal base implant using a ventral approach could 

then be coupled with a minimally invasive dorsal epidural electrode to give almost 

circumferential coverage at any level. Ideally as miniaturization technology advances the ventral 

hardware could physically house implanted electronics controlling stimulation and recording 

electronics (Shadoost 2018). 

3.6 CONCLUSIONS 

Spinal implants in primates are notoriously challenging and this project was no exception. 

The motor outputs from acute tests and the early phases of chronic testing in primates were very 

promising. Cervical epidural stimulation produced motor outputs to the hand and arm that were 

consistent across subjects and followed expected rostral-caudal organization. Surgically, the 

ventral aspect of the spinal cord in the cervical region is an accessible target motor pool that 

holds distinct promise for future restorative technologies. Early tests of motor function produced 

strong motor outputs in all three design revisions. Chronic implantation of electrodes around the 

spinal cord produced mixed results. Initial implant recovery timelines were promising but second 

generation designs did not provide adequate movement with the spinal cord and led to premature 

failure for both electrode-related and other reasons. The third revision of the device was most 
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promising. Ventral spinal stimulation offers much promise for motor recovery of hand and arm 

function. Robust, differentiated, bilateral movements were seen throughout testing and adapting 

existing surgical techniques for a new purpose could solve the remaining design issues and bring 

the technique to many patients currently without therapeutic options for treatment. 
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Chapter 4. vHAB: A Gamified Therapy and Assessment Platform for 

Recovery After Neuromuscular Trauma 
Build and test a novel platform for closed-loop rehabilitation of hand and arm function in 

patients undergoing physical therapy for stroke and spinal cord injury. 

 

SUMMARY OF CONTRIBUTIONS 
 

This chapter was first published in part as Chapter 4 of Tyler Libey’s Ph.D. Thesis titled: 

Restoring function after neuromuscular trauma: novel paradigms and tools for volitional control 

of neural activity in untethered environments and vHAB: a gamified therapy intervention tool for 

post-injury rehabilitation. This engineering and clinical work involved many researchers and 

clinicians and wouldn’t have been possible without a team effort. Tyler Libey, PhD and I 

conceived of the system and made system-level implementation decisions. I architected the 

therapist/patient workflow, designed the therapeutic activities, and recruited therapists and 

patients. I also designed the hardware specifications, making many versions of the original EMG 

recording system and sensor positioning system. I designed the clinical study, wrote and received 

the IRB approval. Together we performed pilot testing, collated subject data, and analyzed 

subject data. 

A clinical case study is in preparation for publication and the full patent citation (included 

in section 4.10) follows: 

Libey et al. System and methods for automated administration and evaluation of physical therapy 

exercises. Patent Application 15/154,382. 13 May. 2016. 
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4.1 BACKGROUND 

4.1.A Introduction 

 Injuries affecting the upper extremity, from the shoulder down through the hand have a 

disproportionate impact on overall quality of life and long-term independence. These injuries 

encompass direct trauma to the limb, cases of bone fracture, dislocation, and soft tissue damage 

as well as higher-order injuries to neural control of limb movement for a variety of conditions 

including stroke, spinal cord injury and neuro-degenerative conditions. The clinical practice of 

rehabilitation is one of the most important aspects of long-term recovery from these injuries. 

This is especially true for neurological trauma like stroke and spinal cord injury which require 

the re-learning of skills after loss of function. Repetitive practice, broadly through the forms of 

physical and occupational therapy, can lead to neural plasticity allowing patients to regain 

function over time. For a complete review see Duncan and Lai 1997 [1], Richards and Pohl 1999 

[2], and van Der Lee 2001 [3]. Compared to lower limb dysfunction, regaining upper limb 

function may be more difficult to achieve [4] but brings significant improvements in quality of 

life. For patients suffering from paralysis after stroke, recovery is highly dependent on the 

severity of injury. Stroke has significant heterogeneity and there is much ongoing research on 

what levels of treatment bring the optimal outcomes for varying levels of injury. Motor loss 

localized to one side of the body, or hemiplegia, and general limb weakness affects 

approximately 80% of patients following stroke, creating a huge annual population of patients 

with clinical need for rehabilitation. 

 Rehabilitation comes in a variety of specific techniques, most of them involving 

repetition of specific activities with different types of feedback and sensory support. Traditional 

upper extremity interventions include neurodevelopmental techniques, bilateral arm training, 
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strength training, task-specific training, trunk restraint, sensorimotor stimulation and training, 

mental practice, splinting, constraint-induced movement therapy, and mirror therapy. The major 

categories are detailed below. Recent technology developments and a health system-wide focus 

on evidence-based care have also fueled innovation in the robotic and digital health delivery of 

therapy as detailed below. Full context is important for understanding the design choices, 

parameter space, and long-term goals of developing new technology-based interventions for 

functional recovery post-injury. These techniques have been clinically tested against each other 

in a variety of registered clinical trials; however a great deal of diversity exists in clinical 

practice. This diversity mirrors the heterogeneity of stroke and the lack of understanding of 

motor learning and functional output reorganization after an individual’s unique disease 

presentation.  

4.1.B Traditional Rehabilitation 

4.1.B.1  Neurodevelopmental Techniques: 

 Neurodevelopmental techniques focus on inhibiting abnormal muscle patterns and 

highlighting correct activation patterns in patients. Three main varieties have been adopted in 

clinical practice over the years. Brunnstom’s Movement Therapy [5] promotes synergies of 

flexors and extensors during recovery, hoping that natural processes will allow specialization 

later in recovery. Proprioceptive Neuromuscular Facilitation combines manual movement with a 

focus on the patient’s strongest existing movement and verbal coaching to drive functional gains 

[6]. The Bobath approach puts patients in postures opposed to their developing synergies and 

relies on autonomic and reflexive responses to drive correct behavior [7]. These treatments have 
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been found to not be significantly different from each other in patient outcomes [8]. These 

techniques are the basis for many exercises currently performed in clinic. 

4.1.B.2  Task-specific Training: 

 Specific task practice and performance is required for motor learning to occur and has 

been established in the rehab space [9].  The intensity of this training does not directly relate to 

the improvement of function [10].  High intensity, short time programs (3 weeks, 45 min/day) of 

upper limb training periods have shown improvements in limb function and dexterity [11]. Low 

intensity, longer span interventions have reported similar improvements in function [12, 13]. The 

key to this therapy is the task-specific nature of the activities in driving functional outcomes. 

4.1.B.3  Constraint-Induced Movement Therapy (CIMT) 

 CIMT is a slight departure from traditional therapy techniques. To force the patient to use 

the affected limb in more daily scenarios and increase the focus on repetitive use of the injured 

limb therapists bind the unaffected limb, constraining it, and preventing the patient from using 

their good limb for compensatory strategies [14].  Meta-analyses of the technique have shown an 

improvement across a variety of clinical functional assessments, including Wolf Motor Function 

Test, Action Research Arm Test, and the Fugl Meyer Assessment [15].  In most cases patients 

were required to self-administer restraints targeting hours per day and six of seven trials included 

in the review tracked self-reported adherence and compliance; however the one study that 

actually tracked adherence found that patients were averaging less than 50% adherence [16]. 

This underscores an overarching need for compliance monitoring and motivation in rehab to 

maximize patient outcomes as well as building techniques for allowing the patient to focus use 

on the affected limb. 
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4.1.B.4  Mirror Therapy 

 Mirror therapy relies on visual feedback to improve outcomes. The technique was 

originally adopted from the field of phantom limb pain treatment. Patients hide their affected 

limb behind a large mirror and perform rehabilitation tasks with both limbs while doubling visual 

feedback only from the unaffected limb. A review of mirror therapy applications has shown 

improvements in daily function, pain, and neglect [17]. This underscores the importance of 

dynamic positive visual feedback during stroke recovery for neuroplastic and motivational 

purposes. 

4.1.C Emerging Techniques 

4.1.C.1  Robotic Therapies 

 One factor in retraining function for weak or hemiparetic arm function is adding support 

and guiding movement through the use of robotic systems, both active and passive, that can 

support or move the arm through therapeutic movements. These systems benefit from not 

requiring any implicit ability in the disabled hand and have shown significant recovery potential 

in the clinical setting. The first and most notable of these systems is the MIT Manus Robot. The 

Manus and most others allow patients with very limited function to begin motor rehab at the 

earliest stages of recovery. Several studies documenting the use of the Manus over the course of 

a decade have shown definite and sustained patient improvement both in the earliest [18] and 

later stages of stroke progression [19]. There are a variety of robotic devices currently on the 

market. However cost remains a significant barrier to clinical adoption at scale, with robots 

costing between $80k and $1.5M, depending on the model.  
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4.1.C.2  Digital Therapies 

 Advances in computer, sensor, and gaming technology have created a new opportunity 

for delivering and quantifying rehabilitation. Gaming technology has driven the lion’s share of 

the growth of digital rehab. The most relevant platforms thus far have been based on the 

Nintendo Wii [20] and Microsoft Kinect [21]. Preliminary studies listed previously indicate that 

this type of gaming technology provides similar outcomes to traditional therapy techniques, but 

has the added benefit of automatic quantification of therapies and decreased in-person costs. 

While the manufacturer’s platform games have been used in a therapy setting alongside 

traditional techniques, a number of companies are emerging to create novel content using the 

respective sensors. These platforms have the ability to emulate most of the types of therapy listed 

above. These platforms leverage motion capture through specialized infrared cameras and 

skeleton tracking algorithms as well as handheld controllers that transmit accelerometry data to a 

computer to control on-screen actions. The scope and scale of these products allow for capture of 

low-resolution (~10cm) motion capture of normal postures including large arm and shoulder 

movements as well as balance and posture tracking.  

Table 4.1.1 Kinect-Based Therapy Platforms Currently Available 

Company Product 

Jintronix JRS-Jintronix Rehabilitation System [22] 

Reflexion Health VERA – Virtual Rehabilitation Assistant  [23]  

Rehabtics Rehabtics [24]  

Mira MIRA [25] 

RespondWell Respondwell [26] 

5Plus MFAsT [27] 

SPECS Laboratory RGS – Rehabilitation Gaming System  [28] 

GES Therapy GesBalance, GesArcade,GesAircraft [29] 

 While these systems may be able to address large motor deficits in patients post-stroke, 

the technical limitations of the systems and sensors are not applicable directly to hand function 
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recovery. None of the existing Kinect-based systems provide fine resolution for hand motion 

capture or any additional physiological data streams. 

4.1.C.3  Hand-Specific Digital Tools 

 There are several digitally-equipped glove sensors that use cloth capacitance sensors to 

detect finger tapping with the Flint Rehab MusicGlove [30] and the digital exoskeleton from 

Neofect , the RAPAEL [31]. Additional exoskeleton-like passive systems for assistance with 

flexion and extension of the fingers can be purchased from the Saebo Company. Each of these 

glove-based systems brings advantages to the rehabilitation process, from quantifying single 

degrees of freedom in the fingers to providing mechanical support for flexion and extension 

during movement. Gloveless motion capture for hand function has recently been possible at low 

latency and low cost following the release of the commercial Leap Motion sensor. There are a 

few companies with commercially available beta-stage Leap-Motion-based rehab devices 

including Virtualware based in Europe and VirtualTouchTherapy based in the US.   

4.1.D Tools for Clinical Assessment of Motor Function 

 One of the key factors driving clinical excitement about the digital revolution of 

rehabilitation is the ability to bring rapid, automated quantification into the clinical workflow. 

Traditional measures include a host of standard questionnaires and rating scales as well as a few 

basic tasks with primitive outcome measures. A full review of relevant hand and arm qualitative 

questionnaires for documenting hand and arm function are summarized by Baker et. al [32]. Few 

of these tests incorporate physiological data into determining a patient’s status or progress. 

Quantified assessments are more vague, including the Box and Blocks task, a numerical count of 

the number of small blocks a patient can move across a partition in a minute [33] and the 9-Hole 
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Peg Task, a timed dexterity task requiring patients to remove and replace 9 pegs from holes in a 

board [34]. While they both provide a quantifiable number outputs, neither of these standardized 

tests is based on physiological function or data. Other techniques for assessing recovery include 

surface electromyography and grip dynamometry. Surface EMG is rarely used clinically because 

of the time and effort required by clinical staff to prep skin, apply electrodes, and analyze data. 

Grip dynamometry is also used occasionally to track progress during recovery [35]. Advances in 

digital sensing technology can be leveraged to improve the speed and consistency with which 

complex measurements of the hand and arm are captured and reported. 

4.1.E Factors in Clinical Adoption 

 There are many confounding factors in the adoption of new methods in rehabilitation that 

impact the quality, length, and intensity of rehabilitation. The American healthcare system places 

an enormous burden on the speed and efficiency of care delivered through most channels. Proper 

documentation and billing practices in hospitals, inpatient rehabilitation facilities, skilled nursing 

facilities, and outpatient centers push therapists to deliver care with very little down time. As a 

result of these factors innovation and novel techniques are slow to reach the rehab space because 

there is typically a long delay between innovation and payer acceptance of methods and changes 

in the federal and private payer structures. Consequently, cost and workflow integration are two 

of the biggest challenges when creating solutions for long-term rehabilitation. 

4.1.F The Advantages of Digital Health Solutions for UE Rehabilitation 

 Digital solutions for quantifying and delivering engaging, focused rehabilitation for the 

upper extremity have the opportunity for enhancing the current standard of care and extending 

traditional therapy outside the standard clinical channels. The evolution of low-cost consumer 
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sensors and ubiquitous computing with laptops, desktop computers, mobile phones and tablets 

offers a set of platforms from which rehab can be delivered and quantified in the clinic, in post-

acute settings, and long-term in the home. The continuity of care across the long-term recovery 

allows clinicians and patients the ability to understand small changes in function and manage 

long-term goals to improve recovery potential. Using remote technologies for care management 

lowers costs of healthcare delivery and improves adherence to care when barriers such as travel 

and time, are reduced. The digital world also offers the ability to create engaging simulations and 

repetitive exercises that keep patient’s attention and provide tools and content for educating them 

during recovery while providing task-specific training and repetitions to drive functional 

outcomes. By providing digital solutions that emulate the key drivers of current therapy 

standards we can provide care more consistently and deliver treatment more cost effectively to a 

larger number of patients while tracking detailed data on biometric progress everywhere therapy 

is delivered. 
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4.2 SYSTEM SUMMARY AND DRIVING PRINCIPLES 

 vHAB is a gamified therapy and assessment platform designed to assist patients in upper 

extremity rehabilitation after an injury such as stroke, spinal cord injury, or trauma. vHAB uses 

custom software and commodity sensors to deliver fun and engaging games that emulate real 

therapy tasks (Figure 4.2.1). Therapists can use vHAB with their patients to increase engagement 

in traditional therapy while simultaneously recording fine details of biometric improvement. This 

is all accomplished using a motion capture camera to track a patient’s hand to control custom 

games tailored to specific movements. The patient places their hand approximately six inches 

above the sensor and performs simple movements, such as wrist flexion and extension, which 

controls various in-game objects. We pair the motion capture camera with a muscle activity 

armband to provide further insight into the patient’s arm function. Combining muscle activity 

sensing with the kinematic recordings allows us to provide an unprecedented view of a patient’s 

hand and arm during therapy. Data recorded with the system is automatically analyzed to provide 

detailed measurements to the patient and therapist.  

vHAB combines this ability to view detailed progress with the engaging games to 

enhance adherence to therapy and drive care decisions. vHAB is designed to be used in clinics, 

such as skilled nursing facilities, outpatient centers, and inpatient facilities, as well as the 

patient’s home after they have left the clinic. This continuity of care allows patients to go home 

fully understanding the therapy tasks they should perform to enhance their recovery.  The 

software and hardware that comprise the vHAB system are described in detail in sections 4.3, 4.4 

and 4.5. In sections 4.6, 4.7, and 4.8 we will discuss the use of vHAB in various pilots and 

studies, both at home and in the clinic. In the remainder of this section we will discuss the path 

and design choices made to reach this final system. 



102 

 

 

Figure 4.2.1: vHAB components block diagram. The vHAB system uses commodity hardware 

(orange) and custom software modules (blue) to deliver engaging and cost effective therapy to 

patients recovering from neuromuscular injuries. 

4.2.A vHAB Design Principles 

vHAB did not start out as the system it is today. The first iteration of vHAB was created 

with little thought to the end user. We were designing a game platform partially inspired by the 

Neurogame system created by Moritz et al [52]. The Neurogame system utilized muscle activity 

of the forearm to control a few actions in a commercially available game. Early conversations 

with the system’s creators revealed that patients were able to get much better at the muscle 

activity control aspect of the game itself, but that the improved control did not directly translate 

into functional improvement outside the game environment (C. Moritz, personal communication, 
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March, 2014). We knew then that we had to develop more effective games, and we established a 

few key principles of the vHAB system:  

1) The games are simple to understand, only containing 1 task and 1 goal per game 

module.  

2) The games are based on existing therapy tasks. 

Our main hypothesis relied on the idea that therapy tasks performed in the clinic are the current 

best standard for recovery. We believe that having patients perform those exact movements with 

our system would at the very least be equivalent to the care they were previously receiving, and 

that then we would not fall victim to the same challenges of the Neurogame system. With those 

key principles established, we could then attempt to enhance the therapy experience. These 

advancements were as follows: 

3) Provide feedback to the patient to drive the correct actions 

4) Make therapy engaging to drive adherence in both the home and clinic 

5) Present biometric insight to drive quantified, evidence-based care 

These three principals are clearly evident in existing gamified therapy systems, but have yet to be 

incorporated into a system built from the ground up containing the first two principles. Finally, 

we fully understood that the system needs to be cost effective and easy to use to reach patients 

we set out to help.  This first prototype of the vHAB system included a $20,000 clinical EMG 

recording system and a virtual reality headset. This prototype was too expensive, and difficult to 

set up in practice. This led us to our final development principle: 

6) Use commodity hardware that is accessible to a general population. 

The word accessible refers not only to the cost, but to the usability. We will expand this concept 

further in the sections below. 
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Over the course of this project, we have iterated through 4 main versions of the vHAB 

system to attain these 6 principles. Below we detail some of the major design choices that went 

into building the system. Changes were informed through interviews and focus groups with end-

users and field experts, as well as general user testing of the system with patients and therapists.  

4.2.B Game Design 

As discussed previously, we were strongly inspired by the works of Moritz, among other 

gamified therapy systems previously described. Many of these systems use commercial 

consumer games (AAA games) and pass-through software that translates external sensor data 

into mouse movement or key presses. These systems suffer from three major flaws: 1) learned 

behavior in the game does not always transfer to physiological recovery or performance in daily 

tasks, 2) changes in the AAA game, for either security reasons or game improvement may lead to 

incompatibility with the therapy system, and 3) the game’s inherent design does not reflect the 

therapeutic exercise and may require additional abstraction and training to be effective.  We 

determined early in the design process that to address these flaws as well as meet principles 1 

and 2, we needed to create our own therapy games from the ground up. However his brought to 

light a new problem: we were not therapy experts or game developers.  

4.2.B.1  Task Design through Shadowing and Interviews 

Early in the development process we established ongoing relationships with occupational 

therapists, rehab medicine professors, and other field experts. Common themes were present 

across all of the shadowing and interviews, such as the importance of feedback and functional 

relevance in a task. During a meeting with Dr. Jared Olson at the University of Washington we 

came up with most of our early game concepts and some of our design principles. From this 
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meeting we began development on the first iteration of a reach and grab game and a pinch 

movement game.  

Through a set of meetings with Dr. Janet Powell and one of her Ph.D. students we discussed 

the importance of accounting for compensation during therapy tasks. Patients will often shrug 

their shoulders to move their hand higher or move their trunk to reach further forward. In a 

normal clinical setting this can be accounted for with an attentive therapist’s feedback, but at 

home the patients have no such restrictions or feedback. In our development, we strove to strike 

a balance between ease of use and preventing unwanted compensation. We also discussed the 

importance of time sensitivity for clinicians and therapists. They need simple systems that do not 

interrupt their workflow. Alternatively the system has to be a significant time saver in the long 

run to be of clinical value. Our system attempts to address this issue through the automatic 

documentation and assessments, while also providing increased accountability of the therapists.  

We had the opportunity to shadow therapists in practice at Harborview Medical Center in 

Seattle, Washington. In addition to seeing firsthand the antiquated tools they used, we saw the 

importance of individual finger dexterity and range of motion. One of the most striking 

examples, however, was a therapist playing a “patty-cake” style game with their patient. The 

patient was hemiparetic and suffered from spatial neglect. She struggled to keep her right arm in 

sync with the therapist, but was mostly unaware of her poor performance. The therapist had to 

continuously remind the patient to watch her right hand, and each time she was given that 

feedback she was able to perform slightly better. This showed the importance of using both 

hands concurrently after a hemiparetic injury, and also reinforced the need for audio and visual 

feedback during task performance. After this experience, we began the development of a two-

handed game in which the patient was rewarded for moving both hands simultaneously while we 
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provide immediate visual feedback that addresses some of the difficulties associated with spatial 

neglect. It is also important to note that this task was one of the most complex performed in that 

facility. Most of the other tasks consisted of much simpler movements and instructions, further 

reinforcing our first design principle.  

One of the most important concepts that we are unable to currently address is the use of 

physical objects during tasks. A significant amount of in-clinic therapy uses putties, paper clips, 

playing cards, and pencils that the patient is tasked with manipulating in a variety of ways. We 

knew at the start of our development that we would not be able to view the hand while it is 

holding an unknown object. These objects are not used as often in the home, usually due to the 

complexity of the setup. If a patient struggles to pick up a paper clip from the table, they will 

also likely struggle with getting the paper clip from the packaging or drawer. Additionally, if the 

paperclip falls to the floor they may not be able to retrieve it. This component of the use 

experience was particularly striking. We may not be able to use objects, but we can still design 

an interface and game set that are playable and navigable by the patients. 

Many additional games were developed over the course of two years with similar shadowing 

and interview experiences. We have had the great opportunity to continuously test our 

developing games with these groups, gaining invaluable feedback and ideas for new games and 

assessments. Game development during this time was also supplemented with outside 

knowledge. 

4.2.B.2  Game Mechanics and Graphics 

We knew we were never going to be able to design a AAA game so we began deriving 

inspiration from smaller game development studios who use Unity. Unity is a game development 

platform that uses C# as its main scripting engine and a 3D viewpoint within its IDE to view the 
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game in real time as it is developed. Developing games within this environment was a clear 

learning process that shows through our game development history (Figure 4.2.2). Increased 

familiarity with the software led to clear improvements with the game functionality, leading to 

fewer bugs and better usability. However, we were still limited in our game design skills, and the 

games were often clunky and visually unappealing. We were aiming to develop a system that not 

only utilized principles 1 and 2, but were engaging and fun (principle 4) so that people wanted to 

do their therapy. To help us meet these goals we reached out to a few experts in the gaming field.  

 

 

Figure 4.2.2. Comparison of the Reach and Grab game over time. Left. Initial working 

prototype from April 2014. The patient’s hand was a brown cube that changed height and width 

to represent an open vs closed hand. The task of the game was to move the white cubes into the 

trashcan at the bottom left. UI elements were placed randomly throughout the environment. 

Right. Modern version from May 2016. The icon of  the patient’s hand opens and closes with the 

patient’s hand. The task is functional, in that the patient moves fruit into a bowl. UI elements are 

offset from the environment. 

4.2.B.3  Difficulty 

We knew the importance in designing games that are playable by patients with differing 

degrees of impairment, but we were unsure how to accomplish this. In our case, our adjustable 
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parameters were primarily related to the mapping of real world movement to in game movement. 

By increasing and decreasing the “Sensitivity” values we can make a game easier or harder 

respectively. Increasing difficulty of a standard game can be done automatically as long as it is 

seamless, but in our implementation we are also dealing with issues of fatigue and pain. We met 

with an expert in game difficulty design with experience in designing adaptive educational 

games (Yun-En Liu, personal communication, November, 2014). We discussed these main 

issues and began prototyping multiple systems for handling difficulty control. While we created 

automatically adjusting settings algorithms based on performance or time, we concluded that in 

the early iterations of the system, simple is better.  In the current instance of the system, the 

therapist has full control of the settings while the patient is in the clinic. The home version, 

however, has preset easy, medium, and hard settings. This was a difficult engineering choice, 

where the game design principles were overwritten by the ease of use principles presented from 

the therapists.  While changing settings may take more time, they provide direct control to the 

therapist and do not require increased learning to understand what the system is doing. 

Difficulties are set to the easiest settings for each patient at the start of their therapy. Increasing 

the difficulty is optional at this point, which ensures that the therapists and patients do not 

become frustrated with the automatic-style systems. These automatically adjusting systems will 

be further explored later as we continue to learn more about our system’s use in practice.  

4.2.B.4  Engagement 

Throughout the design process we discussed game design principles with Dave Roberts from 

PopCap Games and Peter Anderson from both Bigfish Games and DoubleDown Entertainment. 

