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ABSTRACT OF THE DISSERTATION 

 
Unexpected Elements of Human Force Control and Instances of Preservation after  

Severe Stroke: Implications for Optimality, Variability and Rehabilitation Technology 
 

By 
 

Brendan Wesley Smith 
 

Doctor of Philosophy in Mechanical Engineering 
 

 University of California, Irvine, 2017 
 

Professor David J. Reinkensmeyer, Chair 
 
 
 

Feedback control of human force production involves optimally distributing available 

computational resources between dual priorities of reliability and energetics. This balance 

enables the diversity and extent of our daily motor function, but given the neuromuscular 

system’s susceptibility to damage, such as following stroke, the demands on force control 

can change dramatically. It is not well understood which elements of force control are 

preserved after stroke or whether, and with what timescale, the motor system adapts this 

essential tuning.  

This dissertation studied force control by young adults, older adults, and stroke 

survivors using a visuomotor grip force paradigm and a novel, lever drive wheelchair. We 

show for the first time that slacking, defined as an unprompted and persistent tendency to 

reduce muscle force, is a fundamental aspect of force control ideally posed to govern the 

tuning between efficiency and accuracy. Slacking prompts regular feedback corrections that 

explain an elusive nonlinearity observed in the noise-to-signal ratio of human force via a 

novel stochastic model. This explanation yielded key evidence that indeed the motor system 
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dynamically adapts its tuning, both immediately to environmental demands, and in response 

to long term modulations including aging. Surprisingly, slacking and grip force control are 

largely preserved following stroke, and appear to preserve this crucial adaptability. 

Next, we show for the first time that people with severe stroke retain sufficient force 

control with their shoulder and elbow to propel lever drive wheelchairs. They exhibit altered 

elbow muscle activation patters but avoid unhealthy compensation with the trunk or 

shoulder—supporting the likelihood of therapeutic benefit. 

This work has several important implications. It elevates slacking as a major design 

consideration for machines that physically interact with humans, including rehabilitation 

exoskeletons, teleoperation systems and devices that employ human force production for 

control input. It implies that slacking, a hitherto unrecognized but major contributor to 

human motor variability, might be manipulated to promote movement optimization and 

rehabilitation. Finally, it motivates devices, such as lever drive wheelchairs, that leverage 

force control and other capacities preserved following stroke to empower individuals 

seeking to incorporate therapeutic, functional exercise into their daily lives. 

 



1 

INTRODUCTION 

Feedback control of force production is a fundamental human capability that plays an 

important role in everyday motor function, and, indeed, when it is compromised by stroke, 

function can be severely limited. One striking feature of force control is that it appears 

readily optimized for a diversity of familiar and unfamiliar tasks, which has led researchers 

to propose of an array of advanced sensing, modeling and nonlinear control methodologies 

(Todorov, 2004). Certainly, much of the facility humans exhibit in moving and adapting in 

new environments represents a generalizability of motor planning and control strategies 

acquired through repetition elsewhere. However, the rapid optimization of the motor 

systems’ control in these new environments seems to imply a surprising ability of the motor 

system to calculate the gradient of a performance and energetic cost function through 

detecting random perturbations in movement and assessing their impact on energy 

expenditure and movement desirability (Stein et al., 2005; Wu et al., 2014). Advances in the 

study of optimization methods, such as stochastic gradient descent, suggest that optimal 

control problems can be solved through far less computationally intensive algorithms that 

originally thought, while physiological implementations of such algorithms seem well within 

the bounds of evolutionary biology to develop. But it seems equally plausible that simpler 

strategies for optimizing motor control emerged, which might leverage highly repeatable 

approaches to mitigating excessive energy expenditure. Likely some combination of 

sophisticated and simple strategies explains the broad capacity of human force control, but 

the extent of the latter could have sweeping implications for understanding and predicting 

the dynamics of force control, variability and the capacity for learning and recovery 
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following neurological injuries such as stroke—stroke is more likely to impede strategies for 

adaptation the more neural elements they rely on.  

Alongside the allure of a computationally simple means by which the motor system 

might adapt to the dynamics of new tasks and environments, some preliminary evidences 

prompt anticipation of certain strategies, and lend insight into how they might be detected. 

This dissertation begins by documenting the use of a visuomotor grip force paradigm to 

follow some of these evidences and probe, for the first time, a subtle yet fundamental feature 

of human force control, which is well poised to contribute to optimality and variability in 

both new and familiar environments. This feature describes an unprompted and persistent 

tendency of the motor system to reduce its own force output over time. It is herein called 

“slacking” in allusion to its many shared qualities with a class of motor adaptation processes, 

by the same name, which have been observed to reduce muscle activation over successive 

iterations of repeated tasks. Slacking, as studied in this dissertation, refers to adaptations 

that take place in real time, as opposed to between iterations of a movement, and can be 

observed as a smooth, often exponential decrease in muscle force over time. 

Next, this dissertation introduces a novel stochastic model that relates slacking to a 

peculiar nonlinearity in the noise-to-signal ratio of force control variability. This nonlinearity 

has been documented occasionally, although not consistently, and remains unexplained by 

first principles of human physiology and motor control. The model describes how the 

energetic benefits of slacking come at the cost of substantially increased force variability, 

specifically because slacking prompts regular feedback corrections when people attempt to 

prevent their force from decaying. Surprisingly, the model completely and succinctly 

explains the elusive nonlinearity in force variability, and implies that the motor system is 
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tuned to balance its computational and physiological resources between the dual priorities 

of efficiency and accuracy. This dissertation concludes its investigation of slacking by 

exploring slacking’s role in modulating variability in environments that increasingly penalize 

variability, as well as in response to the increased neuromuscular noise that occurs with 

aging and following stroke. The findings of this dissertation provide a thorough 

characterization of slacking, its contribution to force control variability, and the motor 

system’s ability to tune the slacking-variability tradeoff in response to changes in either its 

environment or its own physiology.  

This exploration of a novel aspect of human force control offers implications for 

future inquiry into the evolution, optimality and variability of the human motor system. 

Moreover, it provides guidance for the design of engineering solutions related to human 

machine interaction and assistive technology. Overall, this dissertation seeks to promote a 

subtle shift in the philosophy of rehabilitation engineering to 

ward prioritizing the discovery of other unexpected, extant features of human motor 

capacity that might be leveraged toward the recovery of lost function. 

The second half of this dissertation exemplifies this philosophy through detailing the 

theoretical framework, development, and proof of concept experimentation for a novel, lever 

drive wheelchair for use during stroke rehabilitation. The chair employs a paradigm known 

as Lever Actuated Resonance Assistance (LARA) to provide mechanically passive, yet 

therapeutically active assistance to stroke survivors as they practice functional arm 

movements meaningful to the recovery activities of daily living, specifically those that 

involve reaching. Due to its mechanically passive design, LARA is inherently an anti-slacking 

paradigm of assistance, in that it does not permit users to gradually offload their force 
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production onto the assistive device, as often occurs during training with assistive robots 

(Wolbrecht et al., 2008). 

This dissertation closes with work that demonstrates for the first time that people 

with severe upper extremity impairment during the chronic stage of stroke can propel lever 

drive wheelchairs through the extant force control of their more impaired contralesional 

arm. It also explores stroke patients’ joint kinematics and muscle activity during the 

operation of LARA wheelchairs and provides a compelling proof of concept that lever drive 

chairs can provide high-dosage, therapeutic arm exercise within the motivating framework 

of promoting self-efficacy and providing independent movement. 

In reflection, this dissertation represents an exciting interplay between biological 

science and experimentally-driven, engineering design. The one pursues surprising insights 

into that most paradoxical object of study – ourselves – perhaps the most mysterious figures 

on the landscape of the universe, yet seemingly its most familiar. The other advances 

solutions to pressing human needs, drawn by the prospect of innovation with each new 

discovery. But together, these complementary explorations offer a point of connection with 

the individuals, who, serving as the foci of this work, share their most human aspiration to 

find understanding, amidst the challenges and uncertainty of their injury, concerning the 

adventure ahead of them and the agency they might lend.   
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CHAPTER 1: Nonlinear slacking as a default mode of motor adaptation 

Motor adaptation is commonly viewed as a process that relies on sensory motor 

feedback to adjust motor commands. For example, when adaptation occurs on a trial-to-trial 

basis, the motor system interprets discrepancies between the positions and forces it expects 

and those it senses; improved internal models, control strategies and muscle synergies then 

help it perform the next iteration with greater accuracy and efficiency (Körding and Wolpert, 

2004; Krakauer and Mazzoni, 2011; King and Newell, 2013). While most previous research 

has investigated how the motor system translates performance measurements into 

performance improvements, there are indications that the motor system sometimes 

improves aspects of its performance, such as efficiency, using mechanisms that do not wait 

on sensory feedback.  

Recent studies of the mechanical interactions between humans and robots suggest 

that people automatically reduce their muscle activation while they are achieving a 

movement goal (i.e. when errors are absent) but they are working unnecessarily hard to 

accomplish that goal (Thoroughman and Shadmehr, 1999; Scheidt et al., 2000; Franklin et 

al., 2008). Such “slacking” (also termed “forgetting”) has been reported to occur on a trial-to-

trial basis, leading to a minimization of effort across movement repetitions (Emken et al., 

2007). There is also evidence that the motor system seeks to reduce motor output in real 

time throughout the duration of a single movement. When people interact with a robotic 

device that supplements their force during reaching, they gradually allow the robot to take 

over unless it permits sufficient reaching errors (Wolbrecht et al., 2008). This finding is 

consistent with a model of motor control in which the motor system continuously seeks to 

decrease its force output (Reinkensmeyer et al., 2009); however such human-robot 
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interactions are complex and make it difficult to determine the precise onset timing and 

characteristics of this real-time force reduction.  

Experiments in object manipulation and grip force tracking also imply that the motor 

system systematically seeks to reduce its force. People often reduce their grip force after 

they lift or begin manipulating an object until the motor system detects slips (Westling and 

Johansson, 1984; Burstedt et al., 1999; Jenmalm et al., 2000; Ohki et al., 2002; Quaney et al., 

2005). In addition, people produce more variable force during isometric force tracking tasks 

when the visual feedback they receive is updated less frequently or is presented using 

smaller visual gains (Slifkin et al., 2000; Hong et al., 2008; Vaillancourt et al., 2008; Hu and 

Newell, 2010), consistent with the idea that force systematically drifts. In one key study, 

participants were able to maintain constant isometric forces when guided by visual 

feedback, but they began to steadily reduce their force starting one second after that visual 

feedback was removed (Vaillancourt and Russell, 2002). In that study, however, participants’ 

anticipation of and reaction to visual feedback disappearing may have masked the motor 

system’s default behavior around the moment feedback was removed. While these studies 

suggest a tendency of the motor system to reduce its output in certain conditions, this 

tendency has not been isolated and systematically studied.  

Here, we designed an experiment to directly probe the motor system’s default 

behavior during force production. During a grip force tracking task, we subtly alternated 

between providing participants with veridical visual feedback and with non-veridical visual 

feedback that gave participants the impression they were always producing the target force 

(i.e. an error clamp). We hypothesized that if the motor system continuously seeks to reduce 

force, then participants would begin to slack immediately when visual feedback became non-
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veridical in this manner, after a period of time sufficient for corrections based on prior 

veridical feedback to end (i.e. a participant’s visual reaction time). This would challenge the 

prevailing view that the motor system waits to receive performance feedback before it 

optimizes its motor commands. We also measured participants’ force variability during both 

veridical and non-veridical visual feedback to test a second hypothesis that corrections for 

slacking exacerbate motor variability during force production.  

Methods 

Experimental setup and MVC protocol 

Grip force was measured using a transducer constructed by fastening acrylic handles 

to a load cell (Interface Inc. SMA Series Miniature S-Type) and wrapping the assembly in grip 

tape. Participant’s held the grip transducer in a power grip in front of their torso (Figure 1.1). 

A total of 32 right-handed participants (16 female and 16 male, average age 23.5, standard 

deviation 2.1) took part in the experiment. Performance at the grip force task was measured 

for both the right and left hands. To minimize order effects, the order of testing of the hands 

was randomized so that 16 participants (eight female and eight male) performed the task 

first with their right hand and 16 with their left hand first. All procedures were approved by 

the University of California at Irvine Institutional Review Board and participants provided 

informed consent. 

The maximum voluntary contraction (MVC) for the grip task was measured for each 

participant. Participants were asked to squeeze as hard as they could for four seconds 

without any visual feedback. Participants were given four seconds of rest, then asked to 

squeeze as hard as they could for another four seconds, but this time visual feedback was 
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provided in the form of a bead on a computer screen that moved higher up a bar the harder 

they squeezed. The scale of the visual feedback was set such that the average force produced 

during the first hard grip was seen as 50% up the bar during the second MVC attempt. During 

both MVC attempts participants were vigorously, verbally encouraged to squeeze harder and 

harder to ensure that MVC was reached. The peak of the second attempt was taken as the 

participant’s MVC grip force.  

Experimental grip force tracking task 

Participants were then asked to modulate their grip force to track a changing target 

level. The target level was displayed as a bead (a red circle with a white stripe along its 

Figure 1.1. Experimental Setup. Right: Participants squeezed a force transducer to move a 
cursor (triangles) to track a circular target. The vertical positions of the cursor and target on 
the display were proportional to the participant’s grip force and the target force level 
respectively. The target changed colors from red to green whenever the cursor was inside a 
window around the target (this window was not visible). Left: On each trial, 96 total, the 
target remained fixed at one force level, and the trial waited until the cursor was inside the 
target window for 0.3 contiguous seconds before a 1.5s block of grip force data was recorded 
(the beginning of the block is defined as trial time t = 0s; the recording continuing even if the 
cursor left the window). During this block, one of two feedback conditions was applied. 
During control trials, the cursor continued to display the participant’s grip force (veridical 
feedback). During error clamp trials however, the cursor’s average position was locked on 
the target regardless of the participant’s grip force, giving the appearance of zero error (i.e. 
non-veridical feedback). After this 1.5s block, the target moved to a new position and a new 
trial began. 
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median) that appeared at one of eight different points on a vertical white bar. These eight 

points corresponded to eight evenly spaced force levels between 3.75% and 30% MVC. By 

changing their grip force, participants controlled the position of a cursor up and down the 

white bar and attempted to match the target level. By moving the cursor within a window 

(not visible) of the center of the bead, the bead turned from red to green indicating that the 

desired grip force had been reached. The bead remained green as long as the cursor was on 

target, and reverted to red if the cursor left the target’s window. These windows were chosen 

based on pilot testing with several participants. They were made large enough so that the 

participants could remain within each target window with little practice, and thus quickly 

learn to perform the task. This was achieved with window widths that increased 

quadratically with force: 1.50%, 1.51%, 1.59%, 1.79%, 2.08%, 2.42%, 2.78% and 3.14% MVC 

for the eight targets in ascending order.  

When moving the cursor to new targets, participants were given veridical visual 

feedback by mapping the cursor’s vertical position to the transducer force signal. That signal 

was smoothed by a second order, low pass Butterworth filter with a cutoff frequency of 4 Hz. 

This filter made the cursor’s movement less noisy and easier to maintain within the target 

windows. This filter is characterized by a phase shift that corresponds to a maximum delay 

of 63ms (for inputs at 3.5 Hz). The visual feedback was updated at the 50 Hz refresh rate of 

the display (a flat panel LCD monitor), contributing up to 20ms of delay. A data acquisition 

system measured the grip force, and applied the described Butterworth filters, at a sampling 

rate of 1000 Hz. The computer program responsible for the visual feedback queried this 

filtered grip force measurement at a variable frequency faster than the 50 Hz refresh rate. 

Therefore, data acquisition contributed minimal delay. 
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Error clamp and control trials and feedback veracity 

Each attempt to move to a target will be referred to as a “trial”. The game consisted of 

12 rounds of eight trials, one trial for each force level in random order. Trials were 

performed in two feedback conditions, control and error clamp, which were 

indistinguishable to the participant. For each trial, the game waited until the participant 

managed to stay within the target window for 0.3 contiguous seconds before recording a 1.5s 

block of grip force data (which was not interrupted even if a participant’s force left the target 

window during it). During this block, the feedback provided to the participants depended on 

which feedback condition the trial belonged to. For control trials participants continued to 

receive veridical visual feedback. For error clamp trials, however, participants began to 

receive non-veridical feedback for which the cursor’s vertical position was mapped to only 

the high frequency components of the participant’s grip force, while the cursor’s mean 

position was locked on to the target bead. This allowed the participant’s mean grip force to 

drift away from the target force while maintaining the illusion that veridical visual feedback 

was being provided (since the cursor still moved in response to the higher frequency 

components of the participant’s grip force). This high frequency component was obtained by 

applying a second order, high pass Butterworth filter with a cutoff frequency of 1.5 Hz to the 

transducer’s force signal (as well as the original 4 Hz low pass filter, which was applied to 

both veridical and non-veridical feedback). 

The cutoff frequency of 1.5 Hz was chosen based on the finding of Slifkin et al. (2000) 

that showed that during force tracking, people process visual feedback up to six times per 

second, but only plan corrections about once per second. By causing a participant’s displayed 

average force error over any one second period to approach zero, this non-veridical feedback 
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would be expected to prevent them from making significant corrections for slow drift in their 

force. People can use feedback of high frequency force behavior to reduce the high frequency 

power of their force variability, but not to improve their tracking accuracy (Hu and Newell, 

2010; Daneault et al., 2011). 

After the 1.5s block of either veridical or non-veridical feedback, the target bead 

moved to the next target grip force, veridical feedback was returned and the process was 

repeated. The 4 Hz low pass filter helped mask the discontinuity between the mean positions 

of the non-veridical and veridical feedback during this transition. Participants were also 

distracted from the discontinuity because it occurred at the same time the target jumped to 

its next location. The discontinuity at the beginning of the 1.5s block was much smaller 

because participants force was already inside the target window and was thus imperceptible 

even without a distraction. 

The order of control and error clamp trials was randomized for each pair of rounds, 

by taking a full set of eight error clamp trials and eight control trials (one at each force level) 

and shuffling their order. Each round was made to contain all eight force levels, but in 

random order and with a random allocation of error clamp and control trials. Participants 

were instructed to rest for six seconds between each round, when no target was displayed.  

Defining and measuring slacking 

We define the “drift rate” for a trial as the average rate of change of a person’s force 

over a temporal window of interest during that trial; drift rate can be positive or negative. 

We define “slacking” as the systematic reduction in force manifest when people produce 

what they perceive as constant levels of force in the absence of feedback driven corrections. 

We define “slacking rate” as the instantaneous rate of change in force caused by slacking. 
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Finally, we define the relationship between a participant’s slacking rate for this task and the 

level of force they produce as their “slacking curve”. This definition for slacking assumes that 

a participant’s drift rate varies across trials at the same force level because of stochastic 

elements of force production that are superimposed on the underlying behavior of slacking. 

It is therefore a participant’s drift rate averaged over multiple trials at a given force level that 

approaches the true slacking rate for that force level.  

In the present study, we aimed to identify the population mean slacking curve for 

healthy young participants when they produce isometric force using the power grip. We 

found that on average participants decreased their grip force in an exponential-like fashion 

during trials for which the error clamp (non-veridical feedback) was applied (Figure 1.2). 

However, the estimated time constant of this exponential was longer than the trial duration, 

so rather than applying an exponential fit, the drift rate of each trial was estimated as the 

slope of the linear fit to the trial’s force profile. Because participants did not begin reducing 

their force until 200ms after the onset of the error clamp, the linear fit was performed across 

a temporal window from 0.25s to 1.5s for each trial.  

Each trial’s drift rate was attributed to an initial force that was itself estimated as the 

value of the regression line at 0.25s, the beginning of the temporal window. For each force 

target, a participant’s slacking rate and associated initial force level were estimated by 

averaging these drift rates and initial forces across trials with that force target. Grip force 

was measured in terms of percentage of MVC, and drift rate and slacking rate in terms of 

change in percentage of MVC per second. 
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Measuring and reporting variability 

In addition to drift rate, each participant’s force variability for each trial was 

calculated as the variance of their force during the same 1.25s temporal window. Because 

participants’ forces were allowed to drift during error clamp trials, variance was measured 

around an estimate of the participant’s drifting average force. This estimate was acquired for 

each trial by applying an eighth-order, non-causal, low-pass filter with a cutoff frequency of 

0.75 Hz to the force signal. For consistency, this procedure was applied for both error clamp 

and control trials. Also, because of the skewed distribution of trial variances, the median 

variance of each participant at each target was used in the analysis.  

Primary statistical analysis 

Thus, each participant performed the task at eight force levels, in two feedback 

conditions and with both hands, and for each trial a measure of drift rate and another of force 

variability were calculated. Two procedures were used to test the hypothesis that slacking is 

an automatic process whereby the motor system does not wait to receive feedback before 

reducing its force. First, the time histories of participants’ grip force were averaged at each 

force level. These average time histories were then averaged across participants and the 

95% confidence intervals were calculated for each point in this mean waveform. Second, a 

three-factor repeated-measures ANOVA was performed to test for significant influences of 

force level (“Force”), veracity of visual feedback (“Feedback”) and hand dominance (“Hand”) 

on force drift rate, as well as for interaction effects between those factors. For statistical 

analysis, all trials at a particular force level were grouped together, despite small variations 

in initial force between trials in each of these groupings.  
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Another three-factor repeated-measures ANOVA was performed to test for significant 

influences of the same three factors and their interactions on the CV of force variability. 

Because two separate ANOVAs were performed, an adjusted alpha value of 0.025 was used 

for claims of significance. 

Post hoc analysis 

In addition to these planned ANOVAs, post hoc t-tests were performed to further 

investigate the impact of force level and veracity of visual feedback on force drift rate and 

force variability. First, the effects of feedback veracity on both drift rate and CV were tested 

at all eight force levels (eight post hoc tests for each experimental outcome). Next, a test for 

curvature (Table 1.1) was applied to the relationship between force level and CV observed 

for each feedback condition (seven post hoc tests for each feedback condition). One 

additional post hoc test was used to corroborate the finding of Vaillancourt and Russell 

(2002) that the greatest increase in variability from error clamp to control trials was 

centered at 1 Hz. Because a total of 31 post hoc t-tests were performed, the null hypothesizes 

of these tests were judged against a Bonferroni corrected alpha value of 0.0016 (i.e. the 

desired 5% error rate divided by 31 tests). The algorithm in Table 1.1 was used to minimize 

the number of comparisons necessary to test for curvature in the variability results (the 

 

Table 1.1. Algorithm for post hoc t-tests. 
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algorithm avoids making extraneous comparisons by moving sequentially through the force 

levels).  

Figure 1.2. Force profiles and onset of slacking. Mean force profiles averaged across 
participants for each target level and feedback condition (right and left hands combined). 
Shaded bands represent a 95% confidence interval for the mean force at each moment in 
time. During error clamp trials, participants received non-veridical visual feedback from t = 
0s to t = 1.5s (the average value of this feedback was locked on the target position to give the 
appearance of zero error). Above 10% MVC, participants began to slack 200ms following the 
onset of this error clamp. This delay is consistent with the participants’ visuomotor reaction 
time, indicated by the time required for them to respond to the target changing at t = 1.5s. 
Participants began to slack before they could have reacted to the error clamp, indicating that 
slacking is not a response to sensory input but rather the default adaptive mode of force 
production. 
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Results 

Onset of Slacking  

All participants successfully matched the force targets of all 96 trials. Mean force 

profiles from error clamp trials were identical to those of control trials for the first 200ms of 

measurement following the onset of the error clamp (Figure 1.2). During control trials, 

participants then continued to produce average forces near the target level for the duration 

of the trial. After the first 200ms of error clamp trials, participants began reducing their force 

in an exponential-like fashion that became more exaggerated when tracking larger force 

targets. When tracking the two lowest targets (4% and 8% MVC), this effect became 

negligible. An approximately 200ms delay was also observed between the force target 

changing at the end of the trial and participants beginning to track the new target, confirming 

200ms as their average visuomotor reaction time. 

Slacking rate 

The average rates of force drift during error clamp trials (i.e. the slacking rate), 

depended nonlinearly on the target force (Figure 1.3, red line). At low force levels (below 

10% MVC) little to no slacking occurred, but above 10% MVC slacking rates increased (i.e. 

 

Table 1.2. ANOVA results: drift rate and variability. 
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became more negative) with grip force. For control trials, participants’ success in tracking 

the target force was reflected by near-zero drift rates across the force levels (Figure 1.3, 

black line). A three-factor repeated measure ANOVA (Force × Feedback × Hand), whose 

results are shown in Table 1.2, revealed significant effects of Force (F(7, 954) = 209, p < 

0.0001) and Feedback (F(1, 960) = 2807, p < 0.0001) on drift rate, as well as a significant 

Force × Feedback interaction effect (F(7, 954) = 302, p < 0.0001). However, there was not a 

significant impact of Hand (F(1, 960) = 0.38, p = 0.54) or of the remaining interactions (Force 

× Hand: F(7, 954) = 0.58, p = 0.77; Feedback × Hand: F(1, 960) = 1.07, p = 0.30; Force × 

Feedback × Hand: F(7, 954) = 0.91, p = 0.50).  

Post hoc comparisons were then made between the mean drift rates observed for 

error clamp and control trials at each force level. For these tests, because ANOVA results 

Figure 1.3. Drift rates during error clamp and control trials. Mean rates of drift in grip 
force while participants attempted to maintain different force targets, averaged across 
participants (right and left hands combined). Drift rate and grip force were estimated for 
each trial using the linear fit to the trial’s force profile from trial time t = 0.25s to 1.5s; drift 
rate was estimated as the slope of this linear fit, and grip force as its value at t = 0.25s. Error 
bars reflect 95% confidence intervals for the mean drift rates during each of the eight target 
force levels. Rates were significantly different between error clamp and control trials at all 
force levels above 10% MVC. The drift rates for error clamp trials depict the mean slacking 
rates, which increase nonlinearly with grip force. 
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showed no significant effect of Hand, each participant’s average drift rate for each feedback 

condition and force level was recalculated as the average of their right and left hand drift 

rates. Paired t-tests revealed significant differences in mean drift rate between error clamp 

and control trials only for the six highest force levels (from lowest to highest force level: t(31) 

= 2.60, 1.03, 6.79, 13.8, 16.0, 20.3, 24.0, 26.7, p = 0.013, 0.31, 0, 0, 0, 0, 0, 0; a p value of “0” 

indicates p < 0.0001). A total of 31 post hoc t-tests were performed in this study, so a 

Bonferroni corrected alpha level of 0.0016 was used for these tests.  

