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1.	Narrative	

Impact	of	the	Coronavirus	Pandemic	
The original project proposal, Virtual Human-Robotics Integration Testbed for Evaluating User Control 
Methods and Training for A Supernumerary Robotic Limb, was adversely affected by the Coronavirus 
Pandemic. The University of California Davis campus shut down in March and curtailed any non-critical, 
non-clinical human subject testing. My research groups have not resumed human subject testing or 
sustained activities on campus; our department remains remote.  

My advisors and I needed to make a decision on a path forward to limit the impact to my graduation target 
date. We decided to focus on turning a conference paper into a journal article, devising a new project 
from pre-existing human subject data, and building testbed infrastructure for limited pilot studies. In 
addition to limiting our ability to conduct subject testing, the pandemic also delayed procurement of 
resources for the testbed. As a result, we have a deeper understanding of the study conducted in the 
beginning of the Link Fellowship and aim to set up other researchers to take the pilot studies forward. The 
focus of the completed work lays in human-automation interaction, however the pilot studies will address 
human-robotics integration. 

Introduction	
In a complex work environment, an operational challenge may be controlling the multitude of 
independent objects that are required for a manual task and/or object manipulation, such as experienced 
by astronauts, surgeons, underwater operations, manufacturing etc. One possible option is the 
enhancement of the person’s capabilities through a robotic supernumerary limb (Figure 1). The idea has 
already been implemented in a limited application, where the United States Army Research Laboratory 
developed a passive limb to aid soldiers in weapon carrying and stabilization[1]. Researchers are also 
creating supernumerary robots. Parietti, et al. [2] designed the Supernumerary Robotics Limbs to address 
aircraft manufacturing challenges by assisting workers with object positioning and task assistance. Others 
have used the robotic supernumerary limb as a third arm to simultaneously draw or play instruments in 
coordination with the natural arms [3]. However, the ability to control an assistive robot arm while 
simultaneously using both natural arms for tasks has not been well studied. 

There are several options for a control input to the assistive robot arm, and we are particularly interested 
in extending the neuromuscular connection beyond the natural limbs and to the robot through surface 
electromyography (sEMG). Electrical signals produced by muscles are recorded at the skin’s surface and 
used to communicate the human’s intent. The human learns to produce a particular muscle contraction 
pattern that corresponds to predetermined action. Prior work in RASCAL (Robotics, Autonomous Systems, 
and Controls Laboratory) has used sEMG to control a computer cursor [4-6], teleoperate a mobile robot 
[7], and a simulated prosthetic arm [8, 9]. We wanted to extend our single-site sEMG control method that 
used a single muscle for 2 commands [6] to 4-6 commands for an assistive robot arm. However, we did 
not know the effect of increasing the number of commands on subject learning, training time, proficiency, 
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or any interactions factors, such as perceived cognitive workload and trust. Over the course of the Link 
Fellowship, and accounting for the pandemic-induced changes, the objectives were: 

1. Study 1: Evaluate the sEMG control method with increased DOFs prior to significant investment 
in a more complicated, robotic research testbed through a cursor-to-target task. Study the effects 
of different training methodologies on performance, perceived cognitive workload, and trust. 

2. Study 2: Determine whether applying machine learning algorithms to the control method would 
aid in subject performance. 

3. Study 3: Setup the hardware and software for a virtual Human-Robotics Integration testbed to 
conduct limited pilot studies.  

 

Fig. 1    Human with shoulder-mounted supernumerary robot for assistance during overhead task [10]. 

At the time of this report, the first objective has been completed with the other two objectives in progress. 
In Study 1, we hypothesized that varying training methodologies would affect the subjects’ performance, 
perceived cognitive workload, and trust in different ways. However, we generally expected all subjects to 
have similar results by the end of the study when they were sufficiently trained. A more detailed 
explanation of the hypotheses is available in Ref. [11].  

