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Abstract—Stroke survivors with severe upper limb (UL) 
impairment face years of therapy to recover function. Robot-
assisted therapy (RT) is increasingly used in the field for goal-
oriented rehabilitation as a means to improve UL function. To be 
used effectively for wrist and hand therapy, the current RT sys-
tems require the patient to have a minimal active range of move-
ment in the UL, and those that do not have active voluntary 
movement cannot use these systems. We have overcome this 
limitation by harnessing tongue motion to allow patients to con-
trol a robot using synchronous tongue and hand movement. This 
novel RT device combines a commercially available UL exo-
skeleton, the Hand Mentor, and our custom-designed Tongue 
Drive System as its controller. We conducted a proof-of-concept 
study on six nondisabled participants to evaluate the system 
usability and a case series on three participants with movement 
limitations from poststroke hemiparesis. Data from two stroke 
survivors indicate that for patients with chronic, moderate UL 
impairment following stroke, a 15-session training regimen 
resulted in modest decreases in impairment, with functional 
improvement and improved quality of life. The improvement 
met the standard of minimal clinically important difference for 
activities of daily living, mobility, and strength assessments.

Key words: assistive technology, exoskeleton, Hand Mentor, 
motor cortex, neuroplasticity, robot-assisted therapy, robotic 
rehabilitation, stroke, Tongue Drive System, upper-limb func-
tional recovery.

INTRODUCTION

Of the 795,000 individuals who experience a stroke 
in the United States annually, 80 percent experience 
upper limb (UL) motor impairment and 90 percent 
require long-term rehabilitation to regain movement in 
the impaired limbs [1]. Robot-assisted therapy (RT) 
shows great promise for improving voluntary UL move-
ment in people with stroke, and it has gained increasing 
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popularity in the past 15 yr [2–8]. RT incorporates key 
elements of motor learning into a treatment paradigm that 
includes highly intensive, task-specific, reproducible, and 
interactive practice. Using RT, the repetitive tasks 
required during therapy can be delegated to robots while 
the patient engages in interactive game-like user inter-
faces and the physical therapist focuses on monitoring 
progress and selecting appropriate tasks based on out-
come measures generated by the RT system.

To date, the majority of commercial RT devices for 
UL rehabilitation require people with stroke to be able to 
actively initiate hand motion in order for the device to 
help complete the movement task [3]. Consequently, 
treatment options are limited for individuals with severe 
hemiparesis, who do not possess minimum range of 
movement after a stroke [9]. Since tongue motion is often 
preserved in people with stroke because of bihemispheric 
innervation of the glossopharyngeal nucleus, one way to 
potentially overcome the current limitation of RT devices 
(i.e., the need for minimum active wrist movement) is to 
harness voluntary tongue motion to control the rehabilita-
tion robot. The proposed system in this article targets the 
unmet need of those who cannot benefit from currently 
available RTs by extending robotic rehabilitation thera-
pies to those who have severe UL impairment following 
stroke.

The tongue representation in the motor cortex pro-
vides sophisticated motor control with many degrees of 
freedom, evident in speech and ingestion	 [10]. Further-
more, the tongue can move rapidly and accurately in 
almost every direction within the oral space, and it has 
the added benefit of fatigue-resistant muscle fibers [11], 
allowing for extended periods of use. Although speech 
and language are often affected by stroke [12], survivors 
generally maintain their voluntary tongue control [13], 
which makes the tongue a potential vehicle for con-
trolling rehabilitation devices.

Further, there is extensive overlap in the cortical rep-
resentation of the hand and tongue [14]. The two regions 
have been shown to be highly interconnected function-
ally, taking part in synchronous activation during inde-
pendent hand and tongue movements [15–18]. Further 
regional interconnectivity has been observed in individu-
als suffering from phantom limb pain, who show exten-
sive cortical activity in deafferented hand representations 
when purposeful lip and mouth movements are made 
[19]. The data also suggest that extensive functional reor-
ganization occurs from the lip and mouth region to the 

deafferented hand cortex. Moreover, it has been demon-
strated that topographical alterations of the sensorimotor 
cortex can shift the motor representation of the tongue 
into the cortical region of the hand representation [20].

In this work, our aim was to increase the accessibility 
of RT to the larger stroke population by using tongue-
driven RT that does not require the user to have active 
voluntary hand movement. The rationale for this 
approach is the idea that synchronizing activities of the 
hand and tongue may result in reorganization in the pri-
mary motor cortex and Broca’s area. Prior studies have 
shown that nonverbal tongue task training can drive neu-
roplastic changes in human and nonhuman models, with 
alterations in tongue motor-evoked potentials observed 
up to 24 h after the intervention [21–22]. Bourdreau et al. 
hypothesized that these short-term changes may initiate 
and propagate the long-term neuroplastic changes 
required for structural reorganization of neural circuitry 
[21]. This evidence further supports the use of a tongue-
controlled RT since its motor learning may act as a driver 
for functional reorganization in the brain following a 
stroke [23].

