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How to Challenge Patients During Gait
Training: The Effect of Immersive
Virtual Reality on the Gait Pattern
in People Post-stroke

E. De Keersmaecker, D. Rodriguez-Cianca, B. Serrien, B. Jansen,
C. Rodriguez-Guerrero, E. Kerckhofs, and E. Swinnen

Abstract Virtual reality (VR) during gait training in people post-stroke can offer
added value by providing a task-specific training in more interactive and motivating
environments. Nevertheless, scarce research has been presented concerning more
detailed information about the influence immersive VR has on the gait pattern of
stroke survivors. This exploratory study was conducted to examine the effect of
walking with immersive VR on the gait pattern while walking on a self-paced tread-
mill in people post-stroke. Spatiotemporal gait parameters (i.e. walking speed, stride
time, step width, step length) and gait variability measures of stride time, ankle, knee
and hip range of motion were analyzed. Our preliminary results suggest that walking
with immersive VR can positively influence spatiotemporal gait parameters. The
addition of VR introduced less step-by-step variability in joint kinematics in both
patients. More research with a larger sample size is necessary.
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1 Introduction

Post-stroke gait rehabilitation remains a major clinical challenge. Two-thirds of all
stroke survivors suffer from walking impairments, causing them to experience a
decrease in activities of daily living, level of participation and quality of life [1].
In order to improve these walking impairments, patients need to be provided with
a high-intensive, repetitive and task-specific rehabilitation [2]. Treadmill training is
an example of a repetitive and task-specific gait training and has the potential to
enhance neural plasticity—the ability to create permanent structural and functional
changes of the brain and spinal cord—which is vital to trigger the learning process
of the sensorimotor system [3].

The downside of treadmill training is that it can quickly becomemonotonous. Due
to the repetitive movements associated with treadmill training and the monotonous
practice environments, patients can lose their interest and become demotivated for
their gait training [4]. Virtual reality (VR) has been proposed as a new tool to increase
relevant concepts of neural plasticity by providing gait training in more interactive
and motivating environments [3]. Up to now only limited trials focused on the use
of VR to improve the walking ability of people post-stroke and enhance their gait
training. Nevertheless, positive results have been reported when combining VR and
gait training [5]. However, despite these positive effects, a more detailed picture of
how VR influences the gait pattern in people post-stroke is still lacking. Knowing
specifically how VR influences the gait pattern, could potentially enlarge its effect.

In this exploratory study,we investigated the effect of immersiveVRon spatiotem-
poral gait parameters and gait variability while walking on a self-paced treadmill in
people post-stroke.

Table 1 Patients characteristics

Patient 1 Patient 2

Gender Male Male

Age (years) 60 55

Stroke onset (months) 115 33

Paretic side Left Right

FAC (/5) 4 4

Body mass (kg) 100 85

Body height (cm) 166 191
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2 Materials and Methods

2.1 Participants

Two chronic stroke survivors participated in the study. Inclusion criteria were stroke
onset ≥6 months, ambulatory with an impaired gait pattern (Functional Ambulation
Categories (FAC) 2, 3 or 4), able to walk on a treadmill for at least 20 min without
bodyweight support, a body height between 155 and 200 cm (limitation is due to
the design of the treadmill system) and able to signal pain, fear and discomfort.
The protocol was approved by the Ethics Committee of the University of Brussels
(B.U.N. 143201939043) and written consent was obtained prior to participation.
Patients characteristics are presented in Table 1.

2.2 Materials and Procedure

The experimental setup contained a head-mounted display ‘Oculus Rift’ (Oculus
Rift, USA) to provide a fully immersive VR, a 10-camera motion capture system
by Vicon (Vicon Motion Systems, USA) and a self-paced treadmill. The treadmill
has a total of two 6 axis force sensors connected to each side of the human user’s
pelvis through a ball joint that support a harness. The treadmill’s speed is controlled
in real time based on the measured interaction forces between the patient and the
harness caused by the natural dynamic displacement of the user’s center of mass
during walking.

Both patients had to walk two times on the self-paced treadmill for 22 min under
2 conditions: without the VR and while being immersed in a virtual environment (a
park outside). Both conditions were carried out on separate days.

Twenty-one minutes of continuous kinematic marker data of the lower limbs
were acquired by Vicon Nexus software (Vicon Motion Systems, USA) and used for
analysis (the first minute of each trial was not used). Spatiotemporal gait parameters
(walking speed, stride time, step width, step length) and sagittal angular range of
motion (ROM) of ankle, knee and hip joints were calculated in Python 3.7 (Anaconda
Inc., USA). For each outcome, we additionally calculated step-by-step variability by
the coefficient of variation (CV) and Sample Entropy (SampEn). CV is a linear
measure that quantifies the amount of step-by-step variability, whereas SampEn is
a non-linear measure and quantifies the structure of the variability. Lower levels of
SampEn would indicate that the data is more predictable, more regular, less complex
and less adaptive [6].
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Table 2 Mean (SD) values for walking speed, stride time, step width, step length and variability
in stride time, ankle, knee and hip ROM

Gait parameter Patient 1 Patient 2

Non-VR VR Non-VR VR

Walking speed
(m/sec)

0.42 (0.10) 0.45 (0.11) 0.36 (0.08) 0.46 (0.11)

Stride time (sec) 1.8 (0.04) 1.7 (0.1) 2.0 (0.1) 1.8 (0.1)

Step width (cm) 29.8 (1.2) 26.4 (0.9) 18.2 (1.1) 18.6 (1.3)

Step length (cm)
(paretic/nonparetic)

34.5 (1.6)/35.2
(2.4)

35.7 (1.9)/36.0
(2.2)

43.6 (2.5)/22.5
(3.1)

49.3 (3.3)/31.3
(2.8)

Stride time variability (paretic/nonparetic)

%CV 3.2/3.1 4.1/3.9 5.0/5.0 3.7/4.0

SampEn 1.8/1.8 1.7/1.6 2.2/2.2 2.0/2.2

Gait variability—ankle (paretic/nonparetic)

%CV 10.2/7.3 10.3/6.4 10.1/14.5 8.4/8.0

SampEn 1.9/2.0 1.8/2.0 2.0/2.0 2.1/1.9

Gait variability—knee (paretic/nonparetic)

%CV 6.9/3.2 6.9/3.3 15.5/5.6 11.2/3.3

SampEn 1.9/2.1 1.7/2.0 2.1/1.9 2.1/2.0

Gait variability—hip (paretic/nonparetic)