Force variability during slacking 

Participants’ coefficients of variation (CV; standard deviation of force divided by force 

level) reached minimum values between 10% and 20% MVC, above which they leveled out 

Figure 1.4. Force variability during error clamp and control trials. Median coefficients 
of variation (standard deviation of variance divided by force, represented as a percent) of 
grip force while participants attempted to maintain different force targets, averaged across 
participants (right and left hands combined). To mitigate for the difference in drift rate 
between error clamp and control trials, CV was calculated around a trend curve obtained by 
passing each trial’s force profile through a 0.75 Hz low pass filter. Error bars reflect 95% 
confidence intervals for the mean CV during each of the eight target force levels. Variability 
was significantly greater for control trials at all force levels. For both feedback conditions, 
there was a significant decrease in CV up to 15%MVC, however only for control trials was 
there a significant increase in CV above 15%MVC. 
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during error clamp trials but increased during control trials (Figure 1.4). CVs were higher 

during control trials than during error clamp trials. Another three-factor repeated measures 

ANOVA (Force × Feedback × Hand), whose results are also shown in Table 1.2, revealed 

significant effects of Force (F(7, 954) = 20.3, p < 0.0001), Feedback (F(1, 960) = 701, p < 

0.0001) and Hand (F(7, 954) = 10.9, p = 0.0010) on CV, as well as a significant Force × 

Feedback interaction effect (F(7, 954) = 5.20, p < 0.0001). However, the remaining 

interactions effects were not significant (Force × Hand: F(7, 954) = 0.33, p = 0.94; Feedback 

× Hand: F(1, 960) = 1.08, p = 0.30; Force × Feedback × Hand: F(7, 954) = 0.60, p = 0.76). 

Participants’ force was only slightly more variable with their non-dominant hands, and 

ANOVA results showed no evidence that hand dominance modulated the effects of force level 

and feedback condition. Thus, for clarity, results were averaged between hands in Figure 1.4. 

Several post hoc t-tests were then performed to better characterize the effects of 

Feedback and Force on variability. Because of the small impact of Hand, for these tests each 

participant’s CV for each feedback condition and force level was recalculated as the average 

of their right and left hand median CVs. Paired t-tests revealed significant differences 

between the mean CVs of error clamp and control trials at all force levels (from lowest to 

highest force level: t(31) = 4.89, 5.63, 6.14, 6.25, 6.92, 7.66, 9.71, 8.39; p = 0, 0, 0, 0, 0, 0, 0, 0). 

Paired t-tests also revealed a significant curvature in the CV-force relationship for each 

feedback condition. For error clamp trials a significant difference was found between the 

mean CVs of the first and third force levels (t(31) = 3.96, p = 0.0003) but not between the 

mean CVs of the first and second force levels (t(31) = 2.11, p = 0.040) or between the mean 

CV of the third force level and the mean CV of any of the fourth through eighth force levels 

(t(31) = 1.59, 1.02, 0.77, 0.39, 0.95; p = 0.12, 0.31, 0.45, 0.69, 0.35).  
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For control trials, a significant difference was found between the mean CVs of both 

the first and third force levels (t(31) = 3.43; p = 0.0011), and the third and eighth force levels 

(t(31) = 3.56; p = 0.0007), but not between the mean CVs of the first and second force levels 

(t(31) = 3.05, p = 0.0037) or between the mean CV of the third force level and the mean CV 

of any of the fourth through seventh force levels (t(31) = 0.44, 0.66, 1.23, 3.03; p = 0.66, 0.51, 

0.22, 0.0035). These results indicate that for error clamp trials, CV on average decreased as 

force level increased from 4% to 11% MVC and never significantly changed as force level 

increased above 11% MVC, whereas for control trials, CV also on average decreased as force 

level increased from 4% to 11% MVC but then significantly increased as force level increased 

to 29% MVC. 

Figure 1.5. Power spectral densities (PSDs) of force variability. (around the same trend 
curves as for Figure 1.4) averaged across participants. PSDs were normalized into terms of 
squared percent of target force level, and the PSDs of all force levels and both hands were 
combined for each participant and feedback condition. Bands represent 95% confidence 
interval of the mean power at each frequency. There was a significantly greater increase in 
power from error clamp to control trials at 1 Hz than at 3 Hz. This suggests that the increase 
in variability from error clamp to control trails was caused by an increase in visually guided 
force correction. 
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Frequency content of the observed motor variability 

We hypothesized that the tendency to slack would require the motor system to make 

intermittent corrections to its force production to maintain target forces during control trials 

(Gawthrop et al., 2011). If so, then one would expect heightened signal power around the 0-

2 Hz range, which is the frequency band that is most influenced by feedback corrections 

based on visual information (Vaillancourt and Russell, 2002). Because the results did show 

an increase in variability during control trials (Figure 1.4), the power spectral densities 

(PSDs) of the force produced during the two feedback conditions were computed to 

determine over which frequencies this increase in power occurred (Figure 1.5). The PSD of 

each trial’s force time history was computed and normalized relative to target force levels. 

Then the average of these PSDs was calculated for each participant and feedback condition 

Figure 1.6. Regression of control trial variability against slacking rate. Significant 
correlations develop between the two at the larger force levels, with variation in slacking 
rate explaining around 20% of the variation in CV at those levels. This correlation may arise 
from the need for more frequent and dramatic corrections for slacking at larger forces where 
slacking becomes more prevalent. The role of slacking in increasing variability speaks to a 
tradeoff between accuracy and efficiency. Specifically, it appears that accuracy is prioritized 
when producing smaller forces, where variability is already high; and that efficiency is 
prioritized when producing larger forces, here the cost of inefficiency is greater. 
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across all force levels and both hands. Finally, the average PSD across participants was 

calculated for each feedback condition. Consistent with this 0-2 Hz range, a post hoc paired 

t-test revealed that there was a significantly greater increase in power (vertical distance in 

Figure 1.5) from error clamp to control trials centered around 1 Hz compared to around 3 

Hz (t(31) = 6.79, p < 0.0001). 

Regression analysis 

To follow up on the hypothesis that feedback corrections related to slacking 

accounted for the increase in variability observed between error clamp and control trials, 

linear regression was used to plot trends in the relationship between slacking rate, measured 

during error clamp trials, and control trial CV. Each participant’s slacking rate and CV at each 

force level represented one point in Figure 1.6, and a separate regression was performed for 

each force level. Both factors were scaled by taking the cube root of their absolute values, to 

normalize the distribution of the data, and based on the assumption that positive and 

negative drift rates would have similar effect. We found significant slopes in these trends 

started around 19%MVC, above which around a 20% of the variation in CV was explained by 

variation in slacking rate, based on 𝑟2 values. Thus, at larger forces, participants who slacked 

more also exhibited greater force variability during control trials, when ostensibly they 

relied on visual feedback to correct for error, including drift caused by slacking. 

Discussion 

Slacking is not a response to sensory input, but rather the default adaptive mode of 

force production during visuomotor control of grip force. Slacking began 200ms following 

the loss of veridical visual feedback. This figure is consistent with the reaction times 
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measured for isometric force production of the index finger prompted by visual feedback 

(Carlton et al., 1987), as well as the visuomotor reaction time measured for participants in 

this experiment. Slacking thus began immediately following the participants’ last reactions 

to veridical feedback, before they could react to any observed duration of the error clamp. 

This indicates that slacking is a persistent and unprompted behavior that continuously 

drives force lower and must be compensated for while maintaining constant forces.  

Slacking and force minimization 

By constantly driving force lower, slacking is ideally suited to play a key role in force 

minimization during force production. We now give several examples of this role and of its 

explanatory value for incidental findings of numerous studies. First, slacking was observed 

to cause participants to produce forces that drifted below a given target more often than 

above it. If visual feedback prompts corrections for these deviations back to the target itself, 

one would expect the average bias in force production to be below the target. Indeed, in our 

study and others (Vaillancourt and Russell, 2002; Hong et al., 2008), when participants 

produced forces large enough to cause slacking, they produced average forces below the 

target levels. This effect became more exaggerated at larger forces. 

It follows that when a person produces isometric force and there is room to slack 

without detecting any error, slacking will cause them to reduce their force down to the 

threshold where they begin detecting error. When people track forces with differently scaled 

visual feedback, smaller visual gains lead to lower average forces (Hong et al., 2008). 

Reducing gain effectively widens the window of forces that are perceived identically. 

Slacking would be expected to reduce average force by causing participants to gravitate 

toward the lower end of this window. When people receive visual feedback intermittently, 
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they produce lower average forces when feedback is updated less frequently (Slifkin et al., 

2000), but only when they produce forces large enough to cause slacking (Sosnoff and 

Newell, 2005). Longer intervals between updates would be expected to give participants 

more time to slack without detecting error.  

Because slacking can quickly reduce unnecessary force, the motor system need not 

precisely anticipate the optimal forces for tasks that require a minimal level of force to be 

applied. Instead it can overestimate the required force and rely on slacking to restore force 

down to efficient levels. For instance, when picking up objects using a pinch grip, people 

initially produce excessive forces which they then reduce in an exponential fashion—

consistent with slacking—down to regular factors of safety above the slip threshold 

(Westling and Johansson, 1984; Burstedt et al., 1999; Jenmalm et al., 2000; Ohki et al., 2002; 

Quaney et al., 2005). Gravity likely creates many similar tasks in which some minimal force 

threshold is required to overcome gravity but where excessive force does not degrade 

performance. The motor system can reliably and efficiently accomplish these tasks by 

initiating the task with any force above that threshold and then relying on slacking and error 

detection to refine the force. Likewise, when controlling any number of unstable systems 

(e.g. using a screwdriver), initiating the task with excessive co-contraction can provide the 

impedance necessary to prevent a tool from buckling or a load from tipping. Slacking can 

then quickly reduce co-contraction down to efficient levels.  

Finally, it was shown here that the motor system “turns up” slacking at larger force 

levels. This property prioritizes force reduction when fatigue is likely, and gives slacking-

based adaptation the exponential time course often associated with other forms of motor 

adaption. 
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Slacking and motor variability  

At all force levels, participants had greater force variability while receiving veridical 

visual feedback than while receiving non-veridical feedback and slacking. Also, in both 

feedback conditions, the CV of their force decreased over the range of 4% to 15% MVC, but 

only with veridical feedback did it increase above 15% MVC. Moritz et al. (2005) observed a 

similar CV minima at 15% MVC, and employed a model that incorporated motor neuron 

firing rate variability. This model explained the decrease in CV across low forces but not the 

increase above 15% MVC. We anticipated that this trend was instead attributable to the 

increasing slacking rates above 15% MVC that prompted feedback corrections to avoid force 

decay. 

Power spectral density results indicated that the increases in variability observed 

during veridical visual feedback consisted mostly of added power between 0-2 Hz, the band 

associated with visual feedback control (Slifkin et al., 2000; Vaillancourt and Russell, 2002). 

Due to the intermittent nature of visual feedback control (Gawthrop et al., 2011) 

participants’ tendency to let their force drift (evidenced during error clamp trials) would be 

expected to require them to make intermittent corrections to maintain constant forces 

during control trials. This drift occurred at all force levels but its effect on variability would 

be expected to be heightened at larger forces, when participants’ slacking behavior was most 

pronounced. This relationship was investigated in greater depth through the development 

of a novel model of variability, driven by the slacking and variability results of this study. 

This model is documented in Chapter 2, and is shown to succinctly explained the increase in 

CV at all force levels along with the disproportionate increase above 15% MVC. 
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Alterative interpretations and their shortcomings 

During the error clamp the displayed force was more on target and less variable than 

during control trials. This raises the question of whether participants perceived their 

improved performance during the error clamp, and then reacted to it, which might influence 

their slacking rate. They apparently did not, as evidenced by the smooth exponential 

decrease in average force during error clamp trials, which shows no sign of a changed 

strategy at some later time when participants might have reacted to such observations 

(Figure 1.2). It bears repeating that the initial 200ms delay before participants’ force began 

to decay could not reflect reaction to conscious observation of nonveridical feedback, as that 

would require watching some non-zero duration of nonveridical feedback before triggering 

a reaction an additional 200ms later. 

Another question is why participants did not use non-visual sources of force 

feedback, such as from efferent copy, skin pressure, or Golgi Tendon Organs, to detect the 

slacking and compensate for it. Apparently, the motor system continued to rely on visual 

feedback because the switch to non-veridical feedback was brief and subtle. Reliance on non-

visual sources of force feedback may have prevented the immediate onset of slacking in 

previous force control experiments. For example, participants maintained constant 

isometric forces for one second in the Vaillancourt and Russell (2002) experiment that 

overtly removed visual feedback. The short-lived nature of this compensation, however, 

again suggests the default nature of slacking.   
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CHAPTER 2: A slacking based model of motor variability  

Motor variability modulates our ability to perform numerous skilled and everyday 

tasks, from writing to releasing an arrow. It often serves as an upper bound on the 

performance and repeatability of our motions and manipulations. For instance, in archery, 

basketball or any sport that involves releasing a projectile, even a small variation in force 

during the release can lead to a missed shot or basket. Accuracy over repeated shots, even 

after the skill is mastered, is governed by the likelihood that a sufficiently large force 

variation will occur at that inopportune moment. However, motor noise is also expected to 

facilitate task exploration during motor learning by applying perturbations that are large 

and frequent enough to escape local minima and discover unexpected optimal states (Wu et 

al., 2014). Variability therefore describes an evolutionary outcome, balanced between the 

often-catastrophic cost of failure and the vitality of adaptation to survival, against which the 

arrangement and properties of the human motor system have been tuned. 

Even during familiar tasks, a lower bound on motor variability is enforced by the 

stochastic timing and discrete performance of the base unit of force production: the motor 

unit action potential (Moritz et al., 2005). As the sum of coordinated and repeated twitching 

of muscle fibers, muscle force exhibits a signal to noise ratio that ostensibly is enhanced at 

larger forces. Large forces are generated by the activity of greater numbers of motor units, 

and by the law of large numbers should achieve smoother performance. However, the benefit 

of broad motor unit recruitment is balanced somewhat by Henneman’s size principle – motor 

units vary dramatically in size, and are recruited from smallest to largest (Milner-Brown et 

al., 1973) – whereby motor performance at all levels is dominated by the stochastic behavior 

of the handful of largest recruited motor units.  
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Motor variability has often been documented and described as signal dependent 

noise with a noise-to-signal ratio that gradually and monotonically decreases as force 

becomes larger, and influences characteristics of motor planning based on endpoint 

variability (Harris and Wolpert, 1998). When minimal feedback of tracking error is given, 

somewhat dramatic reductions in ratio are observed up to 10% maximum voluntary 

contraction (MVC), after which only minimal reductions occur (Jones et al., 2002). However, 

depending on the means of measuring motor variability, such as with the protocol 

documented in the preceding Chapter, signal dependent noise is often found to increase 

above around 20% MVC (Moritz et al., 2005). In such environments, an optimally quiet 

domain of force production occurs at roughly 15% MVC.  

This minimum might have primarily physiological causes, such as when an optimal 

balancing of recruited and nonrecruited motor units occurs that achieve sufficient averaging 

of muscle twitches while leaving room for rotation of recruitment (Bawa et al., 2006). 

However, it remains to be studied under which conditions this increase in signal dependent 

noise occurs, and given its influence over motor planning (Harris and Wolpert, 1998; van 

Beers et al., 2002), what function it serves in balancing the requirements of human motor 

control in the diverse and often unfamiliar environments we interact. A functional 

description of this optimality might explain why the underlying physiology has been tuned 

so, and may unite previous characterizations of motor noise in different environments and 

with different sources of feedback. 

The previous chapter detailed a correlation between slacking rate and motor 

variability during isometric grip force, as well as similar nonlinearities in the slacking and 

variability curves that both featured a distinct threshold around 15% MVC. Moreover, the 
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instantaneous onset of slacking implies an ongoing requirement that the motor system 

leverage feedback to counteract slacking or else experience rapid reduction in muscle force. 

Given the posited intermittent nature of human motor control (Gawthrop et al., 2011) – 

whereby updates to a central command signal are initiated at most four times per second, 

and primarily in response to observed incongruities between intended and true motor 

behavior – correcting for slacking might entail making regular increases in motor command 

that counteract this tendency for force to decay. Such corrections would contribute 

substantial variability to force production, as frequent large discontinuities are added to 

neuromuscular noise.  

To explore the possibility that the nonlinear increase in slacking rate, starting around 

15% MVC, explains the observed increase in signal dependent noise above that level, we 

developed a model of force variability that combines slacking correction with some baseline 

(perhaps neuromuscular) noise. It does so by representing the baseline variability and drift 

rate as independently sampled random variables and combines them in a manner akin to 

predicting the sum of two dice. As described below, the model adds an additional degree of 

complexity by scaling drift rate by another random variable. A more complete analogy would 

be predicting the sum of one die with the product of two others.  

Methods 

During the experiment described in the previous chapter, participants exhibited 

greater force variability during control trials than they did during error clamp trials. We 

hypothesized that participants’ variability increased during control trials because they 

reacted to visual feedback of their tracking errors, including to the drift in force caused by 
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slacking. In contrast, during error clamp trials, when participants’ tracking errors were 

omitted from visual feedback, no corrections for tracking errors or for slacking should occur. 

We created a model to explain the increase in variability from error clamp trials to control 

trials and to investigate the impact of the nonlinear shape of participants’ slacking curves on 

their variability during control trials.  

This variability model operates on four assumptions: (1) participants’ force 

variability during control trials was the sum of two independent sources of variability: their 

“baseline” variability, and the variability associated with reacting to their tracking errors; 

(2) participants’ force variability measured during error clamp trials (i.e. when tracking 

errors were omitted from visual feedback) serves as a measure of their baseline variability; 

(3) participants’ variability associated with reacting to tracking errors was proportional to 

the rate at which their tracking errors developed; the proportionality constant was sampled 

each trial from a random variable with a gamma distribution; (4) participants’ drift rate 

measured during error clamp trials serves as a measure of the rate at which their tracking 

errors developed during control trials.  

The gamma distribution Γ(𝑘, 𝜃) was chosen to characterize the proportional increase 

in variability associated with correcting for drift because it is non-negative (i.e. drift 

correction cannot remove variability), and because it a maximum entropy probability 

distribution that minimizes the amount of prior information given to the model. It has two 

free parameters, a shape parameter 𝑘 and a scale parameter 𝜃.  

The inputs to the overall model are two random variables per force level, 𝐷𝑅(𝐹) and 

𝑉𝑎𝑟0(𝐹). These are the estimates of the experimentally measured distributions of drift rate 

and force variability during error clamp trials at force level 𝐹. The model uses these inputs 
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to predict the distribution of participants’ force variability while they maintain the required 

isometric grip force during control trials (i.e. with veridical feedback), which governs the 

random variable 𝑉𝑎𝑟(𝐹) that is predicted at each force level. This prediction can, of course, 

be compared to the experimentally measured data. Therefore, the model can be tuned by 

finding the maximum likelihood estimates of its two free parameters, �̂� and 𝜃, that cause the 

predicted 𝑉𝑎𝑟 to best fit the experimental data. Note that the model calculates 𝑉𝑎𝑟 at each 

force level 𝐹, using the same gamma distribution Γ(𝑘, 𝜃) at all force levels, per:  

𝑉𝑎𝑟(𝐹) = 𝑉𝑎𝑟0(𝐹) + 𝐷𝑅2(𝐹) Γ(𝑘, 𝜃). 

Figure 2.1. Schematic of variability model. Raw data are overlaid with modeling estimates 
and results. The model first fits the experimental results for baseline variability, 𝑉𝑎𝑟0, and 
drift rate, 𝐷𝑅, both measured during error clamp trials, with gamma and normal 
distributions respectively. This fit is done independently for all eight force levels. The 
distributions of experimental results are depicted by grey histograms and the model fits by 
red probability density functions (PDFs). The model then multiplies the drift rate fits by a 
gamma distributed random variable, whose parameters 𝑘 and 𝜇 are tuned to achieve the 
best results, and adds the product to the baseline variability fits. The same parameters are 
used for all force levels. The model predicted results for 𝑉𝑎𝑟 are shown as red PDFs overlaid 
on the experimental variability results from control trials. The model can be seen to achieve 
a good fit both by its matching the median value of CV at each force level, but also by its close 
fit the distribution of experimental results.  

+ 

× 

Error Clamp Trials Control Trials 

(         ) 

2 

(2.1) 
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In Equation 2.1, 𝐷𝑅 is squared because 𝑉𝑎𝑟0 and 𝑉𝑎𝑟 are measures of variance. 

Procedures for adding, squaring and multiplying random variables are detailed in Grinstead 

and Snell (1997). The variability model is akin to predicting the outcome of an arithmetic 

operation performed after rolling three dice. In this analogy, that operation involves finding 

the sum of one die with the product of the other two. The goal is to tune the parameters so 

the model not only predicts the median experimental results, but also accurately describes 

the likelihood of any possible outcome. 

To assess the credibility of these four assumptions, as well as the model’s applicability 

to the present experimental task, the performance of the model was tested against the one-

parameter family of nominally comparable models in which the observed nonlinear slacking 

curve was replaced with a proportional relationship between grip force and slacking rate. 

Stated is rough statistical terms, this amounted to testing the null hypothesis that the 

nonlinearity of the observed curve was unnecessary to explain the observed variability 

results. If evidence exists to reject this hypothesis, then a simple stochastic model, reliant on 

minimal prior information (elaborated below), has been found that unites the three 

outcomes of the experiment of Chapter 1 in a manner that, were the model not reflective of 

an underlying physiological connection, would require an uncanny alignment of more 

complicated phenomena. If the model is reflective of physiology, it suggests that slacking, 

while conductive to reducing unnecessary muscle forces, operates at the expense of 

increasing force variability whenever large sustained forces are necessary. Some elaboration 

on the model’s assumptions are given below, followed by the details of estimating the 

distributions of 𝐷𝑅(𝐹) and 𝑉𝑎𝑟0(𝐹), finding the maximum likelihood estimates �̂� and 𝜃, and 

the procedures used to test the null hypothesis and plot the results. 
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Modelling assumptions 

Assumption 1: Participants’ force variability during control trials was the sum of two 

independent sources of variability: their “baseline” variability, and the variability associated 

with reacting to their tracking errors. Visual feedback has been shown to add information to 

the patterns of isometric force generated during tracking tasks, compared to when feedback 

is removed (Slifkin et al., 2000; Li et al., 2013). This increased information is consistent with 

participants reacting to a feature of their tracking error that is independent of their baseline 

variability. Here “baseline” variability describes some combination of neuromuscular noise 

and other sources of noise that are not prompted by accurate feedback of tracking errors.  

Assumption 2: Participants’ force variability measured during error clamp trials (i.e. 

when tracking errors were omitted from visual feedback) serves as a measure of their baseline 

variability. It is possible that observing the high frequency components of visual feedback 

contributed to some fluctuation in motor command that would not have occurred in the true 

absence of visual feedback (Li et al., 2013) but these high frequency components should be 

too fast to allow for corrections to be made that are ‘productive’ in the sense that they might 

reduce the noise in visual feedback (Hu and Newell, 2010). If these high frequency 

components led to an increase in motor variability, the model assumes that the same 

increase in variability would be present during control trials, and still orthogonal to 

productive corrections. This assumption could be restated that any variability present 

during control trials that was not caused by productive corrections to tracking error was 

identically present during error clamp trials. 

Assumption 3: Participants’ variability associated with reacting to tracking errors was 

proportional to the rate at which their tracking errors developed; the proportionality constant 
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was sampled each trial from a random variable with a gamma distribution. If during a control 

trial, a given amplitude of tracking error would develop if it were not for visual feedback 

guided corrections, this assumption states that the force variability contributed by 

countering that tracking error was drawn from a stationary gamma distribution scaled by 

the amplitude of that tracking error. Because the gamma distribution is a maximum entropy 

probability distribution for nonnegative random variables, its use minimizes the amount of 

prior information given to the model. This approach is consistent with there being several 

ostensibly unrelated factors influencing the timing and magnitude of the participant’s 

response to tracking error. These factors at least include the intermittent timing of feedback 

corrections (Gawthrop et al., 2011), the filtering and scaling involved in visual estimation of 

the error (Hu and Newell, 2012), and uncertainty in the feedforward control pathway 

employed during correction (Ohki et al., 2002; Sosnoff and Newell, 2005). 

Assumption 4: Participants’ drift rate measured during error clamp trials serves as a 

measure of the rate at which their tracking errors developed during control trials. This 

assumption states that the tendency to develop tracking error is not significantly affected by 

corrections being made to that tracking error over the short timescale of trials in this 

experiment. That tendency would then be identical between error clamp and control trials. 

Estimating model inputs 

The distributions of 𝐷𝑅(𝐹) and 𝑉𝑎𝑟0(𝐹) were estimated at each force level 𝐹 from the 

observed distributions of drift rates 𝐷𝑅∗(𝐹) and trial variances 𝑉𝑎𝑟0
∗(𝐹) obtained by pooling 

the results of all error clamp trials from all participants at that force level (the asterisks 

denote observed distributions, as opposed to model inputs estimated from them). The top 

0.5% of error clamp trials by variance at each force level were considered outliers and 
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excluded from 𝐷𝑅∗(𝐹) and 𝑉𝑎𝑟0
∗(𝐹). The distribution of 𝐷𝑅(𝐹) was estimating at each force 

level as the normal distribution that best fit the observed distribution 𝐷𝑅∗(𝐹):  

𝐷𝑅(𝐹)~𝑁(𝜇(𝐹), 𝜎2(𝐹)). 

The means 𝜇(𝐹) reflected the slacking rates corresponding to each grip force 𝐹, 

whereas the variances 𝜎2(𝐹) reflected the spread of the observed drift rates. The 

distribution of 𝑉𝑎𝑟0(𝐹) was estimated by finding the squared gamma distribution that best 

fit the observed distribution 𝑉𝑎𝑟0
∗(𝐹):  

𝑉𝑎𝑟0(𝐹)~ Γ2(𝛼(𝐹), 𝛽(𝐹)). 

Here, 𝛼(𝐹) and 𝛽(𝐹) are the shape and rate parameters of the gamma distribution 

that best fits the observed standard deviations, for clarity the (𝛼, 𝛽) parameterization is used 

here to avoid confusion with the free parameters of the gamma distributed Γ(𝑘, 𝜃). For this 

experiment, these estimations of 𝐷𝑅(𝐹) and 𝑉𝑎𝑟0(𝐹) well represented the observed data, 

but the model would work with any non-discrete estimations of these distributions (i.e. the 

estimations should not feature spikes around the observed values of sparsely populated 

regions of the observed distributions).  

Maximum likelihood tuning of 𝑘 and 𝜃 

Equation 2.4 was used to calculate the log likelihood of a candidate set of parameters 

(𝑘, 𝜃) based on the observed distribution of control trial variances 𝑉𝑎𝑟∗. As with error clamp 

trials, the top 0.5% of control trials by variance at each force level were considered outliers 

and excluded from 𝑉𝑎𝑟∗(𝐹) 

log ℒ(𝑘, 𝜃|𝑉𝑎𝑟∗) = ∑ 𝑛𝑖𝑗 log (𝑃𝑖𝑗(𝑘, 𝜃))

𝑖,𝑗

. 