Our tongue-driven RT system is the combination of a 
commercially available and Food and Drug Administra-
tion-approved rehabilitation exoskeleton, Hand Mentor 
(HM) (Motus Nova Inc; Atlanta, Georgia), and our cus-
tom-design assistive technology (AT), called the Tongue 
Drive System (TDS). The HM (Figure 1) is a robotic 
device used to improve voluntary wrist and finger exten-
sion of people with stroke [22]. An air muscle, which is a 
pneumatic actuator, provides the force necessary to 
extend the wrist and resist wrist flexion in order to 
improve active range of motion (AROM). The primary 
advantage of the HM is its consistent delivery of high-
intensity, repetitive, and longitudinally reproducible ther-
apeutic training. However, similar to other modes of 
rehabilitation, the HM requires minimal voluntary UL 
movement.

The robot controller component, TDS (Figure 2), is a 
wireless and wearable technology that provides unobtru-
sive access to the physical volitional motion of the 
tongue [24–27]. It consists of a small magnetic tracer 
(Figure 2(a)) that is temporarily attached to the tongue 
via adhesive and a wireless headset that positions an 
array of magnetic sensors on both sides of the face near 
the cheeks (Figure 2(b)). TDS can track tongue motion 
by analyzing changes in the magnetic field and then con-
verting them to a set of user-defined control commands.
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In the combined 

Figure 1.
(a) Illustration of the Hand Mentor unit and (b) actual unit used during study.

TDS-HM system, the

Figure 2.
(a) A thin string of dental floss attached to a magnetic tracer using super glue and covered with medical grade epoxy. The magnetic

tracer is covered with silicone rubber to have a soft upper surface. (b) Participant wearing a Tongue Drive System (TDS) headset

that positions an array of magnetic sensors on both sides of the face near the cheeks. The magnetic tracer is attached to the partic-

ipant’s tongue, about 1 cm back from the tip. The other end of the floss is tied to one of the two poles of the TDS headset to eliminate

any risk of swallowing or aspirating the magnetic tracer even if it is detached from the participant’s tongue during the experiment.

 TDS is con-
nected to the HM device through a USB interface so that 
movement of the tongue results in movement of the hand 
unit. The user attempts to move the paretic hand while 

using the tongue to drive motion; however, active motion 
of the wrist and hand is not necessary to drive the unit. 
The technical details of the TDS-HM design have been 
previously published [28].
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The current feasibility study was designed to deter-
mine whether the TDS-controlled HM system is a realis-
tic rehabilitation solution for patients with nonexistent or 
very limited AROM. The TDS-HM system was tested 
through a proof-of-concept study on six nondisabled par-
ticipants and three people with stroke with mild-to-mod-
erate impairment. We hypothesized that increases in 
range of motion (ROM) of the wrist affected by stroke 
would be detected following 30 h of tongue-assisted HM 
training. To the best of our knowledge, the closest 
research to the study we report here is from the Center for 
Sensory-Motor Interaction (Aalborg University, Den-
mark), which has developed a tongue-controlled AT, 
called the Tongue Control System (TCS) [29–30]. How-
ever, that research has focused on the TCS as an AT, 
while our research focuses on the applicability of the 
TDS as part of RT.

METHODS

The most successful RT interventions have been 
shown to include movements that are task-specific and 
goal-directed rather than general and nonspecific [31–
32]. Additionally, goal-directed tasks have been found to 
be engaging and challenging [33] and to allow for multiple 
attempts or repetitions [34]. These principles guided the 
development and design of the TDS-HM intervention. We 
developed a software/algorithm and a graphical user inter-
face (GUI) to enable people with stroke to control the HM 
by harnessing tongue movements. The GUI provides 
audiovisual feedback and a game-like, goal-oriented envi-
ronment to engage participants in the rehabilitation para-
digm. In this study of the TDS-HM intervention, 
participants were asked to perform the repetitive task of 
tracking a moving waveform spanning inside and outside 

the wrist AROM. Performance was measured using root 
mean square error (RMSE) between the target and actual 
wrist angles.

Study Participants
After institutional review board approval and written 

informed consent were received, six nondisabled individ-
uals (two male) with no history of neurological disorder 
and three individuals diagnosed with ischemic stroke 
(two male) were enrolled in a multiple-week robotic 
rehabilitation trial. The average time since stroke for par-
ticipants with stroke was 2 yr and 11 mo. Participants’ 
demographic information is presented in Table 1.