These three companies represent a combination of commercial casual, AAA, and gambling 

games. Showing our system to these individuals brought about two main concepts that we 
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incorporated into the development of vHAB and the fulfillment of principle 3. Firstly, our 

graphic design and game modeling abilities are limited from both a skill and cost perspective. If 

this is the case in other fledgling game companies, traditional practice stresses that it is more 

important to focus on game mechanics and usability rather than trying to improve the visuals of a 

game. Further, steps should be taken to future proof the games so that improvements can easily 

be made. Following this advice, we began modifying existing games to have a plug and play 

visual style. This has allowed graphical transitions as shown in Figure 4.2.2 to happen swiftly 

without slowing down usability of the system. 

Secondly, while addictive is a word we tend to avoid in the medical space, we surely want 

our games to keep people coming back to their therapy on a daily basis. In the casual gaming 

space, this is accomplished primarily with engagement “wrappers” that tie the game’s individual 

mini-games together. A popular example is PopCap’s Peggle which uses Unicorns and other 

animals as mascots throughout the experience, despite the game having nothing to do with these 

fantasy creatures. This concept resonated well with vHAB since each of our games has a 

different theme (or no theme at all). As in the models discussed above, however we did not have 

the expertise to design a theme around our system. To accomplish this we sought an additional 

collaboration with the Digital Future Lab (DFL) at UW Bothell to create our garden wrapper. 

Over the course of 12 weeks, we partnered with the DFL to design the wrapper and modify our 

overall user interface (Section 4.2B). This included the creation of art assets and diagrams 

suggesting the proper use of these assets.  For the wrapper DFL did some initial demographic 

focus group testing of the persons that would fit the skilled nursing facility market. For this 

testing, they proposed both a travel metaphor and a garden metaphor. While the testing was not 

substantive due to time constraints, evidence suggested that the garden metaphor would have the 
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most traction with this market. Again, as in the 3D modeling, we have built the wrapper in a way 

that could be easily extended into a travel, or other themed, metaphor. The garden wrapper sits as 

a separate set of UI elements in the Game Select Screen (Section 4.4.A.7-8) and within the 

games themselves (Section 4.4.B). Within those sections we fully describe the individual aspects 

of the garden wrapper. Overall, we believe the use of the garden wrapper will aid in the patient’s 

desire to return to the system over the course of their recovery.  

4.2.B.5  Instructions and Tutorials 

 As previously discussed, we set out to design simple games, with only one task and one 

movement. While we succeeded fairly well in this game design, we struggled with the patient 

experience with the system. Users were verbally instructed to start with their hand about 6” 

above the sensor, but for nearly all first-time users (patients and otherwise), patients would place 

their hand directly on the sensor, sometimes even picking it up and waving it around. Solving 

this design problem was two-fold: we slightly modified the hardware, which we discuss in 

Section 4.2.D.2 below, and we began creating tutorials within the games.  

 Early tutorials consisted of in-game video overlays (Figure 4.2.3 (Top Left)), which were 

often obtrusive and barely helpful, or a series of looping images in the top left corner of the game 

(Figure 4.2.3 (Top Right)) which were time-intensive to create and had limited success in 

helping patients understand the game. These systems were steps in the right direction but did not 

quite reach the level of instruction we needed. With the help of DFL, we designed non-blocking 

tutorials that led a new user through each game (Figure 4.2.3 (Bottom)). A non-blocking tutorial 

provides information to the user while allowing them to perform the same actions they could 

normally. For example, in Reach and Grab, a user is instructed to reach out and grab virtual fruit 

and place them in a bowl. The tutorial starts with a text popup saying “Place your hand 6” above 



111 

the sensor.” As soon as we detect their hand over the sensor, we show them their virtual hand 

and the text changes to say “Move your hand towards the fruit.” As their virtual hand moves 

towards the fruit we then present them with the next prompt. These tutorials are designed to be 

ignored by experienced users, but helpful for first time users. They allow for general exploration 

of the virtual space and are only presented during the patient’s first play through of the game. 

Any tutorial can be retriggered through a button in the user interface. 

 

 

Figure 4.2.3. Tutorials for the Ball Roll game throughout vHAB development. Top Left. A 

quickly abandoned tutorial method. Clicking the small “?” button in the top left corner would 

popup a video showing the system in use which would block the user’s view of the game. Top 

Right. A less blocking, but inefficient tutorial method. The image on the top left would cycle 

through 6-10 frames showing how to play the game. These were effectively carefully controlled 

videos with additional information overlaid, but were not viewed as very helpful in our pilot 

studies. Bottom. The current tutorial method. Our current method has less information that either 
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of the previous versions, but has been viewed as much more helpful. We still include video 

tutorials, but they are in the game select screens before the game is loaded (Figure 4.2.5 

(Bottom)). 

 

 Through our work with Digital Futures Lab we also determined that our potential 

offering of 17 games would be too many for any therapist to start with given our current UI 

system. We noticed this as well during one of our first pilot studies (Section 4.6), where we tried 

to explain how just 10 games worked over their short 1-hour lunch period. Our current system 

has more than 10 games built into the system, but only 7-10 are presented at any given time. 

Further, we have developed training documentation and one-sheet summaries that we leave 

behind with the therapists for further reference.  

4.2.B.6  Game Audio and Visual Feedback 

 Early versions of the vHAB system did not include any audio feedback. Additionally, the 

visual feedback only related to either a “score” event or the movement of the patient’s hand. This 

made the games relatively mundane over longer playthroughs. Adding sound effects to contact 

events made a huge difference in the games, while also making many of the games easier to 

understand. Many people who played Reach and Grab would move their hands into the fruit and 

try to make a fist, which led to a very unnatural experience (Figure 4.2.4 (Left)). Further, the 

fruit would be held in odd positions with the virtual hand or they wouldn’t know whether they 

had successfully grabbed the fruit before moving away.  With the assistance of the Digital 

Futures Lab, we designed and implemented a “magnetization” system (Figure 4.2.4 (Right)). The 

magnetization system works by quickly moving the target virtual object to the correct position 

under the patient’s virtual hand as soon as the hand is nearby. During this movement we provide 
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a “zip” sound that informs the patient that they have successfully moved towards the object. 

While the object is in position, the patient can make a fist to “grab” the object which is signified 

by both the change in hand shape and a “ding” sound. The patient can move the magnetized 

object around while in a small area without grabbing but if they move out of that range the object 

will move back to its starting position. This change to the visual feedback, with the addition of 

task related sounds, made the games much easier to play and understand. 

 

Figure 4.2.4. Reach and Grab grabbing control techniques. Left. Initial control system. In 

this version the virtual hand could intercept the fruit before a grabbing motion was made, causing 

an unnatural experience for the user. Right. Current magnetization control system. This version 

may feature floating fruit, but it allows for the user to know they are in the correct position to 

then make a fist to grab the fruit. 

4.2.B.7  Assessments vs Games 

All of our games make measurements related to that game’s task and associated functional 

movements. These measurements include individual joint range of motions, reaction times, 

tremor, and many others. Over time we have refined these measurements, making them faster to 

compute and more robust to missing data or short sessions. Each game, however only computes 

a few task related measurements. We set out to design a system that allowed for a full workup of 

arm function that could be performed periodically throughout a patient’s recovery. This would 
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allow a therapist to identify weaknesses in the patient’s progress and adjust care accordingly, 

while simultaneously providing a reliable and consistent measure. Our first attempt was the 

creation of vAssess, a preloaded set of tasks that led a patient through making a fist and 

squeezing, reaching range of motion, and wrist range of motion measurements. vAssess was well 

received with outpatient clinics who did not necessarily perform therapy in clinic, but wanted a 

consistent way to measure progress. However, most of these clinics are very time-restricted with 

their patients and vAssess took anywhere from 3-5 minutes to complete. Further, the clinicians 

only cared about 2 or 3 of the 10 measurements we were presenting. We incorporated this 

feedback into the creation of a modular assessment system that allows for custom sets of tasks to 

be created for specific uses (Section 4.4.C). Now a clinician can create an assessment that only 

performs the wrist angle range of motion measurements, saving time and making the presented 

results easier to understand.   

4.2.C UI Design 

The user interface for the vHAB system has undergone nearly as many changes as all of the 

games combined. First we needed a way to manage navigating between all of the games, then we 

needed a way to change the settings for each game. Next we needed a way for patients to have 

their own settings, so that when a therapist started using a system with a patient they didn’t need 

to reset all of the settings. Finally we needed a way for a therapist to create new patients and 

identify them easily, which required a login and therapist management system. This base 

functionality then allowed us to add items such as patient notes, data viewers, and patient 

dashboards. All of these systems are described in detail in Section 4.4.B. In the following text we 

describe a few of the design changes that led us to that final system.  
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4.2.C.1  Aesthetics 

 One of the important changes throughout all of our user interface screens was color and 

UI element consistency. This was not one of the strongest pieces of early feedback from healthy 

users, patients or therapists. These groups certainly cared more about system functionality than 

aesthetics, but as became apparent in early user testing, the system would see easier adoption 

with a cleaner and more consistent UI. Users would often miss some functionality because it was 

hidden behind some off-color button that they thought was just a label. As an example, for many 

months during an early pilot, no one knew they could take notes on their patient because the 

“User Profile” tab (Figure 4.2.5 (Top Right)) was the same color as the currently visible level 

navigation panel.  We have made substantial efforts to make UI elements consistent in our 

development since this feedback. 

4.2.C.2  Level Navigation 

 We tested multiple level navigation and level organization methods throughout the course 

of development. We started with just numbering each scene and using keyboard shortcuts to 

navigate. This clearly would not last in a clinic, as even the developers has difficulty 

remembering which game was assigned to each number. We then moved to a UI button system 

where each game had a static button on the screen that loaded the game (Figure 4.2.5 (Top 

Left)). This quickly became a problem as we started swapping games in and out. We then moved 

to a dynamic button list that was generated based on all the levels in the system (Figure 4.2.5 

(Top Right)). This worked much better and was great for use by the therapist; however many 

patients had difficulty pressing the smaller buttons. As we added the garden wrapper and moved 

to a unified patient experience color theme, we settled on the current game select screen (Figure 

4.2.5 (Bottom)). The therapists can then limit the games displayed on this screen through a 
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separate Game Settings screen (Section 4.4.A.4). Our next challenge with the level navigation 

comes alongside the addition of more games. One of our long-term goals is to categorize the 

games based on functional movements or associated activities of daily living. This will require 

yet another level navigation redesign to ensure the system works well with both patients and 

therapists.  

 

 

Figure 4.2.5. Level navigation screens throughout vHAB development. Top Left. First 

button focused level navigation menu from version 0.1.4. This menu was easy to use, but was 

limited in the information provided about each game. Top Right.  A more organized level 

navigation menu from version 0.3.9. Here we provided more information for the therapist, and 

were closer to the correct solution. The “User Profile” tab was eventually moved into the patient 

dashboard screen (Section 4.4.A.3). Bottom. Final level navigation screen. With the addition of 

the garden wrapper, the layout in 0.3.9 was not sufficient for the amount of information 
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provided. Further, we wanted to scale back the number of games presented at any time to 

enhance the user experience. 

4.2.C.3  Settings Controls 

 Modifying settings within the vHAB system is crucially important for not only ensuring 

that a patient can play a game at the beginning of their therapy, but that the game can become 

harder as the patient recovers. The very first iteration of settings controls required a complex 

pressing of buttons while in a game that resulted in unclear functionality while simultaneously 

blocking the gameplay (Figure 4.2.6 (Top Left)). This was quickly discarded in favor of an 

intermediate screen that sat between the level navigation and the start of the game (Figure 4.2.6 

(Top right)). This still provided a confusing experience for the therapists, especially when they 

did not want to modify any settings. The current iteration allows settings to be changed in two 

ways, both of which are easy to do, but fully optional. The first is with a special Game Settings 

screen (Figure 4.2.6 (Bottom Right), Section 4.4.A.4) and the second is with an in-game popup 

accessible in the in-game UI (Figure 4.2.6 (Bottom Left), Section 4.4.B). These two 

complementary methods allow for session planning before a patient is present and for real time 

changes in response to the patient’s performance. Additionally, we have made many changes to 

the names and values associated with the settings. In the game functionality a value may range 

from 0.3 to 5.3 and be named “fingerAngleGain”, but we remap this to a 1-10 slider named 

“Sensitivity”. Finally, all settings are paired with detailed descriptions and usage suggestions that 

can assist a naïve therapist.  
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Figure 4.2.6. Game settings throughout vHAB development. Top Left. Early settings 

management system in the dial turn game (v 0.1.4). Here we used the Dial Turn game settings as 

the example since it had the most settings at the time. This system allowed for changes within the 

game, but blocked gameplay and was difficult to understand. A score Difficulty of -1.016148 

was an irrelevant number for both us as developers and the therapist. Top Right. The settings 

management system from version 0.3.8. Here we started getting better at describing the settings, 

but having a separate screen in between game select and the game did not work with therapist 

workflow. Bottom Left. The Game settings screen of the current version. Here a therapist can 

control the settings for each game before the game select screen is loaded. Bottom Right. In-

Game Settings in the current version. Alternatively, the therapist can change the settings in game 

without hindering the patient’s ability to play the task. 
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4.2.C.4  User Interface Flow 

The user interface flow underwent extensive changes throughout the development process as 

we iterated on making the experience seamless for therapists and patients. In early builds, the 

level navigation system, like one shown in Figure 4.2.5 (Top Left), was the first screen the 

therapist saw. The patient management and therapist management were added at the point when 

we needed a way to load patient specific settings. After this point we had 4 distinct UI screen 

types: therapist login, patient select/management, game settings, and game select. Integrating 

with therapist workflow is one of the greatest challenges in ensuring the system’s ability to help 

patients. We attempted to minimize the number of button presses a therapist would need to 

perform to start using the system. This is balanced, however, with system security and clarity of 

use. We eventually made the game settings screen an optional screen supplemented by in-game 

settings, but getting to this settings screen was not straight-forward and the system was overly 

circular. Therapists would find that they had accidentally logged out a patient in the process of 

changing settings and were then unsure if the changes had stayed the same. For the most recent 

version we added a patient dashboard screen. This screen comes directly after a patient is logged 

in and acts as a patient “home” screen. Four simple options are presented in the dashboard that 

categorize the actions a therapist can take: Games, Assessments, Settings, and Data Viewer. 

Each of these screens has home buttons that take the patient straight back to the dashboard.  

4.2.C.5  Data Presentation 

 A core feature of the vHAB system is the automatic measurements that occur while a 

patient is playing a game or doing an assessment. While calculating these measurements is 

relatively straightforward (Section 4.5), presenting them was an entirely different matter. To 

accomplish principle 5 we needed to be able to inform the therapists how their patients were 
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performing within any given game session. We attempted to do this in real time with the first few 

iterations of the system (Figure 4.2.7 (Left)), but this was obtrusive and was not very useful for 

tracking progress. We then moved to a small graph present in the Game Select screen (Figure 

4.2.7 (Right Top)). This graph created points for each instance of the game that occurred and 

plotted them each on the graph. This method was flawed for two main reasons: 1) the data was 

presented linearly, but not collected that way. A session 4 days ago had the same spacing as two 

sessions within the same day, which made the data difficult to interpret. 2) The graph was quite 

small and we had lots of different variables to present. A toggle system allowed therapists to turn 

on and off the displayed variables, but it wasn’t quite enough to present the data clearly. We 

ended up creating a completely separate screen for viewing patient data and modified the x-axis 

to be calendar based (Figure 4.2.7 (Right Bottom)). Therapists can view data based on day, 

week, or month, allowing for easy comparison of values over time. The toggle system still exists, 

but as a larger UI Element. In future iterations we will modify the toggle system further by 

presenting the most useful variables at the top of the list for easy access.  
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Figure 4.2.7. Data presentation methods throughout vHAB development. Left. Full data 

presentation framework for Reach and Grab in version 0.1.2. This full panel was viewable on the 

system screen showing muscle activity and key metrics updated in real time as the patient played 

the game. Aside from taking up half of the screen, the data wasn’t useful for the average 

therapist. Top Right. Data presentation framework for version 0.4.7. Data was presented 

alongside game settings in a small panel in the center-middle. Options to control the graph were 

available as a popup immediately above the graph. Presenting data here was succinct and 

allowed for a one-screen therapist planning portal, but ended up being too small to be useful. 

Top Left. Current data presentation framework. This full screen viewer contains much of the 

same information as that in 0.4.7 but is larger and presents the data by time, not session. 

4.2.D Hardware design 

While vHAB is primarily a software platform, the therapy we deliver would not be possible 

without the sensors and systems we use. By bundling the hardware with a pre-loaded computer 
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we ensure that the system is easy to use out of the box. This is a key component of what we have 

developed. Early feedback and research into other therapy devices showed clearly that having a 

software download that required external peripherals would never make it to the patients. 

Jintronix, for example, attempted to sell a Microsoft Kinect based therapy platform into facilities 

but required the therapists or patients (for home use) to purchase and set up the Kinect on their 

own (P. Goodrich, Madrona Principal, Personal Communication May 2014). This delivery model 

was not successful and now Jintronix bundles all of their hardware together with pre-installed 

software. In following this model, alongside principle 6, we set out to create a bundle of 

hardware that is still easy to use and robust to user error. A full description of the final included 

hardware along with its specifications, capabilities, and connections is provided in Section 4.3.  

 

4.2.D.1  Display and Computation 

The first version of the vHAB system was designed to use a virtual reality (VR) headset 

(Figure 4.2.8). Immersive VR offers many benefits to the vHAB system that are difficult to 

describe to a naïve VR user. Using VR with the vHAB system allows the users to feel as if they 

are directly controlling the game object as opposed to moving their hand which in turn controls a 

virtual object. Further, VR removes a patient’s affected limb from their view. This allows the 

vHAB system to display function that may be greater than their actual ability to drive progress. 

These benefits, however, are not fully explored as the use of VR currently violates our 6th design 

principle. VR headsets are expensive, even two years after we first prototyped a VR system. This 

makes delivering the full bundled system to a care facility very difficult and a home user nearly 

impossible. Further, VR headsets are difficult to put on by a healthy user, let alone a patient 

suffering from a neuromuscular disability. Even if a patient has help to put on the system, they 
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may reject it for cosmetic reasons. One early piece of feedback we received when testing our VR 

prototype was “I’m not putting that thing on my head” from a user who didn’t want to mess up 

her hair. VR is a hardware display technology we are actively following for future improvements 

to the vHAB system, but for the current version does not represent a good design decision. Using 

a tablet system or desktop screen provides a great experience for users that is more cost 

conscious and accessible.  

 

 

Figure 4.2.8. VR Headset used in prototype version of the vHAB system. In this example, 

the user is playing an early version of a pinching game using the VR headset.  

 

The choice of computers for the vHAB system is primarily driven by the availability of USB 

ports for our peripherals. Significant testing was performed on multiple tablets to determine the 

most cost effective option for the end-users. Many tablets do not have USB ports and others use 

processors that are not fast enough to provide enough data for our analysis or a smooth game 

experience. This led to a tradeoff between cost of the hardware and user experience. The most 

expensive tablets would provide the best experience, but a lower cost tablet may lead to lags in 

the game controls or sparse data. In the end we decided to utilize the middle end Surface Pro 

tablets from Microsoft, but are continuously evaluating new technology as it becomes available.  
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4.2.D.2  Peripherals 

The peripherals are the leading drivers in vHAB’s hardware functionality. Traditional 

computer peripherals (ex. Mouse, keyboard, game controller) are efficient and ergonomic input 

modalities, but they do not capture the actual movement of the hand that is driving the control. 

Input modalities that more closely mimic physiological function have become more prevalent 

alongside the adoption of commercial virtual reality and gaming systems. For example, the 

Microsoft Kinect has seen widespread use in therapy [25] due to its ability to accurately track 

body posture and limb positions. 

For our system, we needed an accurate representation of the hand’s movement, which large 

camera-based systems such as the Kinect do not provide. From the beginning of the system’s 

development we have used the Leap Motion controller to track the hand kinematics. Hardware 

changes relating to the Leap primarily revolved around placement and use of the sensor as 

opposed to its cost or capabilities. This hand movement tracking provides the “what” of the 

movement, but does not provide the how. The relationship between hand movement and muscle 

activity becomes more difficult to predict with neuromuscular traumas. One common 

complication after a stroke, for example, leads to decreased muscle control complexity, as 

patients work to compensate for spasticity with over-exerted movements [36]. Measuring the 

muscle activity of a patient throughout their recovery provides insight into “how” a patient is 

moving. By combining the muscle activity with kinematics, we can immediately verify the 

movements the patient is making without supervision. This allows us to make comparisons of 

muscle activity across activities based on the precise movements as opposed to second hand 

therapist records. Our muscle activity recording systems, however, have changed dramatically 

along the way.  
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Hand Motion Sensor – Leap Motion 

The main challenge we’ve had in the use of the Leap Motion sensor came from its inherent 

novelty to our target end-user. Very few people have used optical motion trackers, such as the 

Kinect, outside of gaming enthusiasts and those few who have undergone new therapy sessions 

using these systems. Further, people are used to interacting with a computer with their hands, but 

always through touch. The Leap requires people to hold their hand about six inches above two 

stereoscopic cameras embedded within the sensor. In many cases, however, people would either 

place their hand directly on the sensor, like they would for a computer mouse, or they would pick 

it up and wave it around. To address this, we designed a plastic holder for the Leap to make it 

seem more permanently grounded. This holder extends the Leap’s physical footprint on the table, 

while making it more cumbersome to hold. Our current 3D printed prototypes seem to have 

helped account for these user errors, but significant testing is still underway. 

An additional problem we saw in development was that therapists often placed the sensor too 

close to the display screen. This would prevent patients from being able to reach forward far 

enough to reach targets in any reaching style game. To assist therapists in the setup of the 

system, we designed a custom mousepad with outlines of the ideal peripheral and tablet 

placements.  

Muscle Activity Sensor 

 The first vHAB prototype used the Biometrics Muscle Activity Sensing platform, a 

$20,000 clinical-grade system that could record precise muscle activity at a high data rate (1-2 

kHz). This system required sticking electrodes onto the patient’s forearm where the electrodes 

were attached to a bulky wireless battery pack that would sit awkwardly on the table. Aside from 

the cost and obtrusive physical qualities of the system, the system required that the electrodes be 
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placed in the same orientation and position for each use in order to compare data across sessions. 

While this may have been possible to achieve in a development setting with careful planning, it 

was not going to possible at wide scale use by untrained therapists. This system clearly violated 

principle 6, so we set out to find an alternative. 

 At first, we set out to create our own muscle activity sensing sleeve. Fair progress was 

made towards this goal, but part of the way through the development a commercial alternative 

named the Myo Armband, by Thalmic Labs, was released at a $200 price point. The Myo 

records 8 channels of bipolar muscle activity using equally spaced electrodes set within a plastic 

armband. The armband transmits data wirelessly through Bluetooth Smart and contains a 

rechargeable battery. However, the data recorded by the Myo only has 8 byte resolution and 

updates between 50 and 100 Hz, depending on the required transmission distance.  This is a 

significant downgrade from the clinical system used in our prototype, but represents a good 

tradeoff in cost and ease of use. The cost, however, still may be prohibitive for some of our end-

users and is not normally included in the home version of vHAB. We decided, based on 

customer feedback and internal analysis, that having muscle activity data for the average home 

user was not as important as the standard range of motion data gathered by the Leap alone, and 

therefore did not justify the increased cost. 
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4.3 SYSTEM DESCRIPTION: HARDWARE COMPONENTS 

 The hardware systems used to support the vHAB software consist of several parts that 

encompass both the computation hardware and physical sensors as well as the peripheral 

hardware accessories that provide enhanced usability and clarity for system setup in the clinic 

and at home (Figure 4.3.1). Each of the components contribute to system data requirements or 

clinical usability. 

 

Figure 4.3.1. Block diagram of vHAB hardware components and image of assembled Home 

system. Individual hardware pieces are connected through a combination of wired and wireless 

methods while accessories aid in system setup and use.  

4.3.A Tablet Computer Hardware 

The vHAB system runs on the Microsoft Surface Pro line of tablets. Tablet computers are an 

important design choice for use in the clinical rehabilitation setting. Therapy gyms are crowded 

and often therapy is provided in a variety of settings including standing in gym, sitting in gym, 

and bedside for patients who are unable to travel to the therapy gym. Tablets combine the 
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necessary portability and small size factor while not sacrificing computational power. The 

Surface tablets run full Windows Operating Systems, have touch screen input, support Intel i5 

processors, and have a dedicated USB 3.0 port for connecting to peripheral sensors. For device 

implementation all standard software is removed from the tablet prior to use to create a clean 

slate for the vHAB installation. 

4.3.B Leap Motion Kinematic Sensor 

The Leap Motion is a commodity camera system designed to use hand gestures to control objects 

while engaged in a Virtual Reality Headset environment. The system uses stereoscopic visual 

and infrared time-of-flight cameras with proprietary low-resource overhead to output 

computational estimations of up to 2 hand positions over the hemispherical sensor capture area. 

The outputs of these hand positions are noted in figure 4.3.2. The positional accuracy of these 

outputs has been documented at .2mm [37]. The positional data is output at 120Hz over a USB 

2.0 or greater connection.  Because of the nature of the stereoscopic infrared illumination there 

are some limitations to device performance that could potentially affect system use in certain 

environments. In the presence of direct sunlight or  
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Figure 4.3.2. Example kinematic output from Leap Sensor API [38]. The Leap sensor 

provides direct access to individual joint positions (green spheres) as well as direction vectors 

(grey bars) of up to two hands at a time.  