(2.2) 

(2.3) 

(2.4) 
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For each force level, the PDF of 𝑉𝑎𝑟∗(𝐹) was discretized into bins, each with width 

equal to 10% the median of 𝑉𝑎𝑟∗(𝐹). In Equation 2.4, 𝑛𝑖𝑗  indicates the number of control 

trials at the 𝑖th force level whose variance fell into the 𝑗th bin. 𝑃𝑖𝑗  indicates the expected 

probability, based on 𝑉𝑎𝑟∗(𝐹), that the variance of a new control trial at the 𝑖th force level 

would fall into the 𝑗th bin, and was calculated by integrating the area of the PDF of 𝑉𝑎𝑟∗(𝐹) 

that lay inside each bin. The maximum likelihood estimates �̂� and 𝜃 were found using the 

‘fmincon.m’ function in Matlab with the following constraints:   

𝑘 ∈  [0.1, 25]

𝐸[Γ(𝑘, 𝜃)] = 𝑘𝜃 ∈
1

8𝜋2
[0.1, 5]s2.

 

All drift rate and variance values used by the model had units of (%MVC)/s and 

(%MVC)2  respectively. The shape parameter 𝑘 is unitless and the scale parameter 𝜃 has 

units of s2. The constraint on the mean 𝐸[Γ(𝑘, 𝜃)] includes a 1/8𝜋2 scaling to draw analogy 

to an idealized correction for drift that produces a sinusoidal force output with a 1 Hz 

frequency and peak slope equal to the drift rate, whose variance equals 1/8𝜋2 times the 

squared drift per second. This has no bearing on the model, but is used as convention. 

Hypothesis testing 

Statistical analysis was used to test the null hypothesis 𝐻0: “There exists a 

proportional relationship between grip force and slacking rate that, if used to replace the 

values of 𝜇(𝐹) in Equation 2.2, leads the variability model to explain the observed control 

trials variances at least as well as it does when 𝜇(𝐹) reflects the observed nonlinear slacking 

curve.” To differentiate these two cases, the proportional slacking curve will be called the 

“linear slacking curve”. It is linear in the sense that it is an affine curve that intercepts the 

(2.5) 
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origin. The models featuring the nonlinear and linear slacking curves will be called the 

“nonlinear slacking model” and the “linear slacking model” respectively. 

Testing this null hypothesis can be framed as performing a likelihood ratio test with 

nested models. In this case the full model 𝑀𝐹 assigns a free parameter to each value of 𝜇(𝐹) 

while the nested model 𝑀0 applies the constraint 𝜇(𝐹) ∝ 𝐹. The models can be written:  

𝑀𝐹: 𝜇(𝐹) = ∑ 𝐺𝑖𝜇𝑖

8

𝑖=1
, 𝐺𝑖 = {

1, 𝐹 = 𝐹𝑖

0, 𝐹 ≠ 𝐹𝑖

𝑀0: 𝜇(𝐹) = 𝛾𝐹  

. 

In Equation 2.6, 𝑀𝐹 has eight free parameters, 𝜇𝑖, while 𝑀0 has one, 𝛾. Both models have two 

additional free parameters 𝑘 and 𝜃, giving them a total of ten and three respectively. The log 

ratio test works by comparing the maximum likelihoods possible with the two models, ℒ0 

and ℒ𝐹 (i.e. using the maximum likelihood estimates of all free parameters), to calculate the 

test statistic 𝐷. Under the null hypothesis �̂�0: 𝑀0 = 𝑀𝐹 , 𝐷 follows a 𝜒2 distribution with 

degrees of freedom equal to the reduction in number of free parameters from 𝑀𝐹 to 𝑀0. 

Rejecting �̂�0 at a confidence level 𝛼 is equivalent to finding that 𝐷 falls in the top (1 − 𝛼) 

percentile of 𝜒2(𝑑𝑓 = 7).  

𝐷 = −2(log ℒ0 − log ℒ𝐹) ~
 �̂�0

 𝜒2(𝑑𝑓 = 7). 

While the linear slacking model is identical to the nested model 𝑀0, the nonlinear 

slacking model is only one instance of the full model 𝑀𝐹 . However, if 𝐷 is calculated while 

setting 𝜇𝑖 equal to the observed slacking rates (from the nonlinear slacking curve) and 𝐷 is 

still large enough to reject �̂�0, we can confidently reject 𝐻0. This is because the log ratio test 

factors in the increased susceptibility to overfitting from each additional free parameter, and 

the nonlinear slacking model was handled as if it had eight additional free parameters, even 

though it was no more susceptible to overfitting because of them (Casella and Berger, 2001). 

(2.6) 

(2.7) 
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Visualization 

Finally, to illustrate the impact of the shape of the slacking curve on variability, the 

experimental protocol was simulated using two groups of virtual participants, one that 

behaved according to the nonlinear slacking model and another that behaved according to 

the linear slacking model. The variance of each trial of each virtual participant was drawn 

from the model predicted distribution of variances for that trial’s force level. Then, as with 

the experimental data, the median variance of each participant at each force level was used 

to calculate the relationship between CV and force level, along with 95% confidence 

intervals. For each model, this process was performed 1000 times and the expected values 

for the mean and confidence interval for each force level were found by averaging across 

these iterations. This process was repeated for four additional groups of virtual participants. 

One group’s trial variances were drawn directly from the observed distribution of variances 

from control trials 𝑉𝑎𝑟𝐼𝑆𝑂
∗ . Another group’s trial variances were drawn directly from the 

observed distribution of variances from error clamp trials 𝑉𝑎𝑟0
∗. The remaining two groups 

behaved according to modifications to the nonlinear slacking model. One of these 

modifications replaced the nonlinear slacking curve with a constant slacking rate of 1% 

MVC/s, 𝜇(𝐹) = 1, and the other removed slacking entirely, 𝜇(𝐹) = 0. In either case, the 

values of �̂� and 𝜃 were retained from the nonlinear slacking model.  

Results 

The variability model was used to predict the impact of the slacking curve on the 

relationship between force and variability. Of primary interest were two realizations of the 

model that incorporated either the observed nonlinear slacking curve documented in the 
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previous chapter, or a hypothetical linear slacking curve with an optimally selected slope 

(𝛾 =  −0.291 in Equation 2.6). The variability model based on the observed nonlinear 

slacking curve produced a closer fit to the variability measured during control trials than did 

the model that assumed a linear slacking curve (likelihood ratio test: 𝐷(7) = 130, p < 10-15). 

This fit based on nonlinear slacking (“nonlinear slacking” in Figure 2.2) used maximum 

likelihood estimates (MLE) of the parameters {�̂�, �̂�𝜃} = {0.773, 0.0257}) and captured the 

Figure 2.2. Modelling predictions of median CV with various slacking curves. Median 
CVs predicted by four implementations of the variability model, based on different slacking 
curves. Each implementations of the model was used to simulate the experimental protocol 
with 32 virtual participants. The average values and 95% confidence intervals shown are the 
expected value based on 1000 iterations of this simulation. The model based on the observed 
nonlinear slacking curve (from Figure 4) fit the observed variability results better than a 
model that assumed a linear slacking rate. For further comparison, the slacking rates of the 
nonlinear slacking model were replaced with constant rates of 0% and 1% MVC per second 
(without repeating the parameter fitting) and the simulation repeated. The model therefore 
explained the increase in CV at all force levels as a result of correcting force drift, and the 
disproportionate increase above 15% MVC because of the nonlinearity of the slacking curve. 
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minima in observed variability around 15% MVC as well as the positive slope above 15% 

MVC. The poor fit of the linear slacking model (“linear slacking” in Figure 2.2) which used 

MLE {�̂�, �̂�𝜃, 𝛾} = {0.342, 0.0250, −0.291} was reflected in its prediction that a linear slacking 

curve would cause a levelling in CV above 15% MVC. The nonlinear slacking model relied on 

a dramatically steeper slacking curve than was observed (>8%MVC/s at the largest force 

level), while minimizing the predicted variability from drift correction. This steeper slope 

does not represent an so much an approximation of the observed slacking behavior as it 

represents the best-case scenario for the linear slacking model. Any more realistic slope 

would even more substantially fail to match the experimental results. Overall, this result 

demonstrates that the model is not susceptible to over-fitting, as the impact of the nonlinear 

shape of the slacking curve could not be anywhere near replicated using a linear slacking 

curve; the shape of the predicted variability curve is tied directly to the shape of the slacking 

curve. 

Using the parameter estimates found for the nonlinear slacking model, {�̂�, �̂�𝜃} =

{0.773, 0.0257}, two additional models were fit. The first set the slacking rate to 0%MVC/s 

for all force levels. The CV flattened above 15%MVC, more consistent with traditional 

understandings of signal dependent noise. Note that even without slacking the model 

predicted an increase in variability at all force levels. This is because even without slacking 

(such as during error clamp trials at the lowest two force levels) participants’ force drift rate 

was not always zero, but was normally distributed around zero, usually exhibiting some 

positive or negative drift. The model implies, based on the difference in the CV curves 

between the “nonlinear slacking” and “no slacking” models in Figure 2.2, that the impact of 

slacking on motor variability is to increase variability at higher forces.  
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The second follow-up model set the slacking rate to a constant of 1%MVC/s. The 

model (“constant slacking” in Figure 2.2) predicted excessive variability at low forces, and 

variability only slightly larger than without slacking at large forces. This example highlights 

the relative impact of slacking rate on variability at different force levels, with the effect 

much more pronounced at small forces, where baseline variability is already large. The 

negligible slacking that occurs at forces below 10% MVC likely developed to minimize the 

addition of variability at these forces where energy expenditures are small and precise 

activities important. 

Discussion 

These experimental and modelling results indicate unequivocally, for the first time to 

our knowledge, that sustained, isometric force production is a continuously repeated 

determination and exertion of effort directly opposed by the neuromuscular system’s 

continuous tendency to reduce its own output over time. The rate at which the 

neuromuscular system reduces its force (i.e. its slacking rate) was found in Chapter 1 to be a 

nonlinear function of the force being produced: faster slacking occurred at larger forces 

while no significant slacking occurred at smaller forces (below 10% MVC). We discuss now 

how the model combines these characteristics of slacking into a single elegant mechanism 

that unifies previous findings related to force control, effort minimization, and movement 

variability. 

In summary, the model precisely fit the experimental relationship between CV and 

force, but only when it included the observed nonlinear slacking curve. This was primarily 

because nonlinear slacking was needed to explain both the minima in CV seen around 15% 
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MVC as well as the increasing CV at larger forces. Beyond closely fitting the median CV at 

each force level, as seen in Figure 2.2, the model very nearly matched the observed 

distribution of variances across all trials. This was a remarkable finding given the model’s 

resistance to over-fitting, and provides a good indication that drift correction accounts for a 

straightforward increase in variability from error clamp to control trials. As such, this model 

and its results support the four assumptions on which it is founded, chief among them that 

motor variability during isometric force production is the simple sum of baseline motor 

noise and drift correction.  

The neuromuscular noise modelled by Moritz et al. (2005) predicts the general shape 

of this baseline variability but cannot account for. This study contributes a second 

component of force control variability, caused by feedback corrections for drift, which 

concisely and comprehensively explains the nonlinear increase in signal dependent noise 

above that expected by neuromuscular noise alone. This result implies that a combined 

model of human force production, featuring motor unit recruitment and firing rates along 

with drift correction, might serve as a strong foundation for predicting the variability 

exhibited during force control. 

Slacking unifies the findings of previous studies of force variability 

Previous studies have characterized many aspects of isometric force control both 

with and without visual feedback. They have found that in addition to increasing CV, visual 

feedback increases the information content of motor noise while reducing its approximate 

entropy (Slifkin and Newell, 1999; Hong et al., 2008; Kuznetsov and Riley, 2010; Athreya et 

al., 2012). These two measures are based on the mathematical properties of the force signals 

produced in each case and they reflect the addition of determinism during feedback control 
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to an otherwise largely stochastic process of force production. But these studies appear to 

have operated on the assumption that this increase in force variability was largely 

intractable by any but descriptive analysis. The present results demonstrate that a simple 

phenomenological relationship exists between isometric force control with and without 

veridical visual feedback. Slacking, the phenomenon behind this relationship, has been 

largely overlooked during past motor control research, seemingly due to assumptions that it 

is inconsequential that force is systematically reduced, rather than alternatively maintained, 

increased, or simply prone to random drift (Vaillancourt and Russell, 2002).  

In many ways, the tendency for slacking to increase motor variability unifies the 

results of previous studies of motor variability. Reducing either the frequency or the 

resolution of visual feedback increased force variability during isometric force production 

(Slifkin et al., 2000; Hong et al., 2008). Such manipulations of visual feedback make it more 

difficult for participants to detect the effects of their slacking, and thus would be expected to 

allow slacking to drive force further from the target levels before corrections were made, 

increasing variability.  

Slacking tunes the motor system between accuracy and efficiency 

The slacking related increase in variability above 15% also has implications for 

signal-dependent noise—a functional form of variability with broad implications for motor 

control (Harris and Wolpert, 1998). Idealized models of signal-dependent noise assume CV 

is constant (i.e. variability is proportional to force). Past studies have corroborated this 

constant CV above 15% but did not provide participants with visual feedback (Jones et al., 

2002). However, when visual feedback is available, visually guided corrections for slacking 
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cause an increase in CV above 15% MVC that differs from idealized models of signal 

dependent noise that primarily consider neuromuscular noise (Moritz et al., 2005).  

This implies that this nonlinearity in signal dependent noise is informed by the motor 

system’s allocation of available computational and physiological resources (van Beers et al., 

2002; Bedrov et al., 2007; Erimaki et al., 2013), which tunes the slacking curve and effects 

the optimal balance of accuracy and efficiency. At large forces it appears that the motor 

system prioritizes the force minimization benefits of slacking even, even at the cost of sizable 

increases in force variability. Large forces are often associated with short-lived and coarse 

exertions during which imprecise amplitude of force does not likely compromise 

performance. On the other hand, producing even slightly larger than necessary forces for 

sustained periods of time leads to substantial wasted energy and undue muscle fatigue. 

Slacking presents a means of reducing force unless feedback about degraded task 

performance indicates that increased force is necessary. Moreover, the automaticity of 

slacking as the motor system’s default behavior during these tasks means that the motor 

system does not wait to gather sensory evidence that energy is being wasted. It takes a 

simple, unprompted approach that yields immediate gains in efficiency.  

At lower forces, in contrast, neuromuscular limitations mean CV is already large even 

without slacking (Moritz et al., 2005; Lindberg et al., 2012). Here the motor system 

effectively “turns off” slacking and prevents variability at these forces from getting any 

larger. At lower forces, precision is likely more often important than at large forces. By 

turning off slacking, the motor system may be prioritizing precision over the relatively small 

improvements in efficiency it could gain by slacking at these levels. Without slacking, 

improved efficiency at small forces likely relies on longer timescales of learning based on 
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development of more accurate internal models (Krakauer and Mazzoni, 2011). Thus 

slacking, a default mode of adaptation that operates independently of sensory feedback, 

appears to be tuned to balance immediate force minimization and precision depending on 

the level of force required in the manipulation, and may work in coordination with more 

complicated means of motor adaptation. 

The implications of slacking when force decay is not observed 

The present development of a slacking based model of force variability describes a 

different, and influential role of slacking even in contexts in which isometric force decay is 

ostensibly absent. Rather than being absent in these contexts, the model suggests that 

slacking is actively contributing to force variability by requiring various feedback sources to 

intermittently prompt corrections for it. For instance, while holding a drawn bow, this model 

predicts that an archer must counteract a tendency to relax their draw, through a 

combination of muscle length feedback (Feldman and Levin, 1995) and known reference 

points for the ideal draw length. In lieu of prompt corrections, the archer would be expected 

to regularly relax and reassert their draw strength, contributing to significant uncertainty in 

the velocity of the arrow on release, and therefore in the vertical positon of the arrows 

contact with the target.  

Summary and further implications 

Slacking reframes the fundamental behavior of muscles during force actuation as a 

balance between optimality and accuracy. Rather than respond consistently to motor 

command (i.e. constant input equals constant output), muscles appear to respond to motor 

command with progressively diminished force output. It remains to be determined whether 

the physiology responsible for slacking exists in the muscle fibers, motorneurons, or in the 



46 

central nervous system, and whether faster and more distally controlled feedback loops 

based on muscle spindle and Golgi tendon reflexes modulate slacking and its impact on 

motor variability. However, during isometric force control tasks, as infrequent as they may 

be, slacking has been demonstrated to have dramatic effects on force control and variability.  

The example of the archer might serve as an analogy to human machine interfaces 

based on isometric force control. Such designs might intend to capitalize on the motor 

system’s acute ability to feed representations of its own action into internal models of system 

behavior (van Beers et al., 2002; Krakauer and Mazzoni, 2011), leveraging this naturalistic 

feedback and feedforward control to employ human operators’ keen ability to reduce the 

order of effective system dynamics (McRuer and Jex, 1967). However, especially for higher 

order systems with slow response time (e.g. piloting a helicopter) the present slacking and 

modelling result predict a sharp degradation of performance and stability for isometric 

control inputs if slacking is not a primary design consideration.  
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CHAPTER 3: Slacking modulates variability during targeted feedback 

Whether carrying a full cup of tea across the living room or taking a photo in poor 

lighting, humans are regularly informed that their motor control is too variable for tasks they 

perform. In the previous two chapters, it was demonstrated that slacking amounts to a 

systematic reduction in isometric grip force that contributes extensively to force variability. 

That is, slacking must be frequently counteracted during constant force production. The 

automatic reduction in force driven by slacking seem ideally suited to promote efficiency 

while performing new tasks or operating in unfamiliar environments, but comes with the 

cost of additional motor noise. How then does the motor system approach tasks and 

environments in which variability is highly detrimental?  

Over time, the motor system would be expected to develop more accurate internal 

models about a task (Wu et al., 2014), which have been shown to selectively mitigate 

undesirable elements of motor variability (Todorov and Jordan, 2002). After such adaptions, 

the motor system may not need to rely so extensively on the unguided benefits of slacking. 

As these models improve, it might even become detrimental for slacking behavior to persist, 

as it would continue to inflate motor variability even as the efficiency benefits of slacking 

were offloaded to better prediction of ideal force production levels. It remains to be seen 

what effects practice and growing familiarity with a task have on slacking rate and the role 

of slacking in the observed quieting of motor noise following learning (Krakauer and 

Mazzoni, 2011).  

However, particularly as slacking appears to play a fundamental role in governing 

force production, and in hedging the cost of modelling errors during dynamic tasks, it would 

seem risky for the motor system to simply allow slacking to be switched off until some 
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feedback or inclination prompted its reactivation. As seen in Chapter 1, such feedback can 

be deceptive, and the seeming stubbornness of slacking is ideally suited to avoiding such 

pitfalls. Still, perhaps slacking need not be especially fast to offer this protection.  

In this study, we investigated the effect of providing participants with targeted 

feedback of their motor variability over several days of practice, during a mechanically 

identical task as in Chapter 1, to determine whether the motor system uses this additional 

information to actively tune its balance between accuracy and efficiency, and whether that 

balance is modulated by advanced task familiarity. 

Methods 

Experimental setup and protocol 

A total of 20 nonimpaired participants (all right handed males, although not due to 

any specific inclusion criteria, average age of 21.2 ± 1.7 years) participated in the experiment. 

Participants were randomly assigned to either the targeted feedback group or a control 

group that did not receive targeted feedback. Participation involved seven sessions on 

different days spaced over a ten-day period (based on participant availability). On the first 

and last sessions, all participants performed an isometric grip force tracking task identical 

to that used in the previous Chapter, here called the “standard feedback task”. During session 

two through six, the control group performed the standard feedback task, while the targeted 

feedback group performed a slight modification of it, called the “targeted feedback task”, 

during which they received targeted feedback of their grip force variability (Figure 3.1). The 

tasks described so far were all performed using participants’ dominant hands. During 

sessions one, five and seven, all participants also performed the standard feedback task using 
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their nondominant hand. Ordering of dominant and nondominant hands were consistent 

across these sessions for each participant, but were balanced with half the participants of 

each group performing the task with their nondominant hand first.  

Aside from the different in visual feedback provided, the targeted feedback task was 

identical to the standard feedback task. Both tasks consisted of twelve rounds of eight trials, 

one featuring each target level. The targeted feedback consisted of a game in which 

participants moved a cursor, shaped like a laser sword, up and down to match a stationary 

force target displayed as a horizontal white bar. Participants controlled the vertical position 

Figure 3.1. Visual interface of the targeted feedback task. During the targeted feedback 
condition, participants moved an energy sword vertically up and down by modulating their 
grip force. When the moved the sword to force target, marked by a white line, the sword 
moved horizontally based on the variability of their grip force. The lower they made their 
variability, the more the sword moved to the left and the more blocks it destroyed. The task 
featured a current and best round score and two colors of tiles. All tiles started red, and 
regenerated after every round of eight targets. However, regenerated tiles were tan, showing 
the participant the most tiles they had so far destroyed at each force level.  
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of the cursor by adjusting the magnitude of their grip force in a manner identical to the 

standard feedback task. Each target level featured a row of tiles that could be destroyed by 

moving the cursor horizontally along the white target line so that the laser sword’s blade 

contacted the tiles. Participant’s controlled the horizontal movement of the cursor by 

modulating their force variability, lower levels of force variability moving the cursor further 

left, in the direction of the tiles. Participants were instructed that producing steady forces 

would allow them to destroy the tiles, but not given additional information about the task. 

As during the standard feedback task, an error clamp was applied during half of the trials, 

selected in a balanced random fashion. During this error clamp, the vertical position of the 

cursor was locked on the target level, and moved in response to only the high frequency part 

of participants’ grip force. The horizontal positon of the cursor was not affected by the error 

clamp, and remained controlled by participants’ variability. 

Tiles could only be destroyed when the target line overlapped them, encouraging 

participants to always track the current force target. A visible “current round score” was 

incremented each time a tile was destroyed, and all destroyed tiles were regenerated during 

the rest period following each round (a round consisted of one trial at each of the eight force 

levels). Regenerated tiles had a different color than the original tiles to indicate the greatest 

number of tiles that had been destroyed at each force level during that session. Participants’ 

current round score was displayed above their “highest round score” from that session, and 

during the rest period a message was displayed if they set the new highest round score that 

round. Then their current round score was added to a their “total session score”, and the 

current round score was reset to zero for the start of the next round. 
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The horizontal position of the cursor was mapped to the logarithm of the variance of 

participants force. This variance calculation was performed on the previous 1.25s of their 

detrended force using the same algorithm as the data analysis from Chapter 1. In 

determining the mapping from force variability to the cursor’s horizontal position, an offset 

and scale were chosen at each force level such that the participants from Chapter 1 would 

have destroyed at least 50% of the tiles at any force level only about 5% of the time. This 

resulted in the present study’s participants destroying a complete row of tiles around 2% of 

the time, most often at the largest force levels where they reduced their variability the most.  

Data analysis 

Consistent with the Chapter 1, we define the “drift rate” for a trial as the average rate 

of change of a participant’s force over the last 1.25s of a trial. We define “slacking” as the 

systematic reduction in force observed during error clamp trials. We define “slacking rate” 

as the instantaneous rate of change in force caused by slacking. Finally, we define a “slacking 

curve” as the relationship between a participant’s slacking rate and the level of force they 

are producing. For both tasks, drift rate and force variability were calculated for each trial in 

the same manner as in Chapter 1. 

In the present study, we aimed to identify changes in the population mean slacking 

and variability behavior of healthy young participants over five sessions of receiving 

targeted feedback with their dominant hand, controlled against an equal dosage of practice 

with regular feedback, and to investigate the generalization of these changes to the standard 

feedback task with the dominant and nondominant hands. To make comparisons across 

sessions, participants’ CV and drift rates was averaged across all trials at the four highest 
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force levels, ranging from roughly 19-30%MVC and at the four lowest force levels, ranging 

from roughly 4-15%MVC.  

Two ANOVA were performed with the variability results, one for CV during control 

trials, when participants received feedback that helped them correct their tracking errors, 

and the other for CV during error clamp trials during which their tracking error was omitted 

from feedback. Two additional ANOVA were performed with the drift rate results, one for 

each trial type. These ANOVA tested for significant effect of session number (as a continuous 

factor), feedback type (i.e. targeted or standard), and participant group (targeted feedback 

group or standard feedback group) as well as interactions between session number and 

participant group, and between session number and feedback type. The experimental design 

did not make interactions between feedback type and participant group viable, because the 

standard feedback group did not receive both types of feedback. Finally, the slacking based 

model of force variability from Chapter 2 was used to test the hypothesis that changes in 

variability during veridical feedback trials were consistent with observed changes in 

baseline variability and slacking rate, both estimated during error clamp trials with 

nonveridical feedback of tracking errors.  

Variability model 

The variability model was used to assess the likelihood that participants changed 

their control strategy as they practiced with either targeted feedback or standard feedback. 

Specifically, the model investigated whether the observed reductions in variability across 

sessions, and while participants received targeted feedback, could be explained by 

reductions in baseline variability and slacking rate, or if changes in the parameters of the 

(3.1) 
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gamma distributed scaling factor was required. A series of null hypotheses were tested, each 

adding a degree of freedom to these parameters. The full model was given by: 

𝑉𝑎𝑟(𝐹) = 𝑉𝑎𝑟0(𝐹) + 𝐷𝑅2(𝐹)Γ(𝑘0 + 𝑘𝑇𝐺𝑇 , 𝜇0 + 𝜇1𝑛𝑠𝑒𝑠𝑠𝑖𝑜𝑛 + 𝜇𝑇𝐺𝑇). 

Here, Γ(𝑘, 𝜃) was reparametrized as Γ(𝑘, 𝜇) where 𝜇 = 𝑘𝜃 takes on a functional 

interpretation: the average variability associated with correcting for a given amount of drift. 

This parameterization helps separate the impacts of modulating the two parameters. 

Otherwise, a sharp reduction in 𝑘  for instance would dramatically affect both the shape and 

expected value. Each additional degree of freedom was tested using a log likelihood test, 

whose test statistic under the null hypotheses should follow 𝜒2(𝑑𝑓 = 1) distributions. The 

parameters were tested in the order 𝜇1, 𝑘𝑇 , then 𝜇𝑇 . Here, 𝜇1 represents a change in mean 

with each successive session of practice, 𝑘𝑇 represents a different in shape parameter 

between targeted feedback and standard feedback trials, and 𝜇𝑇 represents an offset applied 

to the mean during targeted feedback. 𝐺𝑇 is an indicator function that equals 1 during 

targeted feedback sessions and 0 otherwise. 