Experimental Design
Early stage tests of the TDS-HM system were carried 

out on six nondisabled participants during three 2 h long 
sessions over a week to determine proper functioning of 
the interface between the HM exoskeleton and the TDS 
tongue-control module. The feasibility of performing 
waveform tracking and motor learning was also tested. 
Tracking accuracy was evaluated with RMSE; when this 
shows consistent improvement over time, it can be con-
sidered a sign of motor learning by the user. Preliminary 
tests using different control modes of operation with the 
nondisabled participants demonstrated that the discrete 
mode resulted in the lowest RMSE in tracking tasks [35].

Following early stages of testing, a case series 
involving three participants with stroke was performed. 
For two of these participants, with mild-to-moderate lev-
els of impairment, the TDS-HM intervention was con-
ducted in three 2 h sessions per week for 5 wk, for a total 
of 15 sessions. For one of these participants, with AROM 
in normal limits, only six 2 h sessions were conducted.

During each 2 h session, participants first underwent 
a setup phase (attaching the 

Participant Sex
Age
(yr)

Paretic
Hand

Date of 
Injury

Time Since 
Stroke

Wolf Motor Function Test (s) Fugl-Meyer

Pre Post Pre Post
With Stroke
   1 Female 61 Right 10/26/12 35 mo 2.44 ± 2.04 2.65 ± 2.12 66 66
   2 Male 50 Right 3/13/13 30 mo 9.34 ± 12.57 6.66 ± 7.52 32 42
   3 Male 79 Left 5/16/12 40 mo 4.68 ± 5.10 4.60 ± 5.49 42 53
Nondisabled 4 Females,

2 Males
23–49 NA NA NA NA NA NA NA

TDS, attaching the HM, and 

Table 1.
Study participant demographic information.

NA = not applicable.
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positioning all devices with comfort and functionality as 
the primary aim). Participants then completed calibration 
and calibration training with the TDS to accurately set 
the TDS control system. Following this, training with the 
waveforms and modes took place. Participants completed 
three different waveforms for the discrete mode for up to 
10 min increments each waveform. Participants were 
encouraged to indicate their need for a 1 to 2 min break 
between waveforms when they required one. The interven-
tion was based on an intervention protocol used for con-
straint induced therapy [36] and for robotic therapy [37].

AROM was measured at the beginning of each ses-
sion for participants with stroke to monitor its evolution. 
We anticipated that these participants would achieve a 
positive minimal clinically important difference (MCID) 
in function as measured by the Stroke Impact Scale (SIS), 
Wolf Motor Function Test (WMFT), and Fugl-Meyer 
Motor Assessment (FMA) (as explained in the “Motor 
Assessment” section) when comparing pre- and post-
rehabilitation using the RT system.

Tongue Drive System-Hand Mentor
Figure 3 shows the functional block diagram of the 

TDS-HM system. A small magnet, the size of a lentil, 
was glued temporarily to the tip of the participant’s 
tongue. Changes in the magnetic field caused by tongue 
movement were measured by the TDS magnetic sensors 
and wirelessly delivered to a computer to be translated 
into a pair of discrete commands (up and down) using 
our sensor-signal processing algorithms [24]. At the 
same time, the actual wrist angle was measured by a 
potentiometer embedded in the HM and reported to the 
computer.

Using TDS, volunteers controlled the HM by placing 
their tongues in predefined positions within the oral cav-
ity. While receiving real-time visual feedback, partici-
pants were instructed to track one of three types of 
waveforms shown in Figure 4—(a) sinusoidal, (b) rect-
angular, and (c) triangular shape—for 5 min as accurately 
as possible with their involved hand (and the simulated 
paretic hand in nondisabled participants). Three distinct 
waveforms simulated different types of tasks that users 
may perform with their hand in daily activities, ranging 
from sudden changes (i.e., randomized rectangular wave-
form) to smooth changes (represented by a sinusoidal 
waveform) and a combination of smooth and sudden (as 
in the triangular waveform). Three types of tracking 
waveforms were used in order to avoid the boredom of 

tracking one particular waveform for a 2 h training ses-
sion. The three 

Figure 3.
Functional block diagram of the wearable Tongue Drive System 

(TDS) paired with the robotic Hand Mentor (HM). TDS and HM, 

shown on the upper left and right, respectively, are both con-

nected to a personal computer (PC). TDS magnetic sensors 

(left front [LF], left back [LB], right front [RF], and right back 

[RB]) data are translated into up and down commands using 

our sensor-signal processing (SSP) algorithms. Synchronously, 

the actual wrist angle is measured by the HM and reported to 

the PC. The software represents both the tongue position and 

wrist angle on the graphical user interface (GUI) screen, which 

is embedded in an interactive game-like biofeedback environ-

ment for the user. Reprinted by permission of American Society 

of Mechanical Engineers (ASME) Publications, New York, NY, 

September 1, 2015.

waveforms were presented in a pseudo-
random order.

Depending on the wrist position, participants could 
generate commands by either actively moving their hand 
when inside their AROM or using the TDS to control the 
HM to move their hand passively when outside their 
AROM. The range outside AROM was referred to as the 
passive ROM (PROM).