%CV 9.1/6.9 6.9/4.4 14.4/8.0 13.4/5.7

SampEn 1.7/1.8 1.8/2.0 2.0/1.5 1.9/1.5

3 Results

Mean (SD) values for walking speed, stride time, step width, step length and vari-
ability in stride time, ankle, knee and hip ROM can be found in Table 2. Both patients
walked faster with longer step lengths in both the paretic and nonparetic leg and with
shorter stride times in the VR condition. Patient 1 took more narrow steps, while
patient 2 slightly broadened his step width when being immersed in the virtual envi-
ronment. For gait variability, differences between the non-VR andVR conditionwere
also obtained. The VR condition elicited lower CV values for the ankle, knee and
hip ROM than the non-VR condition in both patients. For stride time variability, the
VR condition exhibited higher CV values in patient 1 and lower CV values in patient
2. Minor to no changes were observed in SampEn values between the non-VR and
VR condition in both patients.
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4 Discussion and Conclusion

It can be concluded that walking with immersive VR led to positive changes in
walking speed and spatiotemporal gait parameters of both patients. However, the
addition of immersive VR introduced less step-by-step variability in joint kinematics
in both patients. The amount of variability was decreased in magnitude (freezing the
degrees of freedom), but the structure of the variability did not change. Literature
regarding the effect of VR on spatiotemporal gait parameters and gait variability is
scarce, especially within the neurological population. Our preliminary data of the
two patients suggest that VR can influence the gait pattern and gait variability in
people post-stroke. The results should be further investigated with a larger sample
size.
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Automatic Versus Manual Tuning
of Robot-Assisted Gait Training

C. Bayón, S. S. Fricke, H. van der Kooij, and E. H. F. van Asseldonk

Abstract Robot-assisted gait training (RAGT) is a promising rehabilitation tech-
nique that is increasingly used in the clinic to improve walking ability after a neuro-
logical disorder. The effectiveness of RAGT might depend on the customization of
the robotic therapy, which in most of the cases is done either manually by the clinical
practitioner (MT) or by adaptive controllers developed to automatically adjust the
assistance (AT). In this contribution we present a comparison of automatic versus
manual tuning of RAGT, where we assessed the differences in the adjustment of
the therapy for ten participants with neurological disorders (six stroke, four spinal
cord injury). The AT approach reached stable assistance levels quicker than the MT
approach. Moreover, the AT ensured a good performance for all subtasks of walking
with lower assistance levels than the MT. Future clinical trials need to be performed
to show whether these apparent advantages result in better clinical outcomes.

1 Introduction

In clinical practice, robot-assisted gait training (RAGT) is used to provide inten-
sive, repetitive and task-specific training, while it also contributes to reduce physical
load for therapists [1]. The amount of robotic assistance provided during RAGT is
frequently manually chosen by the practitioner (MT). This leads to outcomes that
can be influenced by subjective decisions, and assistance tuning may become a time-
consuming task. In the last years, automatic algorithms have been developed with
the aim to objectively and quickly tune the assistance (AT) and properly tailor the
therapy to patient’s capabilities [2, 3]. In this contribution we present the main results
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of an exploratory study [4] where we compare the MT and AT approaches by using
the LOPES II gait trainer.

2 Materials and Methods

2.1 Robotic Device

The LOPES II gait trainer is a treadmill-based rehabilitation device with eight actu-
ated degrees of freedom for the hips, knees and pelvis to guide the lower limbs
following prescribed gait patterns. The robotic assistance provided by the device can
be classified into seven subtasks of walking (i.e. weight shift, lateral foot placement,
leading limb angle, trailing limb angle, prepositioning, stability during stance and
foot clearance). For each of those subtasks, the assistance can be tuned from 0 to
100%.

2.2 Tuning of the Robotic Assistance

In both approaches (MT and AT) the subtask-based assistance could be adjusted
individually and separately for each leg in steps of 10%.

For the MT, an intuitive user interface was used by an experienced therapist. The
subtasks could be coupled or decoupled for the adjustments, allowing simultaneous
changes in assistance for the coupled subtasks. Visual feedback about the user’s
performance with respect to the reference gait pattern was provided for each subtask
to the physical therapist.

For theAT, the algorithm described in [2] was used. It tuned the assistance by eval-
uating deviations of the measured joint angles from the reference pattern at specific
key points of the gait cycle (e.g. max. knee flexion). Each key point corresponded to
one particular subtask of walking.

2.3 Experimental Protocol

Six stroke survivors (STR) and four personswith incomplete spinal cord injury (SCI),
all in chronic phase (>6 months after injury), took part in this study. Experiments
were approved by the local ethical committee (METCTwente), and participants gave
written informed consent prior participation.

The experiment consisted of two sessions: familiarization and experimental
session. The familiarization session was used to practice walking in the LOPES
II and to set the preferred walking speed and partial body weight support (PBWS)
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Fig. 1 Subtask-based assistance tuning for the most impaired leg of one of the SCI subjects in
MTvar and ATvar trials. PBWSwas not tuned, but measured, and it varied due to the use of handrails

for each participant. In the experimental session, these parameters were used while
assessing theMT and AT approaches in four trials: MTvar, MTconst, ATvar and ATconst.
For the “var” trials, the assistances were tuned for each subtask, either by the physical
therapist (MTvar) or by the automatic algorithm (ATvar). For the “const” trials, the
robotic assistances were kept constant at the levels found during the tuning, and the
participants walked for 3 min with these levels.

2.4 Assessment

To analyze differences between the MT and AT approach, we focused on several
aspects: time to reach stable assistance levels (difference to final level <10% for all
subtasks), final amount of assistance, errors with respect to the reference pattern at
final amount of assistance, and participants’ preferences.

3 Results

On average, a stable assistance level was reached more quickly for ATvar (110 ±
54 s) than for MTvar (279 ± 120 s). Figure 1 shows as an example how the robotic
assistance was tuned for the different subtasks in ATvar and MTvar, for one of the SCI
participants.

The amount of final robotic assistancewas higher for theMT approach than for the
AT approach in 53 of 70 cases (70 cases= 7 subtasks · 10 participants), see Fig. 2 as
an example. Remarkably, although often less assistance was applied for ATconst than
for MTconst, the largest errors of up to 20° of deviation from the reference trajectory
were found for MTconst (Fig. 2).
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Participants did not report any clear preference of one approach over the other
regarding safety, comfort, effect and amount of assistance.

4 Discussion and Conclusion

The AT approach had several advantages compared to the MT approach, from which
we highlight: (1) quicker tuning to stable assistance levels, (2) lower assistance levels
reached, (3) good performance for all subtaskswith respect to reference patterns. This
AT algorithm [2]may be easily transferred to other robotic trainers that use kinematic
references in their control.