Next the full model of Equation 3.1 was used to estimate the relative contributions of 

three possible factors to changes in participants’ variability across session and while 

receiving targeted feedback. These factors are (1) changes in baseline variability, (2) changes 

in slacking rate during targeted feedback (3) changes in the strategy, represented as the 

shape and mean of Γ(𝑘, 𝜇). The effect of strategy was assessed by running the model with 

both the full model of Equation 3.1 and the minimal model using Γ(𝑘0, 𝜇0). 
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Results 

Participants’ variability was measured as the variance of their detrended grip force 

during the last 1.25s of each trial at eight different force levels, and their drift rate was 

measured as the slope of the linear regression fit to their grip force during the same 1.25s. 

Time history results show a tendency toward reduced variability during control and during 

error clamp trials while participants received targeted feedback (Figure 3.2), along with a 

reduction in drift rate during error clamp trials (i.e. a reduced slacking rate; Figure 3.3). It 

appears that the reduction in variability during control trials was gradual over the course of 

the second session, while the reductions in variability and drift rate during error clamp trials 

appears more discontinuous. For the remaining analysis, participant’s CV and drift rates 

were averaged across each session. Various ANOVA were performed, as detailed in the 

Methods, on the resulting dataset averaged over the four largest force levels (19-30%MVC) 

Figure 3.2. Time histories of CV within each session. Values are means across participants 
and all force levels for each set of rounds (there were six sets per session). The targeted 
feedback group (solid lines) received standard, non-targeted, feedback (filled circles) during 
the first session, targeted feedback during the next five sessions (open circles) and then 
standard feedback again during the final session. The standard feedback group (dashed lines) 
received standard feedback during all sessions. Results are shown for control trials (black 
lines) and error clamp trials (red lines), along with shaded bands representing the 95% 
confidence intervals for each set. Clearly further averaging will facilitate drawing inference 
from results. 
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where the balance of slacking and variability was most dramatic. ANOVA results are listed in 

Table 3.1. 

Variability 

The variability results, shown in Figure 3.4, describe a reduction in CV whenever 

targeted feedback was provided, both during control trials (i.e. when visual feedback of 

tracking errors was provided; F(1,138) = 21 p < 0.0001) and during error clamp trials 

(F(1,138) = 5.3, p = 0.024). Additionally, they describe a gradual reduction in CV during 

control trials with each successive session of practice (F(1,138) = 10.3, p = 0.0017). This 

Figure 3.3. Time histories of drift rate within each session. Values are means across 
participants and all force levels for each set of rounds. During targeted feedback, participants 
exhibited a sudden and dramatic reduction in slacking rate, compared to smaller, gradual 
reduction for the standard feedback group. 

 

Table 3.1. ANOVA results: targeted feedback. 
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reduction in variability with practice does not appear to have been modulated by whether 

targeted feedback was provided during that practice (F(1,138) = 0.04, p = 0.84). That is, both 

groups exhibit similar reductions from the first to the last session when both groups received 

standard feedback. Neither did targeted feedback affect the gradual rate of reduction from 

session to session while it was provided (F(1,138) = 0.86, p = 0.35).  

Practice appears to have had no impact on CV during error clamp trials, which 

exhibited the reduction while targeted feedback was provided, but no persistent effect 

visible during the last session (F(1,138) = 0.37, p = 0.55) or trend across sessions (F(1,138) 

Figure 3.4. Force variability with or without targeted feedback. Variance was measured 
as the average variance in participants’ detrended grip force at force levels between 15-
30%MVC (the four largest force levels). The targeted feedback group (solid lines) received 
standard, non-targeted, feedback (filled circles) during the first session, targeted feedback 
during the next five sessions (open circles) and then standard feedback again during the final 
session. During control trials (black solid line; i.e. when visual feedback of tracking error was 
provided) participants decreased their variability while receiving targeted feedback, but did 
not maintain this reduce variability during the last session when they again received standard 
feedback. The standard feedback group (black dashed line) exhibited a gradual reduction in 
control trial variability across the same number of sessions, resulting is a similar small 
reduction in variability between the first and last sessions with standard. During error clamp 
trials (red lines) a similar reduction during targeted feedback was observed, but there was no 
difference between the first and last session for either participant group. The overall effect of 
practice and targeted feedback appears to be a gradual reduction in variability with practice 
during control trials, but not during error clamp trials, in addition to a reduction in variability 
while participants received targeted feedback during both trial types. Error bars in all figures 
are 95% confidence intervals of the mean values. All session numbers were integers, small 
horizontal offsets were applied to facilitate visualization.  
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= 0.92, p = 0.34). Neither did a trend emerge while targeted feedback was provided (F(1,138) 

= 1.04, p = 0.31). A post hoc comparison between the targeted feedback group’s first and last 

sessions provided additional evidence that their CV reduced with practice (F(1,138) = 4.96, 

p = 0.041).  

In summary, participants dramatically reduced their variability while they received 

targeted feedback, both during control trials (i.e. while veridical feedback was given that 

helped them corrected for tracking errors), and during error clamp trials (i.e. when tracking 

error was omitted from feedback and they tended to slack). However, this reduction did not 

persist during the final session when targeted feedback was replaced with standard 

feedback. The overall effect of learning appears to have been a gradual reduction in 

variability during control trials, but not during error clamp trials, and seems to have 

occurred regardless of whether participants practiced with targeted feedback or standard 

feedback. 

Drift rate and slacking 

Results of participants’ drift rates, shown in Figure 3.5, indicate a significant 

reduction in slacking rate while they received targeted feedback ( F(1,138) = 33, p < 0.0001). 

Visual assessment of the results suggests that participants gradually reduced their slacking 

rate with practice across sessions while receiving standard feedback, but that they 

maintained a constant average slacking rate each session with targeted feedback. ANOVA 

results provide only weak evidence for this trend of reduced slacking rate with practice 

across sessions (F(1,138) = 2.28, p = 0.13) and its moderation by targeted feedback (F(1,138) 

= 2.75, p = 0.100). Control trial ANOVA results indicated no significant effects of any factor 

or interaction, suggesting that participants remained responsive to tracking error. 
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A short post hoc analysis was performed to assess whether the standard feedback 

group reduced their slacking rate across sessions. First the ANVOA was repeated while 

omitting the interaction between session number and participant group. There was still no 

significant effect of session number (F(1,138) = 1.79, p = 0.18), but there was now a 

significant interaction between session number and feedback type (F(1,138) = 5.2, p = 

0.024). This discrepancy is likely explained by the full ANOVA being unable to determine 

whether participant group or feedback type modulated the practice effect. Observing the red 

filled circles in Figure 3.5 provides support for the robustness of this post hoc adjustment, 

because the targeted feedback group’s data weaken the linear relationship between session 

and slacking rate, which would lead to conservative significance estimates. A regression 

analysis of the effect of session number on the standard feedback group’s slacking rate 

supported the observed gradual reduction in slacking rate with practice (i.e. that the red 

Figure 3.5. Drift rates with or without targeted feedback. Drift rate was measured as the 
average slope of participants’ grip force at force levels between 15-30%MVC (the four largest 
force levels). During error clamp trials, a participant’s average drift rate describes their 
slaking rate. The targeted feedback group (red solid lines) reduced their slacking rate during 
targeted feedback sessions, but did not retain that reduction during the last session when 
they again received standard feedback. The standard feedback group (red dashed lines) 
trended toward a gradual reduction in their slacking rate across sessions. Difference in 
slacking rate between the first and last session was not significantly affected by the type of 
sessions in between.  
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dashed line has a positive slope; F(1,138) = 10.4, p = 0.0025). One final post hoc comparison 

was made between the targeted feedback group’s first and last sessions and found no 

evidence that their slacking rate reduced with practice (F(1,138) = 1.28, 0.28). The difference 

in drift rate between error clamp to control trial drift rates was obviously significant and 

trivial, so no post hoc analysis was performed to describe it. 

In summary, participants gradually reduced their slacking rate with practice but 

greatly reduced their slacking rate while receiving targeted feedback. They appear to a have 

switched to a minimal slacking state, as practice did not further reduce their slacking rate 

across sessions with targeted feedback. Like for variability, their reduction in slacking rate 

did not persist when standard feedback was returned during the last session. A reiteration 

of the exploratory analysis applied in Chapter 1 is shown in Figure 3.6, and demonstrates a 

strong negative correlation between slacking rate and variability during targeted feedback. 

Figure 3.6. Regression analysis CV and slacking rate during targeted feedback. Each 
data point represents one participant’s session average at a given force level. Data are 
combined for all participants from all sessions with targeted feedback. Scaling is applied to 
normalize data. A strong positive correlation exists between amplitude of drift rate and 
variability, supporting the hypothesis that drift correction accounts for a substantial amount 
of the observed variability, with 𝑟2 reaching 0.5 at larger forces.  
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That is, participants who slacked least during targeted feedback also exhibited the least 

variability. The 𝑟2 values were much larger than before. 

Nondominant hand, variability and drift rate 

A final set of post hoc analyses were performed that compared the variability and 

drift rate results from the dominant hand, over seven sessions of practice with targeted or 

standard feedback, to the variability and drift rate of the nondominant hand. The 

nondominant hand performed the standard feedback tasks three times, on the same days as 

Figure 3.7. Variability and drift rates for the nondominant hand. During the first, fifth 
and final sessions with standard feedback, overlaid on faded versions of Figure 3.3 and 3.4. The 
results largely correspond to results with the dominant hand, suggesting a generalization of 
practice with the dominant hand to performance with the nondominant after less practice. The 
most pronounced difference occurred in standard feedback group’s variability during control 
trials (black dashed lines), for which it appears the learning may not have transferred. The 
results are inconclusive, as learning was small and no significant difference in learning was 
measured. 
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the first, fifth and last sessions. The nondominant hand condition was less a measure of the 

effect of handedness, and more an assessment of how practice in either feedback condition 

generalized to performance with the non-dominant hand, which did not practice as often. 

Two factors were added to the ANOVA, the offset in variability or drift rate between hands, 

and the interactions between session number and hand that describes the generalization of 

learning to the nondominant hand. Neither effect was significant for CV or drift rate during 

either error clamp or control trials (F < 1.35, p > .24). The lack of significant interaction term 

is consistent with the hypothesis that learning generalizes to the nondominant hand. Figure 

3.7 shows the results for the nondominant hand overlaid on the results from Figures 3.3 and 

3.4. The results are visually similar, with the noteworthy exception that the learning effect 

of the variability during control trials after practice with standard feedback is less 

pronounced with the nondominant hand. Overall the learning effects were small and these 

results are largely inconclusive. 

Tracking time 

As a first step in identifying possible differences in strategy employed by participants 

between targeted and standard feedback sessions, participants’ tracking times were 

compared across sessions and feedback conditions. Here tracking time was defined as how 

long it took participants to acquire each new target, measured from the time when the target 

moved. Acquiring a target required the participant to maintain their force within a small 

window centered at the target force for 0.3 contiguous seconds. One more post hoc ANOVA 

was used to measure the effect of practice and targeted feedback on tracking time. There 

were no significant effects of either session number (F(1,128) = 2.3, p = 0.14) or feedback 

type (F(1,128) = 0.06, p = 0.80), but there was a significant interaction between session 



62 

number and feedback type (F(1,128) = 9.5, p = 0.0025). These results suggest that the 

average increase in tracking time during targeted feedback sessions consists of a gradual 

increase in tracking across each session, rather than an immediate effect as observed for drift 

rate and variability.  

Variability model 

The variability model from Chapter 2 was used to assess the likelihood that 

participants changed their control strategy as they practiced with either targeted feedback 

or standard feedback. Likelihood ratio testing showed significant improvements to the 

model by adding all three additional terms. The model was improved by adding 𝜇1, an effect 

of practice on the mean parameter (D = 35.1, p = 3.2*10-9). It was also improved by using a 

separate shape parameter during targeted feedback trials, i.e. by adding 𝑘𝑇 (D = 61, p < 10-

10). Finally, the model was improved by adding 𝜇𝑇 , an offset to mean parameter during 

targeted feedback trials (D = 26.0, p = 3.5*10-7). 

Figure 3.8. Mean tracking times with and without targeted feedback. A gradual increase 
in tracking time occurs across targeted feedback sessions, that appears to plateau around 
the forth session. The standard feedback group appears to speed up very slightly after the 
first session of practice, but the effect is not significant. 
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Next the full model of Equation 3.1 was used to estimate the relative contributions of 

changes in baseline variability, slacking rate, and control strategy with practice and during 

targeted feedback. Figure 3.9 presents the relative contributions of these sources as 

fractional areas proportional to the variance associated with each. Table 3.2 shows the 

relative contributions of changes in each of these factors to the observed reductions in 

overall variability. During targeted feedback at the four largest force levels, reductions in 

Figure 3.9. Contributions to force variability. A model of force variability was used to 
estimate the relative contributions by three posited factors toward the variability observed 
while participants maintained constant isometric grip forces (i.e. during control trials). 
Results are the average of the four lowest and four highest force levels. The blue divisions 
depict the median variability observed during error clamp trial, a measure of baseline 
variability independent of drift correction. The red division depicts the additional variability 
due to drift correction. The blue and red divisions together depict the total variability during 
control trials. The transparent green division depicts additional variability that would be 
expected if drift correction were scaled by 𝛤(𝑘0 , 𝜇0). This division can therefore be 
considered the reduction in variability associated with the modulation of 𝛤(𝑘, 𝜇) by targeted 
feedback and practice, perhaps resulting from changes in control strategy. The relative areas 
of each of these divisions represent the ratio of variances from these sources, whereas the 
relative heights represent the ratio of CVs. Targeted feedback reduces variability by reducing 
baseline variability, slacking rate, and the sensitivity of correction for force drift. The fourth 
session of the targeted feedback was anomalous due to a few participants exhibiting much 
larger variability at smaller forces during that session. 
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baseline variability and slacking rate explain 36% and 54% of the reduction in variability 

respectively, while modulations in strategy explain the remaining 14%. During standard 

feedback trials at those force levels, reduced slacking rate explained 72% of the reduction 

while modulations in strategy explained the remaining 28%. Unlike during targeted 

feedback, baseline variability increased during standard feedback; and 11% of the observed 

reduction in variability accounted for mitigating this increase in baseline variability. In the 

table, negative entries for baseline variability should be interpreted in this manner. At lower 

force levels, reductions in slacking rate account for less of the reduced variability because 

slacking was minimal at these force levels.  

Discussion 

Quieting motor noise is a vital part of many skilled tasks and prompts inquiry into 

how humans, trained as surgeons or photographers for instance, maintain steady forces and 

movements as they practice their trade. The extent to which participants’ behavior during 

isometric grip force tracking with visual feedback generalizes to such tasks remains an open 

question. Certainly, various grips are employed during surgery, both isometric and 

otherwise, and with various amounts of visual and tactile feedback of excessive motor noise. 

Taking a photo involves coordinating forearm and grip stability, guided either by 

 

Table 3.2. Relative contributions to reduction in variability. 
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proprioception or visual feedback from a digital viewfinder, and when the perfect shot arises, 

taking the picture while the camera is maximally still. 

In this study, we investigated the impact of targeted feedback of motor noise over 

several days of practice as participants tracked target isometric grip forces using visual 

feedback. While receiving targeted feedback, participants reduced their grip force variability 

by roughly 30%, but quickly returned to normal levels when deprived of targeted feedback. 

Participants reduced their motor variability while simultaneously quieting their baseline 

variability, also by roughly 30%, and while reducing their slacking rate by nearly 50%. These 

results demonstrate that the motor system can rapidly adapt to tasks that amplify the 

undesirability of force variability by retuning its balance between accuracy and efficiency. 

The immediacy with which the motor system adopts this new tuning during targeted 

feedback, and then abandons it afterward, implies that the balance between slacking and 

variability is readily and often adjusted, perhaps to switch between a lower variability state, 

when accuracy is needed, while otherwise preferring the higher variability state conductive 

both to slacking driven efficiency (studied here) and to exploration for optimization (Wu et 

al., 2014). This might further explain why practice appears to only reduce elements of 

variability most crucial to task success (Todorov and Jordan, 2002), it is not just that the 

motor system is prioritizing its optimization efforts, but rather that it is preserving the 

efficiency benefits of slacking whenever possible. 

Modelling implies that variability is reduced by diminishing slacking 

A slacking based model of motor variability, described in Chapter 2, provided strong 

evidence here that the variability associated with slacking correction was modulated by 

reductions in slacking rate during targeted feedback and practice, and by retuning the 
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relationship between drift rate and correction variability. Both the shape and mean of that 

relationship changed dramatically whenever targeted feedback was provided. This was in 

additional to a gradual reduction in the mean with each successive day of practice. At first, 

the changes to mean and shape during targeted feedback resulted in a reshaping of the 

probability distribution of variability, but negated each other’s impact on overall median 

variability. However, practice with targeted feedback led to more pronounced reductions in 

variability than observed during practice with standard feedback. This is seen in Figure 3.9 

in the greater proportion of drift correction variability reduced by changes in strategy during 

targeted feedback than during standard feedback sessions. 

Taken together, these experimental and modelling results suggest that the motor 

system can enter a low variability state in response to amplified feedback of its motor noise. 

This state is achieved in a large part by reducing slacking rate, and in turn much of the need 

for drift correction. Additionally, in this low variability state, the motor system changes its 

strategy for correction for drift, and become increasingly adept at further mitigating 

variability from drift correction compared to when receiving standard feedback.  

Neither means of reducing the component of variability associated with slacking 

correction persisted when targeted feedback was replaced with standard feedback during 

the final session. Instead their behavior closely matched that of a control group who received 

an equal dosage of practice entirely with standard feedback. Even their tracking time and 

baseline variability returned to the levels observed for the control group. The simultaneous 

and rapid adaptation to and away from targeted feedback lends credence to existence of one 

or a few simple changes in tracking strategy that account for all the observed responses.  
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Possible means of reducing baseline variability 

Reductions in baseline variability may be explained by increasingly longer tracking 

times with each session of practice while receiving targeted feedback. Unlike during practice 

with standard feedback, for which tracking time remained constant, during targeted 

feedback participants began to approach targets slower, possibly to arrive at the target in a 

manner that contributed minimally to variability. Perhaps analogous to underdamped 

second order systems, slower tracking performance may lead to reduced baseline variability 

by reducing overshoot and facilitating quick stabilization once the target force is reached. 

Because error clamp and control trials were identical before the target was reached, any such 

reduction would occur for both. Baseline variability can therefore be seen as at least the 

combination of neuromuscular noise and response characteristics such as overshoot and 

settling time. 

Possible means of reducing slacking rate 

Participants might reduce slacking simply by anticipating it. Just as slacking smoothly 

and systematically reduces muscle force, people may be able to smoothly increase the 

command signals sent to their muscles in a manner that mitigates slacking with minimal 

variability. This would result in fewer dramatic corrections for slacking during control trials 

while reacting to feedback of tracking error. It would also reduce the slacking rate observed 

during error clamps because gradual anticipatory corrections for slacking would continue 

even when tracking error was omitted from feedback. This adaptation might be explained as 

the motor system simply reducing the frequency with which it made corrections. Less 

frequent corrections would require average error over longer periods of time (Sosnoff and 
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Newell, 2005; Gawthrop et al., 2011), and might lead people to discern that gradual increases 

in motor command were needed to maintain force from one correction to the next.  

As to why these strategies do not persist after the discontinuous change from the 

targeted feedback task to standard feedback task, it is likely that participants were no longer 

motivated to reduce their variability when they again received standard feedback. Their 

perception of the targeted feedback task was informed by a desire to improve their in-game 

score, regardless of that taking extra time or effort. Back in the standard feedback task, there 

was no reward except acquiring one target after another. They likely reverted to simply 

completing the task as quickly as possible. To prioritize speed, one would expect participants 

to revert to a control strategy that makes frequent reactions to visual feedback, in order to 

increase their chance of acquiring the target quickly, and of holding the cursor near the 

target’s center.  

Implications for the automaticity of slacking behavior 

Such predictive corrections for slacking might reconcile the automaticity of slacking 

documented in Chapter 1 with the temporal memory described by Vaillancourt and Russell 

(2002). Chapter 1 details the immediate onset of slacking, one reaction time following the 

beginning of the error clamp, which was applied starting only 300ms after participants 

acquired the target. This prevented them from relying on any reference during the error 

clamp other than how their perceived skin pressure and force production compared to their 

expectation of what producing constant force felt like. Ostensibly they could have trained 

this expectation during control trials, but it seems they did not, as no trend in drift rates 

occurred within the first session of practice (Figure 3.3). In Vaillancourt and Russell (2002) 

on the other hand, participants tracked forces for several seconds before feedback was 
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removed, and then maintained constant force for one full second without feedback before 

letting their force decay. While receiving feedback, they may have identified the sensation of 

mitigating slacking to maintain constant force. Targeted feedback may have encouraged 

participants to make similar observations about their force production before the error 

clamp was applied, such as during slower approaches to the target indicated by longer 

tracking times. This might then help them partially mitigate slacking and reduce variability.   
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CHAPTER 4: Modulation of slacking and variability with aging and 
following stroke 

The previous chapter showed that young individuals with no impairment learn to 

reduce their slacking, as a means of reducing their variability, when given a task that 

emphasizes variability reduction. This raises the question how neural injury or aging, both 

of which are known to increase force variability, affect slacking. In this chapter, using the 

same visuomotor force control paradigm as in Chapter 1, we show that stroke survivors with 

a wide range functional motor impairment, ranging from little functional ability (3 blocks) 

to considerable ability (53 blocks) as measured using the Box and Blocks Test (BBT), track 

isometric forces in a manner comparable to that of age matched unimpaired controls and 

may emulate strategies used by younger individual during targeted feedback.  

Slacking rate varied only slightly with impairment level. Force variability increased 

proportional to functional impairment. A stochastic model of slacking’s impact on force 

variability revealed that older adults, both with (n = 18, 58.9±11.6 years old) and without 

stroke (n = 12, 61.2±7.3 years old), corrected for slacking in a similar manner as younger 

adults (n = 20, 21.2 ± 1.7 years old), but who are receiving targeted feedback of their 

variability. This is consistent with a greater emphasis in aging on mitigating motor variability 

during daily activity. Attention to these subtler differences in variability management should 

not detract from a more fundamental observation that even after severe stroke, people retain 

the ability to rapidly modulate their isometric grip force, at least up to 30% maximum 

voluntary contraction. 



71 

Methods 

Experimental protocol 

The same experimental protocol was used as in Chapter 1. Due to their reduced ability 

to track isometric forces, stroke participants were much more likely to reach a trial’s time 

limit. If the target was not acquired within 8.5s, the target moved on to the next level and no 

measurements were made for that trial. This was an experimental consideration to prevent 

participants from becoming fatigued as they spent longer periods of time producing forces 

near target levels. In general, stroke participants exhibited weaker maximum voluntary 

contractions (MVCs) than young adults. It is worth reiterating that target levels for this study 

were scaled to participants MVC, and were therefore at lower absolute force levels than 

before. 

Participants 

A group of 18 people in the chronic phase of stroke participated in the study. They 

each exhibited some degree of arm impairment (average Upper Extremity Fugl-Meyer scores 

43.8 out of 66 points possible, standard deviation 11.3), and were older adults (average age 

58.9, standard deviation 11.6 years old). Stroke participants performed the task with both 

their more impaired contralesional hand, and with their less impaired ipsilesional hand. 

Because stroke participants missed several trials during any given session, they each 

performed the task during two identical sessions, separated by at least one week. This was 

done to increase the amount of data collected for each participant, and ensure that as many 

as possible yielded data for each target level. An additional 12 age matched nonimpaired 

controls (average age 61.2, standard deviation 7.3) completed one session of the experiment. 
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Comparisons were also made with the 32 younger adults from Chapter 1 (average age 23.5, 

standard deviation 2.1). All procedures for stroke participants and nonimpaired controls 

were approved by the University of California at Irvine Institutional Review Board and 

participants provided informed consent. 

Data analysis 

Consistent with Chapter 1, we define the “drift rate” for a trial as the average rate of 

change of a participant’s force over the last 1.25s of a trial. We define “slacking” as the 

systematic reduction in force observed during error clamp trials. We define “slacking rate” 

as the instantaneous rate of change in force caused by slacking. Finally, we define a “slacking 

curve” as the relationship between a participant’s slacking rate and the level of force they 

are producing. For both tasks, drift rate and force variability were calculated for each trial in 

the same manner as before. 

In the present study, we aimed to identify the effects of stroke on the population mean 

slacking and variability behavior during an isometric grip force tracking task. Three ANOVA 

were performed to compare tracking behavior between stroke participants’ contralesional 

and ipsilesional sides, one for tracking time, one for slacking rate, and one for CV during 

control trials, i.e. when participants received feedback that helped them correct their 

tracking. These ANOVA tested for significant effect of BBT score (as a continuous factor), grip 

force (as a continuous factor), hemiparesis (contralesional or ipsilesional side), and 

participant group (targeted feedback or standard feedback group) as well as interactions 

between BBT score and grip force, and between force and hemiparesis. The experimental 

design did not make interactions between BBT score and hemiparesis viable, because there 

was little overlap in BBT scores between participants’ contralesional and ipsilesional sides.  
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For tracking time, the grip force factor was divided into two factors, “sign of force 

change”, and “amplitude of force change”, because larger amplitude force changes, both 

positive and negative, appeared to have the longest tracking times. The two interactions 

terms were expanded into four interactions with either the amplitude or sign component of 

grip force and either BBT score or hemiparesis. Due to the possibility of non-significant 

terms saturating the model, which might underestimate the significance of others, the two 

least significant terms from a preliminary ANOVA were removed before performing the 

primary ANOVA.  

The same ANOVA, excluding the BBT term, were performed to compare the 

ipsilesional hand of stroke participants to age matched controls, and to compare age 

matched controls to the young nonimpaired adults from Chapter 1. Finally, a slacking based 

model of force variability was used to investigate the increase in force variability with aging 

and following stroke in a similar manner as described in Chapter 3. Likelihood ratio tests 

were performed to determine if the model was significantly improved by adding an offset to 

the shape and/or the mean (𝑘𝑆 and 𝜇𝑆 respectively) of the gamma distributed coefficient.  

𝑉𝑎𝑟(𝐹) = 𝑉𝑎𝑟0(𝐹) + 𝐷𝑅2(𝐹)Γ(𝑘0 + 𝑘𝐶𝐿𝐺𝐶𝐿 , 𝜇0 + 𝜇𝐶𝐿𝐺𝐶𝐿). 

Here 𝐺𝐶𝐿 is an indicator function that equals 1 for the contralesional size and 0 otherwise. 