4.3.C Leap Motion Holder 

The Leap Motion camera is a symmetrical device with a USB output cable. Early patient and 

clinical beta testing exposed the need for a carrier device to properly orient the Leap Motion for 

naïve clinical users and patients alike. We designed a case for the sensor that properly oriented 

the sensor in front of the user and provided additional information on hand positioning over the 

sensor (Figure 4.3.3). A 3D model of the holder was created in the Blender development 

environment (blender.org), exported to the CatalystEX 3D printing software, and printed to size 

using a uPrintSE laminar 3D printer (Stratsys, Eden Prairie, MN). 
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Figure 4.3.3. 3D Rendering of computer model used for holding Leap Motion Sensor in the 

correct orientation. The holder assists in device placement and prevents patients from picking 

up the sensor.  

4.3.D Myo Armband 

One of the fundamental barriers to technology adoption in the rehab space is complexity and 

time spent in preparation. The Myo EMG Armband is a commodity 8 channel dry, bipolar 

surface EMG system equipped with simultaneous gyroscopic and accelerometry-based data 

streams (Figure 4.3.4). The primary function in commercial applications is the gesture-based 

control of assigned functions that plug into existing software modules to provide a new input 

modality to computing devices. The device communicates over the Bluetooth Low Energy 

(BLE) protocol. The data from the Myo consists of 8 raw EMG channels sampled at 200Hz, 

accelerometer and gyroscopic data sampled at 50Hz, and pre-classified pose data. Our 

application centers around the EMG data acquisition so all other data is disabled during 

acquisition. The primary design consideration in choosing the Myo as a data acquisition device is 
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the user friendly and adjustable armband which can be easily cleaned between patients while 

providing high fidelity EMG data. We have developed algorithms that provide a rotational 

normalization of electrodes to account for inconsistent placement between sessions. This 

information will be detailed elsewhere. 

 

Figure 4.3.4. Myo armband with exposed sEMG contacts. The design of the band allows for 

use on arms with circumference between 7.5 and 13.4 inches.   

4.3.E Setup Placemat 

The vHAB environment facilitates full reaching and grasping motions. To facilitate the correct 

placement of the sensor to capture the full (~16”) arm extension from a neutral position we 

created a setup placemat that specifies the correct orientation and spacing of the hand sensor. The 

design includes placement instructions for the screen or monitor as well as the hand sensor. It 

also includes written instructions for interacting with the hand sensor and directions to a web site 

for any technical issues. The design was created in Adobe Illustrator and realized on a custom-

printed 11x17x1/16” foam mouse pad.  



132 

4.4 SYSTEM DESCRIPTION: SOFTWARE COMPONENTS 

4.4.A User Interface and User Experience 

 A key component of the vHAB system is a seamless user experience for both the patient 

and the therapist. Early in the development a large emphasis was put on creating games that were 

intuitive to start playing, but as we kept adding new features and additional settings it was clear 

that we needed a UI to wrap it all together. Further, as we shadowed therapists and gathered 

early product feedback we began to see the importance of patient-specific data, which led to the 

need for a therapist-specific patient management system. In the following sections we describe 

the functionality of the user interface and the design choices made to reach the final version.  

 The front end user interface for facility use consists of 7 screens: A1: Therapist 

Management, A2: Patient Management, A3: Patient Dashboard, A4: Settings Management, A5: 

Data Viewer, A6: Assessment Select and A7: Game Select (Figure 4.4.1). The Game Select also 

contains an optional engagement Wrapper (A8). The interface is organized to account for 

multiple system use cases. For security and privacy reasons we hide a majority of the patient 

specific information behind both a therapist login in A1 and a patient select in A2. Further, if a 

therapist primarily uses Assessment modules, but rarely the Games, the dashboard will allow 

them to see the information most relevant to them. The home version of vHAB consists only of 

screen A7 and the Wrapper. This slimmed down version provides a much simpler interface for 

patients to navigate at home, even if their movement is impaired.  
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Figure 4.4.1. Screen flow for vHAB User interface. Blue boxes represent individual user 

interface screens used for managing user information and settings prior to using a game or 

assessment (Grey boxes). Lines between flows represent a bidirectional option to change screens, 

whereas the arrows represent a one way flow.  

 

The 2D assets for the user interface were primarily designed through a collaboration with 

the Digital Futures Lab at University of Washington Bothell. During this design phase we took 

our initial user interface concepts and molded them into the final version seen below. This 

process created a few overall design guidelines such as color, element positioning, and margin 

styles.  Asset creation was handled primarily in Adobe Photoshop and Balsamic. Photoshop was 

used in the image creation, while Balsamic was used for prototyping the organization of the 

individual components (Figure 4.4.2). Further image editing was performed in GIMP, an open 

source editing program, or Adobe Illustrator.  
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Figure 4.4.2. Early Balsamic markup of the Game Select Screen. Balsamic was useful in 

prototyping what a UI screen might look like early on in the design process.  

 

 The creation of each screen was accomplished by assembling the 2D assets alongside 

scripting components in the Unity game engine. The Unity engine contains prebuilt UI functions 

through a set of Canvas elements. Each element contained functions such as “OnClick” handles 

for “Buttons” and “On Value Changed” handles for input fields. These prebuild functions were 

useful for creating basic functionality, but custom scripts were required in each screen to build a 

working interface. Navigating between screens was accomplished through a set of custom 

“screen navigation” functions and Unity’s built-in scene manager. These screen navigation 

functions also handled information between screens by either saving variables to local or system 

memory.   

 The vHAB UI is also built for multiple screen resolutions. While we currently are 

deploying primarily on the Surface Pro line of tablets, other use cases may demand support for 

more resolutions. Within the Unity Canvas framework, all UI elements can be set to scale their 

widths or heights up or down in relation to a base resolution. When each UI element is placed on 

the screen in Unity, we also set a set of scaling parameters that dictate how it will scale. This 
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solution is far from perfect. Some elements scale better than others, mainly based on how they 

were created, which results in empty space on the screen, or oddly pixelated items. It does 

however, ensure that all of the information is available to the user, regardless of their screen 

resolution.  

Key Concepts 

 Patient User Name (pUN): The pUN is a display handle used in screen A2 to select the 

correct patient to work with. We recommend that the pUN is not the patient’s real name to limit 

the PHI we are storing. 

Patient Identification String (pID): The pID is an additional step in securing the 

patient’s PHI. The pID is created when the patient is created using the “New Patient” 

functionality in screen A2 and is a unique random MD5 hash string value consisting of 25 

character values. After a patient is selected, all data is stored in a folder tied to the pID. Further, 

all global usage data and summary statistics are stored with the pID as a tag. This security step 

prevents someone from accessing the root directory of the system and gathering a patient’s data 

by name or other identifying factors.   

Patient lists. Each therapist has a list of patients that they are currently working with. 

This list contains a mapping between the pUN and their pID. This list also contains any 

additional PHI for that patient such as demographic or injury information. This list is encrypted 

at rest and can only be decrypted using the specific therapist’s login information. 

4.4.A.1  Therapist Management  

 The therapist management screen is the entry point for all use of the vHAB system. Early 

on we decided that we wanted each therapist to have their own list of patients. If the system 

housed a shared list across an entire therapy facility, the patient list would quickly become 



136 

overwhelming and there would be increased chances for duplicate patient User Names (pUN). 

Therefore, the first thing we wanted a therapist to do was access their unique patient list and set 

up the system to show only those patients. Further, as we begin looking forward towards the 

secure storage of PHI, we knew this list of patient information needed to be secure. This led to 

the need for both therapist User Names and associated login credentials.  The therapist 

management screen consists of 5 distinct features: i. Therapist Registration, ii. Therapist Login, 

iii. Password Reset, iv. System Feedback, and v. Exit (Figure 4.4.3).  

 

 

Figure 4.4.3. Therapist Management screen A1. This screen has five main buttons that serve 

the functions described below. The “Suite” text on the top of the screen represents the version of 

the system (to be distinguished from a “Home” build). 

i. Therapist Registration. New therapists must first register an account so that we have a place to 

store their patient lists. Here we ask for their intended user name, password, and email. Upon 

pressing the Register button a popup will appear asking for these values and lead them through the 

registration process. This information is hashed and stored on the local system for future lookup. The 

system also checks that the user name does not already exist for that facility and that it does not 

contain any special characters.  
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ii. Therapist Login. To get the patient list for the therapist, the therapist must enter the user name and 

password they used during registration. These values are then rehashed and compared to the stored 

values on the local system. Upon successful login the therapist’s patient list is loaded into memory 

and screen A2 is loaded. 

iii. Password Reset. In order to recover a lost password the therapist must enter the email and user 

name they used during registration. Upon pressing the Password Reset button a popup will appear 

asking for these values and leading them through the reset process. These values are rehashed and 

compared to the stored values on the system. If the email and username are found then a temporary 8 

character key is generated and sent to the email. This key is valid for 15 minutes during which the 

therapist must enter the key into the local system. If the keys match, the therapist has an opportunity 

to overwrite the stored password with a new password. If 15 minutes have expired, the key is 

removed from local memory and the process must be restarted. This security procedure aligns with 

industry standard protocols. 

iv. System Feedback. Using this feature, a therapist can directly send feedback and comments to the 

developers of the vHAB system. Upon pressing the Feedback button a popup will appear leading 

them through the feedback process. We use an SMTP email client setup through a special email to 

automatically send an email containing the information entered into the text fields. Further, we send 

the device name, IP address, and facility name if available so that we can send a response if 

requested and identify potential issues with a group of systems.  

v. Exit. This is the main way to close the system. Exit functionality is crucial in ensuring all processes 

have properly exited and specific variables are reset. In some use cases, we disable the exit button 

since the computer will only be used to run the vHAB software.  
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4.4.A.2  Patient Management  

 When a therapist logs in correctly, their list of patients is loaded into memory. This list 

then populates the patient list panel with a button for each patient. If a therapist is logging in for 

the first time, or has not yet created a patient, this panel will be empty. Simple patient 

management functions are available in this screen to create and delete patients. In this screen we 

attempt to limit the amount of PHI displayed at any given time. Simple information, such as pUN 

is available in list format, but a patient’s name must be clicked in order to view the basic 

demographic information. We made this design choice to accommodate multiple workflows. In 

an ideal world, a therapist would have set up a patient, with the appropriate game settings and 

activities prior to seeing the patient. However, in the case where a therapist session changes and 

they decide to use vHAB, there needs to be a strong emphasis on UI efficiency and PHI security. 

Thus, this screen has six main functions i. Create new patient, ii. Select a patient, iii. Delete 

selected patient, iv. Load selected patient, v. sort patients, and vi. Logout therapist (Figure 4.4.4). 

Additionally, the therapist name is displayed in the top right corner as a verification that the 

therapist login process was successful.  
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Figure 4.4.4. Patient Management screen A2. This screen has six main buttons that serve the 

functions described below. The “Select a patient” text on the right of the screen represents the 

currently selected patient information. If no patient is selected it will display as above. 

i. Create new patient. Upon clicking the “New Patient” button, the therapist will be presented with a 

popup that will lead them through the creation of a new Patient. In this popup, the therapist will be 

prompted for the pUN, as well as optional demographic information such as age, gender, and 

handedness. Finally, the therapist will be prompted to enter any additional notes on the patient. These 

notes are available in the Patient Dashboard (A3) screen. When the prompts are completed, the 

system takes the information and appends it to the therapist’s patient list and then creates a patient 

select button in the patient select panel. Specific checks are made on the pUN upon creation to ensure 

the pUN is unique for the therapist and that it contains no special characters.  

ii. Select patient. A button is added to the patient select panel for each patient in the therapist’s patient 

list. When clicked, the screen will be updated with that patient’s information and the “Continue” 

button (iv) and “Delete” button (iii) will become interactable. 

iii. Delete selected patient. At times, a therapist may create a test patient or they may simply have too 

many patients in their list. The delete functionality removes the patient’s pUN and pID from the 

therapist’s patient list; however it does not delete the de-identified data behind the pID folder. Saving 

this data provides the possibility of undoing a delete operation and allows for the global usage data of 

a system to maintain accuracy. Upon clicking the “Delete” button, the therapist is prompted with “Are 

you sure you would like to delete (pUN)?” before the operation is complete.  

iv. Load selected patient. This button becomes interactable when a patient is selected (ii). When clicked 

all of that patient’s information will be loaded into memory from their pID folder. When the 

information is loaded, the therapist is taken to the Patient Dashboard (A3) screen.  

v. Sort patients. The small cogwheel icon and the “search” input field allow for sorting of the patient 

list. Searching moves the best string matched pUN to the top of the patient select panel. Clicking the 
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cogwheel icon allows for alphabetic sorting (A-Z or Z-A) and by the time created. Patients are 

initially sorted by time created, with newest patients being pushed to the top.  

vi. Logout therapist. This button returns the therapist to the Therapist Management Screen (A1). 

Additionally, all patient information is cleared from program’s memory. At the end of each session 

the therapist should logout to ensure system security.  

 

4.4.A.3  Patient Dashboard 

 The patient dashboard is the landing page for the patient. Here, the therapist loads the 

next screen based on what they would like to do in their therapy session. In the development of 

the system, we decided to split the system between Assessments and Games. This dashboard 

allows a therapist to clearly know whether they are doing a game or assessment with their 

patient. The patient dashboard is also the home for a patient’s notes and contains functionality 

for adding new notes to the ones already created in the “New patient” functionality. Loading the 

patient dashboard screen officially starts a “Session” which is a key component for the data 

saving structures discussed below in D. Data Management.  The Patient dashboard screen 

consists of 6 main functions: i. Load Assessments, ii. Load Games, iii. Load Settings 

Management, iv. Load Data Viewer, v. Add new notes, and vi. End Session (Figure 4.4.5).  

 



141 

 

Figure 4.4.5. Patient Dashboard screen A3. This screen has six main buttons that serve the 

functions described below. The “Current Patient” text on the top of the screen represents the 

currently selected patient. This text serves as a verification that the proper patient was loaded 

into memory from the patient management screen. 

i. Load Assessments. Loads Assessment Select screen (A6). 

ii. Load Games. Loads Game Select screen (A7). 

iii. Load Settings Management. Loads Settings Management screen (A4). 

iv. Load Data Viewer. Loads Data Viewer screen (A5). 

v. Add new notes. Clicking the ‘+’ icon in the notes section creates a popup for the entry of a new note. 

Notes are stored as a text document in the pID folder and contain both a date-time string and the notes 

string. Notes are added to the notes panel with the most recent notes at the top. Notes are loaded into 

this panel when this screen is loaded. The notes panel is scrollable to view past notes.  

vi. End Session. Pressing this button ends the current patient session and returns the therapist to the 

patient management screen (A2). This also removes all of the current patient’s information from the 

program’s memory. 
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4.4.A.4  Settings Management 

 Each game activity has multiple settings that affect how the game is played in terms of 

difficulty, length of play and required movements. These settings can all be modified in this 

screen before a game is loaded. This allows a therapist to pre-plan a therapy session with specific 

settings for that patient. It is important to note that settings for all games are patient specific and 

stored as a key-value pair text file in the pID folder. When a new patient is created, they are 

assigned a default set of settings from a GlobalSettings.txt file. Each time settings are changed 

the key-value pair in the patient’s folder is modified. This screen also contains information on 

each game and the ability to add or remove a game from the game select screen (A7). This 

screen contains 3 distinct panels each with multiple functions as well as basic screen navigation 

functions (Figure 4.4.6).  

 

 

Figure 4.4.6: Settings Management screen A4. This screen has three main panels, two buttons 

and a toggle that serve the functions described below. 

i. Game Select Panel. This panel contains all of the game activities available to the therapist. While we 

currently have more than 10 games, we may choose to present less games to a therapist based on their 

functional focus. In this panel each game with a filled in star is made available in the Game Select 
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screen (A7). Removing games from the patient’s view was requested from early system feedback. 

Therapists were concerned that a patient may be distracted by too many games, or may want to play a 

finger movement related game based on its name, when they are supposed to work on wrist 

movement. Clicking any of these buttons updates the Game Information Panel (ii) and Game Settings 

Panel (iii) with that games information and settings.   

ii. Game Information Panel. This panel displays the name of currently selected level along with a 

tutorial video and task specifications. The tutorial videos are aimed at the therapist and show how to 

use the system with a patient. The task specifications relate the functional tasks associated with the 

game, such as the movement types and body parts used in the game. 

iii. Game Settings Panel.  Each Game has many different settings, described in full in 4.4.B. Games 

below. In this screen all of the settings can be modified before a game is played. This is useful for the 

therapist if they would like to pre-plan an entire therapy session without having to change settings in 

game. Settings in this panel are presented as sliders, toggles, and Boolean buttons. Sliders represent 

integer or float value settings, whereas both the toggles and Boolean buttons represent 0 or 1 values. 

Boolean buttons are used where there may be only two choices (such as left or right hand) but a 

traditional toggle option does not make sense.  

 Each setting is also populated alongside a ‘?’ icon. Pressing these icons produces a popup panel 

describing the setting and its functionality. We also provide suggestions on how to use the setting 

appropriately with different patients.  

iv. Wrapper Toggle. This toggle turns on and off the wrapper component of the game select menu. The 

wrapper is useful for patients using the system over multiple sessions, but may be a hindrance if the 

patient isn’t using it.  

v. Screen Navigation Buttons. The Home icon returns the therapist to the Patient Dashboard screen 

(A4) while the arrow button takes the therapist directly to the Game Select screen (A7). If the Game 

Select screen is loaded this way and a game was selected in the Game Select Panel (i) that game will 

be preselected in the Game Select screen.  
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4.4.A.5  Data Viewer 

 One of the major advantages of vHAB over other rehab systems is the inclusion of 

detailed metrics and analytics that are calculated automatically during each game or assessment. 

These metrics are detailed further in Section 4.4.D below, but here we overview the presentation 

methods for these metrics. The Data Viewer screen has two main panels, a Usage Data panel 

(Figure 4.4.7 (Top)) where activities are organized by time, and a Metrics By Activity (Figure 

4.4.7 (Bottom)) where metrics are organized by the game or assessment activity. Having these 

two different panels allows the therapist to start with the information that is interesting to them. 

For example, an outpatient therapist who only sees a patient once every few weeks may be 

interested in seeing what activities were done last time the patient visited and would use the 

Usage Data Panel. On the other hand, an inpatient facility may do the same activities every day 

and is more interested in documenting the progress a patient is making in wrist range of motion 

from Ball Roll. Presenting data at multiple levels is an ongoing design decision.  

As discussed previously, the vHAB system has many different end users, both from their 

actual role in therapy and their level of interest in the data coming from the system. Simply 

documenting how often a patient performed an activity may be enough for many users, but 

completely mundane information for others. The current version was the product of many focus 

groups and general discussion with experts in the field. Addition of other sorting methods, such 

as a By Function panel, will likely be added in the future to allow for users to see all information 

related to metrics such as “Speed” or “Endurance”. These “rolled-up” metrics would contain 

metadata from all calculations of related data such as “Time to trial” or “reaction times over a 
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session”. Additional steps on the data analytics side will need to be taken on this data to create 

these metrics.  

When the data viewer screen is loaded, a data parser goes through all of the data stored 

under the pID folder and converts each data point into a graphablePoint class. A data point can 

be simple usage data such as time played, or complicated metrics such as wrist range of motion. 

These graphablePoints are stored in local memory in lists for quick access. These lists can be 

sorted and applied to the User Interface when the appropriate buttons are clicked. This method is 

very quick, but may become problematic with large amounts of data. Other data management 

options are being explored, such as only loading the most recent 5 days’ worth of data, or storing 

the most access data in different structures in the pID folder. 

 The Data viewer screen consists of the two main panels as discussed above. Each panel 

has various functionality as discussed below (Figure 4.4.7).  
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Figure 4.4.7: Data Viewer screen A5. Top. Usage Data Panel. This panel contains usage data 

and metrics sorted by time played. The system uses a node-like functionality, allowing additional 

information to be displayed when a given node is clicked. Bottom. Metrics by Activity Panel. 

This panel contains individual metrics sorted by game.  In this example, the therapist has 

selected the “Whack-a-Mole” activity and is viewing the score over multiple sessions occurring 

on May 11, 2016. 

i. Usage Data Navigation Button. Clicking this button will load the Usage Data panel. This will also 

reset the currently selected nodes, providing a blank slate for the therapist to navigate. 

ii. Metrics by Activity Navigation Button. Clicking this button will load the Metrics by Activity panel. 

This will also reset the main graph and currently selected metrics. 
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iii. Home Button. Clicking this button will take the therapist back to the Patient Dashboard screen. 

--- Usage Data Panel Only 

iv. Date Nodes. These nodes are populated based on a sorted and condensed “graphablePoint” list. Each 

unique date is given a node button that, when clicked, generates activity nodes (v) that occurred on 

that date.  

v. Activity Nodes. These nodes are populated based on a sub list from the Date Nodes’ list. Each 

activity on a given date is given its own node, even if that activity occurred multiple times in that 

date. Activities are sorted by time, with the most recent activities being the rightmost nodes. Clicking 

an activity node populates the Activity panel (vi) with all of that activity’s information. 

vi. Activity Panel. This panel is populated by all of the “graphablePoints” found for the currently 

selected activity. Each “graphablePoint” is given a small panel displaying the metric name and the 

value. Each of these panels is clickable and, when clicked, will preselect that activity type (vii) and 

metric toggle (viii) in the Metrics by Function panel (Figure 4.4.7 (Bottom)). 

--- Metrics by Function Panel Only 

vii. Activity Select Panel. This panel contains a list of all of the activities that the patient has done. If the 

activity is not visible on this graph it means that either the activity has not been played, or that no 

metrics were available for that activity. This functionality primarily comes into play if someone 

selects an activity, but for one reason or other cannot complete the activity. Clicking an activity in the 

panel will create a list of all of the “graphablePoints” that came from that activity and generate the 

metric toggles (viii) for all metric types found for that activity. 

   It is important to note that not all instances of that activity will be guaranteed to contain every 

metric type. Some metrics require minimum number of trials to compute, and therefore will not exist 

for all instances. This is handled by skipping the plotting of that point in the main graph panel.  



148 

  Clicking a new activity will also clear all of the currently graphed points on the main graph, but 

will not reset the time offsets or date sorting methods. Activities can be sorted by most recently 

played or can be searched through with the sort options at the top of the panel. 

viii. Metric Toggles. These toggles are generated when an activity button is clicked in the Activity Select 

Panel (vii). Each toggle controls whether or not that metric is displayed on the main graph. Some 

activities contain more than 10 different metrics, which can get very crowded on a single plot. Each 

toggle is color coded to the line color of its corresponding metric on the main graph. 

ix. Main Graph. The main graph displays the metric data for every checked Metric Toggle. The main 

graph has three main display modes: “By Month”, “By Week”, and “By Day”. Each of these modes 

changes the x-axis values of the graph to the appropriate time span. The design of this view came 

after seeing the challenges most therapists had interpreting an early version of the data viewer that 

plotted data “as-available”. The old method simply labeled each point with the date and time it came 

from, but this resulted in a non-linear data set.  

 

 The challenge with the current method is that it does not allow for multiple data points to 

exist for a given day in the “By Month” or “By Week” views. To fix this, we average all of these 

points and display a slightly darkened data point to convey that the point is averaged. Clicking 

these darkened points will load that day in the “By Day” view, where multiple points can be 

displayed.  

 Time navigation arrows (top right of the main graph) allow the therapist to go backward 

and forward in time. These arrows only allow the therapist to go back in time to the first date 

where data exists. However, if data does not exist for a given week, this empty week will still be 

displayed in the “By Week” view. This design choice was made for navigation consistency, but 

may be revisited in the future. 
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 Graph assets were developed with GraphMaker [37], a third-party Unity asset. 

GraphMaker provides a framework for placing data points in the proper locations on a screen of 

varying sizes and allowed greater flexibility when designing the system.  

4.4.A.6   Assessment Select 

In early builds of the system we had a single game called vAssess. This game contained 

about five minutes of preset activities that were designed to assess hand function in one simple 

test. We learned, however, that many users (both therapists and physicians) were not interested 

in all of the activities included within vAssess. Instead of creating multiple games that addressed 

each of these user’s desired activity sets, we created a modular assessment platform that allows 

the user to customize their vAssess experience by selecting only the measurements that are 

relevant to that specific patient and combining them into a seamless game session. To date, we 

have created ten different modules consisting of range of motion tests, strength/fatigue tests, and 

questionnaires. These modules are described in detail in Section 4.4.C below.  

Managing this customization, however, required a special screen to create, load and save 

these custom lists (Figure 4.4.8). The Assessment Select screen contains multiple features and is 

currently undergoing major changes to the framework to make it easier to use. The current 

system prompts the user to create their custom list by dragging and dropping modules into a list. 