The therapist often providedhigher assistances than theATalgorithm,which could
mean that the MT approach is not that good in enhancing the active participation of
the patient. One of the reasons for that might be that the therapist acted on the safe
side, by trying to prevent possible problems as stumbling or exhaustion. Although
he could use the user interface to see the participant’s performance respect to the
reference trajectories for all subtasks, he mainly relied on visual assessment of the
gait pattern when tuning the assistance. This could be an indication that the therapist
tried to reach an acceptable walking pattern rather than to decrease deviations from
reference trajectories.

Although it is not known which combination would work best, we believe that a
combination of AT and MT subtask-based assistance could be beneficial for future
RAGT as it would take into account therapist’s knowledge but also the advantages
of the AT algorithm.



Automatic Versus Manual Tuning of Robot-Assisted Gait Training 13

Fig. 2 Assistances (bars) and errors (circles) for all subtasks with respect to the reference pattern
in the more impaired leg for one STR and one SCI subjects, in MTconst and ATconst
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Six weeks Use of a Wearable Soft-robotic
Glove During ADL: Preliminary Results
of Ongoing Clinical Study
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Abstract In this ongoing study, an assistive wearable soft-robotic glove, named
Carbonhand, is tested at home for 6 weeks by subjects with decreased handgrip
strength to receive a first insight in the therapeutic effect of using this assistive grip-
supporting glove duringADLs. Preliminary results of the first 13 participants showed
that participants appreciated use of the glove to assist them with daily life activities.
Evenmore, grip strengthwithout glove improved and functional performance showed
increases as well. These preliminary findings hold promise for observing a clinical
effect of using the soft-robotic glove as assistance in ADLs upon completion of data
collection.
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1 Introduction

Hand function is very important to perform activities of daily living (ADLs). One of
the most common problems concerning hand function is a decrease in hand strength,
which occurs across awide range of disorders. Specifically, peoplewith reduced hand
function often have difficulties with holding and manipulating objects, subsequently
leading to difficulties with independently performing ADLs [1]. These limitations
can have a negative effect on their participation in society or on quality of life [2].
Wearable robotics seem a promising approach to enable direct support of motor
function for prolonged periods in the home environment of patients. With a wearable
assistive device, performance of functional activities are supported directly, while
it is hypothesized that using the affected arm and hand repeatedly during ADLs
provides intensive and task-specific training at the same time. This might result in
improved unsupported arm and hand function after prolonged use. In the present
study, the aim was to investigate if six weeks home-use of an assistive soft-robotic
glove during ADLs resulted in a therapeutic (i.e. clinical) effect on hand strength
and hand function.

2 Methods

2.1 Study Design

This ongoing study consists of a multicenter uncontrolled intervention study and
takes place in seven centers in the Netherlands. All participants will be assessed five
times, consisting of three pre-evaluations, a post- and follow-up evaluation.

Fig. 1 Carbonhand system
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2.2 Participants

The aim is to include 63 chronic patients with decreased handgrip strength. Subjects
with a wide variety of disorders are included, such as traumatic brain injury, spinal
cord injury, orthopaedic problems or a stroke, but all in a chronic and stable phase
of disease. Main inclusion criteria are: at least 10° active extension of wrist/fingers
and 10° active flexion of fingers. Main exclusion criteria are: severe acute pain of
the most-affected hand, severe contractures limiting passive range of motion, severe
spasticity of the hand and receiving arm-/hand function therapy during the course of
the study. The study is approved by the Medical Ethical Committee of Twente and
the Dutch Health Inspectorate. All participants signed an informed consent prior to
study start.

2.3 Intervention

The soft-robotic glove was manually adjusted to each individual participant. All
participants used the soft-robotic glove during ADLs at home for six weeks. Partici-
pants were free to choose for which activities, when and for how long they used the
system.However, it was recommended to use the glove at least 180min aweek during
the most common ADLs, such eating/drinking, functional transfers and personal
hygiene.

2.4 Soft-robotic Glove

The Carbonhand system (Fig. 1) is based on the concept of a wearable soft-robotic
glove that can provide extra grip strength to the thumb, middle and ring finger. A
tendon-driven mechanism in the system is used to provide assistance in flexion of the
fingers. The amount of assistance is modulated by pressure sensors in the fingertips
and movement sensors along the fingers. The extra grip strength is always activated
in a natural and intuitive way and in proportion to the force applied by the user due to
an intention-detection mechanism. Glove settings (e.g. maximum force, sensitivity
level) can be tuned for each individual.

2.5 Study Procedure

All involved therapists received an extensive training prior to the study in order to
adapt the soft-robotic glove and its settings to each individual participant and to
standardize the execution of the measurements across centers. Three pre-evaluations
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Fig. 2 Change in grip
strength (kg) over time

(T0, T1 and T2) were scheduled in three weeks for each participant. After the third
assessment, the intervention period started, in which the participant used the soft-
robotic glove at home for a period of sixweeks.After ending the intervention period, a
post-evaluation (T3) took place. Four weeks after the intervention period a follow-up
evaluation (T4) was scheduled.

2.6 Outcome Measures

To examine the therapeutic effect of the soft-robotic glove, all tests were performed
without using the glove. The primary outcomemeasure of the studywas grip strength
of the (most) affected hand, measured with the Jamar dynamometer (Patterson
medical, Warrenville, IL, USA). A selection of secondary outcome measures is
presented here: Jebson-Taylor Hand Function Test (JTHFT) and user experience,
measured by self-reported grading (1–10) of ease of donning, ease of use and support
from glove.

2.7 Data Analysis

Data was analysed using IBM SPSS Statistics (v23.0). A baseline value was calcu-
lated as the mean of the three pre-evaluation values, to average out day-to-day
changes. Data was inspected for normality using normal probability plots and
Kolmogorov-Smirnov tests. In order to assess the effect of the intervention over
time, and because of the preliminary character of the study, paired-samples t-tests
were performed between evaluation sessions. Descriptive analysis were performed
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for participant characteristics and user experience ratings. The significance level was
set at 0.05.

3 Results

3.1 Participants

Of the 13 participants included so far, nine (69%) were female. Mean age was
53 years (range 36–75 years; SD 12 years). Mean time after injury was 5.8 years
(range 9 months-24 years; SD 7.8 years). The most prevalent causes of hand func-
tion limitations were trauma (46%) and rheumatoid arthritis (23%), followed by
osteoarthritis, juvenile idiopathic arthritis, neuropathy and amyloidosis (each 8%).
All but one participant had their right hand affected (most), whichwas their dominant
hand. Data were missing for grip strength (T4) from two and for user experience (T3)
from one participant.