Results 

Many of the analyses applied to young adults in Chapter 1 were repeated for stroke 

participants and age matched controls. The general shape of their slacking and variability 

results were largely the same as for young and age matched controls, with the differences 

primarily amounting to scaling. This results section will therefore begin with analysis of the 

(4.1) 
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trends differentiating stroke participants’ contralesional and ipsilesional hands to ascertain 

the impact of impairment on slacking and variability, along with results from applying the 

variability model. Then the various measures of tracking performance will be described 

against force level and compared with controls. 

ANOVA results demonstrated that all three measures of tracking performance – 

tracking time, slacking rate and variability – were significantly correlated with BBT score. 

However only tracking time and slacking rate featured an additional offset between their 

contralesional and ipsilesional side (this is the “group” factor in Table 4.1). The difference in 

participants’ force variability between their contralesional and ipsilesional hands could be 

fully explained by the functional impairment of the contralesional hand, as measured by BBT 

score. This finding suggests that variability increases proportionally to reductions in 

Figure 4.1. Scatter plots of tracking performance against BBT score. Stroke participants 
were divided into three groups based on BBT scores, with the division between the middle 
and low impairment groups falling around 30 blocks, a rough dividing line above which this 
population of stroke survivors began to report more regularly using their contralesional side 
in daily life. Each participant is represented by two points, one for each their ipsilesional and 
contralesional side. Each y-axis property was averaged over all force levels. Tracking time 
was greater for participants with lower BBT scores, and was shorter with their ipsilesional 
side than would be predicted simply by greater BBT scores. Slacking rate was significantly 
greater, and varied more between subjects, with the contralesional side, and featured a mild 
significant relationship with BBT score. Control trial CV was significantly negatively 
correlated with BBT scores. Moreover, increased BBT scores appear to explain the smaller 
CV observed with for ipsilesional side. 
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functional ability. Slacking and tracking time, in contrast, appear to differ discretely between 

hands, that is, a given BBT score with a contralesional hand should correspond to greater 

slacking rates and tracking times than the same BBT score achieved with an ipsilesional 

hand. These trends can be seen in Figure 4.1. Although these trends in slacking rate with BBT 

score were significant, slacking rate with the contralesional hand varied widely at all BBT 

score range, and these trends were not especially descriptive of the much of variation from 

one participant to the next. The trends in tracking time and variability were much more 

pronounced. The effect of stroke on slacking rate might better be summarized as increasing 

the uncertainty in a new participant’s expected slacking rate, even knowing their BBT score.  

In general, though, slacking behavior was preserved if not somewhat amplified 

following stroke for most participants, as measured for their contralesional hands. 

Comparing variability both with slacking rate and tracking time (Figure 4.2) indicate that a 

 

Table 4.1 ANOVA results: aging and stroke. 
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little more than half of stroke participants operated along a manifold in which slacking rate 

and tracking time are highly correlated with force variability. Increased variability was 

associated with longer tracking times, likely due to increased difficulty acquiring force 

targets. Increased variability was also associated with faster slacking, consistent with the 

notion that more slacking leads to greater variability contributed by correcting for slacking 

and force drift.  

Variability model 

Applying the variability model in a similar manner as for the targeted feedback study, 

various terms the model represented by Equation 4.1 were tested for significance. Recall in 

that equation that 𝑘0 and 𝜇0 represent the shape parameter and distribution mean of the 

gamma distributed scaling function. 𝜇1 represents a possible change in the distribution mean 

between the first and second day performing the task. The model was applied both to stroke 

Figure 4.2. Correlation of variability with tracking time and slacking rate. Regression 
analysis excludes data points outside the tight cluster apparent in the CV-Slacking 
relationship. P values are given for the regression line slopes. There is a strong positive 
correlation between tracking time and control trail CV, consistent with greater variability 
impeding targeted acquisition; and a strong negative correlation between slacking rate and 
control trial CV, consistent with drift correction constituting a large portion of isometric 
force variability. The tight cluster suggests that most participants’ variability derives from 
similar behavior, while a minority exhibit discrete increases in variability ostensibly from 
other sources.  
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participants ipsilesional and contralesional sides. 𝑘𝐶𝐿 and 𝜇𝐶𝐿 represent differences in the 

shape parameter and distribution mean between the contralesional and ipsilesional side.  

Beginning with the simplest model, 𝜇1 = 𝜇𝐶𝐿 = 𝑘𝐶𝐿 = 0, log ratio tests were used to 

determine if adding each of those parameters, in that order, significantly improved the 

Figure 4.3. Components of variability with aging and after stroke. A model of force 
variability was used to estimate the relative contributions by three posited factors toward 
the variability observed while participants maintained constant isometric grip forces (i.e. 
during control trials). Results are the average of the four lowest and four highest force levels. 
The blue divisions depict the median variability observed during error clamp trial, a measure 
of baseline variability independent of drift correction. The red division depicts the additional 
variability due to drift correction. The blue and red divisions together depict the total 
variability during control trials. The transparent green division depicts a reduction in drift 
correction variability relative to what would be expected using 𝛤(𝑘0 , 𝜇0), whereas the 
transparent red division depicts an increase relative to that expected using 𝛤(𝑘0 , 𝜇0). These 
divisions can be interpreted as decreases and increases respectively associated with the 
modulation of Γ(k, μ) by aging, stroke and practice, perhaps resulting from changes in 
control strategy. The relative areas of each of these divisions represent the ratio of variances 
from these sources, whereas the relative heights represent the ratio of CVs. Stroke increases 
variability by increasing baseline variability, most dramatically with the contralesional side. 
That increases is offset somewhat by a less variable drift correction strategy. Young adults 
on the other hand were observed to be more variable than older adults at larger forces, 
apparently because they slack more and correct for drift in a more variable manner, possibly 
owing to their faster reaction time and prioritizing accuracy over variability. As people age, 
and following stroke, the motor system appears to adapt to reduced variability. 
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performance of the model. It was found that 𝜇1 (D(1) = 16, p < 0.0001) and 𝜇𝐶𝐿 (D(1) = 9.4, p 

= 0.0022) improved the model, but that 𝑘𝐶𝐿 did not (D(1) = 0, p = 1.0), principally because 

with both contralesional and ipsilesional sides, the lowest allowed value of 𝑘 was optimal. 

The optimal modelling parameters were 𝑘0 = 0.1, 𝜇0 = 1.95, 𝜇1 = −0.70, and 𝜇𝐶𝐿 =

−0.51. Thus, the variability model predicts that impairment following stroke reduces the 

scale, but not the shape of the gamma distributed scaling function. This may be interpreted 

as impairment reducing the sensitivity of the motor system in responding to visual feedback 

of tracking error, but not changing the balance between more and less dramatic corrections 

for tracking error. 

The modelling results of stroke participants, age matched controls, and young 

nonimpaired adults were compared using the model’s predicted correction strategy for age 

matched controls Γ(𝑘0,𝐴𝑀𝐶 , 𝜇0,𝐴𝑀𝐶) as the reference for determining strategy-related 

increases and reductions in drift correction variability. Both at large and small force levels, 

the increase in variability observed for stroke participants’ contralesional hands is estimated 

to come from large increases in their baseline variability, modest increases in their drift rate, 

and mild reductions in their variability proportional to drift rate, perhaps owing to slower 

response characteristics. On the other hand, young nonimpaired adults were found to be 

noticeably more variable than nonimpaired older adults at larger forces, owing to a dramatic 

increase in drift rate and increases in variability proportional to drift rate. Both increases 

might be expected behaviors given the faster response time and ease of reacting to visual 

feedback by younger adults.  

The motor system might adapt as it ages to reduce slacking and correction sensitivity 

as a way of mitigating the degeneration of motor control with aging. At smaller forces, where 
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slacking is largely absent, young adults exhibit similar variability and drift rates as older 

adults, but correct for drift in a manner that reduces variability proportionally. 

Slacking and variability curves 

The significant effect on force and the force × BBT score interaction on slacking rate 

and variability can be seen in Figures 4.4 and 4.5. Curiously, due to the presence of three 

participants who exhibited markedly different slacking behavior all in the middle functional 

impairment group, the slacking rates of that group exhibit a step increase, as well as a slightly 

reduced slope, compared to the mild and severe impairment groups. Stroke participants 

generally exhibited the same nonlinear slacking relationship as observed for nonimpaired 

adults. Slacking rates reduce by around 30% between young and older adults, with the faster 

slacking stroke participants returning to pre-aging levels of slacking and the slower, middle 

Figure 4.4. Drift rates with aging and after stroke. As before, average drift rate during 
error clamp trials is indicative of participants slacking rates, whereas during control trials, 
participants on average maintained the target force level. Curiously the most and least 
impaired participants exhibited similar increases in average slacking rate while those with 
moderate impairment were much more inclined to have reduced slacking rates. This is 
further explored in Figure 4.1 which shows that the three participants with strongly positive 
drift happened to be in the middle group. Slacking performance was almost identical 
between the ipsilesional hand and unimpaired controls. For increased clarity, error bars 
represent standard errors of the mean (as opposed to 95% confidence intervals of the mean, 
as in other chapters). 
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impairment group exhibiting average slacking rates comparable to the those with the 

ipsilesional hand and of age matched controls. This group exhibited a distinctly positive drift 

rate at low forces caused by several participants being more likely to increase their force 

during the error clamps, such as by overestimating lower force targets after the clamp was 

applied, and possibly owing to persistent tone after producing larger forces. The final 

significant interaction between force and group (contralesional or ipsilesional) suggests that 

the difference in slacking rate slope was not explained entirely by increased BBT scores. 

Rather some discrete, albeit small, change in slacking behavior occurs with the 

contralesional hand following stroke across all functional impairment levels. 

Following stroke, control trial variability increased dramatically at the smallest force 

levels, and lost much of its pronounced increase above 15%MVC. The middle impairment 

Figure 4.5. Force variability with aging and after stroke. Average force coefficients of 
variability during both error clamp and control trials. Consistent with results from younger 
unimpaired adults, participants exhibit greater CV at low force levels. The trend toward 
increased control trial CV as force increases above 15% MVC appears maintained with the 
ipsilesional side and by age matched controls, but not with the contralesional side, which 
exhibited dramatically increased variability during both error clamp and control trials. For 
visualization purposes, the y-axis features a nonlinear scaling that mitigates crowding while 
preserves shape at lower values of CV. Error bars are one-sided and again reflect standard 
errors of the mean. 
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group exhibited lower variability, consistent with its lower average slacking rates. The 

greatest variability was observed at low force levels for the most impaired participants, and 

the milder impairment groups saw reductions in their variability proportional to their 

reduced functional impairment. The reduction in variability observed with aging for 

nonimpaired adults can be seen to span all force levels, consistent with ANOVA results 

showing only a significant step decrease from aging. Stroke participants’ ipsilesional hands 

exhibited many significant differences from age matched controls, but these changes were 

all relatively minor, with significance stemming from consistent behavior across participants 

of either group, and in line with findings that stroke affects the force control of both hands. 

Tracking behavior 

Tracking time was revealed by ANOVA results to vary significantly with the absolute 

value of force change between successive targets. A direct difference in tracking did not exist 

Figure 4.6. Tracking time with aging and after stroke. Tracking time varies with 
separation between successive targets. Tracking times were measured as the time from the 
moment the force target changed at the end of one trial, until the moment the next target 
was acquired. In general, tracking time increased slightly as the amplitude of change in target 
force increased. Tracking time was greater with the contralesional side than the ipsilesional, 
especially for the most impaired participants who also appear to have required more time to 
increase their force than to decrease it. Tracking performance with the ipsilesional side was 
a litter slower than that of age matched controls. Difference in x-axis position of data points 
represents differences in average change in grip force between targets, due to fluctuations 
in actual force at the end of each trial, and to missed targets.  
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between when force increased and decreases during tracking (the “sign” of force change), 

but that effect was significantly different the contralesional and ipsilesional hands, 

consistent with observations that reducing force took longer for the ipsilesional hand 

(compared to increasing with the ipsilesional hand) whereas increasing force took longer 

with the contralesional hand. Increased tracking time with the contralesional hand appears 

to have included a step increase following stroke in addition to an increase proportional to 

Figure 4.7. Force profiles with aging and after stroke. Tracking performance at eight 
target levels for stroke participants’ contralesional and ipsilesional sides and for age-
matched unimpaired controls.. Tracking results are from control trials (i.e. when veridical 
feedback of tracking error was provided) and describe successful tracking at all force levels 
for all impairment groups. At larger force levels, all participants tend to drop below the target 
level shortly after acquiring the target, before returning to the low end of the target window. 
The size of this drop is not clearly related to impairment level. Trial time is synchronized to 
the moment when participants acquire the target (i.e. when they have maintained their force 
within the target window for 300 contiguous milliseconds). Coincidentally, participants’ 
visuomotor reaction time for this task was also 300 milliseconds, as observed in the latency 
following the end of the trial (1.5 seconds trial time) before they begin to change their force 
and track the next target. 
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functional impairment measured by BBT scores. The slope of the relationship between 

change in grip force and tracking time did not change following stroke, suggesting that 

increased tracking time was related primarily to difficulties acquiring targets after the force 

Figure 4.8. Initial tracking performance with aging and after stroke. Trials were 
rearranged by the change in grip force required to acquire the next target. With eight target 
levels, fourteen absolute changes in target force are possible, either increasing to decreasing 
from one to seven target level increments (ostensibly a range from positive to negative 26% 
MVC). To improve averaging, and because the most extreme changes occur rarely, these 
fourteen levels were grouped into six bins, three positive and three negative, defined as 
changes of two or fewer target increments, between three and four, or five or more. Results 
are presented so that the next target level is always represented by zero on the y-axis. In 
general, early tracking behavior is comparable between contralesional and ipsilesional 
hands, and between stroke participants and unimpaired controls. The exception was positive 
increases in force w by the most impaired participants with their contralesional hand; they 
both exhibited greater latency before reacting to the increased target level, and exhibited 
slower increase in their grip force. The average behavior of the middle impairment group is 
somewhat incongruous. 
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changes were achieved, otherwise smaller changes should exhibit less slowing. That the 

most impaired group trended toward dramatic slowing of tracking time, is consistent with 

observations in Figure 4.8 that the more impaired participants increased their force more 

slowly at the beginning of tracking. Because this figure involves averaging, it is likely the 

combination of some participants initiating tracking later in addition to a general slowing, 

especially considering the small dips in force immediately after the target moved.  

Aside from the differences described so far, Figure 4.7 indicates that isometric force 

tracking ability was largely preserved following stroke. Although they increasingly failed to 

acquire targets (i.e. before the 8.5s time limit) stroke participants usually tracking slower by 

less than one second with their contralesional hands, and on average maintained target force 

levels. They also initiated slacking in the same immediate fashion, although aging appears to 

have increased reaction times to around 300ms. They also generally achieved the same rates 

of grip force change during tracking, in dissonance with some previous studies that showed 

slower modulations in force (Lindberg et al., 2012). 

Discussion 

Stroke survivors with a various levels of functional motor impairment, as measured 

using the Box and Blocks Test (BBT), track isometric forces in a manner comparable to that 

of age-matched unimpaired controls; participants ranged from almost no function ability (3 

blocks) to considerable ability (53 blocks). Stroke reduces the consistency of slacking 

behavior from person to person, with stroke survivors more likely to exhibit near-zero 

slacking with their contralesional hand, compared to with their ipsilesional hand, although 
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on average they slacked faster with their contralesional hand. Force variability was 

substantially greater with their contralesional hand.  

Functional impairment, as measured by their BBT score, was significant correlated 

with participants slacking rate, variability and tracking time, leading to increases in all three. 

Of these three outcomes, average slacking rates appear to have depended least on 

impairment level. Variability was unique of these three measures in that impact of stroke on 

force variability was explained entirely by increased functional impairment, with the least 

impaired participants achieving variability comparable to what would be expected from an 

ipsilesional hand with similar BBT. Therefore it can be seen that slacking behavior is most 

often preserved following stroke, and that force variability exhibits no discontinuous 

increase following stroke, aside from that corresponding to reduced function motor ability.  

Similarities between aging, stroke and targeted feedback 

Applying a stochastic model of the effect of slacking on force variability revealed that 

stroke survivors, with their contralesional side, exhibit a slight reduction in the variability 

associated with correcting for slacking, possibly owing to a greater latency in their force 

control with this side. Statistical inference with the model, however, did not reveal any 

dramatic changes in this shape parameter representing stroke participants’ drift correction 

behavior. The scale parameter was reduced, suggesting that overall, they correct for drift in 

a similar manner as before their stroke, but perhaps not as quickly and with less associated 

variability. They become more prone neither to dramatic, high variability corrections, nor to 

omitted correction entirely.  

If anything, the behavior of all older adults, both with and without impairment from 

stroke, most closely resembles young nonimpaired adults receiving targeted feedback of 
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their force variability, as studied in Chapter 3. This might suggest an analogy between aging 

and targeted feedback, wherein as people age their motor variability becomes a greater 

obstacle to performing ordinary and skilled tasks. As such, their daily interactions might 

serve as a sort of targeted feedback of their increased variability, and prompt similar 

reparatory measures such as reducing slacking rate and correcting for tracking errors in a 

more reserved, less variable manner. Some of this impact may be connected to their 

increased reaction times from around 200ms to 300ms, which likely impede faster, more 

variable corrections and require them to rely on longer averaging of tracking error and 

possibly less frequent reactions. Most older participants’ slacking rates were faster than was 

observed for young adults during targeted feedback, but some slowed as much or more, 

particularly after stroke. The greater challenge some stroke participants faced in acquiring 

the target may have served as direct feedback of their variability and prompted the same 

dramatic reductions in their slacking rate as did targeted feedback. This occurrence may 

explain the wider spread of individual slacking rates observed among the stroke 

participants, as some needed to reduce their slacking even more to acquire the targets.  

Force control is largely retained following stroke 

Finally, this experimental protocol highlights substantial preservation of isometric 

grip force control and force tracking capacity following stroke. Tacking times appear to have 

been increased by stroke participants’ reduced ability to stabilize their force while acquiring 

the targets. Nonetheless, tracking times rarely increased by more than 50%, except when 

tracking required the most severely impaired participants to increased their force; then 

tracking times roughly doubled. As with age matched controls, stroke participants’ tracking 

times increased slightly when tracking involved larger changes in grip force. The 
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preservation of the slope of this relationship provides compelling evidence that stroke does 

not slow force modulation for the most part; an extra 10%MVC change takes the same 250ms 

extra tracking time.  

Overall, although stroke causes many quantifiable differences in tracking behavior 

and slacking, the most fundamental qualities are preserved. Stroke survivors exhibit the 

same systematic reductions in their muscle force and the same increased motor variability 

associated with correcting for slacking. Although the scaling of both behaviors is modulated 

slightly by stroke, stroke survivors maintain the nonlinearity of their slacking curves and the 

characteristic distribution of their expected reactions to drift. Both have impacts on motor 

variability following stroke and result in some dramatic changes combined with a sharp 

increase in neuromuscular noise, but the underlying addition of drift correction to baseline 

variability remains the same. 
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CHAPTER 5: Simulation of LARA wheelchair for upper extremity therapy  

This chapter reproduces part of a published work (Zondervan et al., 2013b). 

As demonstrated in Chapter 4, even individuals with severe motor impairment 

following stroke have largely preserved elements of grip force control. This observation 

provides potential guidance for the design of engineering solutions related to human 

machine interaction and assistive technology. Specifically, the second half of this dissertation 

seeks to promote a subtle shift in the philosophy of rehabilitation engineering toward 

prioritizing the discovery of extant features of human motor capacity that might be leveraged 

toward the recovery of lost function. This shift is promoted by detailing the theoretical 

framework, development, and proof of concept experimentation for a novel, lever drive 

wheelchair for use during stroke rehabilitation.  

Therapeutic options for individuals with severe upper extremity impairment are 

currently limited. For example, such individuals are typically excluded from therapy 

paradigms such as constraint-induced movement due to generally poor outcomes, and have 

difficulty using equipment such as hand cycles or weight machines. Current robotic therapy 

devices are effective (Lo et al., 2010a) but too expensive for widespread use. 

Many individuals with severe upper extremity impairment also have lower extremity 

impairment which necessitates use of a wheelchair for ambulation. Hand and arm weakness 

and discoordination, however, severely hamper use of a manual wheelchair. Individuals in 

this situation (e.g. ~80% of subacute stroke patients) ambulate in manual wheelchairs using 

their feet and/or less affected arm, which is awkward and does not contribute to recovery of 

the upper extremity. Alternatively, they may resort to a powered wheelchair which does not 

provide for upper extremity training in addition to being expensive and heavy. Failing to 
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train the upper extremity can lead to a cycle of learned disuse and decreasing functional 

ability (Cooper et al., 1999; Schweighofer et al., 2009). Pushrim-activated power-assist 

wheelchairs (PAPAWs) help people with arm weakness better use a manual wheelchair and 

are successful products (Cooper et al., 2001; Karmarkar et al., 2008; Lippiatt et al., 2008; 

Levy et al., 2010), but they cannot be used by people who cannot appropriately position the 

arms or grip and push the pushrim. If a device could assist severely weakened individuals in 

wheelchair propulsion, individuals could self-train their arm as they moved about, much as 

current manual wheelchair users train their upper extremity to a high level of fitness in the 

normal course of daily activity. 

To address these needs, we developed a novel approach to incorporating a lever drive 

for a manual wheelchair that allows the chair to be used in a stationary mode for upper 

extremity exercise or in an overground mode for self-powered ambulation. The approach, 

Lever-Actuated Resonance Assistance (LARA), uses a splint and lever drive system to 

appropriately position the upper extremity, and elastic bands attached from the lever to the 

wheelchair frame to create a mechanically resonant system that can assist in arm movement. 

In the stationary training mode, the user rolls themself back and forth with the lever to 

exercise the arm. We show here that the LARA design principle can theoretically assist in 

ambulation by reducing the amount of applied force required to propel the wheelchair.  

Pilot testing with RAE 

The conceptual framework for LARA came from a predicate device we developed 

called the Resonating Arm Exerciser (RAE) for rehabilitation exercise of the upper extremity 

in a manual wheelchair. RAE consists of a lever coupled directly to the wheel of a wheelchair 

with elastic bands stretched in tension between the lever and the frame (Figure 5.1). Users 
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operate RAE by pushing and pulling on the lever to “rock” (or, more specifically, to roll back 

and forth with an amplitude of about 20 cm) in their wheelchairs, thus exercising their arms. 

We found that this system can be accurately modeled as an underdamped mass-spring-

damper system with a resonant frequency of ~1 Hz (Zondervan et al., 2013a). Therefore, if 

a user rocks with RAE at the resonant frequency of the system, their active range of motion 

(AROM) of arm movement will increase. We verified this in a small pilot study; 6 participants 

with chronic stroke intuitively found the resonant frequency of the system when we asked 

them to rock with RAE, and their active range of motion (defined as the maximum angle 

change of the lever from flexion to extension) increased significantly by a factor of 1.7 when 

compared to a single push and pull on the lever without rocking, a significant increase (p = 

0.04).  

In a pilot therapeutic study of RAE, 8 participants with severe upper extremity 

impairment due to chronic stroke showed significant improvements in both their active 

range of motion in RAE (66% ± 20% increase, p = 0.003) and their upper extremity Fugl-

Meyer scores (8.5 ± 4 pts increase, p = 0.009, starting Fugl-Meyer score was 17 ± 8 out of 66) 

after eight 45-minute exercise sessions with the device (Zondervan et al., 2013a). These 

improvements were sustained at a three-week follow-up. 

Exercising with RAE is an example of Lever-Actuated Resonance Assistance (LARA), 

which can be used to provide high repetition, goal-oriented, active-assisted rehabilitation for 

the upper extremity. The results with RAE showed that individuals with severe arm 

impairment, when appropriately positioned, could generate enough force to move a 

wheelchair back and forth. This suggested the possibility that LARA could be used to assist 

people with severe arm weakness in achieving overground ambulation with appropriate 
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design. Therefore, we performed detailed simulations of overground ambulation with LARA 

to determine the theoretical forces required for operation and speeds attainable both with 

and without resonance assistance. 

Methods 

We created a model to simulate the performance of LARA for overground ambulation, 

allowing us to compare performance both with and without the elastic bands that provide 

resonance assistance. To simplify the simulation, we assumed that the lever drive 

transmission could be designed such that both pushing and pulling on the lever would 

transfer into a forward force on the coupled wheel. Transmissions such as this have been 

developed before for unassisted lever-driven wheelchairs (van der Woude, Lucas H. V. 

Dallmeijer et al., 2001). When the lever drive is engaged (i.e. during acceleration), the model 

represents the device and user as a mass-spring-damper system with coulomb friction 

(Figure 5.2a). When the lever drive is not engaged (i.e. during coasting), the model divides 

Figure 5.1. Schematic drawing of Resonating Arm Exerciser (RAE). A user can “rock” 
with RAE by pushing rhythmically on the lever in the parasagittal plane, rolling the 
wheelchair about 20 cm back and forth on the floor at its resonant frequency. © 2013 IEEE. 
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into two separate systems: a mass-spring-damper system with a reduced mass and damping 

that represents the user’s arm and the lever, and a mass-damper system with coulomb 

friction that represents the coasting chair and user’s body (Figure 5.2b). Because the 

simulation switches between two linear systems, the overall system is nonlinear. Values for 

the simulation parameters and descriptions of what they model are displayed in Table 5.1. 

To determine the benefits of resonance assistance we compared the performance of this 

model of wheelchair propulsion with and without the elastic bands. We quantified 

performance as the RMS torque input required to maintain a desired cruising speed. 

Metabolic energy consumption is roughly proportional to force output (Enoka and Stuart, 

1992; Umberger et al., 2003). We assumed that the user would produce a sinusoidal torque 

input when the elastic bands were included, capitalizing on the system’s resonance. This 

assumption is supported by previous studies with RAE in which we found that both 

unimpaired users and users with severe arm impairments after stroke naturally and quickly 

found the resonant frequency of RAE and produce a sinusoidal torque to sustain rocking at 

that frequency. We assumed that, when the elastic bands were removed from the simulation, 

users would apply the optimal control strategy: bang-bang control. In this strategy, the user 

pushes as hard as possible to accelerate the lever, then pulls as hard as possible to decelerate 

the lever, completing a single pump of the lever, followed by coasting until another pump is 

required to maintain an average speed. This strategy is optimal in the sense that it minimizes 

the RMS torque required to maintain a constant speed. We hypothesized that resonance 

assistance (i.e. including the elastic band) would allow the user to maintain target cruising 

speeds with smaller RMS torque inputs as compared to the optimal control scheme without 

resonance assistance. 
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Figure 5.2. Model of LARA in overground mode. The model switches between two states 
depending on whether the ratcheting mechanism is engaged (a) or disengaged (b). Friction 
of the wheel and gearbox is modeled with both a constant and velocity dependent term. The 
gearbox creates a gear ratio of n between the lever and wheel systems, which impacts the 
relative contribution of terms from these two systems in the combined system. © 2013 IEEE. 