The user can also load preset or saved lists for speed. The current system, however, is not 

optimized for therapist workflow, especially as we continue to add modules. Future iterations of 

the system will include better sorting methods for the modules (such as by type, or by functional 

relevance), and will likely start the user at a load module set screen to make starting an 

assessment faster.  
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Figure 4.4.8. Assessment Select screen A6. This screen allows for the creation and loading of 

custom lists of assessment modules. Users can drag and drop modules from the left column 

listing all the modules to their custom list on the right. In this example, a user is dragging a 

module over to their custom list. The hand-cursor represents the user’s interaction point (either a 

mouse click or a screen touch). The green box shows where the module would be placed if the 

user let go of the BubblePopper60 module. 

i. Module List Panel. This panel lists all of the available assessment modules that can be added to a 

user’s custom list. To add a module to the list, the user clicks (or touches) and drags the module to the 

Selected Module Panel (ii). When the module is halfway across the screen, the target module slot will 

turn green. To add the module to that slot, the user releases the mouse (or touch) and the module will 

snap into place. Releasing a module before a slot has turned green will not add it to the custom list. 

Dropping a new module on a slot that already contains a module will remove the old module from the 

list and replace it with the new one.  

  Each module button also has an inset help button (‘?’). Clicking this button will show a popup 

panel for that specific game. Each popup panel contains a tutorial video for that module and a brief 

description of the module (Figure 4.4.9 (Top)).  
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  This module list is also sortable with either string matching through the search function or 

alphabetically by pressing the cogwheel button.  

ii. Selected Module Panel. This panel lists the user’s current module list. When the user starts the 

assessment, these modules will be presented to the patient in the order they are displayed in this list. 

New slots can be added by clicking the “Add Slot” button at the bottom of the list. Slots can be 

removed by clicking an “X” button within the slot. This “X” button is only viewable when the user is 

not dragging a module. An empty slot will be ignored when generating the module list.  

  The list can contain multiple instances of the same module, in which case each module is treated 

as a separate instance of the activity for data analysis purposes. This allows for the comparison of a 

module before and after some other module. For example, a user may be interested in fatigue before 

and after a range of motion exercise.  

  Each module in this panel can also be clicked and dragged to rearrange the order of the list. Here, 

if a module is dropped on a slot that already contains a module, the old module is placed in the 

selected module’s previous slot. This previous slot is indicated by a yellow tint on the slot while the 

module is being dragged. To remove a module from the list the user must move it to the opposite side 

of the screen.  

iii. Load Functions. There are two options for loading preset lists into the Selected Module Panel. When 

a module list is loaded with either method, it can still be modified and then resaved. 

  The “Load from List” button will generate a popup (Figure 4.4.9 (bottom right)) prompting the 

user to select from a list of module sets. This list of module sets contains both pre-generated lists that 

we have created (designated with a star in the button) and custom lists that the user has generated and 

saved (iv). Clicking one of these module sets will display that modules set’s individual modules to the 

left of the panel. The user can then load that module set or return to the main Assessment Select 

screen.  
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  The load recent method will load the module set that was most recently used. Currently, 

this is user independent and relies only on a program memory variable. However, if a facility 

often uses the same module set this may be a quicker way to load their list. This feature will 

likely be replaced with a “Favorites” list that is the first thing the user sees to further increase 

workflow efficiency. 

iv. Save Function. After a user has created a module set in the Selected Module Panel (ii) they can save 

their list to a local file for future use. Clicking this “Save” button will generate a popup (Figure 4.4.9 

(bottom left)) that prompts the user to name their custom list. This popup also displays the modules 

they have selected as a verification step.  

v. Clear Function. This button will clear the list in the Selected Module Panel (ii) allowing the user to 

start from scratch when designing a custom module list. 

vi. Start Button. This button will load the vAssess activity scene with the modules in the Selected 

Module Panel preloaded.  

vii. Home Button. Clicking this button will return the user to the Patient Dashboard screen (A3). 
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Figure 4.4.9. Additional Assessment Select screen A6 popup functions. Top: Help panel 

popup. This popup is generated when an Assessment Module button’s inset “?” help button is 

pressed. It contains a module-specific tutorial video and description. Bottom Left: Save module 

list popup. This popup is generated when a user clicks the save button. This popup allows the 

user to save a custom list of modules for viewing in the load module list popup. Bottom Right: 

Load module list popup. This popup is generated when the user clicks the “load from list” 

button. This popup allows the user to load preset lists of modules as opposed to custom creating 

a list. 

4.4.A.7  Game Select 

 The Game Select screen contains a list of the available games, a video tutorial, and a 

“Play” button (Figure 4.4.10). This screen is designed to be presentable to the patient as well as 

the therapist. An ideal therapy session would involve the therapist selecting the patient, 

modifying all settings, and loading this screen before they have started working with the patient. 

In this way, the patient only sees basic information about the available therapy activities and can 

even interact with the UI in a useful way. This screen and the UI within each game have a 

different set of UI elements than previous screens, with different theme colors and styles. This is 

to convey the difference to the therapist, but also creates a more unified experience for the 
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patient. This screen is also the home of the Garden Wrapper which is described further in section 

4.4.A.8. 

 

 

Figure 4.4.10. Game Select Screen A7. This screen allows the therapist and the patient to select 

the game activity they would like to do. After a game is played, the users are returned to this 

screen to select another game.  

i. Game Select List. This list is populated with all of the games that are within the patient’s list as 

defined in the Game Settings screen (Figure 4.4.6.i). Clicking each button will load the appropriate 

tutorial video in ii and allow that game to be loaded. 

ii. Tutorial Video. Each game has a tutorial video used to instruct a naïve patient on how to play the 

game. While most of the introduction and training will be provided by the therapist, we found, 

through various user testing experiences, that a short video can be a great starting point for both users. 

By watching a video before launching the game, the patient’s focus is on learning the task as opposed 

to trying the task incorrectly. In viewing early patient – therapist interactions, many patients would 

ignore the therapist when the game started, likely because they assumed they could automatically 

figure out how to play. Since our paradigm is unlike what most patients would have seen before, these 

initial training steps are very important. 
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iii. Play Button. This button will load the currently selected game. Before loading the game, the backend 

software will load the appropriate variables for that game to ensure a smooth experience.  

iv. Navigation and Wrapper Buttons. The home button returns the therapist to the Patient Dashboard 

screen (A3). The cogwheel button returns the therapist to the Game Settings screen (A4). The tree 

button shows the garden for the wrapper (Figure 4.4.11) while the seed button loads the seed select 

menu for the wrapper (Figure 4.4.12). Both of the wrapper functions are described further below. 

v. Current Seed Display. This text element shows the patient what seed packet they are working 

towards within the wrapper. Showing this element here reminds the patient that they are working 

towards a goal, while also providing information to the patient if they would like to change their 

target goal. 

 

4.4.A.8  Wrapper 

 The vHAB game engagement wrapper was a product of the collaboration with the Digital 

Futures Lab at University of Washington-Bothell (UWB). The wrapper is designed to tie all of 

the games together with a unified theme, despite the fact that all of the games are very different 

in both activity and art assets. The wrapper also provides a global scoring system which allows 

for motivation to be sustained across games and between therapy sessions. The wrapper is only 

available in the game activities and not the assessment activities. This was designed to drive use 

towards the games as exercises and assessments as one time check-ins of function and progress. 

The wrapper can be turned off or back on at any time in the Game Settings screen (A4). Turning 

off the wrapper may be useful in short-term use cases where a patient may only be exposed to the 

system for a short time and the long-term engagement is not an important factor in using the 

system. 
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Wrapper Mechanics 

Before starting a game for the first time, the user is prompted to select the goal they 

would like to work towards and all points scored within a game go towards this goal. In our 

wrapper, there are 18 distinct goals that the patient works toward. At the completion of each 

goal, the patient is rewarded by viewing progress in the wrapper’s home screen in the form of 

animations and sound. Completing all 18 goals will unlock a button that allows the patient to 

view all of these animations in sequence. 

 To complete a goal, the patient must accumulate 100 progress points.  In game points are 

mapped to progress points based on an estimated eight week use of the system, though this 

timespan can be modified based on the system’s use case. The mapping between progress points 

and in-game points is not constant, and is instead designed to change over time. Over time, more 

in-game points will be required to accumulate the same number of progress points. This is 

designed to engage patients early on while driving them to increased use and better performance 

over time. To create the current mapping model we made a few basic assumptions:  

1) The amount of time played each day would increase over time 

a. Patient recovery and increased endurance will allow for slow, yet sustained increases 

over time. 

b. Working towards a goal may increase the amount of time they play if they are close to 

completing a goal. 

2) The number of points scored within each minute would increase over time 

a. Patient familiarity with the game’s rules will provide early increases 

b. Patient recovery will allow for sustained increases assuming game difficulty settings are 

not changed 
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Further, we wanted progress to feel linear over time, so that putting in a day’s work on day 36 

felt as rewarding as day 1. To this effect, we build the model around finishing 25% of the total 

progress every 2 weeks. We also assumed the patient was only using the system 4 days a week 

and that they could start with a 1:1 mapping. The current model can be represented by: 

 Eq 4.4.1.  y = -0.0011x + 1  

where y = points/progress point and x is cumulative minutes played. Currently, y is clamped to 

not be less than 0.1 which works well in this model, but may need to be adjusted for longer time 

frames. This model does not take into account the variability of points scored in different games. 

It is also likely that this model does not optimize patient motivation over time. Further research 

will need to be performed to reach this optimization point for all different use cases of the 

system. 

Wrapper Theme 

Based on user acceptance testing performed by UWB, we decided to use a Garden 

metaphor for the wrapper.  In this metaphor, the patient is growing a garden with their progress 

towards recovery. The garden contains 6 distinct plants with 3 stages of growth. Each stage of 

growth represents a goal and upon completion shows a brief animation of the plant growing. 

When a plant is completed, the patient is also rewarded with a new animal in their garden near 

the completed plant. A patient starts with an empty garden but over time can grow a full garden 

with 6 plants and 6 moving animals (Figure 4.4.11). 
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Figure 4.4.11. The Garden View of the Wrapper within the Game Select screen (A7). Left. 

An early stage garden with only stage 1 of the Hydrangea goal complete. Right. A completed 

garden with all six plants visible. Clicking the continue button here will take the user back to the 

main game select screen. 

 

 When selecting a plant (target goal) the user is presented with a set of seed packets to 

choose from (Figure 4.4.12). Selecting that seed will update the user’s goal, but will not reset 

progress previously made towards a goal. Progress towards a goal is monitored within the 

Game’s UI by showing a meter that fills with each progress point made. For each 20 progress 

points, the user is rewarded by a brief seed growth animation within the Game UI’s progress 

panel.  Upon completing a game, the patient is presented with a popup of summary stats (Figure 

4.4.13). After a few seconds, this popup will move to the top right of the screen and show the 

patient their garden. If a goal was completed (i.e. 100 progress points were achieved) the 

animation and sound effects for the new plant will be displayed.  
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Figure 4.4.12. Seed select popup for the wrapper. This popup occurs within the Game Select 

screen (A7) when the seed button is selected from the navigation panel. The navigation panel (i) 

changes based on what popup is displayed. In the seed select popup the user can return home, go 

to settings, view their garden, or load the game select popup. Seed packets are displayed (ii) in a 

fanned out format. They can be navigated through by clicking on a given packet, which will 

bring that packet to the center, or by clicking the arrows in the lower panel (iii). Clicking the 

center packet or the check box will select that packet for the patient’s goal.  
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Figure 4.4.13. The game summary popup for the wrapper. This popup panel will appear after 

each game if the wrapper is enabled. This popup displays the basic stats from the recently played 

game alongside the progress made towards the current packet.  

 

Wrapper Use Prompts 

 At multiple points, a patient may not have a goal selected. This can happen with new 

patients and after a goal is completed. In both these cases, we prompt the users with a popup 

asking if they would like to select a seed packed. The popup can be dismissed and the game 

select view is shown, or they can accept and the seed packet select popup can be shown.  Upon 

five successive dismissals with no goal selected the wrapper will be disabled. The wrapper can 

be re-enabled at any time through the Game Settings screen (A3).  

 

4.4.B Games 

 Games are the primary activity within the vHAB system. In our system a game is an 

activity in which the patient moves their hand or arm above the main kinematic sensor to control 

various digital objects on the screen. These objects can be direct representations of their hand 

with a three dimensional hand model, or more abstract representations such as a paddle or a dial. 

When the patient moves their hand above the sensor, the mapped game object seems to move 

immediately due to the low latency of the sensor (<33ms) [38]. In all games we only represent a 

subset of the hand’s full movement in the control of game objects. For example, we may only 

look at the rightmost hand’s palm normal angle relative to a preset plane to control the angle of a 

game object. Lowering the dimensionality of this control space makes games much easier to 

learn for the patient and allows us to design carefully controlled experiences that are optimized 

for the sensor’s abilities.  
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 For the main vHAB system we have created over 15 games, with about 8 of them 

finished and the other games in various states of user testing and development. The process of 

creating games was a very iterative process, involving shadowing therapists, in-person 

interviews with field experts, user testing, and creative discussions with experts in user 

experience design. We have previously detailed the design process (Section 4.2), but it is 

important to reiterate that many games have changed drastically since the first version and many 

of the current games will continue to change. In the sections below, we describe the games in 

their current form.  

 Each game was created using the Unity game engine which provided a framework for 

placing 3D models, in game 2D UI elements, and assigning scripts to control the movement of 

these objects. 3D models were created primarily using Blender, a 3D modeling tool. Skinning the 

3D models was accomplished using 2D image editors such as Adobe Illustrator and GIMP. 2D 

elements were created in the same way the main UI (Section 4.4.A) was created with the help of 

the Digital Futures Lab at University of Washington Bothell (DFL UWB). DFL also assisted in 

user experience design of some of the games. Audio elements for the games were acquired 

through a third-party Unity asset [39].  

 Each game possesses its own unique control, target generation, and trial structures. 

However, multiple threads are common throughout each game. Audio feedback is used both as a 

reward signal at the completion of a trial and as a cue element within a trial to show the patient 

they are making the correct movements. In addition to the main control elements, particle effect 

visual cues are used in varying circumstances to show in-trial feedback. These visual elements 

may draw a patient’s attention to a given game object or signify the completion of an in-trial 
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step. These audio and visual reward elements add a layer of fun and engagement that users 

expect from traditional games, while also providing crucial performance feedback. 

Games consist of a set of trials over a set amount of time. A trial consists of presenting 

the patient with a target or objective and the patient performing the appropriate movement to 

match or move towards the target. Completing a trial gives the patient in game points which are 

then mapped to “progress points” as described above. This trial structure comes into play with 

the analytics structure we’ve created in section 4.5: Analytics Description. 

Each game has multiple settings that are specific to that game’s difficulty or control 

options. These settings allow patients of multiple ability levels to play the same games. For 

example, a patient with limited mobility in their wrist can still play Ball Roll at a high sensitivity 

setting. The sensitivity setting provides a multiplier for the movement of the game object. With a 

high sensitivity, a small movement of the wrist will move the paddle as much as a large wrist 

movement with a low sensitivity. We provide preset minimums and maximums for most settings 

to prevent the games from being unresponsive, but for the most part our settings ranges cover all 

levels of function. Some settings are more Boolean, simply turning on or off a given feature or 

game target requirement. Settings are also patient specific, stored within their pID folder, so that 

the therapist does not need discover the correct settings for a patient on each use. Future changes 

to the settings structures will allow for automatic starting settings based on a first-use 

assessment. Additionally, we have explored multiple options for automatically adjusting settings 

as we see increased or decreased performance. At this time, however, most therapists requested 

that they have direct control over the settings as they are learning how to use the system. Settings 

for all games are summarized in Table 4.4.1.   
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Table 4.4.1. Settings for all games. 

Setting Function Games used 

Time to play Controls how long the game is 

played. If set to the maximum value 

the game is in “Unlimited” play 

mode. 

All Games 

Sensitivity Controls how much real world 

movement is needed to move an in 

game object. This value modifies 

preset remapping functions discussed 
below.  

Ball Roll, Reach and Grab, Reach 

and Dwell, Pizza, Whack-A-

Mole, Two Hand Shape Match, 

Pill Box 
 

Min and Max Values Dictates a range of values from 

which a game can generate targets 

Turn the Dial 

Toggles Toggles have varying functionality 

such as specifying which fingers can 

be used, whether a patient is able to 

make a fist, or what types of targets 

are generated 

Reach and Grab, Pizza, Whack-

A-Mole, Two Hand Shape 

Match, 

Thresholds Dictates at what level of a value does 

a specific action occur, such as when 

in a grasp is the patient officially 

making a fist 

Reach and Grab, Pizza, Two 

Hand Shape Match, Finger 

Position Match, Giant’s Teeth 

 

Each game has a common game UI (Figure 4.4.14) created in the same theme as the 

Game Select screen (4.4.A.7). This UI serves multiple functions such as changing game 

parameters and navigating between screens. The UI also displays relevant information about the 

game state, such as score, elapsed time, and garden progress. This UI was designed to be 

unobtrusive while still being easy to use on multiple hardware systems. One of the key 

components of the in-game UI is the ability to modify settings while a patient is playing a game. 

A therapist can make a game easier or harder based on a patient’s ability without having to return 

to the Game Settings screen (4.4.A.4). Each setting for the currently loaded game is dynamically 

populated in a small popup at the bottom of the screen (Figure 4.4.14 right). A therapist 

experienced with the vHAB system can utilize this function to modify the game’s difficulty 

while a patient is playing the game to subtly increase the difficulty and push for better 

performance. Each setting is also accompanied by a help “?” button that creates a small 

descriptive popup just above the settings panel.  
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Each game also contains built in pop-up tutorials (Figure 4.4.15). These popups show up 

the first time a patient is playing a game or anytime the ‘?’ button is pressed in the in-game UI. 

These tutorials consist of a set of text prompts that are displayed within the game space. Specific 

requirements must be met to advance the tutorial. Some prompts are advanced with time, but 

others require specific in-game actions. For example, we want to continuously remind patients to 

keep their hand at least 6” above the sensor. The prompt reads “Place your hand 6” above the 

sensor” and an in-game tracker looks for a hand above the sensor before advancing the prompt. 

This interactive tutorial provides a good first experience for patients, while not limited 

experienced patients from exploring the space on their own.  

 

Figure 4.4.14. In game user interface. Left. The standard starting UI using Whack-a-Mole as 

an example. Right. In-game UI with the settings panel enabled. 

i. Game state display. These panels show the current score and elapsed time of the game. The score 

value is updated at the completion of each trial. The time value counts up in the “Unlimited” play 

mode and counts down if a game time is set. 

ii. Game Control Panel. These four buttons control multiple in-game functions. The circular arrow 

restarts the game. Restarting a game resets the game score and timer, but progress points are saved 

and all analytics are still calculated. The “?” button generates the in game tutorial popup (Figure 
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4.4.15). The cogwheel button generates the in-game settings popup (iv). The forward arrow finishes 

the game and loads the wrapper congratulations screen (4.4.A.8).  

iii. Goal progress. This panel shows the accumulated progress points towards the currently selected 

goal. The meter on the right fills with each progress point earned. At each 20% fill mark, the seed 

image “grows” with an animation to signify a mark in progress. 

iv. Settings Popup. This popup allows for the modification of settings within the game. Each setting 

can be modified by interacting with the slider or toggle element in the center of the popup. Clicking 

the inset “?” button generates a help panel describing the setting. Clicking the arrow button will 

show the next available setting. 

 

Figure 4.4.15. In game tutorial popup. This popup shows up when a patient plays a game for 

the first time or when the “?” button is pressed. These tutorials are designed to help the patient 

learn to play the game in an interactive way. 

Game Summaries 

 The sections below describe each game with its corresponding movements, control 

paradigms, and therapeutic relevance. We have selected 10 games that represent the wide range 

of tasks our system is capable of. Additional games are briefly referenced in B11. Other Games 

below, and are removed as they represent either an incomplete experience or utilize the same 

movements and control schemes but use a different visual. The games below are ordered in level 
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of movement complexity. All games can be played with either hand automatically unless 

otherwise indicated.  

Key Terms.  

Sensor zero.  A neutral position above the sensor (Figure 4.4.16) where x = z = 0, and y 

= a detectable distance (ideally >6”).  

 

 

Figure 4.4.16. Leap coordinate system. The Leap motion reports measurements in three 

dimensions (x,y,z) as displayed above. Positive X axis is normally to the right of the user, 

positive Z towards the user, and positive Y, up. Figure reproduced under fair use from [38]. 

Remapping. We use a set of remapping functions to move between the patient’s real position 

and game object positions on the screen. These set of remapping equations utilize preset values 

within the control scripts that translate a volume of real space to a volume of 3D game space. 

These remapping equations follow a similar pattern: 

Eq. 4.4.2.  game𝑛𝑒𝑤 =
(leap𝑛𝑒𝑤− leap𝑚𝑖𝑛)∗ (game𝑚𝑎𝑥− game𝑚𝑖𝑛)

(l𝑚𝑎𝑥− l𝑚𝑖𝑛)
+ game𝑚𝑖𝑛  

Leap minimums and maximums are set using the leap’s sensor zero as well as estimated 

ranges, while the game minimums and maximums are set based on the game’s design and 

required operating space.  This function primarily applies to positioning, such as translating the 
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x,y, and z position of the patient’s real hand to their virtual hand in game. This remapping can be 

adjusted using a sensitivity ‘𝑠’ that decreases the measured range of the leap sensor without 

adjusting the game boundaries. By moving both leapmin and leapmax in Eq. 4.4.2 closer to sensor 

zero, a given leapnew will produce a larger gamenew value.  

Eq 4.4.3.    leap𝑚𝑖𝑛 =  leap𝑚𝑖𝑛 ∗
𝑠

10
 

Lerp. A game development term used to smooth two values over time. The lerp 

functionality allows for incremental movement towards a target value to be automatically 

adjusted each frame. For example, if we want a game object to eventually end up at position 

(1,1,1) and it is currently at (0,0,0). We would not want to just change the position in a single 

frame since it would result in a visually choppy jump instead of a smooth movement. We can’t 

just move a set amount each frame since we are using a variable frame rate. With a properly 

setup Lerp function, we can move a variable amount each frame based on the “delta time” or the 

time since the last frame. This results in a smoother movement while also ensuring game objects 

interact with each other. The speed at which a value Lerps can be adjusted depends on the 

desired effect. Most Lerps are recursive, incrementing the current value towards the target value 

based on the frame rate. 

Collisions. Each 3D game object has an invisible mesh around it to control interactions 

with other objects. When two meshes overlap, we can call preset functions that handle what each 

object does when it collides with another. Collisions are used for picking up objects, as well as 

detecting when a moving object has reached a target position. Some collisions are handled with a 

physics model and simply prevent objects from passing through each other.  

 Magnetization. The use of magnetization with introduced in Section 4.2.B.6. An object 

becomes magnetized to the patient’s virtual hand when the hand collides with a specially set 
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collision mesh surrounding the virtual object. An object will stay magnetized as long as its center 

position is within that collision mesh. The object will snap back to its original position if it leaves 

the collision mesh and the patient has not yet met the exit criteria, such as making a fist.  

Symbols. Multiple symbols are used below in the equations representing game control 

paradigms (Table 4.4.2). For any ̇  box, an uppercase letter represents a real world value, such 

as the Hand Position (�̇�), while a lowercase letter represents an in-game object or a remapped 

value. 

Table 4.4.2. List of symbols for game control paradigms. 

Symbols Meaning 
̃  rotation as a quaternion 

̇  Position as a 3 dimensional vector  

⃗⃗  ⃗ 
Direction between two positions as a 3 

dimensional vector 

ƪ ƪ𝑎 → 𝑏, 𝑡 

Lerp from vector, float, or quaternion ‘a’ to a 

new value ‘b’ consisting over time t 

∆𝑡 Time between frames 

 

4.4.B.1  Ball Roll 

 Functional Movements: Wrist flexion and extension. 

Objective: Move the paddle left and right to push the ball off of the table. 

Movement Control Paradigm: The angle of the paddle is mapped to the direction of the 

hand as a distance from the YZ plane. The direction of the hand �⃗⃗�  is calculated by extracting the 

x component of the directional vector between the center of the palm �̇� and the center of the 

wrist �̇� (Eq. 4.4.4). This value is multiplied by the sensitivity setting value‘s’ and remapped to 

game space (Eq. 4.4.5). This final value controls the angle ℎ̃ of the paddle anchored closest to the 

patient with a fast Lerp function (Eq. 4.4.6). 
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Eq. 4.4.4.  𝐻 ⃗⃗⃗⃗ =  ∠�̇�𝑥�̇� 

Eq. 4.4.5.  ℎ =  𝐻 ⃗⃗⃗⃗ (𝑥) ∗
180

𝜋
∗ 𝑆    -80°< ℎ <80° 

Eq. 4.4.6.  ℎ̃ =  ƪℎ̃  → (0, ℎ, 0), 20 ∗ ∆𝑡 

 

Game Control Paradigm: The speed at which the ball travels along the table is dictated 

by the average of the speed 𝑣 of the paddle when the two game objects first collide (Eq. 4.4.7). 

The ball will reset every 20 seconds to prevent it getting stuck or travelling too slowly to score. 

When a ball leaves the table it collides with the troughs at the end of the table. The patient is 

rewarded with particle effects, auditory feedback and a game point for a completed trial. A new 

ball is then dropped from the ball dispenser in the center of the screen.  