3.2 Outcome Measures

Grip strength improved significantly from baseline (mean 20.4 kg; SD 10.8; indi-
cating stable phase pre-intervention, see Fig. 2) to post-intervention (mean 23.4 kg;
SD 11.8) with 3 kg (SD 4.7; p = 0.038). JTHFT did not change significantly, but
showed a trend of improved performance after intervention. Performance was faster
by 5.0 s (SD 8.7) from baseline to post intervention (p = 0.074) and 6.1 s (SD 10.7)
from baseline to follow-up (p = 0.087). User experience grades were positive, with
a mean grade of 8.3 for ease of donning (SD 1.1) and 7.3 for both ease of use and
support from glove (SD 1.5 and 2.0, resp.).

4 Discussion

The goal of the present study was to explore first outcomes of a therapeutic effect
of a soft-robotic glove on grip strength in patients with hand function problems,
after using the glove for six weeks during ADLs. Findings of the first 13 participants
showed that grip strength improved and hand function also tended to increase. The
improvement in JTHFT performance from baseline to follow-up reached the level
of its minimal clinically important difference (6 s faster execution of total test),
indicating that at least a portion of the participants achieved a more functional task
performance.
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In addition, a high grade for donning the glove was found, which is often consid-
ered a bottleneck in use of hand devices. This implies that use of this soft-robotic
glove at home is feasible, without users requiring help from a spouse or family
member to start using the glove in their daily life.

However, the current statistics should be interpreted with caution, due to the
underpowered sample and the lack of correction for multiple testing in this ongoing
study.

5 Conclusion

The findings at the current stage of this ongoing study, with 21% of needed partici-
pants, hold promise for observing a therapeutic effect of using the soft-robotic glove
during ADLs, upon completion of data collection: unsupported hand strength and
hand function improve after 6-week assistive glove use.
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Sensors Embedded in a Smart Garment
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Assessment
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Abstract This paper presents the proposal of intensity variation-based POFpressure
sensors embedded in a smart garment for impact detection in perturbation assess-
ment. The proposed system presents low cost and is based on multiplexing technique
using side-coupling light source. In addition, it is able to acquire the optical power
variationwhen the pressure on the sensor is applied and to detect the regionwhere the
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perturbation occurred. Then, a proof-of-concept test was performed with application
of pressure on different sensors which show the ability of the system to identify the
impact region in a wearable device during a perturbation protocol.

1 Introduction

THE use of wearable sensors is progressively growing for monitoring information
about motion activities in real time [1]. Textile sensors have been an interesting
solution in recent years, since clothing has large portable surfaces in which sensors
and electronics can be integrated [2].

However, textile are usually not optimized for sensing purposes, and electrical
sensors embedded in textile can present some disadvantages, such as hysteresis pro-
voked by compressed material, which lead to measurement errors [3]. In addition,
electrical sensors may be dangerous some under conditions, since they conduct elec-
trical energy and may provoke short circuit.

Optical fiber sensors (OFS) has been widely used as an alternative in order to
overcome these drawbacks for it good accuracy and good sensitivity, besides offer-
ing the possibility to implement distributed sensors, and to be electrically passive
(and hence safer to use), bio-compatible and immune to electromagnetic interference
[4–6].

Among the optical fiber materials, polymer optical fibers (POFs) present some
advantages such as low cost, lightweight, flexibility and robustness, and they are
able to measure high strain values without damage [7]. In addition, POF sensors
combined with intensity variation-based interrogation technique comprise a simple
and low cost solution for smart textile [4, 8].

This paper present a proof-of-concept of intensity variation based POF pressure
sensors embedded in a garment for impact area detection for assessment of pertur-
bation protocol.

2 Materials and Methods

Figure1a shows the Smart Garment structure, which consists of two POFs made
of polymethyl methacrylate, PMMA (HFBR-EUS100Z, Broadcom Limited) with a
core diameter of 980 µm, a cladding of fluorinated polymer with 20 µm thickness
and a polyethylene coating that results on a total diameter of 2.2mm for the fiber
considering its coating. The light source used is a light-emitting diode (LED) flexible
lamp belt, and to enable the side-coupling of the LED and, at the same time, increase
the sensor sensitivity, a lateral section is made on the fiber, where the cladding and
part of the core are removed through abrasive removal of material following the
guidelines presented in [9]. This creates the sensitive zones that act as sensors in
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(a)

(b)

Fig. 1 System setup. a Smart garment overview. b System operating principle

this work (see Fig. 1b). In this case, 6 lateral sections were produced on each fiber,
resulting in 12 pressure sensors.

The sensors’ responses, i.e., the optical power variation, were acquired by four
photodetectors IF-D92 (Industrial Fiber Optics, Tempe, AZ, USA), one at each fiber
end. The signal acquisition and the LEDs control are performed by the microcon-
troller FRMD-KL25Z (NXP Semiconductors, Netherlands) and all the data were
analyzed and processed in MATLAB (MathWorks Inc., Natick, MA, USA). The
proposed system was based on multiplexing technique proposed by [10], which
comprises of a sequential activation of each LED with a predefined frequency and
activation sequence. The microcontroller is responsible for the acquisition of the
optical power measured by each photodetector when each LED is active.

For a proof-of-concept of the proposed sensor system, a test was performed by
pressuring eight different sensors sequentially, while a volunteer was wearing the
smart garment, in order to evaluate the multiplexing capacity and, hence the ability
of impact area detection.
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3 Results and Discussion

The results of the proof-of-concept test are presented in Fig. 2. Eight perturbations
were applied on different sensors while a volunteer was wearing the smart garment.
Figure 2a shows the perturbation area of each applied pressure and Fig. 2b shows
the normalized sensor responses to pressures applied on each sensor with respective
colors representing each perturbation over time. The sensors responses were normal-
ized since in this preliminary assessment the optical power variation of each sensor
was used to identify whether there is or not the perturbation, and not to measure the
applied force.

The results show that the sensor system is multiplexed and the crosstalk between
the sensors is negligible. This makes it possible to identify which sensor was pressed,
and hence identify which region of human body the perturbation occurred. The
number of sensors was defined to prove the concept, however it can be increased
according to requirement of spatial resolution. In addition, this setup can be employed
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Fig. 2 Results of the proof-of-concept test. a Impact area of smart garment. b Sensor responses to
pressures applied on the smart garment
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in other textile applications which involve impact detection, such as a textile to
identify the interaction between exoskeleton and a lower limb or smart gloves.