During the experiment with nondisabled participants, 
tracking was done using three different control modes: 
discrete, semiproportional, and proportional command 
[28]. Our previous work [35] led us to conclude that the 
discrete mode is the most robust control paradigm given 
the current status of the TDS-HM hardware and signal 
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processing algorithm, and therefore this was used with 
the participants with stroke.

Figure 4 shows tracking output

Figure 4.
Output and target signals for three waveforms from one nondis-

abled participant’s experiment during session 1 using discrete

command control mode.

 (black solid line) and 
target (green solid line) signals for three waveforms from 
one nondisabled participant’s trial using the discrete com-
mand control mode during session 1. The AROM and 
PROM limits are shown in this figure by blue solid and 
black dashed horizontal lines, respectively. Waveform 
tracking accuracy within the PROM was assessed as a 
measure of performance using TDS-HM technology in 
both nondisabled participants and participants with stroke.

Motor Assessment
The following assessments were conducted at vari-

ous points during the TDS-HM intervention for all partic-
ipants with stroke. ROM was recorded daily, while the 
WMFT, FMA, and the SIS were logged preintervention 
and postintervention to evaluate the preliminary efficacy 
of the rehabilitation paradigm and ensure adequate daily 
calibration of the HM device. The nondisabled partici-
pants were assessed only on daily RMSE performance.

1. ROM—Active and passive wrist extension ROM was 
measured goniometrically, as standardized by Norkin 
and White [38]. Measurements were taken preinter-
vention to establish a baseline and postintervention to 

assess change. To (1) capture the changes occurring 
throughout the total available ROM, (2) take into 
account interrater measurement error seen with gonio-
metric devices, and (3) normalize daily variability in 
PROM measures, ROM measures were also taken 
before each training session and converted to a ratio. 
This ratio was calculated by dividing the AROM for a 
given session by the average PROM over the course of 
the 15-session intervention. Scores could range from 0 
to 1, with higher scores indicating more active control 
over PROM.

2. WMFT—WMFT is a quantitative time-based method 
for evaluating UL performance while providing insight 
into joint-specific and total limb movements [39]. This 
17-item test consists of 15 functional assessments that 
measure time-based performance in normal functional 
tasks and 2 force-based tasks that assess lifting weight 
and grip strength. The functional items range in diffi-
culty, first requiring single and proximal joint motions, 
and then progressing to combined joint motions 
involving the distal limb segments used to achieve nor-
mal functional tasks such as reaching for, grasping, 
and lifting a glass. Because of the skewed distribution 
of WMFT performance times (scores ranged from 0 to 
121 s), logarithmic transformation was performed to 
normalize the data. WMFT logs were converted back 
to seconds to assist in the interpretation of the results.

3. UL portion of the FMA—FMA evaluates motor func-
tion, balance, sensation, and joint function and mea-
sures recovery in poststroke hemiplegic patients [40]. 
The UL portion of the FMA consists of 33 items that 
evaluate movement, segmental coordination, and 
reflexes for each joint of the UL. Scores range from 0 
to 66 (normal function).

4. Hand function subscale of the SIS—SIS 3.0 is a multi-
dimensional instrument to measure quality of life 
(QOL) in people with stroke [41]. The SIS contains 59 
questions in 8 domains, the first 4 of which measure a 
participant’s perception of physical ability. The hand 
subscale asks questions about how stroke has impacted 
the use of the affected hand. SIS scores range from 1 to 
5. For assessment, the SIS mean score was utilized.

Data Analysis

Root Mean Square Error
To calculate waveform tracking error, each target 

waveform was divided into blocks with approximately 
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the same length, and the RMSE of block j, RMSEj, for 
each trial was calculated using—

  
 (1)

and

 

,             (2)

where Output(i) and Target(i) are the ith values of the 
participant’s tracking output and the tracking target, 
respectively. Nj is the number of data points in block j, 
and K is the number of blocks in a given trial. The overall 
RMSE in a given trial, RMSEoverall, can be calculated 
using RMSEj, if the length of each block, Nj, is equal to N:

.         (3)

Statistical Analysis
Descriptive statistics, means, and standard deviations 

were computed for RMSE data from all nine participants 
and for clinical measures from the three participants with 
stroke. Paired t-tests were performed to evaluate the 
changes in RMSE from pre-to-post training for the non-
disabled participants. Repeated measures analyses of 
variance were performed across all training sessions for 
the participants with stroke. Post hoc least significant dif-
ferences adjustments were performed to explore all pos-
sible pairwise comparisons of means. The level of 
significance was set at p < 0.05, and all tests were two-
tailed. All data met the assumptions of the tests used to 
analyze them. SPSS version 22.0 (IBM Corporation; 
Armonk, New York) was used for the statistical analyses.