 

Table 5.1 LARA simulation parameter values. © 2013 IEEE. 
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The model has two adjustable parameters: the gear ratio between the lever drive and 

the wheels and the stiffness of the elastic bands. These parameters are uniquely defined by 

minimizing RMS torque, given the feasible frequencies and amplitudes of lever oscillation as 

well as the desired cruising speed of the wheelchair. We defined the natural frequency of the 

nonlinear system as the frequency of sinusoidal input that requires the minimal RMS torque 

to maintain a desired cruising speed. This natural frequency is velocity dependent because 

it depends on the pattern with which the lever drive is engaged with the wheel. Thus, to 

compare performance at different cruising speeds, we tuned the simulated LARA device for 

optimal operation at each speed. In practice, we would assess the cruising speed appropriate 

for the user of LARA and design the gear ratio and elastic band stiffness accordingly. In this 

case, LARA might operate well over a range of speeds, but it will operate optimally at the 

speed at which the user is most likely to cruise. When the bands were removed in the 

simulation, we tuned the system similarly by selecting the gear ratio that minimized RMS 

torque to maintain the desired cruising velocity.  

We performed simulations using the model to compare performance with and 

without the elastic bands at two desired cruising speeds, 0.3 and 0.6 m/s. We selected these 

relatively slow speeds because they are appropriate for indoor environments. We set the 

natural frequency to 0.75 Hz and the maximum amplitude of lever movement to 40 degrees 

peak to peak, which are physiological plausible values. We achieved these parameters by 

setting the torsional spring constant to 57.8 and 63.4 Nm/radian for the two speeds 

respectively and the gear ratios to 0.70 and 1.43 with the elastic bands and 1.45 and 2.00 

without the elastic bands respectively (here a gear ratio of 2.00 denotes that the wheel 

moves with twice the angular velocity of the lever). 
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Results 

We simulated overground ambulation with LARA and compared it to lever-driven 

ambulation without resonance assistance, estimating the forces required to operate the 

device at various speeds in both conditions. We expect that the individuals with stroke-

induced arm impairment who are candidates to use LARA will be able to produce maximum 

lever torques of approximately 15 to 25 Nm (Ada, 2003). In this range, resonance assistance 

reduced the RMS torque necessary to maintain cruising speeds of 0.3 and 0.6 m/s by 

between 39% and 58% (Figure 5.3). Furthermore, simulated users achieved comparable 

accelerations with and without resonance assistance (Figure 5.4). 

Figure 5.3. Simulation results: torque requirements. RMS torque required to maintain 
target overground speeds both with and without the elastic bands that apply resonance 
assistance. In the “with LARA” case, the user produces an RMS torque that is at most 71% of 
the user’s maximum torque because the torque input is sinusoidal. In this case, the user uses 
the minimal torque needed to maintain the target speed regardless of their strength. In the 
“without assistance” cases, the user uses a bang-bang-coast control scheme, producing push 
and pull torques at the user’s maximum level. Persons with a severely impaired arm after 
stroke can generate maximum torques of between 15 and 25 Nm. © 2013 IEEE. 
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Discussion 

Lever-Actuated, Resonance Assistance (LARA) provides a way to aid people with 

severe arm weakness in exercising their arms, and, potentially, in achieving self-powered 

overground propulsion. Simulation provided evidence that LARA can reduce the RMS torque 

needed to drive a wheelchair at two different cruising speeds representative of indoor 

wheelchair operation. Moreover, LARA simplifies the strategy for operating a wheelchair, 

since it simply requires the application of a sinusoidal torque input at the resonant frequency 

rather than bang-bang control. We know from previous work with RAE that even individuals 

with severe, stroke-induced arm impairment can naturally and quickly drive a LARA-based 

device at its resonant frequency. The anticipated candidates for LARA will need roughly half 

the RMS torque to propel themselves at constant indoor speeds when resonance assistance 

is applied. Individuals with even greater arm weakness (between 5 and 15 Nm) will see even 

larger reductions in required torque and achieve higher speeds than would be possible 

without the resonance assistance.  

Figure 5.4. Simulation results: acceleration. Mean acceleration during the first three 
seconds from rest to 0.6 ms/s for the device with and without resonance assistance. © 2013 
IEEE. 
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Individuals with greater arm strength than the anticipated candidates, although likely 

able to operate a lever driven wheelchair without resonance assistance, would still benefit 

from the simplified control scheme it allows (a single degree of freedom movement, as 

opposed to the complicated arm motions necessary to drive a push rim wheelchair) as well 

as the improved positioning of the hand and arm. Furthermore, without elastic bands, the 

user is required to stop the motion of the lever after each arm pump. If the user does not time 

this deceleration properly, the lever will apply an undesirable torque to the shoulder as it 

reaches the limit of its range of motion, which might cause undue wear on that joint. With 

resonance assistance, the elastic bands provide this deceleration and maintain a safe range 

of motion for the arm.  

Modelling results also show that resonance assistance should not impede 

acceleration from rest, an important measure given that wheelchair operation requires 

regular stop and go motion around corners and through doors. As such, resonance assistance 

should allow users to perform these low speed maneuvers and accelerate back up to speed 

using a simple sinusoidal control scheme, and once up to speed it substantially reduces the 

energy they expend while cruising. Therapeutically, we expect that many users who are 

rehabilitating from stroke will benefit from the increased repetition of arm movement that 

comes from ambulating with LARA. This rehabilitation approach has the added benefit of 

training an activity of daily living emulated by pumping the levers of the device. 
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CHAPTER 6: Feasibility of LARA for people with severe stroke 

This chapter reproduces a published work in its entirety (Smith et al., 2014). 

Although a key goal of early stroke rehabilitation is to help patients recover the ability 

to walk, stroke survivors often use manual wheelchairs during inpatient rehabilitation for 

seating and transportation because of initial difficulties with balance and walking (Christina 

M. Mumma, 1986; Blower, 1988; Barker et al., 2004). Due to severe arm impairment, most of 

these patients must adopt an alternative strategy to operate a wheelchair, which is to pull 

forward with the unimpaired leg against the ground while operating the pushrim with the 

unimpaired arm (Blower, 1988; Barrett et al., 2001).  

The question of whether patients should use a wheelchair in such a fashion during 

their stay in a rehabilitation hospital is controversial (Ashburn and Lynch, 1988; Blower, 

1988; Barrett et al., 2001; Pomeroy et al., 2003). On one hand, using a wheelchair grants 

mobility to patients who otherwise might spend their time between activities relegated to a 

fixed chair. This may motivate patients by facilitating socialization and enhancing their senses 

of freedom and self-efficacy and might also exercise their spatial awareness . On the other 

hand, using a wheelchair with the unimpaired hand and foot promotes disuse of the impaired 

arm, as well as an asymmetric posture that might lead to the development of abnormal tone 

and impede the recovery of walking ability later; providing early mobility with a wheelchair 

may also reduce a patient’s motivation to recover walking ability (Ashburn and Lynch, 1988).  

Here, we studied if individuals with stroke could use their severely impaired arm to 

power one wheel of a wheelchair that utilizes Lever Actuated Resonance Assistance (LARA). 

A LARA-based wheelchair allows patients to propel a manual wheelchair by pumping a lever 

in a resonant fashion as described in Zondervan et al. (2013b). The lever is coupled to the 
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wheel by a ratchet-like one-way clutch that translates forward pumps of the lever into 

forward motion of the chair. The lever is then elastically connected to the frame of the chair, 

creating a resonant system. Our prior analysis shows that operating a LARA-based wheelchair 

at resonant frequency could theoretically reduce the RMS torque required for sustained over-

ground movement by upwards of 50%. 

Our LARA-based device is an adaptation of the Resonating Arm Exerciser (RAE), a 

device designed for repetitive arm movement training after stroke. RAE consists of a lever 

rigidly connected to one wheel of a wheelchair, a splint for attaching the impaired arm to the 

lever, and elastic bands between the lever and the frame of the chair, which makes the lever 

system resonant. To train with RAE, the user moves the arm to create forward and backwards 

rocking with zero net movement. Moving at the resonant frequency of RAE rewards the user 

with larger arm movements. 

In pilot studies with RAE, stroke patients with severe arm impairment (upper 

extremity Fugl Meyer Scores below 15 out of 66) were able to start RAE rocking and were 

able to identify and move at the system’s resonant frequency (Zondervan et al., 2013a). In 

addition, training repeatedly with RAE over three weeks reduced arm impairment. These 

findings suggested to us that such individuals might be able to ambulate over-ground with a 

lever drive wheelchair, and based on the motivational effect of mobility reported in (Blower, 

1988), that such over-ground ambulation may help encourage arm movement practice.  

The present study was a pilot study to assess the feasibility of having users with severe 

hemiparesis operate a bimanual LARA-based wheelchair. Specifically we asked: (1) How well 

can users with severe arm impairment propel themselves using the prototype chair? (2) How 
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quickly can they learn to ambulate with the chair? (3) Does resonance assistance facilitate 

self-propulsion for these users? 

Methods 

Prototype LARA wheelchair 

We developed a prototype, bimanual, LARA-based wheelchair that operates in three 

modes (Figure 6.1), which are selected using a custom, manual clutch mechanism (Figure 6.2). 

The first mode is over-ground mode, which allows users to propel the wheelchair forward by 

pumping the levers. The second is a stationary mode in which the levers are directly coupled 

to the wheels of the chair to provide exercise in the form of assisted forward and backward 

rocking similar to RAE. The third is a decoupled mode that allows a caretaker to maneuver 

the chair from behind while the patient’s arms are supported in a resting position. Each of the 

chair’s levers has an arm support harness that attaches the user’s forearm and hand to the 

Figure 6.1. Prototype bimanual LARA wheelchair. Features two identical levers, with arm 
support harnesses, coupled to the wheel of the chair with a one-way clutch and to the frame 
of the chair with elastic bands. This creates a resonant system to assist the user in propelling 
the chair forward. 
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lever. Each lever is coupled to the body of the chair by medical grade elastic bands, creating 

the resonant system that provides the assistance. 

Experiment 

Four stroke survivors (9, 27, 50 and 16 months post stroke) volunteered to participate 

in this experiment, which was approved by the Institutional Review Board of the University 

of California, Irvine. The subjects had severe arm impairment (upper extremity Fugl Meyer 

scores 21, 17, 16 and 15 respectively out of 66 points), rarely or never using their impaired 

arm in daily life, and could not grasp a wheelchair pushrim. Each subject was seated in the 

wheelchair and his or her contralesional (impaired) arm was secured in the chair’s arm 

support using foam padding and Velcro straps. For each trial, subjects were instructed to 

Figure 6.2. Schematic of one-way bearing transmission. By adjusting the depth of two 
pins the one-way clutch mechanism can be set to operate in three different modes: (1) over-
ground mode for self-propulsion; (2) stationary mode for exercise via back and forth 
rocking; and (3) decoupled mode (pins removed) for caregivers to maneuver the chair from 
behind while the patient’s arm rests. The shaft is rigidly attached to the leftmost disc, and 
thus coupled to the wheel. 
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propel the wheelchair 3.3 meters forward in a straight line using the wheelchair’s over-

ground mode. Yellow and black striped tape was fixed to the floor to define the desired 

straight line path. Each subject performed this self-propulsion task a total of five times in each 

of two wheelchair configurations, the order of which was randomized. The “with bands” 

configuration included the elastic bands that provide resonance assistance. The “without 

bands” configuration was identical to the “with bands” configuration, except the elastic bands 

were removed. Before each trial, the experimenter positioned the subject at the starting 

position by temporarily switching the chair into its decoupled mode and pulling them 

backwards. After each trial, the subjects were told the time it took them to finish the 3.3m 

movement and encouraged to beat their time. Following the five trials in each configuration, 

subjects’ motivation and experience was assessed using the Intrinsic Motivation Inventory 

(IMI). 

Data analysis 

Subjects’ movement was measured using an active motion capture system (Phase 

Space) that recorded the positions of two LED indicators fixed to the frame of the wheelchair. 

Position was recorded at a rate of 100 Hz with a standard deviation in error of 0.025 meters 

(calculated as the standard deviation of the measured distance between the LEDs). Speed 

performance was derived from the position data as the average time required to travel one 

meter during each trial. This speed was computed by measuring the time required to reach a 

point three meters distant from the starting point (in a Euclidean sense) and then dividing by 

three meters. To exclude initial acceleration from the average speed calculation, the starting 

point was computed as the point where the chair had moved 0.1m from its position at the 

beginning of the trial. Euclidean distance was used to account for non-straight and off-center 
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trajectories instead of using arc length, which would artificially reward winding paths. For 

trials where subjects stopped short of 3.3 meters, speed was averaged over the first 90% of 

the distance travelled from the starting point. For these calculations, the position of the chair 

was defined as the point centered between the main wheels on their axis of rotation. 

Results 

All four subjects were able to propel themselves using the prototype wheelchair in 

both the “with bands” and “without bands” configurations. The first subject initially required 

over 100s to travel one meter, but increased in speed (significant linear trend with p < 

0.0001) until on the tenth trial, she moved three meters in under one minute (Figure 6.3a). 

She also initially veered to the left (the side of her impairment), but on just the second trial 

learned to coordinate her arms to move along a straight trajectory. The second and third 

subjects (right and left sided impairment respectively) both achieved straight trajectories on 

the first trial (Figure 6.3b and c respectively). They exhibited no significant linear trend in 

speed across the 10 trials (p = 0.11 and p = 0.49 respectively) and had average speeds of 0.13 

and 0.11m/s respectively. The fourth subject (left sided impairment) veered to the left on all 

10 trials (Figure 6.3d), but did increase his speed (significant linear trend with p = 0.005) as 

well as the distance he traveled before veering left, throughout the experiment. Averaging 

across the four subjects showed that there was a large but not statistically significant (p = 

0.19) increase in the average movement speed from the first to the tenth trial (Figure 6.4 left). 

Adding the elastic bands did not alter speed (Figure 6.4 right).  

Considering the survey responses to the IMI, subjects agreed with the statements “I 

put a lot of effort into this” (average response of 5.75 out of 7 which is significantly greater 
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than a neutral response of 4, p = 0.017), “I tried very hard on this activity” (average of 6.38, p 

= 0.0002), and “I believe this activity could be of some value to me” (average of 6.38, p = 

0.00004). Subjects disagreed with the statements “I felt very tense while doing this activity” 

(average of 2.25, p = 0.002) and “I was anxious while working on this task” (average of 1.75, 

p = 0.003). Opinions on other IMI questions were not significantly different from neutral. 

Figure 6.3. Overground trajectories by trial. Overhead view of the trajectory of the 
wheelchair for four stroke subjects on their first, second and tenth (last) trial. Markers 
indicate position at two second intervals (five seconds for the first subject). A trial was ended 
if the subject veered too far to either side. From top to bottom, FM score (out of 66) and side 
of impairment (21L, 17R, 16L and 15L).  

(a) 

(b) 

(c) 

(d) 
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Discussion 

This experiment demonstrated that even stroke patients with severe arm impairment 

were able to propel themselves using a lever driven wheelchair designed with appropriate 

arm supports. Specifically they were able to apply sufficient power with their impaired arm 

to drive the chair forward, and they were able to coordinate the movements of their impaired 

and unimpaired arms to maintain a relatively straight over-ground path. The travel speeds 

were slow (~0.1 m/s), but are likely acceptable for moving in a hospital environment, 

especially if this movement is considered part of the rehabilitation activity for the arm. As for 

the rate of learning, two of the subjects immediately drove straight with good speed, and the 

other two rapidly improved their speed and straightness, indicating that learning to control 

the lever-drive chair was quick and intuitive.  

To our knowledge, this is the first study to show that stroke patients with severe arm 

impairment can propel themselves in a manual wheelchair using an impaired limb to perform 

Figure 6.4. Speed by trial and with and without elastic bands. Left: On average, subjects 
increased their movement speed between the first and last trials of the experiment. Results 
are not statistically significant, likely due to the small sample size. Right: the speeds with 
bands were slightly slower, but again the difference was not significant. Error bars indicate 
the standard error of the mean. 
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half of the work, without the aid of FES or foot pedal system as in (Lo et al., 2010b). Note that 

none of the subjects we tested could even grip a pushrim, much less propel a wheelchair with 

one. We believe the propulsion observed in this study was possible because the prototype 

wheelchair: 1) simplified the movement task to one tractable by the subjects’ limited 

coordination (i.e. pushing on a single degree of freedom lever); 2) supported their arms 

against gravity in a position that is apparently advantageous for the simple arm movement; 

and 3) removed the requirement to be able to grip and release the pushrim.  

Based on our previous theoretical work, we hypothesized that resonance assistance 

would allow subjects to move faster by helping them achieve larger and faster arm 

movements. The results of this small pilot study did not provide evidence for this hypothesis 

but we observed that subjects most often did not move at resonant frequency. Our previous 

work with RAE showed that stroke patients are able to entrain to the resonant frequency of 

the stationary mode of the chair, but perhaps the over-ground movement task was more 

cognitively challenging and will require more practice to successfully entrain and obtain the 

potential efficiency benefits of resonance.  

The elastic bands did provide other benefits. They created a neutral resting position 

for the arm near the middle of its range of motion. We observed that when using the chair 

without the bands, subjects tended to pump their impaired arm around a point further 

forward than they did their unimpaired arm, sometimes leaning forward or twisting their 

trunk toward their impaired arm. With the bands this imbalance was largely corrected. This 

improvement in symmetry might help prevent the development of asymmetric tone observed 

in Ashburn and Lynch (1988). Furthermore, unlike the widely used but debated good-

arm/good-leg strategy for self-propulsion (Ashburn and Lynch, 1988; Blower, 1988; Barrett 
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et al., 2001), the optimal strategy for using a bimanual LARA-based wheelchair involves 

symmetric movement. Continued practice and exercise may lead to increased symmetry.  

We only tested here the ability of subjects to travel in a straight line 3 meters. Each 

subject easily did this 10 times, without signs of fatigue, implying that trips of 30 meters in 

straight lines are easily achievable. Trips that require tight turns or backing up are not 

possible with the current design of the lever chair, as it cannot turn in place. For now, then, 

we see a compelling, first application of this approach for use by stroke in-patients who are 

receiving supervised rehabilitation therapy and must travel the straight hallways of most 

clinics to appointments and meals. This approach could greatly increase the amount of upper 

extremity movement repetitions they achieve, in a way that integrates naturally into their 

daily activities. 

Subjects’ responses to the IMI revealed that propelling the wheelchair felt effortful and 

required them to work hard, but that they were neither anxious nor tense during the task and 

believed their efforts were of value to themselves. These results imply that the LARA-based 

wheelchair can provide stroke patients with a rigorous and meaningful yet tractable and 

comfortable exercise for their impaired arm. This ability to create meaningful movements 

with their impaired arm may motivate stroke patients to perform this exercise. Maintaining 

an individual’s motivation to exercise may prevent the cycle of learned disuse of the impaired 

limb and thus lead to improved outcomes after rehabilitation. Subjects with the level of arm 

impairment of those enrolled in this study rarely or never use their arm during daily life. 

Based on these pilot results, we hypothesize that a bimanual, LARA-based wheelchair 

could help meet some of the mobility needs of stroke survivors when they are inpatients, 

while avoiding dangers of early adoption of manual wheelchair use, which are encouraging 
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disuse of the arm, passivity, and an asymmetric posture. We also hypothesize that such a 

device could direct a patient’s desire for mobility into motivation to perform additional arm 

exercise meaningful for upper extremity rehabilitation. We have shown with RAE that such 

motions improve arm movement recovery and similar wheelchair-based exercises have 

been reported to cause improvements in strength, endurance, flexibility and posture (Choi 

et al., 2012). Within a rehabilitative framework, a LARA-based wheelchair could be 

introduced into a patient’s lifestyle in such a way that it is viewed as an arm exercise and 

mobility tool, not a substitute for recovering walking ability.  
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CHAPTER 7: Joint kinematic and muscle activity during LARA operation  

The pilot study of Chapter 6 yielded promising results in that four chronic stroke 

patients, retaining sufficient force control of the shoulder and elbow, could each ambulate in 

a LARA wheelchair 30 meters overground in straight lines. However, it remained to be 

rigorously studied whether stroke patients in general retain sufficient motor control to 

maneuver lever drive chairs in true indoor environments, and whether exercise in these 

chairs is therapeutic to their rehabilitation of upper extremity motor function. To this end, 

we performed a study in which we measured key features of joint kinematics and muscle 

activity while chronic stroke patients performed straight-line and turning maneuvers with 

an updated version of the LARA wheelchair.  

In addition to mechanical improvements, this updated chair featured independent 

handbrakes for each wheel that enabled the chair to be turned about either of its wheels by 

engaging the respective handbrake, enabling the study of more functional ambulation in the 

chair. Chronic stroke participants’ performance and physiological measures were compared 

to age-matched nonimpaired controls to provide a thorough assessment of which elements 

of motor control relevant to wheelchair operation are preserved following stroke. It was of 

particular interest which preserved capacities might be instrumental to improving 

ambulation speed, and whether the ambulating in lever drive wheelchairs rewards 

meaningful improvements in upper extremity force control. 

Methods 

An experiment was performed in which 12 individuals with upper-extremity 

impairment from chronic stroke and 12 age-matched, non-impaired controls maneuvered a 
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specialized, lever-driven wheelchair through a 3m straight line course and through a course 

that featured a 1.5m straight line segment followed by either a 180⁰ right or left turn. Stroke 

participants performed 10 trials of the straight-line course followed by 10 trials of the course 

that featured the 180⁰ turn in the direction, either left or right, that positioned their 

contralesional (i.e. more-impaired) arm on the outside of the turn (and their ipsilesional arm 

on the inside, nearer the axis around which the chair turned). Age-matched controls 

performed the same 10 trials of the straight-line course followed by both 10 trials of the 

course that featured the 180⁰ left turn and 10 trials of the course that featured the 180⁰ right 

turn. 

During each of these trials, motion capture and EMG data were recorded for the 

participant’s movement and muscle activity. Motion capture data was recorded at key points 

on the participant’s body (shoulders, C7 vertebra, sternum, elbow, forearm, and wrist) and 

on the levers of the wheelchair (the points on and 10 centimeters above the lever axes of 

rotation). Additional EMG data was recorded for muscles ostensibly associated with lever-

drive wheelchair operation (triceps, biceps, forearm extensors and flexors, pectoral, 

trapezius, as well as posterior, anterior, and middle deltoids). Due to the limited available 

channels, EMG data was recorded only on stroke participants’ more-impaired side and on 

the right side of control participants; additionally, EMG data was recorded only for either the 

forearm extensors or the trapezius on any given trial, as these muscles were both expected 

to be of equal importance, but space was not available for both).  

Participants 

An age matched set of 12 participants with chronic stroke (mean age 52.7±4.7 years) 

and 12 non-impaired controls (mean age 51.3±4.6 years) participated in the study. Both 
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participant groups consisted of five men and seven women. The stroke participants had 

upper-extremity Fugl Meyer scores ranging from 12 to 24 (mean score 17.6±1.3) out of a 

maximum of 66. For reference, people with upper-extremity Fugl Meyer scores below 

around 20 generally have too much impairment to use their contralesional arm while 

performing activities of daily living.  

Experimental protocol 

Participants were seated in the wheelchair while EMG electrodes and motion capture 

markers were attached to their body. Most of the stroke participants required their 

contralesional arm and hand to be strapped to the arm support and handle. Participants 

were positioned at the beginning of the 3m straight line course and given simple instructions 

about moving the levers forward and backward to move the chair forward and about the 

availability of the handbrake. Then the task was explained: move forward in the chair along 

the tape line marked on the floor until instructed to stop. Participants were given a ‘go’ signal 

to begin each trial, and then a ‘stop’ signal after they completed the course. After each trial, 

participants were repositioned at the starting point (by changing the chair’s transmission to 

the neutral gear and pulling them backward), and then the next trial was started, until 10 

trials were completed. Stroke participants were then asked if they were experiencing any 

discomfort and if they felt able to continue the experiment.  

The 180⁰ turn trials continued similarly to the straight-line trials. The new task was 

explained: move forward in the chair along the tape line until you reach the 180⁰ arc marked 

on the floor, turn the chair to follow the arc and then drive straight until instructed to stop. 

Participants were allowed to begin the turn anywhere near the marked arc, as it was difficult 

to see the markings on the ground beneath them. They were instructed to ‘drive straight’ as 
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soon as they completed the turn, and a second tape line, parallel to the first, served as a 

reference for this closing straight-line movement. The ‘stop’ signal was given as soon as it 

was apparent the participant had resumed straight-line movement, usually less than 1m. 

Participants were then returned to the start point and the next trial was started. Control 

participants always performed the 10 right turn trials first, followed by the 10 left turn trials. 

After completing all trials, electrodes and markers were removed and then the participant 

was helped up from the chair. 

Lever-drive wheelchair hardware 

The lever-driven wheelchair used for this experiment was fashioned after the Lever-

Actuated, Resonance-Assistance (LARA) protocol and featured independent drive levers 

equipped with arm supports, elastic members, and additional mass to tune the resonant 

behavior of the system. This chair represents a hardware improvement over the chair used 

during the preliminary over-ground ambulation experiments detailed in the previous 

Chapter. Each lever was also equipped with a brake handle that controlled a disc brake on 

the corresponding wheel. Adding this brake enabled participants to turn the chair more 

effectively than was possible during the preliminary experiment. By engaging the brake on 

one wheel and pumping the lever of the other wheel, the chair could be made to rotate in an 

arc centered on the stationary wheel. Additionally, during straight-line movement, stroke 

participants could use the brakes to counteract their tendency to turn toward their more-

impaired arm. This tendency arose from the challenge of applying equal power, 

simultaneously, with their more- and less-impaired arms. During preliminary experiments, 

this tendency contributed to the difficulty of driving the chair along a straight trajectory. 
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The right and left drive lever were each coupled to their respective wheels of the chair 

through a one-way-bearing clutch that translated forward motion of the lever into forward 

motion of the respective wheel. Backward motion of the lever was made to have no impact 

by employing a similar configuration as the freewheel of a bicycle, which allows the pedals 

to remain still (or even rotate backwards) during coasting. Additionally, each clutch could be 

engaged or disengaged by flipping a handle protruding from the wheel-hub of its lever. 

Disengaging the clutch facilitated the experimental protocol by allowing the experimenter to 

regularly back up and finely position the participant, seated in the chair, between 

experimental trials, without applying forces to their arms. 