4 Conclusion

This paper presented a proof-of-concept of intensity variation-based POF pressure
sensors embedded in a smart garment for impact detection in perturbation assess-
ment. The proposed smart garment is comprised of two POFs with twelve sensors
which were fabricated by lateral sections made in the fibers and the light coupling of
LED flexible lamp belt laterally arranged. A simple pressure test was performed with
application of a perturbation on eight different sensors and results showed that the
system is capable to detect impact region and the crosstalk between sensors is neg-
ligible. The system shows a good alternative to the current electrical textile sensors
since this system present low cost and fabrication simplicity, besides allowing the
increase of the number of sensors in the same fiber. Future works involve the system
application in the real time impact detection, the study of the response latency and
the use of the proposed smart garment in perturbation protocol with patients.
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Influence of Innovative Rehabilitation
Technology on Intensity of Training:
Preliminary Results

Anke I. R. Kottink, Gerdienke B. Prange-Lasonder, Lars Dijk,
Chris T. M. Baten, Judith F. M. Fleuren, and Jaap H. Buurke

Abstract The present study compared intensity of training between technology-
supported and conventional exercises during a regular therapy session in three brain
injured patients with arm/hand limitations. Results showed that intensity was higher
during technology-supported exercises. Further research with a larger sample is
needed to confirm these outcomes and assess its potential relation to treatment effect.

1 Introduction

Upper limbmotor impairment is one of the most common deficits after stroke, which
has substantial impact on a person’s quality of life. To stimulate upper limb motor
function, therapy should consist of several key elements: repetitive, high-intensive,
task-specific and functional exercises with active contribution of the patient [1]. A
proposed solution to achieve a high intensity of training is the use of rehabilitation
technology, such as robotics, which has shown to be as effective as conventional
therapy for improving arm/hand function [2].

A common, and compelling, assumption is that using technology for motivation
and repetition increases the intensity of training. When expressed as number of
movements, intensity of functional upper extremity exercise in clinical practice was
reported to be only an average 32 per session, which is much lower than commonly
used in studies aiming for (animal and human)motor learning [3]. One could question
whether the number of movements is a good representation of intensity of practice,
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as this is not applicable to functional non-repetitive movements, and doesn’t take
into account the effort of the movement.

A direct comparison of intensity between conventional and technology-supported
exercises is yet to be examined. Therefore, the aim of the present study was to get
a first insight into intensity of arm/hand movement during gaming exercises of the
upper extremity with respect to conventional exercises.

2 Methods

2.1 Study Design and Procedure

A pilot observational study was conducted at Roessingh Centre for Rehabilitation,
Enschede, the Netherlands. All participants followed their regular arm-/hand func-
tion therapy sessions, consisting of a circuit mixing conventional and technology-
supported exercises during 1-h group sessions. During one of those sessions, record-
ings were made during a set of conventional exercises (CON set) and exercises
supported by rehabilitation technology (RT set). The order was determined by
randomization.

The therapist chose the most appropriate exercises within each set matching indi-
vidual treatment goals, as usual, and instructed the participants to perform the exer-
cises as usual. Ten minutes of both sets were recorded, of which five minutes were
used for analysis. No approval of theMedical Ethical Committee was needed for this
observational study. All participants signed an informed consent prior to the start of
the study.

2.2 Participants

Participants of the study involved a small sample of sub-acute stroke or acquired
brain injury (ABI) patients with some functional ability of their upper extremity
(ARAT > 9).

2.3 Interventions

Technology-supported exercises (RT set)
Therapists could choose from two systems (Fig. 1):

• ArmeoBoom: Participants with minimal arm function were trained with the
ArmeoBoom (Hocoma AG, Switserland), a passive device providing weight
support of the arm in a 3D work space. It has a webcam and a laptop, on which
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Fig. 1 Devices in RT set: ArmeoBoom (left) and HandsOn game (right)

interactive exercises are played by moving the affected arm in an individually
adjusted virtual environment, practicing reaching.

• HandsOn game: Participants who had at least moderate arm function andminimal
hand function were trained with the HandsOn game, an applied game, designed
inhouse, to train functional movements. The virtual environment is projected
on a table by a beamer and the game is controlled by moving physical objects,
detected by Kinect camera. The choice of the objects, a variety of different shapes
and sizes, determines the grasp, hand and/or wrist movement to be practiced,
integrating reaching and grasping/releasing.

Conventional exercises (CON set)
Exercises inCONsetwere ‘analog’,withoutmechanical supports or computerized

training environments.

2.4 Equipment

Hand movements were recorded with 5 inertial measurement units (IMUs, Xsens
Technologies, NL) at a frequency of 40 Hz. IMUswere positioned on the hand, lower
arm and upper arm of the affected limb, on the sternum and pelvis. All sensors were
fixated by straps, except the sternummarker, which was attached by a small unobtru-
sive harness. Custom-made software was used for calibration protocols, performed
each time sensors were (re-) applied, collection of all movement data and estimation
of horizontal hand position relative to the center of intervertebral body L5/S1.

2.5 Data Analysis

Of the 10-min recordings, 5 min were used for analysis. The cumulative length of
the 3D trajectories of the hand (distance travelled) represented dosage. Movement
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Table 1 Participant characteristics

Participant Gender Age (years) Diagnosis Affected side

1 Male 74 Stroke Left

2 Female 42 Stroke Left

3 Male 49 Cerebral toxoplasmosis Left

effort was assessed by measuring the maximal work area of the hand covered during
exercises, considering that effort is increasing with increasing RoM due to reduced
independent joint control [4]. Data was analysed using IBM SPSS Statistics (v23.0).
Descriptive statistics were used to compare the 3D hand trajectories between sets.
No statistical tests were done due to the small sample size.

3 Results

3.1 Participants

Table 1 shows the characteristics of the three included participants. The mean time
after injury was 14.3 weeks (SD = 4.2). Participants one only had minimal arm
function, while participant two and three already had some hand function.

3.2 Intensity of Practice

Figure 2 shows typical hand position data for two participants (P2 and P3) in a
transverse plane. The maximal area covered by the affected hand was larger during
RT set compared to CON. Remarkably, the work area during the RT set covered a
different section than duringCONset;movementswere performed further away from
the body in RT exercises. The mean distance traveled by the hand was substantially
larger during RT exercises (31 m) compared to CON (21.1 m).

4 Discussion

The present findings showed that three patients with neurological motor impairments
performed larger hand trajectories during 5 min of technology-supported exercises
compared to conventional exercises. In addition, the difference in work area suggests
that technology-supported exercises might stimulate making movements towards the
edges of the reachable workspace, more so than conventional exercises.
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Fig. 2 Hand position traces of affected hand with respect to pelvis in transverse plane (left figure:
P2; right figure: P3)

Increased intensity of practice is often used to convey potential benefit of a
technology-supported approach, such as robotic training, but this is usually defined as
number of repetitions (dosage).Whenconsideringnumber ofmovements, post-stroke
patients receiving different doses of functional exercises didn’t show differences in
treatment effects [3]. In this study, regarding intensity as a concept that represents
both the dosage and effort during movement, we observed a positive influence of
technology-supported approaches (gaming and/or arm support) on intensity in a
single session. This underlines the importance for defining intensity of treatment
explicitly and considering other aspects of intensity, beyond simply dose. Whether
differences in intensity of practice as represented in this study would contribute to
different treatment effects has yet to be investigated.