RESULTS

Nondisabled Participants
Six nondisabled individuals simulated UL impair-

ment, allowing us to test the functionality of the TDS-
HM system in terms of ease of use and robustness of the 

different modes of operation [28]. Specifically, we 
looked at whether training with TDS-HM would result in 
RMSE reduction over the course of three sessions in non-
disabled participants.

Nondisabled participant 1’s data were eliminated 
from the analyses because of the presence of audio dis-
traction in the laboratory during the experiment, which 
reduced the person’s ability to concentrate. We made sure 
that the environment was quiet for the remainder of the 
trials. AROM measurements were not analyzed since all 
of the nondisabled participants had a fully functional UL 
and increases in daily AROM were only simulated. For 
these participants, at the beginning of each session a tar-
get AROM was manually set in the software so that the 
system would switch between modes (active or passive) 
based on the AROM limits.

Among the five nondisabled participants, the RMSE 
in PROM averaged over all command modes and wave-
forms started at 5.28 ± 2.06 in session 1, dropped to 
4.17 ± 1.14 in session 2, and finally dropped to 2.83 ± 
1.17 in session 3.

There was a statistically significant decrease in 
RMSE from session 1 to session 3 (Figure 5(a), p < 
0.001). The decrease in tracking error among all nondis-
abled participants demonstrated improvement in perfor-
mance and motor learning after 3 d of training. When 
analyzed individually based on the mode of operation, 
however, only the discrete and proportional modes were 
significantly different (Figure 5(b), p < 0.001 and p = 
0.004, respectively) in terms of RMSE.

The proof-of-concept trials on nondisabled partici-
pants thus indicated that TDS-HM in PROM (when TDS 
initiates the HM robot movement) is highly robust in the 
discrete mode of control. Interestingly, when average 
RMSE was compared between modes, the discrete mode 
also showed the lowest final RMSE for each individual. 
Therefore, we used the discrete mode as the only mode of 
control in our case series experiments with people with 
stroke.

Case Series with Participants with Stroke

Stroke Participant 1
Our first participant was a 61 yr old high-functioning 

female with no UL ROM deficits. Participant 1 was 
included to evaluate the safety and the rate of learning in 
used TDS-HM for a novice poststroke participant. The 
experiment was conducted in six sessions, and no adverse 
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Figure 5. 
(a) Average root mean square error (RMSE) for passive range of motion (PROM) by session from each nondisabled participant. 

(b) RMSE for PROM by session and control mode from each nondisabled participant.
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events were reported. Analysis of the results showed that 
after five sessions of training, the 

Figure 6.
Root mean square error (RMSE) in discrete mode for passive range of motion (PROM) by session and waveform type for stroke 

participant 2.

participant achieved a 
minimum average RMSE of 4.37 ± 2.05. As expected 
based on pre- and posttraining WMFT performance, 
there was no change in UL function following use of the 
TDS-HM over the 2 wk period of intervention. Feedback 
from the participant throughout the experiment helped us 
to adjust the speed of the tracking trials and their length 
for our next two participants.

Stroke Participant 2
Our second participant was a 50 yr old male with 

moderate UL impairment (based on the preintervention 
FMA score) and limited wrist movement. Figure 6
shows RMSE in the discrete mode for PROM	by session 
and waveform types for this participant. The average 
RMSE for the discrete mode in sinusoidal waveform 
tracking showed statistically significant decreases, from 
16.50 ± 5.58 in session 1 to 7.08 ± 4.29 in session 6 (p < 
0.001) and to 2.94 ± 0.77 in session 15 (p < 0.001). This 
participant was able to perform all 15 WMFT time-based 
tasks completely during pre- and postevaluations. Pre- 
and post mean WMFT performance time decreased for 
his paretic arm, while performance time for his unin-
volved arm remained unchanged. Summed WMFT per-
formance time improved more than the previously 
validated MCID (19 s improvement) [42]. WMFT 
force-based tasks showed varied results, with grip 

strength improving and the amount of weight lifted 
remaining unchanged. FMA scores improved (higher 
numbers indicate less impairment) from pre- to posttreat-
ment more than the previously validated MCID (10 
point improvement) [43]. PROM and AROM showed 
marked increases from baseline, resulting in improved 
ratio scores. Self-reported QOL also improved, as mea-
sured by SIS dimensions of strength, mobility, and activi-
ties of daily living, beyond the previously validated 
MCID levels (9.2, 5.9, and 4.5 point improvement, 
respectively) [44]. The newly formulated physical cluster 
increased [45]; however, no validated MCID has been 
reported in the literature. Table 2 shows the outcome 
measures for this participant.