Eq. 4.4.7.  𝑣 =
∆ℎ

∆𝑡
    1< 𝑣 

Summary: This game is one of the simplest games we have created, but works on a 

fundamental functional movement. Overcoming muscle spasticity after injury is one of the more 

difficult problems early on in a patient’s recovery. This game can be adjusted to require small 

changes in angle to move the paddle which can allow individuals with spastic flexion to still play 

the game, slowing working towards increasing their range of motion. Further, this game does not 

require any timing or sustained movements. This allows patients to take their time completing a 

trial or even rest part of the way through.  
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Figure 4.4.17. Ball Roll Game. In this game the patient moves their hand left and right at the 

wrist to control a panel (i) to push the yellow ball towards the trough (ii). When the ball reaches 

the trough a new ball drops from the dispenser (iii). 

4.4.B.2  Turn the Dial 

 Functional Movements: Forearm pronation and supination. 

Objective: Rotate the “player” dial to match the target dial while keeping the elbow 

stable. When matched, the patient must hold that rotation for a set amount of time. 

 Movement Control Paradigm: The angle of the player dial �̃� is controlled by the x and 

y components of a normal vector coming from the center of the patient’s palm �⃗⃗�  adjusted for 

handedness (Eq. 4.4.8). The normal vector is orthogonal to an idealized “flat” palm, but 

functions as if the hand was flat even if a fist is made. Handedness is calculated by preset leap 

functionality that determines if the viewed hand shapes best represent a left or right hand. This is 

primarily determined by the indent of the palm and relative position of the thumb and pinky. The 

rotation of the dial is handled with a Lerp function to enhance the smoothing of the game (Eq. 

4.4.9). The patient’s relative elbow position 𝐸�̇� (calculated as the difference of x positions of the 
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center of the palm and the elbow) is remapped (Eq. 4.4.2-3) to an elbow meter game object �̇� on 

the screen.  

Eq. 4.4.8. 𝑑 = tan−1 (
�⃗⃗� .𝑥

�⃗⃗� .𝑦
) ∗

180

𝜋
  𝑑 = 𝑑 + 180  𝑖𝑓𝑓 �⃗⃗� . 𝑥 <  0 

      𝑑 = 𝑑 − 180  𝑖𝑓𝑓 𝐻𝑎𝑛𝑑𝑒𝑑𝑛𝑒𝑠𝑠 = 𝑅𝑖𝑔ℎ𝑡 

Eq. 4.4.9.  �̃� =  ƪ�̃�  → (0, 𝑑, 0), 15 ∗ ∆𝑡 

 Game Control Paradigm: Sample target angles are generated at the start of the game 

from a pool defined by the min and max angle game settings ‘𝑎𝑚𝑖𝑛′ and ′𝑎𝑚𝑎𝑥′. If the player dial 

angle is within a preset tolerance (10 degrees) and the elbow meter is within its maximum 

bounds ± ′𝑒𝑚𝑎𝑥′ from center (𝐸�̇� = 0), then a timer begins. A trial is complete if the timer value 

exceeds the hold time setting value ′𝑡′. If the player dial angle or elbow position leaves the 

tolerated range the timer is reset.  The timer value is mapped to a UI element on the screen that 

fills as the patient meets the trial criteria. 

 Summary:  Turn the Dial focuses on pronation and supination of the forearm by having 

the patient control the knob of a radio to match a target knob. Further, the patient must keep their 

elbow in line with their hand while matching the angle for the timer to increment. This is done to 

ensure that the patient is rotating their forearm and not compensating by rotating at the elbow. 

By directly adjusting  𝑎𝑚𝑖𝑛 and 𝑎𝑚𝑎𝑥 a therapist can hone in on a patient’s problem areas. 

Finally, the hold time setting 𝑡 can be reduced to a minimum to work on range of motion, or 

increased to higher levels to work on stretching and strength. 
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Figure 4.4.18: Turn the Dial Game. The patient controls the rotation of the right dial (ii) to 

match the target dial (i). The patient’s relative elbow position is also tracked (iii) to ensure 

proper form during the movement. If the elbow and hand angle are in the proper position, a timer 

begins, filling a UI meter (iv). 

4.4.B.3  Reach and Hold 

 Functional Movements: Arm range of motion and trunk stability. 

Objective: Move the in-game hand towards the floating shapes and hold the position for 

a set amount of time. 

Movement Control Paradigm: The position of a virtual game hand is directly remapped 

to the patient’s palm position in all three dimensions based on preset game boundaries (Eq. 4.4.2-

3). The virtual hand’s x-y and x-z position is projected to two dimensional grids at the bottom 

and back of the game space to assist in visualizing the patient’s current position. 

 Game Control Paradigm:  The patient must move the virtual hand into a randomly 

generated target object within the three-dimensional game space. If the virtual hand’s collider is 

in contact with these targets a timer will begin counting. While the timer is counting, the color of 

the target will being to change. A trial is complete when the timer meets or exceeds the hold time 
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setting ‘t’. The timer will reset if the virtual hand is no longer in contact with the target object. 

The target’s position is mapped to the same two dimensional grids as the virtual hand as an 

additional feedback element for the patient.  

 Summary:  Reach and Hold takes advantage of the Leap Motion sensor’s ability to track 

hand position in three dimensions. The patient can reach out in front of them within the Leap’s 

interaction space to touch virtual targets with their virtual hand. Using higher hold times a patient 

can work their trunk stability and arm strength while in a static position. Moving between targets 

also works on a patient’s accuracy and reaction time to presented stimuli. Adjusting this game’s 

sensitivity setting requires the patient to produce smaller or larger real movements to reach the 

targets. Gradually decreasing the sensitivity setting may lead to the patient increasing their range 

of motion over time. Projecting the hand and target to a two-dimensional space allows the 

patients to learn how to move a virtual hand in three dimensions more easily.  

 

 

Figure 4.4.19. Reach and Dwell Game. In this game, the patient moves their virtual hand (i) in 

three dimensions to reach towards target game objects (ii, yellow triangle). The virtual hand’s 
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position and target position are projected onto two-dimensional grids (iii, green and iv, yellow 

respectively).  

4.4.B.4  Reach and Grab 

 Functional Movements: Arm range of motion and grip. 

Objective: Grab virtual fruit off a shelf and move it to the bowl on the counter. 

Movement Control Paradigm: The patient’s virtual hand is controlled in the same way 

as in Reach and Dwell. In this module however, we’ve added the ability to open and close the 

virtual hand. The virtual hand can either be opened or closed depending on whether the patient’s 

“grasp strength” is above (closed) or below (open) a preset threshold. “Grasp strength” is a value 

provided by the leap motion system that reflects how close all of the visible fingers are to the 

center of the patient’s palm and ranges from 0 (flat palm) to 1 (fist).  

 Game Control Paradigm: Six fruit are randomly generated and placed in six preset 

spots on the game shelf. When the player’s virtual hand is near the fruit, the fruit will magnetize 

to the patient’s hand. The patient can then make a fist to grab the fruit. While grabbed the fruit 

can be moved around the game space. The fruit will be dropped if the patient opens the virtual 

hand. Dropping fruit so that it collides with the bowl will result in a completed trial. Dropping 

fruit anywhere else will cause the fruit to snap back to its starting position. When all six fruit 

have been dropped into the bowl, six new fruit will be generated in the game shelf.  

 Summary:  Reach and Grab works on coordinated movements in a wide three 

dimensional space. Patients must reach out in front of them towards the shelved fruit. After 

magnetization, the patient must make a fist to grab the fruit and then move back towards the 

bowl. When they are over the bowl they can open their hand to release the fruit and drop it in the 

bowl to complete a trial. If a patient cannot open and close their hand, this game can be adjusted 
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to automatically grab the object after magnetization with a “Make Fist” setting. This, however, 

requires the patient move the fruit so it collides with the bowl directly to complete a trial. One of 

the strong benefits this game offers is the ability to have an easily repeatable grasp and move 

task that is not readily available in a true physical space. To emulate this game’s setup, a 

therapist would need to replace the target objects on the shelf each time a patient completed a 

trial. In the home it would require the patient to reset the shelf each time, which may be 

impossible for the patient to complete. 

 

 

Figure 4.4.20. Reach and Grab Game. In this game, the patient moves their virtual hand (i) in 

three dimensions to reach towards fruit on a shelf (ii). The patient can then grab the fruit and 

drop it into a bowl (iii). 

4.4.B.5  Pizza 

 Functional Movements: Arm range of motion, hand grip, and pattern matching. 

Objective: Grab the virtual pizza ingredients in the correct order and place them on the 

pizza. 
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Movement Control Paradigm: The control paradigm for this game is the same as in 

Reach and Grab. However, the game boundaries for remapping (Eq. 4.4.2) are restricted to the 

x-y plane so that patient movement is only required left-right and up-down.  

 Game Control Paradigm: The game mechanics are fairly similar to Reach and Grab 

where pizza ingredients are magnetized and need to be “grabbed” to be moved to the pizza crust. 

In this game, however, the pizza ingredients need to be added in a specific order (sauce -> cheese 

-> toppings). The correct object to grab is highlighted with a particle effect for feedback. Patients 

can grab the wrong objects, but if they try to drop them on the pizza crust the ingredient will 

snap back to its starting position. Adding all 5 ingredients to the pizza will cause the scene to 

reset. 

 Summary:  The Pizza game is a functional re-skin of Reach and Grab with a slight 

pattern matching twist. Additionally, while Reach and Grab focuses on reaching forward and 

back with slight deviations to the left and right, this game focuses on left and right movements. 

A patient is rewarded for a completed trial when each ingredient is added to the pizza, but 

receives an additional visual and audio feedback reward when the pizza is completed. Settings 

for this game are the same as in Reach and Grab, allowing patient’s with limited mobility to play 

with higher sensitivity settings.  
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Figure 4.4.21. Pizza Game. In this game, the patient moves their virtual hand (i) in primarily 2 

dimensions to make a pizza.  Patients must grab ingredients in the correct order (sauce (iii) -> 

cheese (iv) -> toppings (v)) and drop them on the pizza crust (ii).  

4.4.B.6  Giant’s Teeth 

 Functional Movements: Quick velocity changes (as in brushing your teeth)  

Objective: Move the toothbrush quickly back and forth to remove the plaque from the 

giant’s teeth. 

Movement Control Paradigm: The patient’s palm position �̇� is remapped to a virtual 

toothbrush (Eq. 4.4.2). The leap boundaries are similar to those in the Pizza game, leading to 

movements primarily in the x-y plane.  

 Game Control Paradigm: Each auto-generated plaque object contains a collider mesh. 

When the running, rectified average of the toothbrush velocity ||𝑣||𝑛… exceeds a set value ‘v’ the 

plaque touching the toothbrush will disappear (Eq. 4.4.10). The target velocity ‘v’ can be 

adjusted with a game setting. The running average value is only counted when the toothbrush 

bristles are within the plaque’s collider mesh, meaning the patient must make quick and small 

movements to remove the plaque. Running average is calculated over n = 10 samples or about 
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500ms, with variations occurring due to varying framerates. Specifying horizontal or vertical 

requirements in the settings menu allows for only the velocity components of the target direction 

to count. This is akin to substituting 𝑃�̇�
̇  for 𝑃. 𝑥𝑡

̇  𝑜𝑟 𝑃. 𝑦𝑡
̇ in Eq. 4.4.10. After each of the eight 

plaques have been removed, they will all respawn in their original positions. 

 Eq. 4.4.10. |𝑣||𝑛…  =
(||𝑣||

𝑛−1
+||𝑣||

𝑛−2
+⋯+ ||𝑣||

1
)+ 

‖𝑃�̇�−𝑃𝑡−1̇ ‖

∆𝑡

𝑛
 

 Summary:  Giant’s Teeth has the most straightforward mapping to real world function. 

The acceleration of the hand as it changes from one direction to the opposite direction is 

necessary for a lot of movements, especially brushing teeth. By modifying the required velocity 

value ‘v’ a therapist can start their patient at easier difficulties, often allowing the patient to clear 

an entire row of plaque in one good movement. Increasing this value requires the patient to 

carefully control their movements while still moving quickly.  Allowing the therapist to specify 

between horizontal or vertical movement further allows for patients to work on their specific 

problem areas.  
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Figure 4.4.22. Giant’s Teeth Game. In this game, the patient moves a virtual toothbrush (i) to 

remove plaque (ii) from the giant’s teeth.  Patients maintain contact with the bristles of the brush 

and the plaque while rapidly moving left and right or up and down to remove it. 

4.4.B.7  Whack-A-Mole 

 Functional Movements: Finger Flexion and Extension. 

Objective: Move the hammers up and down to hit the moles as they pop up.  

Movement Control Paradigm: The relative position of each of the patient’s finger tips 

controls the angle ′ℎ̃′  of five corresponding hammers pivoted around the base of the hammer’s 

handle ‘ℎ̇’. Both the angle and height of the hammer are adjusted to induce a smooth controlled 

motion that doesn’t accidentally hit a mole when it is at rest. First the fingertip position ‘�̇�’ is 

remapped to game space 𝑓̇ (Eq. 4.4.2). The y position ‘𝑓̇. 𝑦’ of each finger is used to calculate an 

average position ‘𝑓̇. 𝑦𝑎𝑣𝑔’ (Eq. 4.4.11). We calculate hammer position using this average value 

along with an additional compensation that adjusts for pronation and supination of the wrist 

using a remapped palm position  ‘�̇�’ and the palm normal ‘�⃗⃗� ’ (Eq. 4.4.12). Hammer rotation is 

directly mapped to rotation along the x axis using the height value and a few preset values (Eq. 

4.4.13). Further, this mapping is directly adjustable by a sensitivity setting ‘s’.  

Eq. 4.4.11. 𝑓̇. 𝑦𝑎𝑣𝑔 = 𝑓̇. 𝑦𝑡ℎ𝑢𝑚𝑏 + 𝑓̇. 𝑦𝑖𝑛𝑑𝑒𝑥 + 𝑓̇. 𝑦𝑚𝑖𝑑𝑑𝑙𝑒 + 𝑓̇. 𝑦𝑟𝑖𝑛𝑔 + 𝑓̇. 𝑦𝑝𝑖𝑛𝑘𝑦  

Eq. 4.4.12. ℎ̇. 𝑦 = ((�̇�. 𝑦𝑎𝑣𝑔 − 𝑓̇. 𝑦) − (�̇�. 𝑥 − 𝑓̇. 𝑥) ∗  �⃗⃗� . 𝑥) ∗ 𝑠 

Eq. 4.4.13. ℎ̃ = (90 −
60∗ ℎ̇.𝑦

4
 , −25,0)  

Game Control Paradigm: Each hammer has a collision mesh on the hammer’s head and 

the mole is surrounded by one collision mesh. Mole positions are randomly selected from 5 pre-

determined positions immediately beneath the hammers. A trial is completed when a collision 
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between the hammer and mole occurs and the mole respawns in a new location. The mole’s 

position cannot be the same two trials in a row. A further option for this game allows for moles 

to appear above the hammers as well. In this case, the mole’s position is randomly selected 

between all 10 positions but cannot occur at the same height twice. Additional settings prevent 

the mole from showing up beneath specified fingers. These settings also directly affect Eq. 

4.4.11 where that removed position is removed from the calculation of the average. If only one 

finger is used the average position defaults to the remapped palm position. A one finger setting, 

however, is only useful if the mole appears above the hammers as well.  

 Summary:   Whack-A-Mole works on the flexibility of individual fingers. Each finger 

must move independently to reach the mole as any concurrent movement will adjust the average 

value (Eq. 4.4.11) and hinder the movement of the hammer. The sensitivity on this game works 

in a similar manner as the others, but has a much larger impact on the game’s requirements. 

Healthy individuals may even have a hard time reaching pinky targets on the lowest sensitivity 

without practice since the ring finger tends to move alongside the pinky finger. This game does 

require patients to be able to spread their fingers slightly as the Leap camera has difficulty 

identifying fingers if they are too close together.  
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Figure 4.4.23. Whack-A-Mole Game. In this game patients must move individual fingers to 

control the position of hammers (i). The patient must move individual hammers to hit a randomly 

appearing mole (ii). 

4.4.B.8  Two Hand Shape Match 

 Functional Movements: Bilateral hand movement, forearm pronation and supination, 

and grip. 

Objective: Move both hands to match both the height and shape of target hands. When 

matched, the patient must hold the position for a set amount of time.  

Movement Control Paradigm: Both of the patient’s hands are remapped to game space 

(Eq. 4.4.2) in the y direction only. Each hand can be in three distinct states: ‘chop’, ‘slap’, and 

‘fist’ determined by the hand’s grab strength ‘G’ and palm normal ‘�⃗⃗�  ‘ (Figure 4.4.24). A chop 

shows the hand flat in the y-z plane, a slap shows it flat in the x-z plane, and a fist shows the 

hand closed. 
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Figure 4.4.24. State diagram for Two Hand Shape Match Game. To determine which of the 

three states the hand could be in we first look at the grab strength and then the palm normal. 

 Game Control Paradigm: The patient must move their hands to match both the shape 

and height of two mirrored target hands. The mirrored hands can either be high or low and can 

be in any of the three hand states (‘chop’, ’slap’, or ‘fist’). A ‘Same Shape’ toggle setting forces 

both hands to be the same shape. A ‘Match Height’ toggle setting places both hands in the top 

position and removes the matched height requirement. When the states are matched, a timer will 

start that fills a center feedback meter. A trial is completed when the timer exceeds the hold time 

setting value. If the state becomes unmatched either from height or shape, the timer will reset. 

Additional height feedback elements are shown next to the timer meter. The two blocks nearest 

the meter show the target hand height, while the outer blocks show the patient’s current hand 

height.  

 Summary:  Two Hand Shape Match requires a considerable amount of coordination with 

both hands. While the states can be matched in any order (left or right first, height or shape first), 

a high score comes from moving all pieces together in a coordinated manner. Moving between 

slap and shop states works on pronation and supination, while making a fist works on grip. 

Having the target shapes be different requires additional cognitive skills to view the mirrored 

hands and translate that to the correct patient hand movements. Modifying the sensitivity (or 
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even turning off “Match Height”) can allow the patient to focus more on shape matching if they 

have difficulty in keeping their arms at a certain height. Alternatively, a low hold time can allow 

a patient to make quick movements up and down to reach higher scores. 

  

 

Figure 4.4.25. Two Hand Shape Match Game. In this game patients must move both left (i) 

and right (ii) virtual hands to match both the height and shape of corresponding target hands (iii 

and iv). A hold time meter with attached height indicators (v) provide additional visual feedback 

for the task.   

4.4.B.9  Finger Position Match 

 Functional Movements: Finger adduction and abduction, pattern matching 

Objective: Match the finger orientation of the target hand 

Movement Control Paradigm: The tips of each of the patient’s fingers and their relative 

locations to each other create a set of four touch states. These states estimate whether the fingers 

are or are not touching each other for the following combinations 1) thumb-index, 2) index-

middle, 3) middle-ring, and 4) ring-pinky. A state is true if the tip positions, projected on a line 

perpendicular to the hand direction, are within a set threshold of each other. This threshold can 
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be modified by a sensitivity value, but is primarily set based on the Leap’s ability to detect the 

width of a finger. A virtual hand on the screen represents the patient’s current state by modifying 

the relative angles of the fingers at the metacarpophalangeal joints. There are not intermediate 

states within this model.  

 Game Control Paradigm: A randomized set of touch states are generated for the target 

hand. The target hand is then positioned in a similar manner as the patient’s virtual hand. A trial 

is complete if this set of states matches the patient’s states after which a new set of states is 

generated.  

 Summary:  Finger Position Match utilizes a simple matching paradigm to work on a 

patient’s ability to spread and compress their fingers. This game has not yet had a theme 

treatment like the other games, but has already shown popularity amongst some therapists. It is 

important to note that some patients cannot produce all touch states. Using the right hand as an 

example, (false, true, false true) represents a hand position that is impossible for some 

individuals. In the current version, such a state can be skipped, but future work may exclude 

these entirely. Further, this game requires the patient to make a relatively flat hand, which may 

be difficult for some patients who otherwise need this type of exercise.  

 



185 

.  

Figure 4.4.26. Finger Position Match Game. In this game, patients must adjust the positions of 

their fingers to control a virtual hand (ii) and match a target hand (i). Finger positions are 

represented in a set of finger touch states that indicate whether or not two fingers are touching 

each other. The above state is 1) true, 2) false, 3) true, 4) false. 

4.4.B.10  Pillbox 

 Functional Movements: Pinch grip, pattern matching 

Objective: Move pills from the bottles to the correct slot in the pillbox. 

Movement Control Paradigm: Patients control a set of chopstick-like objects that can 

either be opened or closed. Similar to the virtual hands described in previous games, these 

chopsticks are remapped to the patient’s palm position (Eq. 4.4.2). Opening and closing the 

chopsticks is controlled by another native Leap parameter ‘pinch strength’. Pinch strength is 

related to how much of a pinch movement the patient is making controlled by how close the 

thumb tip position is to any other finger. The thumb touching another fingertip produces a value 

of 1, whereas the thumb being as far away as possible produces a value of 0. If the patient’s 

pinch strength is above a preset threshold the chopsticks will be closed, otherwise they will be 

open.  
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 Game Control Paradigm: Patients must first open one of the lids on the pillbox by 

tapping the bottom of their closed chopsticks (the location of a collision mesh) to the target lid. 

The lid will stay open for a set amount of time depending on a customizable game setting. 

Patients must then move the chopsticks so that they collide with one of three pill bottles. Each 

pill bottle has a label stating which corresponding pillbox slots it can fit into. When the 

chopsticks collide with the pill bottle they must be in an open state. The patient can then close 

the chopsticks to grab a pill from that bottle. When this action occurs the game creates a pill of 

the correct color and places it between the end tips of the chopsticks. Finally the patient must 

move the chopsticks so that the pill is above the target slot in the pillbox and then open the 

chopsticks to drop the pill. A trial is complete when the pill collision mesh collides with the 

appropriate pillbox slot. If the pill is dropped in an incorrect slot it will disappear and no points 

will be given.  

Summary:  Pill Box is by far the most challenging game we have developed. Patients 

have limited time after opening a lid to grab the correct pill from the bottle and return it to the 

slot. This game has a direct translation to a patient’s activities of daily living, but is limited in its 

current scope. As an already challenging game, we have limited the pill bottles to static labels 

(the left bottle is always ‘M, T, W’ for example). A true ADL task would require us to modify 

the labels to show that in addition to being able to make the movements, the patient knows how 

to sort pills from bottles into the correct day in the pill box. Additionally, the task would work 

best with a limited number of pills per day. In the current iteration, a patient can continuously 

move pills from the Monday bottle to the Monday slot and still receive points. This is fine for 

task simplicity but would need to change to make the task more functionally relevant. The 

chopstick visualization was chosen to more closely resemble a pinch action, but future iterations 
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may attempt to show a real hand making a pinch movement. Finally, the game is limited in its 

representation of a pinch. Pinch strength represents the proximity of the thumb to any finger and 

thus can reach a ‘closed’ value even in non-pinch hand postures (such as a fist).    

 

 

Figure 4.4.27. Pillbox Game. In this game patients must move the chopsticks (ii) to various pill 

bottles (i) to grab pills (iv). Patients must then drop the pills in the corresponding pill box slots 

(iii) to complete the trial. 

4.4.B.11  Other Games Not Described Here 

 There are a few games that are not described in the sections above. These are primarily 

reskins of existing games, such as a boat game that uses the same control paradigm as Ball Roll 

to steer a boat down a river, or games that have not yet been tested thoroughly with our pilot 

sites, such as a two hand tai-chi type game. Other games are ones we have developed but 

scrapped due to poor performance in the field. One such example is a pinching game that 

mapped the thumb and one other finger to balls in space. Spikes would fall from the sky that the 

patient could dodge by navigating through strategically placed holes. While the game idea itself 

worked well, we found that too many patients had a difficult time orienting their hands such that 
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both fingers would be detected properly. This led to frustration from the patient and the therapist 

and has led us to put the game on the back-burner for future reevaluation.   

 We also have developed a few sandbox modules that have no direct goals or trial 

structure, but allow patients to either destroy block-based cities or move items around freely in a 

kitchen. These modules are interesting as a concept since they allow the therapist to direct patient 

action by saying things like “put the peanut butter next to the banana”. This, however, makes 

providing analytics and performance measurements very difficult since we have no time markers 

of when target actions may have occurred.   

 

4.4.C Assessments 

 The vHAB assessment framework was created out of the vAssess concept game 

described in Section 4.2. We wanted to be able to streamline our measurement and feedback 

capabilities from the games so therapists could obtain quick and accurate representations of a 

patient’s hand and arm function. This streamlining involved removing some of the thematic 

elements of the games while also sacrificing the repetition inherent in gameplay. Assessments 

are meant to be performed in the clinic with both the therapist and patient present, and may 

function best as intermediate check-ins along a patient’s progression. We intend the assessment 

modules to function as part of the entire vHAB system such that these assessments are done 

periodically, but the primary therapy is performed within the games. The assessment user 

interface framework described in section 4.4.A.6, allows therapists to customize an assessment 

with various modules that specialize in one particular movement or measurement. This list is 

continuously growing based on recommendations from therapists and clinicians. In the sections 

below we describe the modules that are currently available for therapists to use.  