Although seemingly confirming the hypothesis, these initial results need to be
interpreted with utmost care due to the small sample size and descriptive nature of
the analysis, and further research is needed to support current findings and relate
them to clinical relevance.
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Wearable Vibrotactile Biofeedback
to Improve Human-Exoskeleton
Compliance During Assisted Gait
Training

Cristiana Pinheiro, Joana Figueiredo, and Cristina P. Santos

Abstract Biofeedback may accelerate post-stroke motor recovery during
exoskeleton-assisted gait training. A wearable vibrotactile human-robot interaction
(HRI)-based biofeedback is proposed to improve human-exoskeleton compliance
during gait training assisted by an ankle-foot exoskeleton (AFE). A pre-post study
with four healthy subjects was conducted to evaluate biofeedback training’s efficacy.
Results show statistically significant improvements (p-value: 4.56e−4–0.03) in HRI
torque outcomes and the participants felt motivated about training. Findings suggest
that the proposed biofeedback can enhance human-robot compliance.

1 Introduction

Biofeedback systems (BSs) can potentiate post-stroke neuroplasticity during
exoskeleton-assisted gait training by encouraging the patient’s active motor
relearning and preventing dependence on the exoskeleton [1]. Most of the studies
report the use of BSs with assistive hip and knee exoskeletons during functional
gait training [2, 3]. In [2], electromyography (EMG) feedback is provided through
a non-wearable display of colored stripes representing levels of muscle contraction.
In [3], HRI feedback is given by a non-wearable display of a smiley character with
mouth’s length/shape modulated according to averaged/threshold HRI torque. Only
the study [4] reported the use of a BS with an assistive AFE. A character that moves
according to ankle angle is displayed on a non-wearable screen during non-functional
gait training (ankle movements while sitting) [4]. It is still needed to develop fully
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wearable biofeedback solutions, in line with the use of wearable assistive devices in
gait rehabilitation, to enable ambulatory use and biofeedback strategies for functional
gait training assisted byAFE to foster recovery of post-stroke ankle-foot deformities.

This work innovatively proposes a biofeedback control strategy held by a fully
wearable BS that enables vibrotactile cues according to the HRI torque. This BSmay
encourage post-stroke patients to actively control their compliance with an assistive
unilateral AFE during functional gait training, potentiating neuroplasticity. A pre-
post studywas conducted with healthy subjects to evaluate the biofeedback training’s
efficacy regarding participant-exoskeleton compliance.

2 Methods

2.1 HRI-Based Biofeedback Control Strategy

The HRI-based biofeedback control strategy enables a vibrotactile cue when the
user interacts with a trajectory tracking controlled wearable AFE (the exoskeleton’s
actuator is controlled so that the user’s ankle follows a reference joint angle, Ref )
[5] and HRI torque’s direction is equal to AFE’s direction of movement. The cue
encourages users to actively control themagnitude of their interaction and, thus, their
compliance with the robot. The cue is provided at 200 Hz 1.8 G through eccentric
rotating mass motors held by a vibrotactile elastic shank band (Fig. 1) [5]. The
strategy is configured according to the user’s imminent needs assessed from pre-
training walking trials, as follows: (i) the cues are enabled during the gait phase in
which the user achieves the lowest mean performance P, as computed in (1) (one of
GPs1-4 from Fig. 1—training gait phase); (ii) a user-adaptive module threshold |Thr|
is defined using (2) according to pre-training data for training gait phase so the users
are encouraged to actively control their interaction with the AFE within an interval
ranging from Bas and Thr. This personalization allows a low cognitive effort and
user-oriented gait training.

P(%) =
∑n

i=1

{
1 if I nt(i) ∈ Bas
0 otherwise

n
× 100 (1)

|Thr | = max(|I nt (1 : n)|)
2

(2)

where Int(i) is the HRI torque (measured by strain gauges connected in a full Wheat-
stone bridge embedded in the AFE and filtered through a 2nd order Butterworth
low-pass filter at 5 Hz) at sample i (100 Hz sample frequency) of the gait phase,
Bas was empirically defined as baseline HRI torque range (from 2 to −2 N m) when
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Fig. 1 Picture of one participant during biofeedback training and a detailed representation of the
Ref segmented in four gait phases (GP1-4) and vibrotactile elastic shank band

considering the trajectory tracking controlled AFE suspended in the air without a
user, and n is the gait phase’s total number of samples.

2.2 Experimental Validation

1. Participants
Four healthy subjects (two male, 25 ± 1 years, 65 ± 12 kg, 1.69 ± 0.13 m)
were recruited and gave their informed consent to participate in a pre-post
study to evaluate the efficacy of the biofeedback training regarding participant-
exoskeleton compliance. The protocol was approved by the Ethics Committee
CEICVS 006/2020. All the participants are familiarized with the AFE.

2. Experimental protocol
The protocol included three procedures: (i) pre-training (PRTR) involved three
walking trials on a treadmill at 1 km/h for 1 min with the trajectory tracking
controlled AFE; (ii) training (TR) (Fig. 1) was similar to pre-training with
the addition of the BS and one familiarization trial; (iii) post-training (PSTR)
challenged the participants to replicate the trained gait pattern with AFE but
without BS for 1 min.

3. Data collection and processing
The HRI torque was acquired during all procedures. The following metrics
were computed per procedure: mean and standard deviation (std) of the Root-
Mean-Square (RMS) HRI torque, P, and performance according to Thr, P Thr,
determined using (3a, 3b) (all for training gait phase).

P Thr(%) =
∑n

i=2 z

n
× 100 (3a)
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z(i) =
⎧
⎨

⎩

1
if [Ref (i) − Ref (i − 1) > 0 and Bas ≥ I nt(i) ≥ −Thr ]
or [Ref (i) − Ref (i − 1) < 0 and Bas ≤ I nt(i) ≤ Thr ]

0 otherwise
(3b)

The first and last three gait cycles were discarded from processing. There were
no withdrawals nor dropouts. Two paired two-sided t-tests and Wilcoxon Signed
Rank tests were performed per parametric and non-parametric metrics, respectively,
considering a level of significance of 0.05 between PRTR and TR, and PRTR and
PSTR procedures. The comments of the participants regarding their experience with
the biofeedback were annotated.