Results	
Study 1 sought to elucidate the relationship between performance, perceived cognitive workload, and 
trust for various training methodologies during a Fitts’s Law style cursor-to-target task. We divided 48 
subjects into 4 groups (N = 12) and assigned each group one training methodology: Control, Concurrent 
Feedback, Terminal Feedback, and Adaptive Threshold. The training methodology was used to teach the 
subjects how to produce sEMG commands to move a cursor on a computer screen to hit a target (see Fig. 
2). The Control group learned by rote repetition, the Concurrent Feedback group received visual 
information about their sEMG signal while trying to produce commands, the Terminal Feedback group 
received visual command confirmation after finishing the sEMG input, and the Adaptive Threshold group 
did not receive any additional visual information, but had to learn to adapt to changing command input 
dynamics. The Adaptive Threshold group methodology was based on motor learning and adaptation 
literature [5]. The groups trained for 120 trials with one target per trial, then the subjects performed 40 
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trials without any training assistance. The subjects learned to produce a serial pattern of short and long 
muscle contractions that corresponded to the four commands of “up”, “down”, “left” and “right”. For 
example, two short pulses selected the “up” command. The metrics used in this study included command 
accuracy, percent of successful trials, trial completion time, throughput, trust, and perceived cognitive 
workload. 

 

Fig. 2    Reproduced from Ref. [11]. “Cursor interfaces for a) the Control and Adaptive Threshold, b) 
Concurrent Feedback and c) Terminal Feedback groups (not to scale). The feedback displayed in c) indicates the 

‘up’ command. Concurrent Feedback and Terminal Feedback groups see their respective displays when the 
feedback is activated, otherwise like a)” [11]. The target is shown in green and the cursor is nominally black, 

except for when feedback is presented for the Concurrent Feedback group. 

The results indicated that the Concurrent and Terminal Feedback groups benefited from earlier 
performance gains (Fig. 3), higher levels of trust, and lower perceived cognitive workload. The Control and 
Adaptive Threshold group made gradual improvements during training. One notable exception occurred 
for perceived cognitive workload, where the Adaptive Threshold group maintained higher scores during 
training likely due to the increased effort of adapting to changing command input dynamics (Fig. 4). 
However, the groups had no significant differences post-training across the metrics indicating that 1) the 
training period was a sufficient duration for all groups to have a similar proficiency, and 2) the groups 
were not dependent on the training assistance to perform the task. The command accuracy, or the ability 
of the subjects to produce the target command, improved from before training to after training. A more 
in-depth analysis and discussion is presented in Ref. [11]. 

 

Fig. 3    Reproduced from Ref. [11]. “Percent success by block across groups. The vertical dashed line 
represents the transition from the training phase to the retention one. Error bars shown are the standard error 

of the mean” [11]. A Block consists of 10 trials. 
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Fig. 4    Reproduced from Ref. [11]. “Modified Bedford Workload Score [12] by block across groups. The 

vertical dashed line represents the transition from the training phase to the retention one. Error bars shown are 
the standard error of the mean.” [11]. A Block consists of 10 trials. 

The results from Study 1 were first presented at the 2019 AIAA SciTech conference as a technical paper 
[11]. We have subsequently augmented the analysis to submit a revised version for consideration as a 
journal publication. The additional analysis includes information on path efficiency (i.e. the path traveled 
by the cursor compared to an optimal one), average command amplitude or effort, and the time to 
produce a command.  

Due to restrictions on human subject testing, we decided to continue exploring this dataset in Study 2. 
The original sEMG command system in Study 1 relies on the subject to produce serial muscle contractions 
that need to adhere to predetermined durations to be classified as commands. At the end of Study 1, 
subjects accurately performed commands 67% of the time (averaged across all subjects). From the Study 
2 analysis, we have learned that refining the sEMG command system by incorporating machine learning 
can improve subject performance. We plan to publish the results in a future conference. 

Study 3 aims to build the infrastructure needed for the Human-Robotics Integration testbed and conduct 
limited pilot studies with research group members. We were able to purchase components to build two, 
high performance desktops to run the simulation studies; the desktop builds were completed in August 
2020. Several research groups members will use the desktops to conduct other projects related to human-
robot interaction, collaboration, and/or autonomy. We agreed on a common software architecture that 
implements Docker for improved development flexibility and portability (see Fig. 5). The simulation is 
under active development and has the base functionality, but not the software for the specifics of the 
pilot studies (e.g. the pilot study task object). The architecture can also accommodate remote testing but 
is not applicable for the pilot studies that use sEMG because remote subjects would not have access to 
the sEMG equipment. Future work includes task-specific software development for the pilot studies and 
testing with research group members. 
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Fig. 5    Software architecture for all human-robot simulation projects. The selected robot is the 
Universal Robots UR5e with a Robotiq wrist camera and 2 finger end effector. Project specific 

containers would include and build on the Robot and ROS base containers. Diagram courtesy of Jason 
Dekarske. 