Each lever was coupled to the frame of the chair through a pair of elastic elements, 

one resisting forward and the other backward lever motion, and each consisting of a pair of 

side-by-side tension springs (two springs were used to double the effective stiffness of the 

available off-the-shelf spring). Both elastic elements were connected between the lever-hub 

and a shared attachment point located on the frame of the chair in front of the wheel. By 

positioning one elastic element above, and the other below, the centerline between the 

rotational axis of the hub and that attachment point on the frame, these elastic elements were 

made to resist backward and forward motion of the lever respectively. The configuration had 

the benefit of containing the elastic elements within a smaller region than was possible with 

the previous iteration of the chair, and in a manner, that interfered less with the motion of 

the lever. Additionally, the elastic elements were positioned in a precise configuration to 

achieve a nearly constant angular-elasticity coefficient that could be increased or decreased 

by turning a knob, which adjusted the horizontal position of the attachment point on the 

frame. This precise configuration, combined with the increased linearity of tension springs 
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compared to the elastic bands used in the previous iteration of the chair, greatly enhanced 

the resonant behavior of the levers. 

This resonant behavior was tuned by the addition of steel masses added to the top 

and bottom of each lever. These masses increased the rotational inertia of the lever, which 

combined with the rotational elasticity created by the tension elements, tuned the resonant 

frequency of the levers to within 1.0 to 1.5 Hz depending on the weight of the participant’s 

arm. The mases also nearly counterbalanced the lever. If the levers were not 

counterbalanced, gravity would exert a force on the lever that varied nonlinearly with lever 

orientation. All these factors combined to give the levers highly linear, resonant behavior.  

Previous work with the Resonating Arm Exerciser (RAE) suggested that stroke 

patients would be able to entrain their arm movement to the resonant frequency of a 

resonant lever, increasing the amplitude of movement of their more-impaired arm 

(Zondervan et al., 2013a). Previous analytical from Chapter 5 work also suggested that 

resonant levers would reduce the force that participants needed to exert on the levers to 

ambulate in the chair at any given speed. Considered together, these benefits attributed to 

the addition of resonant behavior of the levers were expected to facilitate stroke 

participants’ ambulation in the chair in a manner aptly described as “resonance-assistance”. 

Finally, each lever was equipped with an arm support that held the user’s forearm as 

they ambulated in the chair. Each arm support featured a trough-like shape that cradled the 

user’s forearm and supported the weight of their arm against gravity. The arm supports 

pivoted about their connection point to the lever, allowing consistent supporting torque to 

be applied to the forearm even as the angle between the forearm and the lever varied with 

lever orientation. The consistent supporting torque was achieved by placing a pre-loaded 
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torsional spring between the arm support and the lever. Small variations in the relative 

orientations of the arm support and lever thereby cause only fractional changes in the 

magnitude of supporting torque applied to the forearm. In addition to supporting the arm 

against gravity, the arm supports helped prevent the forearm from bowing out as the user 

applied force to the lever. Straps could be used to further secure the user’s arm. By 

constraining a stroke patient’s arm movement to a single degree of freedom, the arm 

supports were expected to simplify the control task of driving the chair and help stroke 

patients leverage their existing strength and coordination.  

Motion capture measurement and data analysis 

Motion capture was performed using a Phase Space motion capture system. Markers 

(LEDs whose positions were estimated during experiments based on the recordings of eight 

cameras spaced on around the perimeter of the experimental space) were placed on key 

positions of the participant’s arm and upper-torso to measure trunk, shoulder, and elbow 

movement during the experiment. Markers were also placed on the wheelchair to measures 

its position and the orientation of the two levers. Data were collected with a sampling rate of 

 

Table 7.1. Motion capture marker positions. 
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100 Hz. Table 7.1 lists specifically where each marker was positioned on the participant’s 

body. 

Motion capture data were used to compute eight kinematic features expected to 

describe and modulate the quality of ambulation in the chair. The following features were 

computed for each pump of the lever, averaged across all pumps during a single trial, and 

then averaged across all trials for a single participant. Here, a pump is defined as one 

complete forward and backward movement of the corresponding lever, i.e. one period. The 

features, computed for each pump, were: (1) the average speed of the chair during the pump, 

(2) the pump frequency, computed as the reciprocal of the time duration of each pump, (3) 

the distance travelled by the chair during the pump, (4) the absolute value of the change in 

the chair’s heading angle (i.e. about the axis perpendicular to the floor) that occurred during 

the pump, (5) the range of motion of the participant’s torso during the pump, computed from 

the angle of the torso about the axis parallel to the wheelchair’s axle, (6) the range of motion 

of the participant’s contralesional elbow flexion/extension during the pump, (7) the range 

of motion of the drive lever on the participant’s contralesional side during the pump, and (8) 

the 2-norm of the participants contralesional shoulder’s range of motion during the pump.  

Ranges of motion were computed by subtracting the minimum from the maximum 

values that occurred during each pump. The 2-norm was calculated as Euclidean sum of the 

ranges of motion of each the x, y, and z components of the vector drawn from the 

participant’s C7 vertebra to their shoulder in the chair’s reference frame. The kinematics of 

features related to stroke participants’ contralesional side were compared to nonimpaired 

controls’ dominant hand side (all controls happened to be right handed). 
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Electromyogram (EMG) measurement and data analysis 

Conductive adhesive surface electrodes were placed in accordance with SENIAM 

(European project: Surface EMG for Non-Invasive Assessment of Muscles) to measure 9 

muscle groups: anterior deltoid, middle deltoid, posterior deltoid, biceps, triceps, wrist 

flexors, wrist extensors, and trapezius and pectoral major. Electrodes were positioned in a 

bipolar configuration and data were collected with a sampling rate of 2400 Hz. Due to limited 

amplifier channels, the wrist extensors and trapezius electrodes were measured using the 

same channel, half of the trials measuring wrist extensors and the other half measuring 

trapezius. The order was randomized in a balanced fashion. The first four stroke participants 

and the first three control participants did not have their trapezius measured. After these 

participants, the alternating wrist extensors/trapezius strategy was implemented, a decision 

informed by preliminary results of minimal wrist extensor activity. 

Muscle activity was estimated from raw EMG data by applying a band pass filtered 

with lower and upper cutoff frequencies of 20 and 400 Hz as per (De Luca et al., 2010), 

rectified, and then smoothed using a moving root-mean-square window with a width of 

250ms. De Luca et al. offer some insight into choosing a lower cutoff frequency, suggesting a 

value between 20 and 30 Hz to best remove the movement artifact. Analysis was performed 

twice, using a 20 Hz and a 25 Hz cutoff frequency, and very similar results acquired. The 

results were deemed robust to changes in cutoff frequency, and 20 Hz was chosen. 

EMG results were primary used to investigate the relative timing of activation of pairs 

of muscles. This relative timing was found for each trial by finding the delay that maximized 

the cross-correlation of the two muscles’ smoothed activity curves. To ensure that 

activations were compared within individual lever pumps, the magnitude of this delay was 
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constrained to be within one half of that trial’s average period. This method identifies the 

average timing difference between the centers of the two muscles’ activations. Observation 

of the raw data revealed no clear trend in muscle activation durations, so precise initiation 

and termination times of activity were not estimated. 

Results 

Of the 12 stroke participants, nine completed the entirety of the experiment, ten 

straight trajectory trials and ten 180⁰ turn trials, while the remaining three completed the 

ten straight trajectory trials but no more than one 180⁰ turn trial. These participants took 

the opportunity they were offered to end the experiment at any time. One of the three was 

experiencing substantial pre-existing shoulder pain. All age-matched controls completed the 

full 30 trials. Unfortunately, technical issues with the motion capture prevented useful data 

from being collected for one of the three stroke participants who ended the experiment early 

as well as for one age-matched control. Following the loss of data from these participants, 

the mean age of the stroke participants was 52.5±5.2 years (mean ± standard deviation) for 

those with complete data for the straight trajectory trials and 49.4±5.8 years for those with 

complete data for the 180-degree turn trials whereas the average age of the healthy controls 

was 53.1±4.8. Thus, a small, not statistically significant (p = 0.63), difference in existed 

between the two groups whose data were used to analyze the 180-degree turn trials. 

Motion capture and kinematics 

Average speed: The results from straight trajectory trials revealed that, on average, 

participants with stroke moved slower than unimpaired controls (p = 0.0073). This is seen 

in the top-left axis of Figure 7.2; there the average speed of each participant is indicated by 
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a single data point in the scatterplot. These participants moved at speeds comparable to 

those achieved by unimpaired controls. The red shaded region in this graph indicates the 

95% confidence interval of the trend, with was positive although not significant, between 

Figure 7.1. Overground trajectories of chronic stroke participants. Raw motion capture 
data for stroke participants. Each bold curve represents the trajectory traced by a participant 
during a single trial. The first and last trials from each condition (straight trajectory and 180-
degree turn) are plotted for each participant, and participants are ordered from left to right by 
FM score. Dots along the bold curve are spaced out at two-second intervals providing a 
visualization of speed. The thin curves on immediately to the left and right of the bold curve 
represent the movement of the left and right levers respectively. When a lever is pulled back, 
the thin curve moves closer to the bold curve. When the lever is pushed forward, the thin curve 
moves away from the bold curve. In general, participants moved the levers in sync. Therefore, 
the space between the thin lines is narrow when both levers are pulled back, and wide when 
both levers are pushed forward. The data from participants with left-sided impairment have 
their data mirrored so that all trajectories are plotted as if the participant had right-sided 
impairment. 
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Upper Extremity Fugl-Meyer score and average speed among stroke participants (p = 0.22). 

The lack of significance appears due to the capability of a fraction of the participants to 

achieve fast average speeds seemingly independent of their FM score, although the three 

slowest participants had Fugl-Myer scores in the bottom 50% of stroke participants. 

These scatterplots represent average speed consistently across all axes using 

heatmap coloration, with red representing the slowest participants, and blue the fastest. This 

allows for easy matching participants across axes.  

 The average speeds of control participants appeared to fall into one of two (or 

perhaps three) clusters. Control participants were also by their speed using the same 

coloration scale as stroke participants. The fastest four controls were on average older (p = 

0.16) than the other seven. In terms of sex and ethnicity, two of these four were female and 

 

Figure 7.2. Straight trajectory trial kinematics. Each data point represents the value of a 
kinematic feature averaged over one participant. Solid lines and p-values indicate population 
differences between stroke participants and controls. Shaded bands depict 95% confidence 
regions of the mean trends across stroke participants between FM score and kinematic 
features. The associated p-values give the significance of the trends’ slopes.  The color of each 
data point indicates that participants average speed, according to a heat map where red to 
blue represents slow to fast participants respectively. Control participant data points are 
arbitrarily scattered around a FM score of 66 to aid in visualization. 
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all four Caucasian. Of the remaining seven, four were female, four Caucasian, and three Asian. 

It is unclear then what is responsible for this bimodal distribution, perhaps it suggests some 

bifurcation in participants’ perception of the task, for instance attempting to move as fast as 

possible versus moving at an energetically efficient speed encouraged by the resonance of 

the chair. Given the wide and seemingly bimodal distributions of average speeds for both the 

stroke participants and controls, further investigation was made into the factors responsible 

for participants’ speed.  

Pump frequency. The procedure detailed above was repeated for each of the 

remaining seven kinematic features to produce the other seven graphs included in Figure 

7.2. Each of these graphs details the size and significance of the trends, both between stroke 

participants and nonimpaired controls, and across FM score for stroke participants. Despite 

moving substantially slower, stroke participants pumped the contralesional lever with a 

similar distribution of frequencies as observed for controls (p = 0.89). Frequency did not 

vary significantly with FM score, although it trended toward positive correlation (p = 0.18). 

It was observed, though, that the fastest participants exhibited the highest pump frequencies. 

Moreover, all but the three slowest participants achieved pump frequencies at or above the 

estimated resonant frequency of roughly 1 Hz. 

Chair movement per pump. Like with average speed, the distance stroke 

participants moved with each pump of the lever was shorter on average than the distance 

moved by nonimpaired controls (p = 6.2*10-6). Similarly, no significant trend was found 

within stroke participants (p = 0.26). The novel finding for this feature is that both 

participant groups exhibited narrow, roughly unimodal distributions of chair movement per 

pump, as opposed to the wider, bimodal distribution of average speed. 
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Heading change per pump. Heading change per pump measured the absolute value 

of rotation of the chair about the axis perpendicular to the floor. As such, the average value 

of this feature indicates the strength of a participant’s tendency to inadvertently change the 

heading of the chair despite the goal of maintaining a fixed heading while navigating a 

straight trajectory. No significant trends existed between stroke participants and controls (p 

= 0.46) or within stroke participants (p = 0.93), although one stroke participant did change 

their heading substantially each pump. Observation of this participant’s control strategy 

revealed that they alternated between driving exclusively with one lever and then the other, 

regularly rotating the chair in one direction then the other. Otherwise this feature indicates 

that stroke participants coordinated their control of both levers and the ipsilesional 

handbrake to maintain their forward-facing heading and achieve straight trajectories.  

Trunk range of motion. Trunk range of motion was measured as an indicator of the 

compensatory strategy observed by which some stroke participants moved the levers by 

stiffening their arms and simply rocking their torso forward and backward. It was of concern 

that this compensation, while it can enable highly impaired participants to ambulate in the 

chair, might constitute nontherapeutic engagement of the arm. Results show that only the 

three slowest stroke participants exhibited larger ranges of trunk motion that nonimpaired 

controls. There was therefore a strong trend between impairment level level and trunk 

motion (p = 0.030), but no significant difference between stroke participants and controls (p 

= 0.22). 

Elbow range of motion. Range of motion of the participant’s contralesional elbow, 

on the other hand, was measured as an indicator of participants using constructive arm 

movement synergies to move the lever. All stroke participants exhibited smaller ranges of 
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elbow motion than every nonimpaired control. As such, there was a significant difference 

between stroke participants and controls (p = 4.6*10-9). The positive relationship between 

FM score and elbow range of motion also trended toward significance (p = 0.081). 

Lever range of motion. The range of motion of the lever on the participant’s 

contralesional side was measured as an intermediate outcome descriptive of participants’ 

ability to ambulate in the chair. Substantially more than average speed, lever range of motion 

increased from stroke participants to nonimpaired controls (p = 9.7*10-9) and exhibited a 

strong correlation with FM score (p = 0.025). 

Norm of shoulder movement. The 2-norm of the contralesional shoulder’s range of 

motion suggested no difference in magnitude of shoulder movement between stroke 

participants and nonimpaired controls (p = 0.92) and no trend with FM score (p = 0.66). 

Although stroke participants seemed to compensate by moving their trunk, they do not 

appear to have compensated through increased shoulder elevation/depression or 

retraction/protraction. 

Observing the kinematic features of the fastest stroke participant. The fastest 

stroke participant, had a FM score of 23 and achieved average speeds on par with the fastest 

nonimpaired controls. The fastest stroke participant appears to have achieved this speed by 

achieving the greatest lever range of motion and chair movement per pump, and by pumping 

with the greatest frequency. They exhibited a near-median level of heading change per 

pump. Physiologically, this participant exhibited the greatest elbow range of motion and 

near-median levels of trunk and shoulder ranges of motion. This performance suggests that 

speed is achieved through a combination of moving the levers with a large range of motion 

and with high frequency, and that one or both are modulated by a large elbow range of 
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motion. Cursory observation of this and other fast participants was followed up by a series 

of regression analyses to determine physiological predictors of fast average speed. 

Regression analysis. Regression analysis was performed to identify relationships 

between key kinematic features of ambulation with the LARA chair. For this analysis, the 

95% confidence regions of the trend lines for both stroke participants and for nonimpaired 

controls were computed to investigate which physiological improvements might correspond 

to improved ambulation in the chair. As seen in Figure 7.3, lever range of motion was 

significantly correlated average speed for stroke participants. Pump frequency was 

significantly correlated with average speed for both stroke participants and controls. The 

product of these two features was even more strongly predictive of average speed than 

Figure 7.3. Straight trajectory trial kinematic regression analyses. Shaded regions 
represent 95% confidence regions for the trendlines for stroke participants (red) and 
controls (blue). That is, the trend line has 95% chance of falling entirely within this region. 
Data point colors indicate that participant’s average speed, with red to blue representing 
slowest to fastest. Lever motion and pump frequency, uncorrelated with each other, are each 
mildly correlated with of average speed, but together become strongly predictive. Elbow 
motion, highly correlated with lever motion for stroke participants, also strongly predicts 
average sped when combined with pump frequency. This implies that two uncorrelated 
motor capacities, the ability to quickly activate/deactivate muscles and the ability to extend 
the elbow, coordinate toward determining an individual’s ambulation speed. 
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either feature alone. This product reflects an estimate of the average forward angular 

velocity of the lever. Given the dynamics of the one-way bearing clutch, and that braking was 

only available on the ipsilesional side, the average lever speed of the lever on the 

contralesional side should closely match the average speed of the chair. This relationship 

should hold even while participants use the ipsilesional brake to correct for imbalances in 

their arm strength. One would expect this relationship to be modulated slightly by speed 

gained from the chair coasting (mostly for fast participants) and by speed lost to the 

tendency of the chair to rock backward during small arm movements (mostly for slow 

participants). There was no correlation between lever range of motion and pump frequency, 

despite the predictive quality of the product of the two. This suggests that participants 

achieved their various ambulation speeds through unique and independent combinations of 

lever range of motion and pump frequency. 

Figure 7.4. 180⁰ turn trial kinematics. Conventions are the same as for Figure 7.2. 
Datapoint colors are still based on participants’ average speeds during straight trajectory 
trials. Data are taken only for the turning portion of the 180⁰ turn trials. 
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Further analysis was used to determine which features of participant’s physical 

ability determined their ambulation speed. Elbow range of motion, which was also 

significantly correlated with average speed was highly correlated with lever range of motion 

for stroke participants but not with pump frequency. Consistent with the strong correlation 

between lever and elbow ranges of motion, the product of elbow range of motion with pump 

frequency was also highly predictive of average speed. This regression analysis suggests that 

a stroke patient’s ability to ambulate in the chair is closely related to the combination of their 

ability to rapidly alternate between activating and deactivating their muscles, and their 

ability to synergize this activation into elbow flexion and extension.  

Turning results. The entire analysis described above for straight trajectory trials 

was repeated for 180⁰ turn trials. Although during 180⁰ turn trials participants travelled 

straight for a short distance before turning and again after turning, this analysis was 

performed only for lever pumps that occurred during the 180⁰ turn. Like before, all side 

specific results represent the contralesional side for stroke participants. Turns were 

Figure 7.5. 180⁰ turn trial kinematic regression analyses. Conventions are the same as 
for Figure 7.2. Dots, crosses and bold lines indicate the same subjects as in Figure 7.2. 
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accomplished by braking with the ipsilesional side, resulting in turning in place about the 

ipsilesional wheel. The contralesional side was therefore the outside of the turn, i.e. further 

from the center of the turn. For nonimpaired controls, who performed two sets of 10 trials, 

one for each direction of turn, side specific results represent the side on the outside of the 

turn.  

Results from the 180⁰ turn trials, shown in Figures 7.3 and 7.4, were by and large the 

same as those from the straight trajectory trials. The only difference was that, because these 

trials involved turning, the heading changes per pump were larger than before, and 

significantly larger for the nonimpaired controls than stroke participants (p = 8.1*10-8). This 

was simply because control participants moved faster and completed a larger fraction of the 

180⁰ turn with each pump. 

Muscle activation 

Participants’ muscle activity was measured for nine muscles, in order from proximal 

to distal: trapezius, pectoralis major, posterior deltoid, middle deltoid, anterior deltoid, 

triceps, biceps, wrist extensors and wrist flexors. Rectified raw EMG data for each muscle 

during a typical trial for both a stroke participant and for an age matched control are shown 

in Figure 7.6. In this figures, the fine line represents the rectified signal, and the bold line is 

the result of smoothing the rectified signal by taking the RMS value with a 125ms window.  

In general, neither chronic stroke nor control participants exhibited muscle activity 

during the recovery phase pattern of muscle activation that usually accompanies the push 

phase during arm movement or wheelchair propulsion (Schantz et al., 1999; Chow et al., 

2009). Instead participants excreted a single pulse of activity with each muscle during each 

pump of the lever. This deviation from the traditional behavior is likely due to the strong 
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resonant behavior of the wheelchair used in this experiment. After participants exert a pulse 

of force, pushing the levers forward, the strong elasticity of the springs is enough to stop the 

levers and return them to their initial position, ready for another pump. Ostensibly, this is a 

substantial reduction in the complication of the motor control task. What remains is to 

Chronic Stroke Participant 

Nonimpaired Participant 

Figure 7.6. Raw EMG from chronic stroke and nonimpaired participant. A 20-400Hz 
bandpass filter was used to condition the signal and remove motion artifact, a 125ms 
window moving RMS was used to estimate muscle activity. 
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investigate the timing with which the utilized muscles are activated during those pulses of 

force production. 

For each participant and trial, the average timing of activation for each muscle was 

calculated, using the activation time of the triceps as a reference. This timing was calculated 

 

Table 7.2. P-values for muscle activation timing relative to triceps. 

Figure 7.7. Muscle activation timing and correlation with elbow movement. Left: 
Average activation timings of selected muscles relative to the activation of the triceps (at t = 
0). Positive values indicate that the muscle was activated later than the triceps. To compare 
timing between participants who exhibited widely differing pump frequencies, each trial’s 
timing was measured in terms of fraction of that trials average period length. Non-impaired 
controls led their arm movements with triceps activation, a pattern not maintained after 
stroke. Following stroke, the trapezius tends to lead the movement. Right: Chronic stroke 
participants’ timing of the biceps relative to the triceps was correlated with the amplitude of 
their elbow movements. A similar but weaker correlation was found for non-impaired 
controls. This result is consistent with the theory that large elbow amplitudes require the 
triceps to extend the elbow during the arm movement, but that this extension requires the 
triceps to contract without co-contraction of the biceps.  
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using cross-correlation of RMS muscle activity signals as detailed in the methods. The triceps 

was selected as the reference because it best differentiated the activation patterns of stroke 

and control participants. The average activation timing across participants (relative to the 

triceps) is shown in Figure 7.7, along with the horizontal 95% confidence intervals of the 

mean population timing. For each participant, their average activation timing for each 

muscle was averaged across all straight-trajectory trials. To account for the variation in 

pump frequency between trials and participants, the timing measurements for each trial 

were multiplied by that trial’s pump frequency to acquire activation timing in terms of 

fraction of the average period. The average period was slightly shorter than 1s, such that the 

fractional delay of 0.12 between the triceps and biceps of control participants corresponds 

to an average delay of a little longer than 120ms. 

For controls participants, the activity of the triceps significantly preceded that of most 

other muscles (t-test, p values are shown in Table 7.2 in the ‘Controls’ column), providing 

strong evidence that non-impaired individuals initiate movement of the lever by activating 

the triceps. For chronic stroke participants, activation of the triceps did not significantly 

precede that of any other muscle (t-test, p values are shown in Table 7.2 in the ‘Stroke’ 

column). Comparing these relative timings between stroke participants and controls, it was 

found that the timings of all muscles except the anterior deltoid were significantly different 

between groups (nonequal variances, paired t-test, p values are shown in Table 7.2 in the 

‘Difference’ column). This comparison supports that a significant shift in timing of the triceps 

occurs following stroke, and that it no longer leads the other muscles.  

The relative timing of the biceps and triceps might be expected to be of importance in 

explaining participants’ performance. Participants’ amplitude of elbow movement was 
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found to be strongly correlated with their ambulation speed. Elbow extension ostensibly 

requires activating the triceps without interference of the biceps. That the triceps no longer 

leads the biceps after stroke might explain chronic stroke participants’ loss of their ability to 

extend the elbow and achieve the large elbow amplitudes seen from control participants. To 

elucidate this connection, each participant’s bicep timing was compared to their elbow 

amplitude. The right-side plot of Figure 7.7 shows that a marginally significant trend existed 

between biceps timing and elbow amplitude for stroke participants (p = 0.052) and a similar, 

although weaker, correlation existed for control participants (p = 0.15). Participants’ whose 

biceps activated before their triceps exhibited smaller elbow ranges of motion that those 

whose biceps and triceps at least activated simultaneously. Extrapolating this trend would 

suggest that as a stroke participant recovered their ability to activate their triceps first, their 

ability to extend the elbow would improve. However, data from control participants lie above 

this trend line, supporting the expected conclusion that other factors than biceps timing 

impede stroke participants’ elbow extension. 

Along with the triceps activating later following stroke, it appears from Figure 7.7 that 

the trapezius activates sooner. The trapezius was not measured during every trial or for 

every participant, and so the results as viewed in Figure 7.7 are not conclusive. Therefore, a 

similar analysis was used to calculate the relative timings of the present collection of muscles 

relative to the activation of the trapezius, this time only including trials during which the 

trapezius was monitored. For chronic stroke participants, the trapezius was found to 

significantly lead the pectoralis major (p = 0.030) and the anterior deltoid (p = 0.030). The 

relative timings of the trapezius and other muscles were inconclusive (p > 0.13). This result 
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may suggest that stroke participants compensate for their impairment by leading their arm 

movement with a positioning of the shoulder.  

Participant motivation 

All participants answered a 10-question survey with relevant questions drawn from 

the Intrinsic Motivation Index (IMI) related to motivation, effort, and perceived competence. 

All questions prompted a numeric response between 1 and 7 representing strong 

disagreement with a statement and strong agreement respectively. Stroke participants 

believed that practicing longer with the wheelchair would be more beneficial to them than 

did control participants (p = 0.0043). They also believed that ambulating in the chair 

required more effort than did control participants (0.025). These results might be 

anticipated, as the chair was targeted for the needs and ability of individuals with stroke, and 

was relatively easy and offered no practical outcome for nonimpaired individuals.  

No significant difference was found between the responses of stroke and control 

participants on any of the remaining questions. Neither group felt particularly anxious or 

 

Table 7.3. Intrinsic Motivation Index (IMI) results. 
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bored during the experiment. Both groups indicated that they wanted to do the activity, 

possibly a combination of the results that both groups found the task fun and felt that their 

participation was important. Both groups were satisfied with their performance despite 

being somewhat less confident that they were good at the activity. Both groups shared a 

similar level of confidence that they became competent at the activity during this session. Of 

note was that stroke participants did not feel significantly less competent at ambulating in 

the chair than did control participants. Even though they moved slower, they remained 

encouraged by their ability. 

Discussion 

People with severe upper extremity hemiparesis after stroke (FM 12-24) possess the 

strength and coordination to propel and maneuver a lever drive wheelchair over level 

ground. Nine of twelve participants with chronic stroke propelled such a chair 30m forward 

in a straight line using the coordinated effort of both their arms, and completed ten 180⁰ 

turns using only the motion of their more severely impaired arm. These tasks are 

conservative representatives of the demands of maneuvering a wheelchair through any flat 

environment. Ostensibly, full utility of a wheelchair can be realized by combining straight 

line movements and turns. Moreover, the most demanding turn for a person with 

hemiparesis to complete is one driven entirely by their more impaired side, which was the 

turn demonstrated during this experiment. In practice, an alternative transmission or 

braking system would need to be implemented that allowed participants to control the 

contralesional handbrake, which would be required to perform turns toward that side. 