3 Results

The modal training gait phase was the GP3 (from AFE’s heel-off to toe-off events)
and |Thr| varied between 3 and 5 Nm. Table 1 shows the mean± std of the t-tests and
the resulted p-values. It was verified statistically significant improvements (p-value:
4.56e−4–0.03) regarding P between PRTR and PSTR and for P Thr. Additional
improvements were verified (p-value= 5.57e−2–0.07) for P between PRTR and TR
and for RMS HRI. Further, the participants reported that the biofeedback motivated
them to be involved in the trials and they felt more compliant with the exoskeleton
after training.

4 Discussion

This work proposes HRI-based biofeedback aiming to improve human-robot compli-
ance during AFE-assisted gait training. This hypothesis is reinforced by [2]
concluding that HRI feedback is more effective than EMG feedback to improve
human-robot compliance. The pre-post study was performed to evaluate the efficacy
of biofeedback training on healthy participants as in [4]. Theminimum |Thr| of 3Nm
(above baseline) found in PRTR proves that all the healthy participants had difficul-
ties to be compliant with the exoskeleton prior BS use. Thus, the biofeedback may
foster their compliance with the AFE as with post-stroke patients.

The statistical results show that the biofeedback training significantly improved
the participant-exoskeleton compliance, as mentioned by the participants, enhancing
P Thr outcomes. These improvements in HRI torque outcomes were also verified
between PRTR and PSTR suggesting that occurred motor learning regarding HRI.
Findings from [2, 4] also suggest improvedmotor learning uponbiofeedback training,
contrarily to [3]. However, the proposed biofeedback strategy presents advantageous
features when compared to [2–4]: (i) does not require time-consuming preparation
and expertise as EMG feedback; (ii) is fully wearable and personalized according to
the user’s needs.
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Table 1 Mean ± std and p-values of the t-tests

RMS HRI P P Thr

PRTR 5.74 ± 1.74 N m 20.87 ± 13.28% 39.26 ± 16,03%

TR 3.39 ± 1.51 N m 39.27 ± 19.79% 64.97 ± 24.32%

PSTR 3.13 ± 1.09 N m 39.12 ± 15.01% 67.06 ± 22.53%

PRTR versus TR 0.07 5.57e−2 0.03

PRTR versus PSTR 0.07 4.56e−4 8.59e−3

5 Conclusion

The 3-min HRI-based biofeedback training was able to improve significantly
participant-exoskeleton compliance through HRI torque. Future work will address
an experimental validation with further participants, including post-stroke patients,
and the design of a novel biofeedback strategy to encourage users to improve HRI
torque’s direction, complementing the presented strategy.

Acknowledgements This work has been supported by the FEDER Funds through the Programa
Operacional Regional do Norte and national funds from Fundação para a Ciência e Tecnologia with
the SmartOs project under Grant NORTE-01-0145-FEDER-030386, and under the national support
to R&D units grant, through the reference project UIDB/04436/2020 and UIDP/04436/2020.

References

1. G. Morone et al., Rehabilitative devices for a top-down approach. Expert Rev. Med. Devices
16(3), 187–195 (2019)

2. F. Tamburella et al., Influences of the biofeedback content on robotic post-stroke gait reha-
bilitation: electromyographic vs joint torque biofeedback. J. Neuroeng. Rehabil. 16(1), 95
(2019)

3. O. Stoller, M. Waser, L. Stammler, C. Schuster, Evaluation of robot-assisted gait training using
integrated biofeedback in neurologic disorders. Gait Posture 35(4), 595–600 (2012)

4. G. Asín-Prieto et al., Haptic adaptive feedback to promote motor learning with a robotic ankle
exoskeleton integrated with a video game. Front. Bioeng. Biotechnol. 8(February), 1–5 (2020)

5. C. Pinheiro, J.M. Lopes, J. Figueiredo, L.M. Gonçalves, C.P. Santos, Design and technical
validation of a wearable biofeedback system for robotic-based gait rehabilitation, in 20th IEEE
International Conference on Autonomous Robot Systems and Competitions (2020)



Challenges in Adaptive Robot-Assisted
Gait Training: The Balancing Act
of Minimizing Assistance While
Preserving Safety

Alejandro Melendez-Calderon and Serena Maggioni

Abstract To maximize functional outcomes, rehabilitation strategies must provide
challenging environments that encourage active participation of the users. Robotic
gait trainers can provide adaptive and personalized environments that guide the
patient as needed and encourage the patient to be active during the whole therapy
session. However, even though research in neurological recovery may favor such
approaches, they may be highly difficult to implement in practice. Here, we share
some challenges in implementing adaptive robot-assisted gait training in practice.

1 Introduction

Multiple evidence, from animal models to clinical studies in humans, has demon-
strated that functional improvements after neurological injury are better achieved
when the patient is encouraged to produce voluntary neuromuscular activity (active
participation) and receives early and intensive therapy, i.e. high amount of movement
repetitions, but without repetition, or in other words “repetitive attempts at the same
task accompanied by variable trajectories of elemental variables” [1].

Robotic gait trainers (e.g. Lokomat, Walkbot, G-EO, Lexo, Gait Trainer GT II)
are valuable tools for gait therapy after neurological injury. Such devices can provide
intensive training with a high amount of repetitions, and encourage active participa-
tion and challenging training conditions by, for example, providing increasedwalking
speed or decreased robotic assistance, and exer-games.

While commercially-available devices offer opportunities for personalization of
these challenging environments, such parameters are typically adapted by the ther-
apist via a user interface. This implies that the robotic assistance is left at the
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discretion of the therapist, and it is typically ‘fixed’ for the duration of the therapy
session—missing opportunities for challenging the patient at an optimal level.

To address the limitation of ‘fixed’ robotic assistance (which can be high, or low),
several research groups have proposed the concept of “Assist-As-Needed” (AAN)
control for robot-assisted training, e.g. [2–4]. In this case, the robotic assistance is
no longer set by a therapist but adapts constantly, and automatically, based on the
user’s performance. As a training approach, AAN is believed to be more effective
than traditional assistive controllers, because it encourages the patient to be active
during the whole therapy session.

In recent work, we implemented anANN algorithm in the Lokomat (HocomaAG,
Switzerland), a commercially-available robotic gait trainer widely used in clinical
practice [2]. The objective of this implementation is to investigate opportunities for
using ANN control as a valid, reliable and sensitive assessment method of walking
activity in a robotic gait trainer. While several aspects still need to be addressed to be
able to reach this goal, preparation for and the conduction of a clinical study on 15SCI
patients with this algorithm has given us insights into the challenges of implementing
adaptive robot-assistance that can be used for training in clinical settings. This paper
summarizes those challenges with the aim of fostering transdisciplinary activities
across multiple stakeholders (industry, research, healthcare provides, etc.) to find
solutions to those.