Significance	and	impact	
The results from Study 1 provided valuable information on training methodologies and their trade-offs 
that can be used to refine the experimental design for Human-Robotic Integration studies. The Concurrent 
Feedback training methodology showed early performance improvements with decreased perceived 
cognition workload and increased trust, and these effects were retained when the training assistance was 
removed. It is important to understand the effects of perceived cognitive workload and trust, otherwise 
a subject may become frustrated and limit use of the system. The sEMG control method appears to be 
expandable to more commands and subjects can be trained efficiently. In the more complicated system 
with the robot, efficient training will be beneficial for keeping the study duration reasonable. The focus of 
the study can shift from the subject learning commands to how the subject uses the commands and 
interacts with the robot. We learned that the sEMG control method is expandable, how to efficiently train 
subjects, and that our sEMG control method may benefit from machine learning. The results from these 
studies help build towards humans using a supernumerary robotic limb.  

The work done in Study 2 has generated some interesting results that we would like to see pursued with 
future students. The sEMG control method was originally designed to remain constant and only the 
subject learned. However, there may be a benefit to allowing the machine-side to learn and adapt to the 
subject. A future study could investigate the effects of concurrent adaption by the subject and machine. 
In terms of Study 3, we expect the work will continue past the pilot study with more subjects recruited 
from outside of the research group. The general framework developed in support of Study 3 will continue 
to support other robot-related projects. 

Where	might	this	lead?	
The emerging field of Supernumerary Robots has the potential to change the way humans operate by 
providing additional robotic limbs that are an extension of the body, as opposed to a separate agent. 
Researchers have developed them for various tasks, such as body bracing [13], overhead tasks [14], grasp 
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assistance [15], and manipulation [16]. In addition to what assistance supernumerary robots can provide, 
researchers are also investigating the control and integration aspects. Supernumerary robots present a 
new way of interacting with the world and the human control and integration should be thoroughly 
studied. There may be several control methods that work well depending on the situation. Supernumerary 
robots are initially likely to have limited applications or abilities but increase in capability as the research 
field matures. 

2.	How	did	the	fellowship	make	a	difference?	
The Link Foundation Fellowship enabled me to pursue my dissertation research interests full time and 
gave me the freedom to pursue interesting research leads. I had always planned to test the expansion of 
the sEMG control method, and the Link Foundation Fellowship made it easier to alter my study design 
and take advantage of a collaboration opportunity that resulted in Study 1. The work from Study 1 was 
accepted, presented, and published through the AIAA SciTech conference (2020). The Fellowship funding 
has also allowed me to spend time converting that conference paper to a journal article submission. I have 
also been able to continue exploring the Study 1 dataset to learn more about improving the sEMG control 
method, which I plan to publish in a future conference. The Fellowship provided the resources for me to 
make progress on my dissertation research, and I appreciate the support. 

3.	Future	Plans		
I am continuing to progress on my dissertation research and plan to finish between December 2020 and 
March 2020. In terms of my revised objectives, I plan to publish the results of Study 2 and complete the 
setup and pilot testing for Study 3. I expect to leave the research groups with two testbeds, one with 
cursor control tasks and the other with robot manipulation tasks. Following graduation, I would like to 
work in aerospace and/or robotics. 

4.	Publications,	Presentations,	and	Other	Outputs	
Completed: 

• O'Meara, Sarah M., et al. "The Effects of Training Methodology on Performance, Workload, and 
Trust During Human Learning of a Computer-Based Task." AIAA Scitech 2020 Forum. 2020. 

 
In Progress: 

• O’Meara, Sarah M., et al. “Effects of Augmented Feedback and Motor Learning Adaptation on 
Human-Automation Interaction Factors.” (Planned submission in October 2020 to AIAA Journal of 
Aerospace Information Systems). 

 
Intended:  

• Conference paper on results of Study 2 
• Dissertation and exit presentation 
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