Stroke Participant 3
This participant was a 79 yr old male with poor spa-

tial awareness of his impaired UL. He had frequent small 
amplitude corrective movements for both his impaired 
hand and tongue that mimicked tremor. Figure 7 shows 
the RMSE in the discrete mode for PROM by session and 
waveform types for this participant. RMSE decreased 
significantly, from 9.76 ± 1.92 in session 1 to 7.75 ± 1.09 
in session 15 (p < 0.001). Following the TDS-HM inter-
vention, he was able to perform both the pencil lift and 
paperclip lift tasks, increasing the number of WMFT 
time-based tasks he could complete to 14 out of 15, as 
compared to his pretreatment score of 12 out of 15. Mean 
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Outcome Variable Baseline Posttreatment Change from Baseline
Paretic Limb
   WMFT Performance Time (s) 140.04 ± 12.57 99.94 ± 7.52 40.1 (28.63%)*

   Mean WMFT (s)† 9.34 ± 12.57 6.66 ± 7.52 2.67
Nonparetic Limb
   WMFT Performance Time (s) 21.91 ± 1.58 20.68 ± 0.96 1.23 (5.61%)
   Mean WMFT (s)† 1.46 ± 1.58 1.37 ± 0.96 0.082
Log Performance Time‡ 0.559 ± 0.630 0.569 ± 0.490 0.009
Weight Lifted (kg) 9.09 9.09 0.00
Grip (kg) 6.00 9.33 3.33
No. Tasks Not Completed Within 120 s 0 0 0
FMA UL Motor Score 32 42 10*

RMSE: Discrete Mode Sine Wave 16.50 ± 5.58 2.94 ± 0.77 13.56§

Range of Motion (°)
   Passive Wrist Extension (°) 56 90 34 (60.7%)
   Active Wrist Extension (°) 10 38 28 (280%)
   Ratio of Active/Passiveavg Range of Motion 0.143 0.543 0.400
SIS
   Hand Function 25 45 20*

   ADL 77.5 90.0 12.5*

   Mobility 80.56 88.89 8.33*

   Strength 56.25 68.75 12.50*

   Physical 66.07 78.57 12.50

WMFT performance timed tasks showed no change at 
posttreatment evaluation. However, the total WMFT per-
formance time improved by a clinically validated level. 
WMFT performance tasks showed varied results, with 
grip strength decreasing and weight lifted improving. At 
posttreatment assessment, FMA UL motor scores showed 
increases from pretreatment by a level greater than the 
validated MCID (10 point improvement) [43]. PROM 
and AROM had also improved at posttreatment evalua-
tion. ROM ratio scores showed slight improvements. SIS 
dimensions of hand function, strength, mobility, and 
activities of daily living improved beyond the previously 
reported MCID (17.8, 9.2, 4.5, and 5.9 point 
improvement, respectively). The newly formulated phys-
ical cluster improved; however, no validated MCID has 
been reported in the literature. Table 3 shows the out-
come measures for participant 3.

DISCUSSION

We hypothesized that the synchronous use of the 
tongue and hand in robot-assisted exercises, followed by 
a gradual reduction in tongue control, would improve 
function and QOL in people with stroke with UL impair-
ment. We first showed the successful application of the 
TDS-HM combination, a robust tongue-controlled RT 
system, in experiments performed by six nondisabled 
participants in a laboratory environment. Next, we exam-
ined application of TDS-HM with participants with 
stroke. The outcome measures from two participants with 
stroke indicated that a 15-session training regimen for 
these patients with chronic, moderate UL impairment fol-
lowing stroke resulted in modest decreases in impair-
ment, with functional improvement and improved QOL.

Table 2.
Outcome measures for stroke participant 2.

*Achieved minimally clinical important difference.
†Data in normalize log transformation utilized for subsequent analysis.
‡Performance time is converted to log10 for analysis.
§p < 0.001.
ADL = activity of daily living, FMA = Fugl-Meyer Motor Assessment, RMSE = root mean square error, SIS = Stroke Impact Scale, UL = upper limb, WMFT = 
Wolf Motor Function Test.
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The use of the HM by 

Figure 7.
Root mean square error (RMSE) in discrete mode for passive range of motion (PROM) by session and waveform type for stroke

participant 3.

itself has been shown to 
improve AROM of distal musculature at 3 to 9 mo post-
stroke [37]. A telerehabilitation study that evaluated the 
effectiveness and compliance of a home robotic therapy 
program for patients with stroke for 2 to 3 mo (VA118–
10-RP) found that participants using the HM showed 
improvements in depressive symptoms, functional inde-
pendence, and use of the UL and small (3.1%) increases 
in Total Functional Independence Measure scores. The 
participants also showed clinically significant improve-
ments in Action Reach Arm Test scores (18.7%, p = 
0.01). A recent large randomized controlled trial com-
pared the effects of the HM in combination with a home 
exercise program (HEP) with the effects of HEP alone on 
moderately impaired patients with stroke (as indicated by 
baseline FMA scores of 34.1 ± 12.1 and 33.3 ± 12.0, 
respectively) [46]. They	 found that the combination of 
HM and HEP and a dose equivalent HEP therapy alone 
were equally effective, suggesting that both traditional 
and HM augmented therapies are effective in improving 
UL outcomes. Nevertheless, the preliminary studies indi-
cate that the HM robot can be used to increase compli-
ance and facilitate UL motor recovery, and it has the 
potential to be a cost-effective rehabilitation device for 
moderately impaired patients with stroke. To date, how-
ever, the efficacy of the HM in improving UL function in 
severely impaired people with stroke has not been tested 
because of their inability to voluntarily activate wrist 
movement. Although the current study enrolled only mild 