Alternative transmission to the one-way bearing used in this study may also reduce the 
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demands of turning the chair by allowing for shared work between arms. As such, 

participants’ abilities to move in straight lines should demonstrate that they possess 

sufficient strength and coordination to turn in either direction.  

All twelve participants propelled the chair 30m in a straight line, demonstrating their 

ability to coordinate the movement of their arms to avoid unintentional turns toward either 

side. This control speaks to the ability to maneuver a chair through tight, indoor spaces 

where unintentional turns might lead to collision with walls or other obstacles. This ability 

to navigate in straight lines was facilitated by the availability of a hand brake, which 

participants could control using their ipsilesional hand (a hand brake was present on both 

sides of the chair, but participants either lacked the ability, or were disinclined, to use the 

brake on their contralesional side). Braking facilitated straight line movement by allowing 

participants to voluntarily impede propulsion caused by their stronger, ipsilesional arm, 

which they tended to move with greater amplitude than their contralesional arms. In Chapter 

6, chronic stroke participants were found able to ambulate 30m in a straight line without 

using handbrakes. Without handbrakes, participants were required to regulate this 

imbalance in amplitude, often by alternating many small pumps of the contralesional lever 

with fewer larger pumps of the ipsilesional lever. Adding the handbrake appears to have 

circumvented participants’ use of this strategy, as seen in the predominately synchronized 

movement of the two levers (Figure 7.1).  

Chronic stroke participants were found to move at about half the speed of 

nonimpaired controls during straight line movement, and to rotate the chair at about one-

third the speed of controls during turns. While their turning was slower across the board, 

the faster half of stroke participants moved in straight lines at about the same speed as the 
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slower half of controls. Together these results indicate that even people with substantial 

upper extremity impairment can achieve meaningful ambulation speeds in a lever drive 

wheelchair. They further suggest that substantial ambulation speed can be achieved even 

before most recovery of arm movement occurs.  

The movement speeds achieved in this study were motivating to participants. IMI 

survey results indicated that participants were motivated to ambulate in the chair, that they 

found it enjoyable and engaging, and that they felt just as confident in their ability to use the 

chair as did non-impaired controls. Participants also frequently expressed excitement and 

satisfaction for what they could achieve with their impaired side. In addition to chronic 

stroke participants’ largely retained ability to ambulate in the chair, and their substantial 

motivation to do so, they exhibited kinematics and dynamics of arm movement that imply 

ambulating in the chair would be meaningful to their upper extremity rehabilitation. 

Kinematics 

Considering that the faster half of stroke participants achieved comparable speeds to 

the slower half of nonimpaired controls, the question remains whether these similar speeds 

correspond to similar methods of achieving them. A parallel study found that when 

nonimpaired users ambulate in the chair, they exhibit arm movements that share dominant 

principle components with many activities of daily living (author’s correspondence). This 

result lends credence to the theory that ambulation in the chair gives people with stroke an 

opportunity to practice an important movement primitive therapeutic to their recovery of 

arm movement. This study found that speed in the chair is strongly correlated with the 

product of two motor capabilities, elbow range of motion and pump frequency. These 

capabilities are not at all correlated with one another, and thus constitute two orthogonal 
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contributors to people’s ability to ambulate in the chair. Specifically, these reflect the facility 

with with which individuals can alternate between activating and deactivating their muscles, 

and their ability to extend their elbow. Stroke participants and controls who ambulated at 

similar speeds, did so with different combinations of these capabilities, stroke participants 

employing smaller elbow amplitudes and faster pump frequencies. 

Both stroke participants and controls exhibited similar wide distributions of pump 

frequency. People with and without stroke have been shown to entrain to resonant lever 

movement while seated in stationary wheelchairs equipped with the RAE device (Zondervan 

et al., 2013a). It appears that many of both groups who pumped between 0.9 and 1.3 Hz 

entrained to the resonant frequency of the chair while moving overground. This range may 

indicate that participants did not achieve the precise resonant frequency, but it is also likely 

that the resonant frequency of the levers changed from person to person based on the mass 

and passive properties of their arm, which likely vary between people, from day to day, and 

with amplitude of lever movement.  

Before the experiment, the chair was tuned to have a resonant frequency of around 

1Hz (at this frequency the experimenter perceived that the effort required to drive the chair 

had reached a minima). The fastest participants from both groups almost certainly pumped 

the levers faster than the resonant frequency, and the slowest three stroke participants most 

likely pumped slower than the resonant frequency, although these were the same 

participants who exhibited increased amplitudes of trunk motion, which may have slowed 

the resonant frequency by adding the trunk’s mass. Either way, the fact that most stroke 

participants pumped at least at the resonant frequency indicates that people with severe 

upper extremity impairment in the chronic stage of stroke largely retain the ability to quickly 
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alternate between extension and flexion to pump the lever. For them, the challenge of 

learning to ambulate faster in the chair consists of increasing their elbow range of motion, 

and in turn increasing the amplitude of lever movement they produce each pump. 

Muscle activity 

Ostensibly, active contraction of the triceps muscle should be the primary driver of 

the elbow range of motion found highly predictive of effective ambulation in the chair. The 

kinematic restraints enforced by the lever and arm support mean that flexion and extension 

of the elbow may at times also result from the activity of other muscles, but large elbow 

amplitudes should be greatly impeded without some coordination of the triceps and biceps 

(Barker et al., 2009). At the same time, the triceps are not likely to be a primary source of 

power for propelling the chair, instead their activation is likely more important in 

maintaining the compliance of the elbow by coordinating its extension with the delivery of 

power from the deltoids and pectoralis major (Veeger et al., 1991; Schantz et al., 1999; Chow 

et al., 2009). Without this coordination, the triceps would passively oppose lever movement. 

This is akin to the triceps’ role during reaching tasks where the muscle does not produce 

much more force than is needed to move the arm, but must be coordinated with the shoulder 

muscles and biceps to effectively control the position of the hand (Buneo et al., 1994; Lum et 

al., 2003). 

For nonimpaired controls, activation of the triceps was found to precede that of most 

other muscles involved in arm movement. For stroke participants, however, the activation 

of the triceps tended to trail behind those of other muscles. The longer their triceps 

activation trailed behind biceps activation, the more limited participants’ elbow ranges of 

motion became. Thus, this average delay in the activation of the triceps provides evidence 
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that for stroke participants, the elbow was largely not compliant during power generation 

and, at least initially, resisted lever movement. In general, individuals with severe arm 

impairment after stroke can regain some functional movement of their elbow even before 

learning to significantly suppress activation of their biceps (Wolf et al., 1994; Barker et al., 

2009). Specifically, it appears that practicing the coordination between biceps and triceps is 

pivotal in the development of functional elbow movement, and that practicing functional 

movement alone is just as effective as paradigms which add functional electrical stimulation 

(Barker et al., 2009). Together these results imply that practice with the LARA wheelchair 

has the ability to improve the ratio of triceps to biceps activation and in turn the range of 

motion of elbow movement. 

For stroke participants, arm movement appears to have been led by activation of the 

trapezius. Although recent research disputes the long-held assumptions of a proximal to 

distal gradient in impairment following stroke (i.e. that less impairment occurs closer to the 

body’s center; Beebe and Lang, 2008), motor control is largely impeded by imbalances in the 

strength of agonist/antagonist pairs created by stroke, and the increased involvement of 

muscles secondary to arm movement (Lum et al., 2003). Thus, the early activation of the 

trapezius might indicate unintentional activation while seeking to activate the anterior and 

middle deltoids, pectoralis major and triceps, which are primary to standard wheelchair 

operation (Chow et al., 2009) and some of which appear primary to lever drive operation.  

An alternative interpretation of these results might be that the trapezius was 

activated to employ the shoulder or trunk in some compensatory strategy for pumping the 

lever. The leading of the trapezius may suggest that it played a greater role in power 

generation relative to controls, at least for some of the slower participants, possibly by 
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stabilizing the shoulder for power to be applied with abdominal and other lower trunk 

muscles, as has been reported during demanding manual wheelchair operation (Yang et al., 

2006). However, kinematics analysis by and large showed no difference in either shoulder 

or trunk motion between stroke participants and controls. Thus, if a preference toward the 

trapezius was part of a compensatory strategy, it was one that did not usually affect arm 

kinematics. This is an encouraging result given the harmful orthopedic effects of applying 

large forces around unhealthy joint orientations (Cirstea and Levin, 2000). The result that 

most participants did not produce abnormally large trunk movements while operating LARA 

was surprising given that the vast majority of individuals with sever stroke exhibit unhealthy 

amounts of trunk compensation while practicing reaching movements directly (Cirstea and 

Levin, 2000). This further implies that propelling LARA wheelchairs is an effective and 

healthy means of performing functional practice of reaching. 

Overall, these muscle activation results, in tandem with participants’ pump 

frequencies, indicate that stroke participants retain of the ability to repeatedly activate and 

deactivate the group of muscles responsible for arm movement, on a one second timescale, 

and without symptoms of harmful compensation—all implying that exercise with LARA can 

provide a high dosage of therapeutic arm movements in a manner that rewards, with faster 

ambulation, the development of muscle synergies important for reaching, and related 

activities of daily living. 
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CHAPTER 8: Summary of contributions and implications 

Slacking as the unprompted and persistent reduction in muscle force 

This dissertation showed for the first time that slacking, defined as a default tendency 

to reduce muscle force, is a fundamental aspect of force control. Using a visuomotor grip 

force paradigm, the amplitude of slacking was shown to increase nonlinearly with muscle 

force for young non-impaired adults, older adults, and for individuals with a stroke. Slacking 

was demonstrated to be a default mode of motor adaptation during force production, that 

immediately and dramatically attenuates force whenever the feedback pathways that the 

motor system uses to regularly correct for slacking are disconnected. In the visuomotor grip 

force paradigm used in these studies, the feedback loop was opened by subtly replacing 

veridical visual feedback with nonveridical feedback that omitted the steady state 

component of tracking error. This work overturns the commonplace assumption that motor 

control operates on the principle of constant-input constant-output, and replaces it with the 

picture of force production as a continuously repeated determination and exertion of effort 

that must oppose the neuromuscular system’s unprompted and persistent tendency to 

reduce its own force output over time. 

Modelling identifies slacking’s contribution to variability   

The frequent corrections required to mitigate slacking were then shown to contribute 

substantially to motor variability during force production. A stochastic model was developed 

that succinctly and comprehensively explained the impact of slacking correction on force 

variability. The visuomotor grip force paradigm probed force control both with and without 

slacking correction, measured during veridical and nonveridical feedback respectively. The 
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model demonstrated that the difference in force control variability between the two 

feedback types could be explained as the superposition, onto the baseline variability 

measured during nonveridical feedback, of a correction variability that was proportional to 

measured slacking rate. The model drew an instantaneous proportionality coefficient from 

a maximum entropy distribution that minimized dependence on prior information.  

The succinctness of the model lay in the straightforward adding and scaling of 

experimentally measured distributions by random variable arithmetic. The model’s 

comprehensiveness was demonstrated through its ability to completely describe the 

distribution of force control variability observed during veridical feedback trials. As such, it 

serves as a strong complement to the model developed by Moritz et al. (2005) that builds up 

a prediction of force variability from a motorneuron recruitment model, and is competent to 

explain the baseline variability observed here during nonveridical feedback trials. The two 

models together build on first principles to describe the entirety of observed force 

variability, at least during isometric force control, as the sum of neuromuscular noise and 

slacking correction, with the latter explaining a nonlinearity that had eluded prior 

identification. The strength of the present model was demonstrated by its prediction of key 

adaptations in the motor system’s balance of accuracy and efficiency. 

Modelling explains reductions in variability during targeted feedback 

For instance, in this dissertation, we demonstrated for the first time that humans can 

modulate their slacking rate as a means of quieting their force control variability. This 

discovery serves as a marked departure from previous assumptions that substantial 

reductions in variability require extensive motor learning or the coordinated recruitment of 

motor units to mitigate the inconsistent timing of their action potentials (van Beers et al., 
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2002; Stein et al., 2005). Instead, we found evidence that the motor system is tuned to 

balance slacking’s benefits for efficiency with its cost to variability. As such, slacking imparts 

a substantial overhead in force control variability that might be dramatically reduced by a 

simple retuning. We studied the accessibility of this strategy by gamifying the feedback of 

the visuomotor grip force paradigm in a manner that provided additional targeted feedback 

of participants’ force control variability. We showed that indeed the motor system’s first 

reaction to targeted feedback of its variability is to dramatically slow its slacking behavior, 

which leads to immediate, and equally dramatic reductions in variability.  

The stochastic model of variability demonstrated that retuning was accompanied by 

a shift toward making smoother corrections for slacking most of the time, at the cost of 

increasing the likelihood of substantial failure. In this context, their hesitation to correct for 

slacking helped participants reduce their variability even further, but it also led them to 

occasionally drift too far from the target to score points, which in turn prompted them to 

make extreme and highly variable corrections. Taken together, these results speak to a 

regularly employed capacity of the motor system to adapt its tuning in two fundamental 

ways: balancing accuracy with both efficiency and with reliability. During normal operation, 

slacking is given considerable license to root out unnecessary force production, even at the 

expense of doubling force variability. This balance may indeed be all the more favorable 

given that variability appears to promote motor learning and discovery of new optimal 

strategies (Wu et al., 2014). Regardless, as soon as a task requires minimizing variability, 

these tunings are rapidly adapted to comply.  
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An illustration relates variability in aging to targeted feedback 

As an example, when gripping a heavy object, the motor system would be expected to 

slack toward the minimal force capable of sustaining its grip, and would then rely on 

feedback such as slip detection to prompt regular corrections for slacking (Burstedt et al., 

1999). However, if the task featured some targeted feedback of variability, perhaps if the 

heavy object is a full cup of tea threatening to spill, the motor system would reduce slacking 

and then correct for slacking in the smoothest manner possible. But this second adaptation 

toward smoothness might cause it to miss a key correction. If the cup begins to slip as a 

result, slip detection would intervene by prompting a violent adjustment, preventing the cup 

from falling, but almost certainly sloshing tea over the edge.  

Aging might be thought of as the motor system’s ultimate cup of tea. As people age, 

elevated neuromuscular noise becomes endemic to every force they produce (Sosnoff and 

Newell, 2007), straining the optimal tunings described thus far. And this precarity is only 

compounded by the increased prevalence of neurological injuries such as stroke. In its last 

study with the visuomotor grip force paradigm, this dissertation demonstrated for the first 

time a remarkable similarity between the motor system’s adaptation to aging and the 

temporary adaptations it makes in response to targeted feedback of variability. Increasing 

motor noise implies that aging leads to an augmented visibility of force control variability 

during everyday tasks, and that success increasingly relies on minimizing motor noise. We 

show this leads specifically to a mild reduction in slacking rate in favor of reduced variability, 

and an almost identical tuning – as during targeted feedback – of the adaptation of smoothing 

variability at the expense of increasing the likelihood of failure. Surprisingly, as the motor 

system ages it prioritizes the efficiency benefits of slacking over that increased risk of failure, 
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leaving in place much of the overhead in force control variability associated with slacking 

correction. 

Force control is largely preserved following stroke 

Stroke presses many of the limitations that the motor system develops as it ages to 

even more dramatic levels. It accentuates already elevated neuromuscular noise by 

impeding the recruitment of large populations of motor units, limiting forces to be generated 

by fewer and larger accessible motor units (Gemperline et al., 1995; Hara et al., 2004). We 

found that stroke causes many quantifiable differences in tracking behavior and slacking 

within the visuomotor grip force paradigm. People with severe upper extremity impairment 

in the chronic stages of stroke exhibited a mild, flat increase in the time required to track 

forces, a dramatic elevation of motor control variability, and a greater variation in the 

amplitude of slacking that participants expressed. Nonetheless, these results should not 

detract from surprisingly preserved force control ability demonstrated by tracking times 

that were generally less than 50% longer than those of age matched controls. 

Indeed, the unification of these stroke inspired disparities speaks to the preservation 

of the fundamental tunability of the motor system in balancing efficiency and variability. 

First, slacking occurs in the same immediate fashion as before stoke. Second, its contribution 

to motor control variability follows the same pattern as for nonimpaired age-matched adults 

and for younger adults receiving targeted feedback of their variability. They exhibited only 

a reduction in scale of the relationship, likely due to increased latency in reacting to tracking 

error (Sosnoff and Newell, 2007). Finally, the variation in individual slacking expressions – 

several participants exhibited almost no slacking – coincides with the expectation that the 

participants with the greatest force control variability would need to suppress their slacking 
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to achieve the low levels of variability needed for target acquisition. Just as aging already 

emulates some of the effects of targeted feedback, so the elevated neuromuscular noise 

following stroke would substantially increase the visibility of variability (i.e. the amplitude 

of oscillation apparent on the screen) and would coopt feedback about force level into 

effectively targeted feedback about force variability (Daneault et al., 2011; Hu and Newell, 

2012). Especially participants who operated at or above the threshold of beginning to miss 

targets would then be expected to turn down their slacking to reduce variability and 

complete the task. This would imply the preservation of a vital capacity of force control.  

Stroke survivors retain the ability to operate lever drive wheelchairs 

In this dissertation, we also show for the first time as well that people with severe 

arm impairment following stroke retain enough force control with their shoulder and elbow 

to propel lever drive wheelchairs. At the time of this writing, wheelchair use is often 

encouraged during the acute phase of stroke. Stroke inpatients are often unable to walk and 

usually also lack sufficient upper extremity function to operate the pushrim of manual 

wheelchairs. They are therefore taught to ambulate using a compensatory strategy that 

relies on their ipsilesional arm and leg but leaves the contralesional side unused. In addition 

to posing the risk of developing asymmetric posture and tone that can later impede the 

recovery of walking (Ashburn and Lynch, 1988), this approach may encourage learned 

disuse of the contralesional arm. Learned disuse is a dangerous cycle in which difficulty using 

an impaired limb discourages practice, which compounds to prolong disability (Cooper et al., 

1999). The discovery that stroke survivors can operate lever drive wheelchairs in a bimanual 

fashion establishes the viability of simply replacing the manual wheelchairs used in a 

rehabilitation unit with mechanically passive lever drive chairs. These chairs could provide 
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additional upper extremity exercise with minimal therapist intervention, while also 

promoting symmetric posture and providing the same mobility as before. Lang et al. (2009) 

found that stroke inpatients achieve an average of only 32 function movements per upper 

limb therapy session. In contrast participants who used the LARA chair performed upwards 

of 600 movements during the one hour experimental session. Moreover, a parallel study of 

EMG synergy from the results of Chapter 7 analysis is providing compelling evidence that 

these motions resemble a major principal component of activities of daily living that involve 

reaching (author’s correspondence).  

Participants did exhibit altered muscle activation patterns, which both explain their 

reduced speed compared to nonimpaired age-matched controls, and which likely represent 

the same impediments they face while attempting activities of daily living based on reaching 

(Barker et al., 2009). Specifically, we found that they tend to lead the extension phase of the 

movement with activation of the trapezius (of the upper back) and the biceps (the elbow’s 

flexor). This was in contrast with controls who led with their triceps (the elbow’s extensor). 

It is encouraging however that stroke participants avoided undesirables shoulder or trunk 

movement, despite this tendency to lead force production with muscles that govern shoulder 

movement and that would assist in leveraging trunk motion (Yang et al., 2006). Moreover, 

we found that stroke patients who more nearly emulated the triceps-first timing exhibited 

by controls tended to exhibit the greatest amplitude of elbow extension. Large amplitudes of 

elbow extension, together with greater pump frequencies, were found to be strongly 

correlated with ambulation speed. These results imply that the chair provides a healthy 

environment that rewards the restoration of healthy muscle activation patterns with 

enhanced ambulation speed. The productive reward structure takes place as the chair 
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leverages stroke patients’ extant force control ability to empower independent movement, a 

process that stroke survivors indicate is highly motivating and encouraging. 

Implications 

For designs that use human force production as a control input 

First, slacking should be a major design consideration in any machine that employs 

human force production as a control input. Such designs might be prompted by the human 

motor systems’ aptitude for maintaining a memory of its force production history and for 

passing such memory through cerebral internal models to predict control outcome (McRuer 

and Jex, 1967; van Beers et al., 2002). This might facilitate the control of systems for which 

the human operator must manage high dimensionality, e.g. anything analogous to helicopter 

flight or submarine depth, or must otherwise implement control strategies on faster time 

scales than system dynamics evolve or than feedback about them becomes available.  

Unfortunately, slacking would interfere with many such designs. When an operator 

slacks, they allow their force to decay, even though they perceive their force as constant. 

Slacking therefore leads to a persistently increasing overestimation of force input. Better 

understanding of how such overestimation is recalibrated during successive force inputs 

may inform how to this mitigate this limitation. For instance, a design might use a model of 

the operator’s slacking, and their ability to recovery from slacking, to infer their control 

intention from force production.  

Systems that anticipate slacking to interpret operator intent would likely gain the 

benefit of control amplified resolution and reduced latency. During precise movements, 

especially for systems controlled by isometric force production, it would be advantageous to 
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map default slacking behavior to the default state of the system so that the operator’s force 

exhibited only neuromuscular noise, and no slacking correction. Variability can alternatively 

be reduced through filtering, but at the low frequencies of human tremor, any such filter 

would add substantial latency. Reducing variability on the human side of the interaction 

preserves short latency. 

Latency and control might be even further improved by adding haptic feedback. Such 

feedback informs the fastest available pathway of human feedback control of force 

production. Haptic feedback is used to facilitate as swift as possible human machine 

interactions, such as automobile steering that maps steering wheel impedance to threat 

detection to improve a driver’s reflexes without removing their agency. Haptic feedback 

might also provide information to the operator that can be interpreted naturalistically 

alongside their motor memory and internal modelling to build deep intuition of the system. 

A strong model of slacking would then allow the designer to augment this haptic feedback 

with an anti-slacking component that models the operator’s slacking rate and generates 

force feedback that prompts correction for slacking. Ostensibly this would be done in a 

manner orthogonal to the veridical haptic feedback the informs the operator about the 

control environment. 

For teleoperation 

Dexterous robotic arms might also be controlled by isometric force production of the 

arm that provides high degree of freedom naturalistic force input and haptic feedback. Such 

arms need not be constrained to human joint limits since the operator’s arm does not follow 

the robot’s movement. Removing operator motion also allows them to be piloted from 

confined spaces. Because slacking leads operators to overestimate their force production, it 
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must be considered during design lest this device also warp the operator’s intention. For 

instance, in a system with haptic feedback, an operator might be inclined to attempt to repeat 

a motion simply by recreating the force production they used on the previous iteration. 

However, due to slacking this might lead to a reduction in force during the second motion. 

During control of our own limbs we rely on proprioception and reliable estimates of muscle 

length to mitigate this effect of slacking during repeated motions, but people may have 

trouble developing comparable capabilities during isometric force controlled teleoperation. 

As such, designers should consider the strategies discussed above related to anti-slacking 

haptic feedback or modeling that infers operator intent despite slacking. 

For promoting relaxation of extraneous or counterproductive forces 

A growing understanding of slacking might inform means of training humans to 

deactivate muscle forces that are unnecessarily to, or that interfere with, a task being 

learned. For instance, while a stroke patient ambulates in the LARA wheelchair, extraneous 

biceps forces impede their elbow extension and prevent them from increasing their 

amplitude of lever movement. In this context, reducing unwanted biceps activity is beneficial 

both for increasing their ambulation speed, but also toward the rehabilitation goal of 

relaxing overactive flexors—stroke tends to bring all limbs in toward the body, which makes 

extension difficult. To this end, the preservation of slacking behavior after stroke is 

encouraging, in that a fundamental aspect of their force control promotes relaxation, even 

for the power grip which often exhibits excessive tone following stroke.  

How might slacking be targeted toward a learned reduction of such unwanted forces? 

One possibility is that simply rewarding slacking in an environment that enables therapeutic 

exercise will lead, over time, to motor adaption and rehabilitation of muscle synergies that 
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exclude extraneous muscle activation. The LARA wheelchair is one such device, as either 

reduced or delayed biceps activation directly facilitates elbow extension and lever 

movement. The chair also provides assistance through mechanical resonance, gravity 

cancelling, and reduced dimensionality that enables the operator to perform large doses of 

therapeutic movements while they attempt to employ these ideal synergies. Movement is 

necessary to provide feedback when such synergies occur, and likely for other reasons 

related to eliciting the neuroplasticity behind learning and rehabilitation. 

For predicting and guiding the evolution of force production  

Slacking might also be employed to facilitate motor learning outside the context of 

rehabilitation. Trial-by-trial reductions in force production have been documented in such 

contexts as reaching and walking, where each successive reach or step features reductions 

in extraneous muscle force. These reductions are often regarded as another form of slacking, 

where it is posited that some element of the motor command is reduced each iteration of a 

movement so long as sufficiently small errors occurred last time. Discovering connections 

between the real-time slacking characterized in this dissertation and these examples of trial-

by-trial slacking might inform the development of models capable of predicting the impact 

of slacking on force production during more complicated and naturalistic tasks. Such models 

might inform training methodologies, possibly involving interaction with mechanical and 

robotic devices, that more quickly reduce unwanted muscle activity. Reduced muscle activity 

might simply be a vehicle for training more optimal movements. But it also might be a step 

toward more sophisticated strategies that promote learning by placing the learner in a state 

from which continued practice involves descending a gradient, governed by slacking – and 
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possibly by targeted feedback – into a highly optimal state that normally requires 

substantially more skill development to reach. 

The present work does not provide direct evidence for the feasibility of such learning 

or rehabilitation paradigms, but it does promote a substantial shift in how force production 

is conceptualized. Simply because a human is principally disinclined to maintain any large 

force implies that from any state of coordinated force production there exists a characteristic 

direction in which that synergy of muscle activation will automatically evolve. It follows that 

were that characteristic direction predicted, it could be used to guide a person to reach a 

desired movement or synergy by first guiding them to any state that will, in this unguided 

fashion, lead to the goal. In an analogy to sliding control, whether the manifold between the 

starting and goal state is stable or unstable, moving along it may simplify the process of 

feedback driven adaptation toward the goal. 

For rehabilitation based on extant motor function 

Finally, the discovery that increasingly many elements of force control are preserved 

after stroke provides strong impetus for devices such as the LARA wheelchair. Such devices 

enable individuals to leverage extant force control to perform functional movements and 

provide motivating and empowering opportunities for therapeutic exercise, often while 

imparting some immediate functional benefit. This dissertation encourages a paradigm of 

rehabilitation engineering that seeks out further discoveries related to elements of motor 

function and force control preserved after stroke, and then designs therapeutic assistive 

devices around them that might prompt substantially increased dosage of patient-guided 

therapy, driven in large part by the boon to their self-efficacy and enhanced vision for their 

rehabilitation.  
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