189 

Assessment Environment 

 All Modules have the same game scene and environment (Figure 4.4.28). This 

environment has a few distinct features. First, text prompts appear at the top of the screen 

describing the current module and the required actions. These prompts function similarly to the 

tutorial prompts discussed previously, advancing either by time or met physical requirement 

from the patient. The environment also contains various feedback elements such as a timer panel 

and a mock virtual Leap Motion controller. Most modules utilize a virtual hand that functions the 

same way as the hand in Reach and Dwell. The patient’s real hand is remapped to the virtual 

hand (Eq. 4.4.2) and the game hand is projected onto front and back grids to assist the patient in 

locating their hand. In the assessment environment, however, we also trail this projection for a 

few frames so that the patient has an understanding of their hand’s position history. A patient can 

also make a fist with their hand as in Reach and Grab by passing a similar grab strength 

threshold. In some modules the hand position and ability to make a fist is locked for simplicity.  

 

 

Figure 4.4.28. Assessment environment.   The assessment environment is static across most of 

the assessment modules. In all modules, prompts are displayed at the top of the screen (i) to lead 
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patients through the exercise. Modules can use a virtual hand (ii) to represent the patient’s real 

hand position and a timer (iii) to assist the patient in the task. 

4.4.C.1  Introductory Module 

 This module introduces a patient to the assessment environment. As previously 

discussed, many patients have a difficult time interacting with our system at first since they are 

not physically interacting with anything. This module explicitly addresses this by introducing the 

system in a piece-wise method. First the prompts describe the purpose of the system then ask the 

patient to place their hand 6” above the sensor. When a hand is detected, the prompts ask the 

patient to move their hand around, noticing the projections on the front and back grids. It then 

introduces the concept of a “home box”, a virtual box located at sensor zero, and requests they 

return to the home box. This module is only intended to be used by the patient one time as an 

introduction, but may be returned to in special cases such as patients with dementia or after a 

long break from using the system.  

4.4.C.2  Hand OpenCloseOpen 

 This module asks the patient to place their hand flat above the sensor. Next they are 

asked to make a fist and squeeze tightly for 10 seconds. Finally they are asked to open their hand 

again. This module is very simple, but provides great insight into the patient’s ability. By having 

a patient squeeze their fist for 10 seconds, we receive a long profile of their muscle activity and 

how it changes over time. A single instance can measure a patient’s maximum voluntary 

contraction (MVC), but performing this activity before and after a game or therapy session can 

provide insights into endurance and strength.  
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4.4.C.3  Arm Range of Motion  

 We provide three separate modules for measuring arm range of motion, a 30 second and 

60 second bubble popping module and a 60 second painting module. For the bubble popping 

modules we present the patient with a set of procedurally generated bubbles, starting in the 

center around the home box. Each time the patient’s virtual hand collides with a bubble, we show 

a popping animation, and generate a new bubble slightly further from the home box up to a 

maximum volume. As the patient continues to hit more bubbles the required range of motion 

steadily increases. By starting toward the middle we ensure that all patients can at least hit some 

of the bubbles. Further each bubble is a discrete object and each popped bubble can be viewed as 

the completion of a single trial for analytics purposes. From this we can attempt to measure 

things like path deviations and reaction times alongside the volumetric ranges of motion. The 30 

second bubble popping module is for individuals experienced in the 60 second bubble popping 

module. The main challenge with the bubble popping modules is the visibility of the bubble’s 

depth in the three dimensional environment. Experienced users are able to map where their hand 

is relative to a given bubble, but a naïve patient will have greater difficulty in performing the 

task.   

 The painting range of motion module takes advantage of the projection capabilities of the 

assessment environment. Instead of trailing a history of projections we simple keep the 

projection grid filled in wherever the patient’s virtual hand has been. The patient is tasked with 

filling in as many grid panels as they can within the 60 second time period. This version of the 

range of motion measurement does not have the same discrete task goals, but doesn’t suffer from 

the same depth visualization problems as the bubble popping games.  



192 

4.4.C.4  Wrist Range of Motion  

 In this module we present patients with both their virtual hand and a target hand. The 

target hand will proceed through a series of orientations designed to test wrist range of motion, 

such as flexion/extension, pronation/supination, and radial/ulnar deviation. The patient is tasked 

with matching these angles and then holding the position for 2 seconds. As an assessment we 

cannot make any assumptions of the patient’s true abilities. To account for this we assume a 

patient is “matching” the target angle if their angle along the current axis of rotation becomes 

closer to the target angle by a set threshold. For example, in wrist pronation and supination we 

first display a hand that is flat in the x-z plane and then rotate it around its center along the z-

axis. We rotate the target hand 180 degrees as an ideal maximum that the patient could achieve. 

To advance the prompt, however, a patient only needs to make a 10 degree delta along the z axis. 

This method can sometimes cause patients to not reach their full range of motion potential, 

especially if it is their first time through the module. We have noticed, however, that very few 

patients watch their virtual hand. Instead most attention is focused on the target hand and they 

work to reach the target angles even if they cannot actually match the true angle.  

4.4.C.5  Rest Modules 

 These modules prompts the user to rest for 5, 10, or 20 seconds depending on the module 

selected. At the start of the associated rest prompt we start a timer for the corresponding time. At 

the end of the time we ask the patient to return to the home box. The module is finished when 

they return to the box, indicating they are ready to begin the next module.  

4.4.C.6  Questionnaires   

  Questionnaires were some of the most requested features within the vHAB system. While 

we provide new and improved methodologies for delivering therapy, there are still many 
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supplementary methods that can be used in tandem with our system. Further, questionnaires can 

be custom designed for facility studies where they may want to correlate our measurements with 

patient responses or other, more manual, measurements. Providing questionnaires ensures all this 

data is placed in the same location for easy analysis. The answers to the questions can also be 

viewed within the data viewer for easy comparisons over time. A questionnaire consists of a set 

of multiple choice, number line, or input field questions. Currently we have prototyped 

questionnaires for pain scales, angle verification inputs, and multiple patient hand, wrist, and arm 

measurement forms that exist as the current standard of care such as QuickDASH [40] and the 

Patient Rated Wrist Evaluation [41]. The prompt format for a question is much different from a 

normal module since we do not require a virtual hand or other objects. For the interface we 

present a touch-based user interface that can be quickly navigated by the therapist or the patient 

(Figure 4.4.29).  

 

 

Figure 4.4.29. Sample questionnaire module interface. This sample asks the patient a single 

question about their pain experienced during a specific situation. This question exists within a set 

of questions from the Patient Rated Wrist Evaluation questionnaire. To advance, the therapist or 

patient must click or touch the scale to select their pain and then press next. 
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4.4.C.7  Combination of Modules  

 The true power in the assessment framework is the ability to combine a custom set of 

modules. For example, a sample set may consist of C1. Introduction -> C6.Pain Scale -> C2. 

Hand Open Close Open -> C3. Bubble Popper 60 -> C2. Hand Open Close Open -> C6.Pain 

Scale. In this manner fatigue can be viewed as a measure of the difference in MVC between the 

first and second C2 modules since the patient was tasked with performing a potentially tiring 

task in between. Impact of therapy on pain can be directly measured by comparing the responses 

to C6. Comparing this consistent module set over time further allows therapists to make 

informed decisions about their patient’s care.  

 

4.4.D Data Management 

 With the vHAB system we collect hundreds of streams of physiological and gameplay 

data for each game and assessment. We also track usage data for the games, assessments, and 

even the menus. Patient specific data is all stored on the local system under the patient’s pID 

while usage data tracked across multiple patients and therapists is stored in a separate global 

directory. This data needs to be available for both the analysis framework (Section 4.5) and for 

general validation and testing purposes. In the sections below we describe how the data is 

collected and stored within the vHAB system.  

4.4.D.1  Directory Structure 

 At the top of the directory structure is a folder named “Data” sitting within the root 

directory of the vHAB installation. This Data folder holds all of the pID folders alongside basic 

usage data files and some other operating files, such as an unlockedLevelList.txt that hosts an 

encrypted list of what levels are available for the therapist to use out of the 10+ total. In the home 
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version, only one pID folder exists for that specific patient. Each pID folder is structured with a 

series of tiered folders. The top level of the pID folder holds a set of date folders containing all of 

the game and assessment data for that date, alongside some patient-specific information such as 

the patientLevelList.txt that holds an encrypted list of the games patients see on their game select 

screen. Within each date folder is set of session folders. A session is any contiguous set of games 

or assessments that occur without the therapist logging the patient out of the system. Multiple 

sessions most often occur when a patient is staying in a facility and does morning and afternoon 

therapy. Within each session folder is a set of folders for each game they played during that 

session. If a game was played more than once the folder name has a counter added that 

increments by 1. Each game folder contains all of the raw gameplay and physiological data 

collected during the game, alongside a results folder produced by the analytics in Section 4.5. A 

full path to the results folder and the main scalar values may look like:  

“./Data/pID/05302016/Session2/BallRoll3/Results/scalar_stats.csv”. 

 Handles to all of the specific portions of the directory are handled with a carefully kept 

script with public functions for all the other data scripts. This ensures that all of the data is put in 

a consistent location for a session despite multiple scripts handling the various data saving 

functions. This overall directory structure allows for easy offline navigation during development 

but does present data integrity risks. If a therapist navigates to a random patient’s folder they 

could modify specific information about a game or a session, though we expect this to be 

unlikely to happen in practice.  

4.4.D.2  Raw Data 

 The vHAB system records 4 main streams of raw data during each game and assessment 

module: leap data, muscle activity data, settings data and metric data. Each of these streams has 
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its own controller script that saves new data each frame. As mentioned previously, the Leap 

device updates at up to 120 Hz, and the Myo can record at up to 50 Hz. From these speeds, 

however, we only sample at the frame rate of the games (about 50Hz). Settings data is updated 

whenever the settings are changed within the game, while metric data is updated within every 

each frame. This frame limited approach can be modified to save missed data if it is available, 

but thus far has not been necessary for game control or analytics. All raw data is saved in 

separate comma separated value (CSV) format with headers for each data column. Each row of 

data is time-stamped based on the elapsed game time and the system time. These values are 

useful in correlating data across data streams.  

 For leap data we save multiple positional points on the arm, hand and fingers, as well as 

hand and arm directions, grip and pinch strength, and confidence values. Most games only save 

one hand’s worth of data for the leap (often the rightmost hand in the scene), however other 

games, like Two Hand Shape Match, save data for both hands. For muscle activity data, we save 

all eight streams of bipolar muscle activity data in its raw form. Settings data contains the current 

settings values at the start of a game, and all settings modifications. Metric data contains 

information about the game or assessment that is being played, such as whether the hand is 

holding a virtual object, when the patient completes a trial, or where a target object has been 

placed. Each game has a unique list of metric values that are saved. 

 All of the raw data is processed with a set of algorithms described in Section 4.5. These 

algorithms produce a set of analytics that are stored within the game directory that the raw data 

came from. This structure exists as a separate key-value pair file that can be quickly read into the 

data viewer screens. 
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4.4.D.3  Usage Data and Long-term Data 

 vHAB also saves summary data from each time a module is used. Usage data consists of 

the name of the module or menu, the time of day, the date, and how long the module or menu 

was opened.  This usage data allows us as developers to understand how the systems are used to 

enhance therapist workflow. Further, this data can be used to identify popular games or 

assessments for future expansion and targeted updates. Long-term data is patient specific and 

contains a list of each game or assessment alongside the achieved score and time played. The 

long-term data is used for quickly graphing simple analytics and metrics in the data viewer 

screens and for determining if the patient has played the game before in the tutorials systems.  
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4.5 SYSTEM DESCRIPTION: ANALYTICS 

4.5.A Foreword: A Note on Contribution 

 The following section contains work heavily attributed to Dimitrios C. Gklezakos. 

Conception, design, and testing were performed by Libey, Mogen and Gklezakos. Coding and 

implementation were primarily performed by Gklezakos. As such, in the sections below, we will 

focus primarily on summarizing the values and their use in relation to the vHAB system as a 

whole, rather than on the equations and accuracy of the measurements. 

4.5.B Introduction 

 Integrated and automated analytics are a key component of the vHAB system. Engaging 

patients with fun games and a score wrapper is only half of the solution to solving low therapy 

adherence at home. With detailed analytics, patients can see small increases in function to stay 

motivated in ways they can’t do with traditional home therapy. For example, a patient may not 

be able to see a 5 degree increase in wrist range of motion from day to day, but with the vHAB 

system they can. Further, therapists can use analytics to better treat their patients. Monitoring 

multiple analytics over the course of a patient’s treatment, allows therapists to identify weak 

spots and target their therapy to accommodate that patient.  

 The vHAB analytics platform is created primarily in Python. Each system contains a 

local installation of the Python framework alongside all of the required packages. At the end of 

each game or assessment module, raw data is saved to the local system in the specified directory 

(Section 4.4.D), and then a startup Python script is called to begin the analytics process. This 

startup script is provided with the most recent module’s name and the location of the raw data, 

which it uses to call the appropriate analytics scripts for that module.  
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 The current set of analytics contains a variety of measurements rooted within traditional 

therapy paradigms, such as range of motion and reaction times, but also contains some 

measurements that were previously impossible to record in real time in the therapy facility. 

These new values present a challenge for both us as developers and for the therapy field in 

validation and defining appropriate use. Along these lines, we primarily present metrics 

therapists are familiar with as we continue to validate and collect examples of these new 

measures.  

 Throughout the vHAB system there are a few common measurements that are recorded. 

These values have similar names, but are not necessarily comparable across modules. In the 

sections below we will describe these analytics and provide examples for some of the games and 

assessments. A full list of the analytics calculated can be found in table 4.5.1.  

4.5.C Gameplay Analytics 

 Game play statistics are the most straightforward of the analytics, but potentially the least 

useful on their own. To create the gameplay statistics we utilize the raw metric data streams that 

consist of timestamps for when a trial is completed and additional trial metadata such as target 

location. From this data, we create “Score”, “Time Played”, and “Reaction Time” statistics that 

represent how well a patient did in the game. Score is simply the number of completed trials in a 

session. Time Played is the length of that session. Reaction time is generally target based and is 

the mean and standard deviation of the time from the start of a trial to the trial’s completion. For 

example, in Whack-A-Mole, a ring finger reaction time of 1.5 seconds means that on average, the 

patient took 1.5 seconds to hit the 4th position mole with their ring finger, after it appeared.  

 In addition to these basic analytics for each game, some games provide the opportunity to 

extract specific meta-analytics. In Two Hand Shape Match, for example, we can compare trial 
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completion steps between hands. If a patient has a slower reaction time in raising their left hand 

than the right we can present that as a normalized ratio, with 1 representing both hands moving 

together, and zero meaning that one hand is in position before the next hand moves. This 

coordination value doesn’t have an analog in traditional therapy practice but may be very useful 

for patients with hemispatial neglect. In other games, such as the Pizza game or Pillbox game, 

we can derive a basic cognitive metric from incorrect trials. If the patient drops a Monday pill in 

the Tuesday pill box slot it will be measured as an incorrect trial to be compared against the total 

score the patient achieves. This value may be difficult to interpret since a failure could be caused 

by a cognitive challenge or by a physical inability to reach the correct target. Thus this value is 

best utilized alongside other physical analytics such as range of motion or tremor. Finally, we 

can measure analogs of endurance by examining reaction time changes over a given session. 

Decreasing reaction times may be a sign of fatigue and we would expect this endurance measure 

to increase over time. Deriving the scale of the endurance value requires comparison against a 

norm value. Our current model is being built on the healthy patient data collection described in 

Section 4.7. 

 Comparing gameplay metrics becomes very difficult as settings within the game change. 

A score of 20 with a low sensitivity represents a greater level of performance than a score of 20 

with high sensitivity. Further, these metrics cannot be compared across games as the trial 

structures are very different. In the current version we do not make concessions on presenting 

these data points, however a future iteration may see setting adjusted scores that use sensitivity 

values as multipliers for a base scoring system. Overall, the score and time played analytics are 

meant to be basic summary statistics to enhance engagement, not to drive clinical care. Reaction 

time values are similarly affected by game settings, but provide interesting within-game session 
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comparisons. Varied reaction times between fingers in Whack-A-Mole may indicate poor 

performance with specific fingers. This variance should decrease over time as patients recover.  

 

 

Figure 4.5.1. Gameplay analytics example for Whack-A-Mole Game. Generated targets are shown at 

the bottom of the plot (dashed lines) alongside the vertical component of the fingertip position in this 

idealized example. Fingertip height is not directly used to hit the targets, rather a relative position 

calculation is performed in the game time (Section 4.4.B.5). In this example, extra care to keep the palm 

flat and finger movements isolated to illustrate the game data components of the data analytics. Reaction 

time is calculated as the time between trials, averaged over the course of the game on a per-finger basis. 

In the above example, the reaction time of approximately 0.8s would be attributed to the thumb. 

 

4.5.D Range of Motion 

 Range of motion analytics describe an approximate distance or rotation around a given 

degree of freedom. Increases in range of motion generally track over time with a patient’s 
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recovery, but are not often measured in the clinic due to the complexity of taking measurements. 

In a traditional therapy setting range of motion is measured with goniometers. While digital, 

strain-gauge goniometers can be found on most medical product websites, the most used type 

consists of a set of plastic protractors. These goniometers present several challenges to use: they 

only have a specificity of +- 5 degrees, the measurements can vary drastically if the angle is 

being measured over bony surfaces, and they require that the patient maintain a static position 

during the measurement.  

 Our methods of calculating range of motion mimic that of the goniometer. We 

specifically look at three distinct points on the hand, arm or finger and calculate the angles along 

the specific axis. For example, in Ball Roll, we look at the palm, wrist, and elbow positions to 

measure angle deviations along the y axis. Some instances of our range of motion measures 

utilize relative distance measures. This is common amongst the finger motion games where 

specifying which degree of freedom along the finger to measure is related to the game play. For 

example, in Whack-A-Mole we use the relative position of the finger tips to the center of the 

palm and other fingers to control the hammer. For this range of motion measure we present the 

range of vertical distance traveled by each finger. Inverse kinematic models can be applied to 

these values to estimate the actual angles made by the finger, but these values are not likely 

accurate in patients recovering from injury. The final type of range of motion we measure is a 

volumetric arm range of motion. This value varies from 0 to 1 and represents the total three 

dimensional space the patient moved their hand in out of the total possible space defined by the 

game and leap boundaries. The validity of this value is determined by the module’s ability to ask 

the patient to perform all possible movements in the three dimensional space, and therefore takes 

a while to perform. However, no such measurement currently exists and we believe it could be a 
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very valuable piece of information in determining a patient’s ability to reach objects in front of 

them. 

 For all range of motion measures we present the mean value and standard deviation of the 

measurements across all trials in that module. In some user testing and pilot studies, however, 

these values are not easily translated into the same space as traditional goniometer measures. As 

mentioned previously, goniometers require that the patient hold a static position during the 

measurement. Our measurements are taken over more fluid motions and may end up being 

slightly higher than a held position. Further, a lot of the value of our measurements is in the 

repetition and continuous nature of the values. A full representation of a range of motion and 

how it is calculated is shown in the full set of data (Figure 4.5.2). This presentation does not fit 

into a therapists workflow and summary statistics are difficult to create that represent all of the 

information in just 20 seconds of data. Further, the standard deviation value or even a decay 

coefficient value better represent performance over time, but education and detailed 

documentation are required to provide therapists with the knowledge to interpret these values.  
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Figure 4.5.2. Sample range of motion plots for the Ball Roll Game. We start with the position 

of the palm, wrist, and elbow of the patient (Top Left). We use this data to calculate the 

normalized direction vectors for the hand and arm (Top Right) and then the angles of the hand 

and arm (Bottom Left). Subtracting these two angles produces our final angle value. Providing a 

relative value allows us to account for lateral movement of the arm that may occur during 

gameplay.  Minimum (-45+-1.8) and maximum (16+-3.1) angles are displayed in the dashed red 

and green lines. It is important to note that this may not represent the true maximum or minimum 

the patient is capable of, but is instead the patient’s ability to perform the actions we required of 

them. 
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4.5.E Muscle Complexity 

 The muscle activity underlying hand and arm movements can showcase critical aspects of 

recovery from a variety of conditions. In the case of stroke there are typically several different 

presentations on the road to recovery including: flaccid paralysis (almost no EMG activity), 

increasing muscle tone, and spasticity [43]. There are a variety of techniques for processing 

surface EMG data to extract relevant clinical information from the complex signals. To create 

the most clinically-digestible numerical value we adapt the Non-Negative Matrix Factorization 

approach introduced by Seung and Lee in 1999 [44]. 

 The NNMF technique attempts to build a representation of a complex data stream using a 

linear set of small set of basis vectors. These synergies represent common activation patterns in 

the muscle activity channels. Figure 4.5.3 shows an example of the NNMF algorithm applied to 

Ball Roll in a healthy patient. Previous research has shown that these synergies are relevant and 

stable in healthy patient upper extremity muscle activity patterns during isometric force tasks 

[45]. The technique also shows that synergies remain consistent across patients and change over 

the course of stroke recovery [46] These synergies can be linearly combined and compared to 

original sEMG data to understand the impact of the first  more variance accounted for by few 

synergies, the less able the patient. To date this has been shown to be true with lower limb 

synergies and gait in patients with Cerebral Palsy [36]. Figure 4.5.3 shows an example of the 

NNMF algorithm deconstructing simple wrist flexion and extension during Ball Roll. 
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Figure 4.5.3. Example EMG Decomposition from Ball Roll Game. The left panel shows a 

snapshot of EMG data collected during Ball Roll. A sample extension epoch is highlighted in 

blue and a sample flexion epoch is highlighted in red. In the left panel of raw, randomly ordered 

EMG traces there are several channels that there are selectively active for flexion (Channels 7 

and 8) compared to extension. Synergy activations plotted on the right are ordered by magnitude 

from 1 to 8. It is important to note that synergy 1 captures both flexion and extension activation 

patterns and has the greatest magnitude throughout, reflecting the contribution from all 

contributing electrodes. Subsequent synergies capture extension or flexion more dominantly. 

4.5.F Tremor Characterization 

The fine kinematic tracking of hand position in relation to game object positions and timing 

allows us to explore quantifying and subtyping the status of different tremors as well. This will 

be detailed in cowriter’s theses.    
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Table 4.5.1. All analytics for each module.  

Module Section Analytics 

Ball Roll 4.4.B.1 Wrist Flexion/Extension Range of Motion, Reaction Time, 

Muscle Complexity 

Turn the Dial 4.4.B.2 Forearm Pronation/Supination Range of Motion, Reaction 

Time, Muscle Complexity 

Reach and Hold 4.4.B.3 Arm Volume Range of Motion (3D), Reaction Time, 

Tremor 

Reach and Grab 4.4.B.4 Arm Volume Range of Motion (3D), Reaction Time, 

Tremor  

Pizza 4.4.B.5 Arm Volume Range of Motion (x-y plane), Reaction Time, 

Tremor, Failed Trial Ratio 

Giant’s Teeth 4.4B.6 Reaction Time,  

Whack-a-Mole 4.4.B.7 Finger Flexion/Extension Range of Motion, Reaction 

Time,  

Two Hand Shape 

Match 

4.4.B.8 Reaction Time, Comparative Tremor, Coordination 

Finger Position Match 4.4.B.9 Reaction Time, Finger Adduction/Abduction Range of 

Motion 

Pillbox 4.4B.10 Reaction Time, Arm Volume Range of Motion, Failed 

Trial Ratio 

Hand OpenCloseOpen 4.4.C.2 Maximum Voluntary Contraction, Muscle Complexity 

BubblePopper  4.4.C.3 Arm Volume Range of Motion, Reaction Time 

Painting ROM  4.4.C.3 Arm Volume Range of Motion 

Wrist Range of 

Motion 

4.4.C.4 Multiple Wrist Range of Motion 
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4.6 USE CASE: PILOTS AND EARLY FEEDBACK 

4.6.A Introduction 

 We began testing the vHAB with patients and therapists early in the development of the 

system. This initially took the form of one-on-one sessions with therapists and professionals in 

the rehab medicine space as described in Section 4.2, but this type of feedback was not enough to 

finish development of the system. From these sessions we received conflicting reports of 

healthcare regulations, needs of the therapists, and patient ability in relation to the system. While 

all of this information was useful, it made it very clear that we had to see the system in use to 

prioritize development milestones. To accomplish this, we set up partnerships with a commercial 

entity, the local science center, a hospital in-patient facility, and a skilled nursing facility. These 

pilots were not focused on collecting or validating data, but were highly organized use-case 

studies setup to collect usage statistics and end-user feedback. In the sections below we describe 

the genesis of each pilot, the state the vHAB system was in at the time, and the end results from 

the pilot, both in terms of system changes and end-user workflow.  

4.6.B Pilot 1: Skyline Retirement Community 

4.6.B.1  Introduction and Methods 

 Skyline Retirement Community (SRC) in Seattle, Washington is a skilled nursing facility 

where we conducted our first pilot test of the vHAB system. Skilled nursing facilities present an 

interesting challenge in end user workflow integration, and our first pilot study elucidated many 

issues with our early user interfaces and system capabilities. For this pilot we used an early 

vHAB system without a muscle activity sensor. One system was deployed for a three month 
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period after a one hour training session with the therapists. Multiple follow up visits were 

scheduled during the course of the pilot to collect feedback and deliver updated software builds. 

The vHAB system was set up in SRC’s therapy gym where a majority of their therapy was 

performed. Patients consisted of geriatric patients recovering from a variety of injuries, but no 

specific demographic information was collected. 