to moderately impaired people with stroke, as indicated 
by baseline FMA scores of 32 and 42, in this feasibility 
study we combined two technologies to capitalize on 
residual motor activity in the tongue to improve the effi-
cacy of the overall HM intervention. With significant 
cortical overlap between tongue and hand [14] and the 
known tendency for cortical reorganization between 
these two regions of the brain [20], it seems reasonable to 
expect that using tongue-assisted HM control can provide 
the level of assistance needed by severely limited people 
with stroke to actively participate in this rehabilitation 
program. Further, no studies to date have utilized effec-
tive methods of objectively tracking motor performance 
improvements on a daily basis. With the inclusion of 
RMSE motor performance tracking data, we believe that 
we have found a reliable method of objectively assessing 
improvements in motor performance on a trial-by-trial 
basis.

In our study, the decrease in tracking error, as mea-
sured by RMSE, suggests that there were improvements 
in motor performance after training with the TDS-HM in 
both nondisabled participants and participants with stroke. 
Accurately tracking waveforms did not transfer into 
improved UL function in participant 1. However, the lack 
of transfer may have been due to a ceiling effect, consid-
ering UL function of participant 1 was initially high 
(FMA = 66). Participant 2 showed improvements from 
pre- to postintervention in functional performance, as 
assessed by WMFT performance times and FMA scores, 
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Outcome Variable Baseline Posttreatment Change From Baseline
Paretic Limb

416.19 ± 47.95 184.4 ± 30.26 231.79 (55.69%)*

4.68 ± 5.10 4.60 ± 5.49 0.0825
Nonparetic Limb

25.79 ± 1.43 21.55 ± 1.20 4.24 (16.44%)
1.72 ± 1.44 1.44 ± 1.20 0.28

Log Performance Time‡ 0.769 ± 0.790 0.503 ± 0.660 0.266
Weight Lifted (kg) 4.54 5.45 0.91
Grip (kg) 15.6 12.4 3.2
No. Tasks Not Completed Within 120 s 3 1 2
FMA UL Motor Score 42 53 11*

RMSE: Discrete Mode Sine Wave 9.76 ± 1.92 7.75 ± 1.09 2.01§

Range of Motion (°)
74 86 12 (16.21%)
58 62 4 (6.90%)

0.769 0.822 0.053
SIS

20 45 25*

55 75 20*

80.56 86.11 5.56*

50.00 68.75 18.75*

56.25 72.32 16.07

which were correlated with decreased tracking error. Par-
ticipant 3 also showed a significant decrease in tracking 
error and improvements in FMA and clinically relevant 
decreases in total WMFT performance time. This is con-
sistent with previous RT studies that have shown signifi-
cant improvements in objective measures following 
duration/intensity-matched traditional therapy [47–48]. In 
addition, participant 3 showed clinically relevant motor 
gains, exhibited by an increased number of WMFT timed 
tasks that could be completed in 2 min. Increases in 
WMFT timed tasks that can be completed within 2 min 
have been previously used to capture functional gains in 
motor task ability in people with stroke that would other-
wise be lost in total time scores [36]. However, as individ-
uals gain the ability to perform more complex fine motor 
skills (i.e., turning a key or picking up a pencil), total 
timed scores may increase, negatively influencing the pic-
ture of performance. Thus, capturing this objective motor 

improvement gives insight into the return of UL function-
ing that was previously lost. Improvements in AROM and 
PROM were also observed for participants 2 and 3, con-
sistent with previous findings of a positive effect in move-
ment execution and increases in AROM [49] with the 
addition of RT to stroke rehabilitation.

Our data suggest that the magnitude of improvements 
in AROM and PROM following the TDS-HM interven-
tion may be greatest for people with stroke with the least 
AROM and PROM at baseline. Calculated ROM ratios 
also suggest that the TDS-HM may improve the percent-
age of active wrist control within a given PROM. These 
preliminary data also suggest that the TDS-HM interven-
tion may elicit clinically relevant improvements in QOL 
measures across all physical dimensions of the SIS. How-
ever, the data from three people with stroke should be 
interpreted with caution because there was no comparison 

Table 3.
Outcome measures for stroke participant 3.

WMFT Performance Time (s)
Mean WMFT (s)†

WMFT Performance Time (s)
Mean WMFT (s)†

Passive Wrist Extension (°)
Active Wrist Extension (°)
Ratio of Active/Passiveavg Range of Motion

Hand Function
ADL
Mobility
Strength
Physical

*Achieved minimally clinical important difference.
†Data in normalize log transformation utilized for subsequent analysis.
‡Performance time is converted to log10.
§p < 0.001.
ADL = activity of daily living, FMA = Fugl-Meyer Motor Assessment, RMSE = root mean square error, SIS = Stroke Impact Scale, UL = upper limb, WMFT = 
Wolf Motor Function Test.
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group, limiting our ability to draw conclusions about the 
efficacy of the TDS-HM.

One limiting factor in investigating the clinical effect 
of using TDS-HM on AROM in this study was the fact 
that the participants with stroke were higher functioning 
than the intended target population for the TDS-HM 
technology in terms of UL motor impairment. A signifi-
cant knowledge gap exists as to whether participation in a 
TDS-HM intervention can improve UL function in peo-
ple with stroke with severe UL impairment. Future stud-
ies will enroll more severely impaired people with stroke.

Regardless of residual AROM, participants are 
instructed to perform the training sessions using the same 
strategy. They are instructed to engage both the tongue 
and hand to the best of their abilities to successfully exe-
cute the rehabilitation activity. Therefore, a person with 
stroke with no AROM would still be instructed to use 
synchronous hand and tongue movement. The decrease 
in RMSE demonstrated that people with stroke learned 
that task and were able to synchronously use the tongue 
and hand. Therefore, people are able to learn the task 
regardless of their level of impairment. The innate motor 
learning ability may translate to more severely impaired 
patients with stroke with no AROM.

Furthermore, the theoretical construct that underpins 
the notion that the TDS-HM will enhance functional 
recovery in more severely impaired people relies on 
interventions being designed to modulate neural activity 
in sensorimotor regions to facilitate acute changes in the 
brain. With chronic activity modulation, acute changes in 
brain signaling can begin to be transferred to propagating 
of new pathways and possibly circumventing existing 
damage [50–55]. Furthermore, arm muscles are preferen-
tially unilaterally innervated, whereas tongue muscles are 
bilaterally innervated. This is important for our work 
because even in severe strokes in which arm function is 
severely impaired, tongue muscles remain intact (unless 
it is a brainstem stroke).

Some technical considerations and limitations should 
also be noted. The discrete mode was the most robust 
mode of command (no unexpected technical challenges), 
but it is limited to up, down, and neutral motions made by 
the tongue. Using a control mode more compatible with 
human cognitive and motor processes has been shown to 
be more effective in controlling neuroprosthetic systems 
[56]. Effective matching of command signals to appropri-
ately configured device functions may enable more intui-
tive and natural control of the RT systems. Thus, further 

improvement in usability, particularly in the context of 
game-based tasks, may be achieved by changing the HM 
control mechanism from a discrete to a proportional 
mode. Proportional control will enable participants to use 
their tongue and palate similar to a finger navigating 
smoothly on a touchpad. The relative position of the 
tongue on the palate can be used to control the relative 
position of an icon in a video game (e.g., a character or 
mouse cursor). If this is applied to the current HM, par-
ticipants will be able to directly control the angular wrist 
position rather than the direction of the wrist movement 
(up-extension or down-flexion), allowing more intuitive 
control of the TDS-HM.

CONCLUSIONS

Cumulative research findings and systematic reviews 
support the efficacy of UL RT for improving motor and 
functional outcomes in people with stroke. The RT sys-
tems that are currently used, however, require the person 
with stroke to have a minimum degree of UL movement 
to operate the robot. In our approach, the flexibility and 
dexterity of the tongue and ease of access to its voluntary 
motion, made possible via the TDS technology, are 
exploited to overcome the need for voluntary movement 
in order to use existing rehabilitation robots (e.g., HM). 
This case series quantitatively evaluated the extent to 
which TDS-HM training improved function and QOL in 
terms of performance of activities of daily living as 
assessed by the WMFT, FMA, and SIS tests. Two partici-
pants with stroke with chronic, moderate UL impairment 
showed modest decreases in impairment, with functional 
improvement and improved QOL after a 15-session train-
ing program. However, to objectively assess the value of 
the TDS-HM rehabilitation paradigm in assisting patients 
with severe UL impairment (with less than 10° active 
extension of wrist and fingers), a larger clinical trial is 
needed to compare changes in level of impairment and 
health-related QOL following TDS-HM therapy with a 
therapist-supervised, dose-equivalent usual and custom-
ary care control group. In future studies, user satisfaction, 
engagement, and motivation should also be assessed, and 
neuroimaging should be used to assess the neurobiology 
of behavioral change.
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