4.6.B.2  Outcomes 

 As a first pilot, we received invaluable feedback relating to the use of vHAB in a skilled 

nursing facility. In retrospect, it is clear that the system was not yet ready for this level of testing 

and deployment, both in terms of software and system education. The system was used for three 

months and then reclaimed to collect and analyze the data; however due to a poorly implemented 

patient management structure we were unable to analyze patient specific data. The pilot officially 

ran from January 2015 until we reclaimed the system in September 2015, but the system was not 

heavily used during any time period. The reasons for this low usage became clear through the 

follow up sessions with their therapists.  

 Primarily, we had created a system that was too complex to use, containing too many 

modules and options. The therapists found the user interface difficult to navigate and the game 

objective too unclear. Our training protocol at the time consisted of one training session over 

lunch before leaving the system in the hands of the therapists. During this hour, we demoed the 

system, but provided no formal training, hands-on experiences, or leave behind documentation. 

Further, this system did not have built-in tutorials or settings descriptions. These small design 

changes were fixed over time, but still left the primary issue of training and education. The 

therapists continued to use a patient account named “Test” instead of creating individual patients 
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because it was easier to do in their workflow, and, to their knowledge, individual patient 

accounts did not provide a clear benefit. The in-game settings were confusing and there were too 

many games to choose from. In a given day, they may have remembered how to use one of the 

games, but it may not have been useful for that specific patient. It was clear from this experience 

that training and continued education of the system are just as important as creating a useful 

system. Each subsequent pilot and experiment has contained a stronger focus on this aspect and 

has led to better experiences.  

4.6.C Pilot 2: Tacoma Lutheran Retirement Community 

4.6.C.1  Introduction and Methods 

 The Tacoma Lutheran Retirement Community (TLCR) in Tacoma, Washington is a 

similar facility to SRC in both patient population and therapist composition. This pilot began a 

few months after the SRC pilot, which allowed us to refine both the training protocols and the 

actual vHAB software. For training on the system, we began with a 1 hour lunch training, but 

scaled back the amount of information we tried to cover and only overviewed three games. We 

then shadowed the therapists throughout the afternoon as they used vHAB with their patients. 

We answered questions and received feedback from all users. We also tested a few new software 

features, such as system auto-start, where vHAB would automatically launch if the system ever 

shut down. We returned to TLRC multiple times over a six month period to gather additional 

feedback and update their system with new features. 

4.6.C.2  Outcomes 

 This pilot lasted from July 2015 to December 2015. The versions of the system utilized in 

this pilot were more sophisticated than that of the first pilot, but the success of the pilot came 
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from the modified training protocols. Limiting the scope of training to just a few games made the 

therapists feel comfortable with the system and allowed them to focus on what patients in their 

case-load could benefit from using vHAB. This pilot led to the creation of the Pillbox game and 

the Finger Position Match game through personal conversations and iterative feedback. 

Difficulties in this pilot primarily arose from the distance of the facility from the system’s 

developers. Updates were slow to deliver and it was difficult to troubleshoot the system over the 

phone with the therapists when something went wrong. These issues are inherent in a developing 

system and as such we sought a closer partner for our final pilot study. 

4.6.D Pilot 3: Harborview Medical Center 

4.6.D.1  Introduction and Methods 

 Harborview Medical Center (HMC) in Seattle, Washington hosts an inpatient therapy 

center that sees primarily stroke, spinal cord injury, and traumatic brain injury patients of varying 

demographics. This pilot saw quite a different set of users than the previous, skilled nursing 

facility, pilots and provided new opportunities in testing the limitations of the system. We 

initiated this pilot as a precursor for an at-home study (Section 4.8) to familiarize the therapists 

with the system so they could feel comfortable referring their patients to the study. Additionally, 

it allowed us to validate our previous changes made through the first two pilots for both our 

training protocols and system deployment. For this pilot, we deployed two systems to 

approximately 20 therapists over two separate training sessions. We followed a similar, limited 

game set model, as in the TLRC pilot, but we further supplemented training with scheduled 

hands-on experience for the therapists. We paired up the therapists and had them use the system 

together, with one acting as the therapist and the other acting as the patient. This method drove 
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them to ask usage questions we hadn’t heard before and expanded the types of conversations we 

could have during the pilot.  

4.6.D.2  Results and Outcomes 

 This pilot lasted approximately 4 months (December 2015 to March 2016) and saw over 

30 patients of varying injury presentations. Though the system was used significantly more than 

in the previous pilots, the numbers were not as high as we expected from a high capacity facility. 

During the first few months, low usage was driven by the system setup in the facility. Due to 

security reasons, the therapists locked up the tablets overnight. This meant that in order to use the 

system, they needed to take it out of the locker, wait for the computer to start, plug in the 

peripherals, and then start the vHAB software. This increased the chance of human error in the 

setup, and, more importantly, took too long to easily include in a normal workflow. For the last 

month of the pilot we added a tablet lock to the system and worked with the therapists to 

establish a dedicated space for the system in their therapy gym. This increased visibility of the 

system and reduced the workflow burden in using the system, leading to increased use during the 

last month of the pilot.  

4.6.E User Experience: Pacific Science Center 

4.6.E.1  Introduction and Methods 

 In July 2015 we were approached by the Pacific Science Center (PSC) in Seattle, WA to 

assist in the creation of an educational exhibit demonstrating new technologies from the 

University of Washington. We created a special build of the system consisting of a modified user 

interface that allowed users to select and play 1 of three games (Shelf Grab, Whack-A-Mole, and 

Reach and Hold). The primary purpose was to demonstrate how science and engineering can be 
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used to help people in need, but we were able to collect general feedback from users to influence 

system design. We deployed one system in September 2015 and the exhibit ran until March 

2016. Working with the PSC we designed a set of questions designed to help us collect feedback. 

For each game we asked “Tell us how much you did or did not enjoy each game” as a multiple 

choice and then “What can we do to improve the games?” as a freeform answer. We also asked 

for demographic information and “Do you have any other feedback?” to capture things we may 

have missed.    

4.6.E.2  Outcomes 

 For these questions we collected the demographic information and general system 

satisfaction of 14 users (Figure 4.6.1). The system was used more than 14 times, but feedback 

was not a required component of the exhibit.  There was not a measurable correlation between 

any of the demographic and user satisfaction, but this is likely due to the low user count. 
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Figure 4.6.1. Pacific Science Center Feedback. Survey information was collected from 14 

users over the course of 8 months of system deployment in an exhibit at the Pacific Science 

Center. Top. Demographic information from PSC survey. Bottom. Feedback summary 

information from PSC survey.  

 The special user interface did not contain tutorials nor did any user undergo training for 

the games. Brief descriptions of the games were provided in the exhibit, but there is no data as to 

how many people read the descriptions before attempting to play. Of the 14 surveys we received 

the feedback was primarily positive for each game, and complaints of the system were in the 

same vein as what we learned in the pilots with users stating: 
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“Instructions or rename. I had no idea what to do at first. I am used to touching things quickly in 

computer games.” 

“More explanation of how you're supposed to place your hand - this is for fingers, right?” 

“Didn't explain what you needed to do, I didn't get it.” 

This feedback reinforced the need for robust instructions within the game. On the other end, 

however, some users were able to immediately understand the system and even develop 

strategies. This positive feedback was validating, but did not overshadow the need for system 

education.  
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4.7 USE CASE: HEALTHY SUBJECTS 

4.7.A Introduction 

 The vHAB system aims to deliver therapy in an alternative way to traditional methods. 

Through vHAB’s ability to automatically track hand kinematics and muscle activity we can 

create complex analytics (Section 4.5) that fully describe hand and arm function. Therapists, 

however, are not accustomed to seeing these types of measures, which presents a challenge in 

implementing the system in therapy facilities. One method of addressing this is by validating the 

measurements we take against traditional therapy measurements. For example, we could attempt 

to claim that the wrist angle minimums and maximums in Ball Roll are analogous to goniometer 

measures. This is quite difficult as Ball Roll provides the patient multiple attempts to reach this 

range of motion in a continuous fashion, while goniometer measures are performed under 

statically held conditions. Further, some analytics we’ve created, such as endurance curves, 

muscle complexity, and tremor do not have traditional analogs. To combat these challenges we 

set out to create a database of healthy user data. 

 This healthy user database (HUD) will eventually consist of age, gender, and handedness 

matched measures for most, if not all, of our analytics. Building this database will take 

considerable time and effort, but is the only reliable way to build maximum value benchmarks 

for recovery. Creating minimum values for the database is not likely possible as a zero value is 

possible in most analytics, but does not necessarily represent zero function. It is likely that 

through the analysis of recovery data we may be able to build models that future patients could 

be compared against. For initial deployments of the system, we can assume a linear model 

between zero and the average values in the HUD.  
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 In this section, we describe preliminary attempts at building this healthy user database. 

Healthy subjects played multiple games in the vHAB system and demographic information and 

summary analytics were recorded. This work is by no means comprehensive and will require 

grander scale to fully implement. Further, some analytics, such as muscle complexity and tremor 

were not adequately collected in these initial results and had to be discarded from the HUD.  

Finally, it should be noted, that improvements to the system and the analytics were made in 

response to the collections of these values. This does not necessarily exclude them from the 

HUD, but instead will weight them less in the averages as we bring in newer data. 

4.7.B Methods 

 All recruitment, data collection, and data storage methods were approved by the 

University of Washington Institutional Review Board prior to study onset.  

4.7.B.1  Subject Recruitment 

 Subjects were recruited through public workplaces at the University of Washington 

campus in Seattle, WA. No exclusion criteria were used in this study, though subjects needed to 

be able to lift their hand above the sensor to collect the data. Subjects were recruited with a 

standard recruitment script explaining the purpose, risks, and benefits of the study and were 

consented before beginning the study.   

4.7.B.2  Data Collection 

 Age, gender and handedness were collected prior to using the vHAB system. Subjects 

were seated in a chair and asked to adjust their position so that they were comfortable holding 

both of their hands six inches above the Leap sensor. Subjects performed all exercises below 
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with both hands, the order of which was chosen at random. Settings were consistent across all 

subjects. 

 First, subjects were led through an early version of our assessment platform that 

contained the 60 second Bubble Popper Module and the Wrist Range of Motion module. 

Subjects were then led through three separate games: Whack-A-Mole and two others chosen at 

random. Subjects were given the ability to become familiar with the game mechanics and hand 

movements in an unrestricted practice mode during which the researchers would provide 

instruction and answer questions from the subject. Practice was completed when the subject 

indicated they were comfortable with the game’s mechanics and objectives with both their 

dominant and non-dominant hand. Practice mode was not repeated during the second hand play 

through. Data was then collected for 60 seconds of gameplay during which subjects were 

instructed to perform at maximum effort. This procedure was repeated for each of the three 

games. Subjects were allowed to rest as long as they wished in between each 60-second 

recording.  

4.7.B.3  Data storage 

 Data was stored in a slightly modified version of the pID structure previously described. 

As one time users of the system there was no need to store their pIDs in a patient list for a 

specific therapist. Instead, all healthy subject demographic data was stored alongside a temporary 

healthy patient ID. No identifiable information was stored for these subjects. 

4.7.B.4  Data Analysis 

 All raw data was processed in the methods described in Section 4.5 when the appropriate 

data was available to complete the analysis. Analytics were discarded if not enough trials were 
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completed or if the analytic method changed significantly during the course of subject 

recordings. No muscle activity data was recorded due to technical issues at the time of recording. 

This primarily left range of motion, reaction time, and other gameplay related analytics. Standard 

deviations are used within the analytics to define a subject’s trial-to-trial variance. These are 

either utilized to trim or smooth the values, as in range of motion measures, or are presented as is 

next to the mean value. Standard errors were used when comparing subject to subject variability 

in the measurements.  

 Comparisons of performance between which hand was used (left or right, dominant or 

non-dominant) and practice vs performance gameplay are calculated using a two sample t-test. 

Comparisons between left and right hands split the performance metrics based on the hand used 

during the module. Hand dominance compares performance metrics between dominant and non-

dominant hands. Practice-Performance compares all practice values to performance values 

during the 60-second tests. Practice mode could be completed with either hand. Therefore the 

comparison between some metrics is excluded as time could be spend switching hands.  

4.7.C Results 

4.7.C.1  Demographics 

 Data was collected from 17 subjects (11 Female; 14 right handed; Age 42.53±14.4). 

Subjects played 12 different modules at unequal frequencies. Aside from challenges with our 

randomization methods, some games, like the Trace Game, were removed from the game pool 

due to difficulties in system performance. The intersectionality of demographics and game types 

prevents any significant analysis comparing precise subject groups partially due to all male 

subjects being right handed. Handedness was utilized to define whether the patient was using 
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their dominant or non-dominant hand. Additional patient populations will be required to build a 

HUD that can truly be age, gender and handedness matched.  

4.7.C.2  Gameplay Analytics 

 Data was collected across all 17 patients to produce 31 different gameplay analytics 

(Table 4.7.1). Population means were not significantly different across either of the three 

comparisons (hand dominance, play order, or practice) in 30 of the 31 analytics, though it is 

important to note that some statistics could not be computed due to missing information or low 

trial numbers. The one analytic that showed a significant difference was Reach and Hold 

reaction time comparing practice to performance (p= 0.021). Across all gameplay analytics, 

standard errors were relatively low, indicating that these values are a good benchmark for the 

creation of an early version of the HUD.  

4.7.C.3  Range of Motion Summary 

 Range of motion analytics were only performed on four modules (Table 4.7.2), primarily 

due to changes in data saving and analytics structures that occurred during or after this study that 

significantly changed the collected values.  Measurements were similar across patients, with 

relatively low standard errors, indicating that these values represent a basis for comparison with 

the HUD. However, a number of the angles from the wrist ROM were either lower or higher than 

literature reported goniometer values [42]. As previously discussed, this could be caused by the 

differences in measurement techniques, but either way warrants further investigation. 

Statistically significant differences were apparent in both the left-right hand and dominant-non 

dominant hand comparisons for the Thumb range of motion measurements (p = 0.025 and p= 

0.035 respectively).  
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Table 4.7.1. Gameplay Analytics for Healthy Subjects. All presented values for reaction times 

are in seconds and all other values are unitless.  

    p-values (Two Sample t-test) 

Game Gameplay Metric 
Mean ± 

ste 
Total 

Count Left-Right 
Hand 

Dominance 
Practice- 

Performance 

BallRoll ReactionTimeMean 3.7 ± 0.3 10 0.590 0.669 0.606 

 ReactionTimeStd 1.5 ± 0.3 10 0.318 0.426 0.738 

  Score/Minute 16.7 ± 1.3 10 0.591 0.684 - 

Turn the Dial ReactionTimeMean 5 ± 0.8 6 0.250 0.250 0.877 

 ReactionTimeStd 4.2 ± 1.6 6 0.478 0.478 0.959 

  Score/Minute 17.2 ± 2.9 8 0.216 0.216 - 

Pizza ReactionTimeMean 10.7 ± 1.9 6 0.860 0.860 0.116 

 ReactionTimeStd 7.7 ± 3.2 6 0.757 0.757 0.893 

  Score/Minute 5.4 ± 0.9 6 0.641 0.641 - 

Reach and 

Hold ReactionTimeMean 3.8 ± 0.2 4 0.147 0.147 0.021* 

 ReactionTimeStd 1.8 ± 0.4 4 0.179 0.179 0.103 

  Score/Minute 15.7 ± 0.9 4 0.162 0.162 - 

Whack-A-

Mole IndexReactionMean 0.3 ± 0 30 0.863 0.679 0.861 

 IndexReactionStd 0.4 ± 0 30 0.880 0.782 0.547 

 MiddleReactionMean 0.4 ± 0 30 0.630 0.550 0.742 

 MiddleReactionStd 0.4 ± 0 30 0.236 0.266 0.950 

 PinkyReactionMean 0.3 ± 0.1 27 0.673 0.435 0.383 

 PinkyReactionStd 0.3 ± 0.1 27 0.481 0.285 0.257 

 RingReactionMean 0.4 ± 0 29 0.529 0.390 0.086 

 RingReactionStd 0.5 ± 0.1 29 0.434 0.171 0.098 

 ThumbReactionMean 0.4 ± 0.1 27 0.148 0.176 0.730 

 ThumbReactionStd 0.5 ± 0.1 27 0.613 0.523 0.109 

  Score/Minute 52.3 ± 3 34 0.203 0.561 - 

Two Hand 

Shape Match 

ReactionTimeMean 3.9 ± 0.4 8 0.327 0.369 0.697 

ReactionTimeStd 2.3 ± 0.6 8 0.301 0.375 0.971 

  Score/Minute 16.4 ± 1.3 8 0.439 0.557 - 

Bubble Popper BubblesPopped 30.8 ± 2.6 18 - - - 

Giant's Teeth Score/Minute 55.6 ± 10.5 10 0.876 0.876 - 

Trace Game Score/Minute 3.9 ± 1.2 4 0.764 0.764 - 
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Pinch Fall Score/Minute 16.1 ± 0 2 - - - 

Reach and 

Grab Score/Minute 5.7 ± 0.8 14 0.929 0.929 - 

 

Table 4.7.2. Range of Motion analytics for healthy subjects.  

    p-values (Two Sample t-test) 

Module Gameplay Metric 

Mean ± 

ste 

Total 

Count Left-Right 

Hand 

Dominance 

Practice- 

Performance 

BallRoll 'MaxAngle' 54.4 ± 3.6 10 0.157 0.979 0.649 

  'MinAngle' -50.9 ± 5.4 10 0.970 0.828 0.851 

Whack-A- 

Mole 

'IndexRom' 126.8 ± 5.6 30 0.478 0.332 0.628 

'MiddleRom' 134.8 ± 5.3 30 0.520 0.158 0.411 

 'PinkyRom' 108 ± 5.2 30 0.261 0.423 0.596 

 'RingRom' 127.6 ± 5.7 30 0.120 0.077 0.232 

  'ThumbRom' 107.1 ± 5.4 30 0.025* 0.035* 0.222 

Wrist 

ROM 'HorizontalExtensionMax' 58.4 ± 3.2 17 - - - 

 'HorizontalFlexionMin' -62.3 ± 3.5 17 - - - 

 'SupinationMax' 74.9 ± 9.5 17 - - - 

 'SupinationMin' -61.6 ± 9.1 17 - - - 

 'VerticalExtensionMax' 55.1 ± 3.9 17 - - - 

 'VerticalFlexionMin' -79.9 ± 2.4 17 - - - 

 'UlnarMax' 42.3 ± 2.8 17 - - - 

 'RadialMin' -38.5 ± 2.2 17 - - - 

 Bubble 

Popper 'ReachVolumeFraction' 0.6 ± 0.1 17 - - - 

 

4.7.C.4  Other Measurements 

 During Two Hand Shape Match, we were also able to measure tremor (Table 4.7.3). 

These values had a much higher standard error than the other measures indicating that the 

analysis metrics may need to be refined before including these values in the HUD. Further the 
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actual standard deviation measures with a subject are higher than the mean values, indicating that 

the variability in the measure is too high to be of use in a clinical setting. Adjustments to these 

values have been made since this test to improve these measurements for future tests. 

Table 4.7.3. Tremor Analytics from healthy subjects.  

    p-values (Two Sample t-test) 

Game Gameplay Metric Mean ± ste 
Total 

Count Left-Right 
Hand 

Dominance 
Practice- 

Performance 

Two 

Hand 

Shape 

Match 

'LeftHandTremorMean' 26.9 ± 10 8 0.403 0.633 1.000 

'LeftHandTremorStd' 31.8 ± 15.8 8 0.368 0.375 0.906 

'RightHandTremorMean' 21.8 ± 7 8 0.233 0.797 0.259 

'RightHandTremorStd' 29 ± 9.6 8 0.216 0.956 0.167 

 

4.7.D Discussion 

4.7.D.1  Standard deviations vs standard errors 

 Most of the gameplay and tremor analytics contain both a subject mean and standard 

deviation and a population mean and standard error. This population does not represent the true 

population in a traditionally statistical sense, but is the current standard to build against for the 

HUD. While standard errors across subjects tended to be low, this does not mean that there is not 

significant variability within a subject over the course a game or assessment. In fact, many of the 

standard deviations we recorded were within close range of the value means. This variability is 

to be expected in many of the games for first-time users and is likely to decrease with continued 

play. Models may need to be adjusted to account for amount of time each game has been played 

to build accurate models of learning vs recovery of the system. 
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4.7.D.2  Value comparisons 

 Most of the values collected did not show significant differences in any of our three test 

conditions. Of the two analytics that did show significance, it is unclear what may have caused 

this difference. Low trial numbers put the Reach and Hold reaction time value into question, but 

the difference does make sense in terms of overall game difficulty compared to the other games. 

Reach and Hold is the only included game that requires three-dimensional hand movement, and 

as mentioned previously, learning how to map hand depth to the virtual space is one of the most 

challenging aspects of the system to learn. The Whack-A-Mole thumb range of motion analytic is 

a more curious case as it was significant for both the right-left and the dominance comparisons. 

This may be influenced by the fact that 14 of the patients were right handed, but p – values for 

the other metrics do not show a direct relationship between the two comparisons. Slight 

differences between reaction times and ability are likely to occur between hands, but these 

variations would require much further testing to determine. Instead, these differences could be 

caused by positioning of the hands above the sensor during the gameplay and the thumb moving 

in a different plane from the other fingers. This could be verified by systematically testing these 

values with the hand at varying points over the sensor.  

4.7.D.3  Building model of healthy patient data 

 The above data represent a significant start towards collecting comparative data to use 

within the vHAB system to help therapists and clinicians interpret vHAB data. As our first 

implementation of many of these analytics at a large scale it became clear that many of them did 

not perform as expected, causing system crashes and lags. This experiment also exposed a flaw 

in the muscle activity recording system, which was good for system development, but bad for 

building a HUD. Regardless of these missteps, we were still able to collect data for 51 different 
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analytics over 17 subjects. Many of these values had low standard errors, leading us to feel 

confident in the creation of an early version of the HUD. This set of data only represent one set 

of vHAB settings which will impact all comparisons of the gameplay analytics. While it may not 

be feasible to test all settings for all games, a few additional settings need to be tested to finalize 

an accurate model. 

 Our population was inherently biased and not immediately relatable to all of our end-user 

demographics. Our mean age of 42 does not represent the traditional age of a stroke (66% > 65) 

[43] nor does it match users in a traditional skilled nursing facility. Further, individuals were 

recruited from workspaces around a university, which may have produced individuals more 

familiar with technology than the average population. These biases and the issues mentioned 

above need to be accounted for in building the full model. While we are still far from 

implementing the HUD within the vHAB system, this early version can be used to perform 

internal testing and validation.  
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4.8 USE CASE: HOME ADHERENCE STUDY 

4.8.A Introduction 

 Adherence to a therapy regime after an injury drops off significantly when the patients 

are sent home [44]. Traditionally, they are sent home with sheets of paper instructions that 

provide pictures and diagrams of their therapy exercises. In addition to this format lacking any 

form of enjoyment, patients are not given any feedback as to whether they are performing the 

exercises correctly or if they are getting any better [45, 46]. In a set of key surveys many patients 

indicated that they would be more likely to complete their therapy if alternative, engaging, 

exercises were available [44]. 

 vHAB was created to solve this problem, but there are a few key questions left to answer. 

First, does vHAB provide access to engaging exercises at home, or are they as boring as 

traditional methods? Second, does vHAB actually increase adherence to therapy? Finally, does 

using vHAB improve outcomes for these patients? This question is much more difficult to 

answer, as developing proper population sizes for outcome studies after injury is a time intensive 

and expensive task.  

 Our main driving hypothesis is that increased adherence through engaging home 

exercises will lead to better outcomes simply because patients are performing exercises that 

would otherwise be skipped. Since vHAB was built directly from existing therapy exercises, it is 

likely that using vHAB will be equivalent to patients performing these exercises on their own. It 

is possible that vHAB will lead to better outcomes in the home setting since the system provides 

immediate feedback and measures of progress in real time, further enhancing the patient’s ability 

to target problem areas of their movement. However, proving that vHAB is better than traditional 
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exercises is not a line of inquiry we intend to pursue due to the challenges listed above. Instead, 

we have created a home adherence study that primarily looks at utilization data of the vHAB 

system and relies on patient feedback to measure system engagement.  

 In this study, patients who recently suffered a neurological trauma, such as stroke or 

spinal cord injury, received a vHAB system to use at home over an 8 week period. During this 

time, we collected usage data, a set of analytics on gameplay and function, and verbal feedback 

relating to their use of the system. vHAB system use was then compared to how long the patients 

performed traditional therapy over the same length of time using a custom designed tablet log 

system. This study is still ongoing at the time of this writing, but below we present the 

preliminary results for two patients who have completed key milestones within the study. 

4.8.B Methods 

4.8.B.1  Study Criteria 

 Study participants had a recent injury causing upper extremity impairment and were 

within 6 months of being discharged from an inpatient facility at the start of the study. Patients 

were referred directly through their physician, therapist, or other official caregiver, who believed 

the patient could be a good candidate for extended therapy with the vHAB system. Patients could 

not participate in the study if they 1) had contraindications for using the muscle activity 

armband, such as implantable devices (pacemaker, Baclofen shunt) or skin lesions or rash on the 

forearm, 2) had cognitive deficits as a result of their injury, demonstrated by scoring 5 or more 

errors on the Pfeiffer Short Portable Mental Status Questionnaire, or 3) vision or hearing 

impairment. The following study was approved by the University of Washington Institutional 

Review Board prior to subject recruitment. 
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4.8.B.2  Tablet Log System 

 The study was designed to compare usage data between the vHAB system and traditional 

therapy. In addition to asking patients to recount the duration and time of day of their exercises 

we designed a custom therapy logging system (Figure 4.8.1) that could be sent home with the 

patient. This tablet log consisted of a tablet computer and custom software that allowed patients 

to track how often, and how long they performed their therapy exercises. The software emulated 

a simple stop watch, where patients would press “Start” when they began their therapy, and 

“Stop” when they were finished. The amount of elapsed time was then saved to a log file on the 

local system for future analysis. Patients could also “Pause” the timer if they were temporarily 

stopping their therapy exercises but intended to continue.  

 

Figure 4.8.1 Tablet Log software. This software was sent home with patients during the Table 

Log phase of the home adherence study. Patients could use the timer function of the software to 

track when and how long they performed their therapy exercises.  
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4.8.B.3  Study Design 

 The study utilized a delay cross-over method to maximize potential results with smaller 

patient numbers (Figure 4.8.2). In this method, patients were divided into two groups. In the first 

8 weeks Group 1 received the vHAB system and Group 2 received a tablet log. After 8 weeks 

Group 1 received the tablet log system, while Group 2 received a vHAB system. Each group 

used these systems for 8 weeks. In this method, usage data can be compared both across and 

within each group. Upper extremity function was assessed periodically during the study using 

traditional assessment techniques, such as the Wolf-Motor Function Test, the Box and Blocks 

test, and a dynamometer measurement. Assessments were performed by a therapist trained in 

each method. In the event that patients could not perform the minimum requirements for the 

tests, these assessments could be skipped. In addition to these motor measurements, the 

Assessment phases included a verbal questionnaire relating to the use of the vHAB system and 

general function. 

4.8.B.4  vHAB Customization 

 The vHAB software was modified slightly for this study to allow for easier level 

navigation. Patient and therapist management user interface screens were removed so that when 

launched, the patient was presented with the game select screen (Figure 4.4.10). A smaller, 

simplified version of the data visualization screen was added to the game select screen so that 

patients could easily view any collected analytics. Settings were set during the first Assessment 

period (A1) and adjusted at each based on the patients current ability. The garden wrapper was 

utilized with the game point to progress point ratios set to optimally grow the garden over 8 

weeks to align with the study length. Finally, patients were presented with a limited set of games 

based on an early assessment of their functional ability. For example, we did not include Whack-
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A-Mole in their game set if they could not move individual fingers. This game list would be 

reassessed during each of the Assessment periods in the study. 

 

Figure 4.8.2. Home Adherence Study Design Diagram. Patients were divided into two Groups 

which dictated what system they received first (vHAB/Intervention) or the tablet log. 

Assessments were performed periodically during the course of the study.  

4.8.B.5  Analysis Methods 

 Usage data consisted of both how long and how often the subjects utilized vHAB or the 

Tablet Log systems. Cumulative use time for the vHAB system only included time spent within a 

game module, but did include “rest” periods where the hand was not above the sensor but 

returned within 5 minutes. Usage of the Tablet Log consisted of all timer log data since patients 

could pause the system if they were not performing their exercises. vHAB analytics were tracked 

over the entire 8 week usage period.  



231 

4.8.C Results 

4.8.C.1  Demographics 

 Two patients with complete spinal cord injuries (C3 and C4) have participated in the 

study at the time of this writing. While this does not provide enough data to make reliable 

conclusions regarding system adherence, the data collected so far provides valuable insights into 

system use. Both patients were unable to perform the physical assessments during the 

Assessment phase of the study, but game data, analytics, and questionnaire data was still 

collected.  

 Both patients were assigned to group 1 and received the vHAB system first. Assessments 

did not take place at 4 and 8 weeks due to scheduling conflicts. For P01, A2 occurred at day 58, 

and A3 at day 100. For P02, A2 occurred on day 65 and A3 at day 106. These days are very far 

outside our study protocol, but may be the norm in trying to schedule visits for individuals with 

such high levels of injury as it requires high levels of coordination between care staff and the 

patient.  

4.8.C.2  Adherence Data 

 Both patients utilized the system more before the second assessment (A2) than after 

(Figure 4.8.3). Reasons for this are further explored in the discussion points below. Early data 

(Day<50) show increasing usage over time as patients become familiar with the system. Usage 

days are low (P01:8, P02:14), but each day can contain multiple sessions with different game 

sessions.  
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Figure 4.8.3. vHAB usage data in home adherence study. Usage days for P01 (blue) and P02 

(orange) were composed of all the individual sessions for that day. Day to day usage was sparse, 

but some days showed high usage, such as P01 day 9, where the patient used the system 3 

separate times playing multiple games each time. Assessment 2 (A2) bars are shown for 

reference for each patient. It is important to note that P01 did not use the system at all after A2, 

and P02 barely used the system. P02 preferred Ball Roll heavily with 48 play instances, while 

P01 spilt their time between five different games nearly equally.  

4.8.C.3  Analytics Summary 

 Analytics were performed on most of the sessions for both patients (Table 4.8.1). Some 

analytics, such as Ball Roll Max Angle, could not be calculated for all sessions due to short play 

times or poor data quality. Other analytics, such as Turn The Dial range of motion were not 

calculated due to an error in the data recordings. The standard deviations of the analytics were 

relatively high, likely due to both fatigue and eventual learning of the tasks. Most games were 

not played often enough to extract significant changes over time. Figure 4.8.4 shows Ball Roll 
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angle measurements for P01 (left) and P02 (right) for every play session. Figure 4.8.5 shows the 

reaction times for those same sessions for P02, who played the game enough times to show 

decreases in reaction time over time.  

Table 4.8.1 Home subject analytics data. 

  P01 P02 

Game Metric Mean ± Std N Mean ± Std N 

Ball Roll 

Max Angle 34.5 ± 14.1 16 56.2 ± 16.8 45 

Min Angle -45.8 ± 22.5 16 -44.8 ± 15 46 

Reaction Time Mean 9.4 ± 3.9 16 3.4 ± 2.4 48 

Reaction Time Std 10.1 ± 4 16 2.5 ± 3.2 48 

Turn The Dial 
Reaction Time Mean 9.5 ± 4.2 18 3.4 ± 1.6 4 

Reaction Time Std 11.1 ± 5.6 18 10.4 ± 10.6 4 

Reach and 

Grab 

Reaction Time Mean 16.8 ± 10.7 14 10.5 ± 2.8 3 

Reaction Time Std 11.4 ± 11.5 14 5.9 ± 2.7 3 

Pizza 
Reaction Time Mean 5.4 ± 1.9 14 9.1 1 

Reaction Time Std 5.4 ± 3.9 14 3.9 1 

Reach and 

Hold 

Reaction Time Mean 6.1 ± 5.1 15 9.4 1 

Reaction Time Std 6.4 ± 8.7 15 3.0 1 

Two Hand 

Shape Match 

Left Tremor Mean 18.6 1 - - 

Left Tremor Std 34.0 1 - - 

Reaction Time Mean 4.3 1 - - 

Reaction Time Std 2.2 1 - - 

Right Tremor Mean 7.5 1 - - 

Left Tremor Std 8.0 1 - - 
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Figure 4.8.4 Ball Roll wrist angle measurements during vHAB home use. Neither the 

minimum or maximum angles for wrist flexion-extension in Ball Roll increased significantly 

over time for either patient. It is important to note, however, that both patients played the game at 

the highest sensitivity settings throughout the entire course of the study. Thus, it may have been 

that they did not need to achieve angles greater than displayed (~50 degrees) to achieve the 

game’s objective.  
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Figure 4.8.5 Ball Roll Reaction Time measurements during vHAB home use. Here we 

present the only measurable change in game performance. The change in reaction time mean is 

accompanied by a decreasing change in the standard deviation. This means that the trial-to-trial 

variability within a given game session decreased as well. It is difficult to tell, with limited data, 

if this decrease is caused by increasing familiarity with the game or by actual functional 

improvement.  

4.8.C.4  Tablet Log Use 

 Neither patient utilized the tablet log system during the control portions of the study. This 

does not mean that they are did not perform therapy during this time.  

4.8.C.5  Survey Data 

 Survey data was collected from both patients regarding their experience with the vHAB 

system. Table 4.8.2 presents some of the more relevant responses. Questions relating to injury, 
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demographics, and their perception of gamified therapy were removed as the responses are not 

relevant at this time. Both patients appeared to have positive experiences with the vHAB system 

and both would recommend using the vHAB system to others. A common theme among P02, 

was that the system was great “When it works”. Hardware issues, discussed below, may have 

influenced this opinion. P01 was very motivated by the garden metaphor, which he found 

surprising. Multiple suggestions for improvements came from this survey data as well, such as 

new tutorial and educational components, and assistive control elements.  
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Table 4.8.2. Survey response questions from vHAB home use 

Phase Question P01 P02 

Before 

Using 

vHAB 

How often do you engage with your 
prescribed home therapy tasks? 

once a month no set time, when able 

What is the most difficult part about 
carrying out your prescribed home 

therapy tasks? 

adding the therapy time into daily routine 
frustration about not being 
able to do things including 

exercises 

What would make your engagement 
with your prescribed home therapy 
tasks easier or more enjoyable? 

keep a log, held accountable faster results, seeing results 

After 

first use 

Did you enjoy using the system? Why 
or why not? 

yes - encouraging to do exercise  Yes!  

A2 

Describe your experience with the 
vHAB system thus far: 

Biggest struggle is daily routine. 
"Surprisingly motivated by garden 
metaphor!” Notice getting fatigued during 
it, depending on time of day. Try not to 
get frustrated with reach and grab. Run 
through all games 2x (not two hand shape 
match), second time through is slower due 
to fatigue. Get tense and activate other 

muscles not involved with the task -> has 
had same issue with different rehab tech.  

Great when it works! Can 
feel it exercising his body, 
can feel the benefits 

Would you recommend vHAB to 
someone in a position similar to 
yourself for their home therapy needs? 
Why or why not? 

Yes, one of the big perks is doing it at 
home.  Time management makes it much 
easier on the daily routine.  

Yes engaging and fun, when 
it works 

A3 

 Recommendations for improvement 

While doing exercises it would be helpful 
to have someone to consult with to say 

"remember to activate your shoulder while 
relaxing your back for movement x". 
Prompts on the screen could also work.  

Voice activated vHAB 
control. Smooth experience 
without bugs would make it 
better. 

  Did the vHAB system keep you 
motivated to do your daily therapy 
exercises? Why or why not? 

More successful when it was set up as a 
station. Surprised by how motivating the 
garden aspect was 

It is a 2 person project to get 
started, but great when it 
works 
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  Would you continue to use the vHAB 
system once this study has ended for 
your home therapy needs? Why or 

why not? 

If I could be shown what muscles to work 
on for the particular exercise it would be 
more helpful. 

I would 

 Would you recommend vHAB to 
someone in a position similar to 
yourself for their home therapy needs? 
Why or why not? 

yes I would, particularly if people are 

already independent then this would be an 
even bigger motivating factor 

yes, something different and 
new to do 

 

4.8.D Discussion 

4.8.D.1  Comparing to model of healthy patient data 

 Section 7 of this chapter aimed to create a healthy user database of vHAB metric data. 

This accumulated data is still incomplete, but provides an interesting benchmark to start 

comparing the two home patients to. Ball Roll minimum and maximum angle values for both 

patients are slightly lower than the healthy user data but still within 1 standard deviation from the 

healthy users. Reaction time data for the home patients was higher in almost all cases than 

healthy users. As demonstrated by Figure 4.8.5, however, P02 was able to work to get closer to 

this norm value. These tools will be very helpful in the continuation of this study and the future 

use of the vHAB system.   

4.8.D.2  Study Populations 

 Initial protocols for this study called for unilateral injuries and study enrollment within 2 

months of being discharged from an inpatient facility. Patient recruitment with these constraints 

was nearly impossible for our small team. We were interested in these enforcing these limitations 

since a unilateral injury increases the likelihood that the patient can set up the system on their 

own. The shorter discharge time was to truly monitor whether they were increasing adherence 
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significantly with the vHAB system when they would otherwise be likely to do therapy. In our 

case, both patients were close to 6 months post discharge and were not previously engaged in 

therapy answering – “When I have time” and “Once a month” – to the pre-study question how 

often do you do therapy exercises now. We definitely increased the frequency of therapy 

compared to these answers, but it may have had even more impact if it had been used sooner.  

4.8.D.3  Low Usage Data 

 The two patients we have seen thus far had severely limited function in their hand and 

arm. They were able to play many of the simpler games at high sensitivity settings; however, we 

were not able to reliably perform traditional physical assessments throughout the course of the 

study. This also meant that these patients had a difficult time navigating the vHAB UI on their 

own. Both patients utilized home health care professionals to help them navigate the vHAB 

system at home, but this may not be possible for many of our end users. Future iterations of a 

home-use vHAB system may contain alternative level selection methods, such as voice controls, 

to assist individuals with more severe impairments.  

 P01 noted that the system was much easier to use during the first few weeks since it was 

“setup as a station.” At the beginning of the study, our team traveled to his location to set up the 

system on a table in the living room. For A2, the system was dismantled and brought in for an 

update and then sent back with P01. Though it is not possible to know for sure, it is likely the 

system was never set back which explains the lack of usage data. P02 may have had a similar 

issue post-A2. He reported hardware failures that we attempted to troubleshoot over phone, but 

were not able to get consistently working. The usage in Figure 4.8.3 does not show multiple 0 

score attempts throughout days 60-100, where it is likely the system was not working. This could 
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have been from poor hardware setup, or from as yet undiagnosed software issues. Either way, 

hardware assembly processes will be increasingly important in providing a system patients can 

truly use at home.  

4.8.D.4  Tracking traditional adherence 

 Tracking adherence without a digital system is inherently difficult. It may be weeks in 

between traditional physician or outpatient visits and relying on a patient’s memory of how long 

and when they did there therapy is not a reliable method for gathering true data. Additionally, 

patients may not provide accurate results due to various social pressures that accompany injury. 

These problems presented challenges in designing this study. Providing scientifically accurate 

values of adherence would require an unbiased observer to watch the patient perform their 

traditional therapy exercises. It is important to note that the presence of the observer could 

further influence the patient’s adherence to the study. Having the patient fill out pen and paper 

values can also be unreliable since they may fill them in all at once, just before the study 

organizers view the data.  

 Our solution was to implement the Tablet Log system. If patients attempted to rack up 

multiple sessions immediately prior to an assessment phase, we could examine the time stamps 

on the data to discount the data. Additional patterns of activity can also be flushed out of the 

collected data, such as what a “normal” session would look like for that patient. However, this 

system still has flaws. The presence of the Tablet Log may influence adherence to therapy itself, 

as the tablet hardware serves as a reminder to perform the therapy. Further, patients may find the 

timer useful in ensuring they perform 15 minutes of therapy, when they previously may have 

stopped short at 12 minutes. Finally, if patients truly desired to, they could start the timer while 
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performing other tasks and set an alarm to remind them to stop the system. It is unlikely that 

incentives would drive patients to this extreme, but it is nonetheless important when examining 

the significance of the data. 

 It may be that outcome measures are the only true way to measure actual adherence, 

which is contrary to the goals of our central hypothesis. True adherence comparisons may be a 

good corollary to outcomes, but adherence may prove too difficult to measure with traditional 

exercises. Alternative methods will continue to be explored as we develop new studies with the 

vHAB system. One partial solution would be to include a leap motion sensor with the Tablet 

Log, and have patients perform their traditional exercises over the sensor. This would allow for 

direct study of the impact of the gamification, movement feedback, and real time analytics on 

adherence to therapy.  

4.8.D.5  Impact of System for Home Use 

 Based on survey responses, both patients enjoyed using the system at home during the 

study. Taking this alongside the usage data, indicates that the system needs to be perfected from 

not only the software and hardware side, but from a setup and accessibility standpoint. With 

limited data, both from small subject size and low usage data, it is difficult to extract outcomes 

or any main conclusions regarding adherence.  
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4.9 FINAL THOUGHTS  

 Here we have described the creation and testing of vHAB, a gamified therapy and 

assessment platform designed to enhance rehabilitation after neuromuscular trauma. vHAB 

consists of both custom software and carefully selected commodity hardware, crafted to meet six 

design principles aimed at making the system accessible to as many people as possible. Early 

pilot studies exposed some of the key challenges with implementing any sort of new technology 

into a health care environment. Multiple iterations of the vHAB design have prepared us to 

overcome these barriers, allowing vHAB to impact the lives of countless patients. In the 

following sections, we further examine these barriers and present solutions that may become 

integral parts of vHAB in the future.  

4.9.A Importance of Commercialization 

 Reaching new patients and facilities is a challenge with any new product. From an 

academic environment, we have reaped many benefits in making new contacts, both from end-

users and field experts. This, however, did not necessarily lead to usage of the systems. Anyone 

can accept a “free” pilot study, but that does not necessarily mean they will use the system. 

When entities, especially high-efficiency therapy facilities, have to pay for something the 

incentives become aligned in using the system. It takes more work upfront to justify the use of 

the system to the facilities, but through the process everyone understands the benefits and 

limitations of the system. Then, each month of the system’s use is carefully monitored for 

efficiency and benefits to ensure that it is worth paying for. This may be risky early on in a 

product’s development, but would provide more detailed feedback and usage data for continued 

iterations. It is only through commercialization of vHAB that we will be able to reach this level 

of engagement with our end-users.  
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 Another key benefit of commercialization of vHAB is the long-term scalability and reach 

of the system. An academic project cannot manufacture, distribute, and provide the support 

infrastructure for a system like vHAB. When thinking of vHAB within a corporate infrastructure, 

however, there are many other key engineering factors that come into play. Cost of the system 

was always an important consideration, but now the cost models need to be sustainable and 

accessible. Shipping and system setup become even more important, since we won’t be able to 

personally set up systems as in Section 4.8. Finally, technical support and system updates require 

additional engineering development to ensure the system’s longevity. These topics are not the 

key focus of this writing, but are worth mentioning to fully describe the future of the system.  

4.9.B Cost and efficiency in healthcare 

 We set out to design vHAB to be accessible in price for facilities and end-users at home, 

but changes in healthcare legislation make this challenge a moving target. For facilities, 

therapists charge insurance based on skilled therapy reimbursement codes often billed in 15 

minute increments. The definition of “skilled” therapy is murky and based more on a facility’s 

experience with reimbursement rejections and documentation practices than an actual true 

definition. In talking with therapists, it ideally means activity or exercise in which the patient is 

trying, challenged, and/or engaged. This also means that there is one therapist per patient to 

monitor the patient and adjust the task when appropriate. Facilities tend to operate at very high 

efficiencies to maximize profits, meaning 80-90% of the day must be providing skilled therapy 

for each therapist. Anything that detracts from this time, such as documentation, system setup, or 

training may not be adopted. 

  vHAB can be the exercise that the patient is doing during skilled therapy, but current 

codes do not allow for extra reimbursement to cover the cost of vHAB. Instead, vHAB must 
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provide additional benefit over traditional therapy to fit into the facilities. These benefits must 

also outweigh any setup time that may not be present in traditional modalities. Currently, 

vHAB’s main additional benefits come from increased engagement and better insights into 

recovery. Increased engagement may allow patients to complete their therapy when they 

otherwise would not perform skilled therapy for a full 15 minutes. Recovery insights through our 

assessment and analytics systems may allow therapists to better target areas of difficulty or keep 

patients motivated, but otherwise does not provide direct financial benefit. This, however, is 

changing. 

 With recent legislation, many facilities are undergoing dramatic changes in 

reimbursement processes and resultant therapy practices. The first change comes from the 

Affordable Care Act’s sec. 2706 which established Accountable Care Organizations. We 

won’t go into full detail of the ACA or ACOs here, but it reinforced a growing mantra in the 

therapy communities of moving from “experience based care” to “evidence based care”. 

Experience based care revolves around established therapists knowing how best to treat patients 

because they have the experience concerning outcomes resulting from their treatment. This type 

of care is problematic for multiple reasons, but mostly because it is difficult for insurance 

companies to establish proper care pathways for their patients that lower risk for re-admittance. 

Evidence based care aims to solve this in two parts. First, care should be quantifiable with 

outcomes and incremental progress measures. Second, these measures can be used to define ideal 

care pathways or ideal outcomes for any given patient. This is a challenging task, given the 

diversity of patient presentations, but represents a great opportunity for the vHAB system.  

 The second set of changes comes from the push towards telemedicine. Reimbursement 

codes for home equipment have existed for a long time, but recent thought-leader shifts may 
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allow for more healthcare technology to replace traditional splints and bands. In this case, vHAB 

would be prescribed by the therapist and paid for by the patient’s insurance. Therapists and 

physicians can then use another recently added reimbursement codes to view and analyze the 

data collected at home. Telemedicine legislation is continuously being presented, which may 

allow for additional opportunities for facilities to see additional benefits for home use of the 

vHAB system. 

 Future improvements to the vHAB system will add more benefits to the facilities to 

enhance system adoption. Data analytics collected during each module are already helpful for 

defining a patient’s care path. Automated documentation and reporting of these analytics, and 

even usage statistics, could save therapists time and reduce the risk for declined reimbursements. 

In the short term, we plan on having exportable text blocks that describe the care that was 

delivered in the 15 minute session. This text can be copied into a patient’s documentation, so the 

therapist does not need to type out anything. Prototypes of this system have already been created, 

but defining the ideal information to present still needs user testing and feedback. The long-term 

vision of this automation will directly integrate this documentation into the patient’s electronic 

medical record. This integration presents additional security and workflow challenges, but 

should further increase the value of the system to facilities.  

4.9.C Benefits of continuity of care 

 In an ideal care model, patients will be exposed to the vHAB system in a facility and then 

be sent home with their own system. This continuity of care allows patients to be immediately 

familiar with their home exercise program and provides an unbroken record of their 

performance. Currently, patient progress is only tracked when they return for follow up 

outpatient visits. Therapists are under the same pressures described above during these follow-up 
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visits and may not perform a robust assessment. This leads to sparse data points of a patient’s 

recovery, making evidence based care decisions nearly impossible. With vHAB, measurements 

are taken during every therapy exercise and assessments can be performed quickly during follow 

up visits. Not only does this provide more information for the therapist and motivation for the 

patient, but it represents a huge shift in tracking recovery statistics across patients. Comparing 

measurements across subjects can help a therapy facility adjust their practices, or help insurance 

companies identify ideal care pathways that minimize re-admittance. This data may be of 

additional use to the scientific community for tracking the differences in spontaneous recovery 

and therapy induced recovery after stroke, or for introducing new biochemical treatments that 

work alongside traditional therapy practices where adherence data is paramount in validating the 

treatment’s efficacy.  

4.9.D Conclusions 

 The vHAB system represents a new opportunity for therapists and end-users to enhance 

their therapy practices. vHAB can be used in a therapy facility and then be sent home with 

patients to continue their rehabilitation, enabling an unprecedented monitoring of recovery 

statistics and adherence. Early pilot studies assisted in the development of the vHAB system and 

further studies will explore the additional benefits that vHAB can provide. End-user surveys 

showed that patients enjoyed using the system and provided early evidence that vHAB does 

improve adherence to therapy at home through its engaging games and wrapper. This writing 

represents the beginning stages of vHAB. It is our hope that through further development and the 

commercialization of vHAB that we will be able to establish vHAB as the new de-facto 

paradigm for upper extremity therapy after neuromuscular trauma.   
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4.10 VHAB PATENT 

The following pages contain the US Patent Application filed for the vHAB platform. 
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Chapter 5. Closing Remarks  
 

Final thoughts and a summary of work. 

 

The central nervous system integrates a wide variety of internal and external signals to 

generate robust motor control. The exact mechanisms of these control mechanisms remain 

unknown, but damage throughout the system can impair function that causes real hardship for 

individuals affected. Signals in motor cortical areas may be strengthened and weakened by 

repeated use or disuse. Direct activation of the spinal column may be a target for activation via 

motor pools in the ventral horn which directly and reliably activate forelimb muscles in a graded 

manner. Finally, repetitive activity engaging the full motor system in a directed physical therapy 

approach may strengthen and retrain spared motor control pathways after injury, leading to 

increased overall function. 

This thesis explored several neural engineering approaches to restoring motor function. 

Directed cortical reorganization in response to repetitive stimulation was explored using paired 

stimulation protocols and was found to increase direct connectivity measures in some areas of 

cortex. A novel approach to spinal cord stimulation was designed, fabricated, and tested in a 

series of case studies, producing robust movements and steps toward clinical utility. Finally a 

platform for long-term, data-driven rehabilitation techniques focusing on hand and arm function 

was built and tested in a cohort of clinical patients. In thinking of long-term translational 

solutions to central nervous system motor impairment researchers, engineers, physicians, 

therapists, and patients must all recognize the complexity of the motor system and incorporate 

techniques and approaches that engage all inputs and outputs to the nervous system to achieve 

maximal recovery. 
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