2 Challenge I: Risk of Injury and Liability

In conventional locomotor training, a therapist (or more) is in direct contact with the
legs of the patient; he/she can feel whether the patient needsmore or less assistance to
provide adequate foot clearance and prevent scuffing. If, for any reason, the patient is
injured because of inadequate foot clearance, liability lies on the healthcare provider.

In the case of robotic locomotor training, the device guides the legs of the patient.
When decreasing the amount of robotic support, potential hazards can come from
unwanted interactions between the foot and the treadmill. For example, if there is no
sufficient support to provide foot clearance or lift the body, but the robot continues to
force movement on the legs, the device can seriously injure the patient. This situation
can result because of improper implementation, or due to human error in selecting
parameters and setting up a patient in the device. Liability in this case is not white
or black and is typically shared between the medical device manufacturer and the
healthcare provider. The medical device manufacturer is responsible for evaluating
any possible risk of injury when operating the device in all possible configurations,
and to provide necessary safety mechanisms to make sure that such risky situations
are extremely unlikely. The healthcare provider is responsible for operating the device
with trained personnel and according to the intended use and user manual.

The big responsibility for medical device manufacturers creates a very conser-
vative approach for implementing novel robot-assistance techniques in commercial
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devices. Therefore, even though research in neurological recovery may favor chal-
lenging environments for training (e.g. more transparent, less guided movements),
such approaches may be highly difficult to implement in practice. What works on a
well-controlled, research trial, may result in injury to a patient when implemented
in real clinical settings. For example, a therapist needs to take care of many more
variables in a busy clinical setting which may result in to insufficient supervision, or
due to the heterogeneity of the patients’ characteristics, unstable circumstances may
arise which may never have been encountered during testing.

3 Challenge II: Testing and Validation

Adaptive controllers pose challenges in guaranteeing stability and safety in human
applications. A conservative approach for safety is usually adopted, because testing
for certificationof amedical device does not necessarily include all possible neurome-
chanical impairments that would make the device safety mechanisms fail (Fig. 1).
This conservative approach to safety restricts opportunities for implementing novel
training techniques that are more likely to result in better functional outcomes.

In [5], we propose the use of bio-inspired robotic testbenches, rendering biome-
chanical properties of humanmotion, as platforms for testing algorithms in a system-
atic way (Fig. 1). Although such testbenches may be a simplistic representation of

(a) (b)

Fig. 1 a Manikins are typically used in life-cycle testing of medical robots. The figure shows a
passive manikin on the Lokomat. Such manikins are passive and do not allow the testing of realistic
conditions, e.g. spastic or voluntary activity, which may cause unsafe interaction with adaptive
controllers. b Bio-inspired robotic testbenches [5] allow the testing of more realistic conditions.
The figure shows one of the Lokomat orthosis acting as a ‘human’ leg as a possible configuration;
but one could also envision full robotic manikins replacing passive manikins as in (a). This provides
opportunities in testing the safety of adaptive robot-assistive training strategies and benchmarking
across different devices
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the complex biomechanics and control exhibit by patients, they provide a powerful
method for simulating repeatable and controlled input, and identifying situations
in which safety mechanisms can be ‘relaxed’ or need to be improved. Simulating
known impairments reduces the causes of uncertainty and allows to perform tests
in controlled conditions, and study the behavior of adaptive robot-assistive training
strategies.

4 Challenge II: Intuitive Task Instructions

Assist-as-needed approaches vary robotic guidance based on a measure of user’s
performance on a given task. For instance, in our ANN implementation, subjects
were instructed to follow the movements of a walking avatar while trying to remain
inside two shaded rectangles around the thigh and the shank that indicate the refer-
ence position (Fig. 2a), or to follow the blue trajectory in space and in time (the
blue dot indicated the desired position at every instant) (Fig. 2b). In both cases, the
adaptation of robotic assistance (knee and hip stiffness, and body weight support)
was driven by the kinematic error between the actual and ‘desired’ joint angle trajec-
tories. However, feedback on leg segments was more difficult to follow by patients
than feedback on endpoint positions. Moreover, the desired endpoint trajectory was
based on a reference gait trajectory that may have been different from the patient’s
own trajectory, increasing thereby the difficulty of the task.

While such cognitive loadmay not be an issue in some patient population, e.g. SCI
patients, the increased cognitive difficulty of the task might create undesired move-
ment patterns in other patient population, e.g. stroke. When it comes to commercial
implementation, the challenge here is in creating motivating environments that are
suitable for the majority of users, which can include multiple populations.

(a) (b)

Fig. 2 a Visual feedback and instructions provided to the subjects in our RAGA implementation
of ANN control [1]: a follow independent leg segments; or b follow an ankle trajectory
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5 Conclusion

The concept of robot-aided neurorehabilitation has been around for more than
30 years, but first commercial robots for gait rehabilitation only became available
until year 2000 (e.g. Lokomat, Hocoma AG, Switzerland). In these past 20 years, we
have seen the flourishment of several commercial robotic gait trainers. While there
have been enormous advances in research using these devices, the requirements
needed for promoting recovery, e.g. active participation and challenging environ-
ments, may be extremely difficult to implement in commercial products. We see the
need for gaining a better understanding on acceptable risks, and for dialogue between
different stakeholders to determine legislation, liability and ethics around adaptive
robot-assisted approaches to therapy.
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Detection of Attempted Stroke Hand
Motions from Surface EMG

Mads Jochumsen, Asim Waris, and Imran K. Niazi

Abstract Brain-Computer Interfaces have been proposed for stroke rehabilitation,
but a potential problem with this technology is the dependence of high-quality brain
signals. The aim of this study was to investigate if attempted hand open motions
can be detected from the muscle activity instead. Ten stroke patients performed 63
± 7 attempted movements while three channels of EMG were recorded. Hudgins
time-domain features and linear discriminant analysis were used, and 92± 3% of the
movement activity was correctly classified. The Spearman correlation between the
upper limbFugl-Meyer score and the classification accuracieswas 0.58 (P= 0.08). In
conclusion, attempted movements from stroke patients can be detected using EMG.

1 Introduction

Brain-Computer Interfaces have been proposed as a means for stroke rehabilitation.
Several studies have reported clinical improvements and induction of neural plasticity
after training with a Brain-Computer Interface (BCI) [1] where movement-related
brain activity has been detected and used for triggering electrical stimulation or
rehabilitation robots. To be able to drive the external devices, the movement-related
brain activity such as movement-related cortical potentials or event-related desyn-
chronization must be detected from single-trial EEG. Movement detection through
EEG in stroke patients has been reported to be in the range of roughly 70–80% [2].
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It is a challenging task to detect attempted movements from single-trial EEG due to
several factors such as non-stationarity of the signals, artifacts and shifts in atten-
tion. Moreover, the signal quality must be good, which require that the EEG cap is
mounted correctly, and the impedance of the electrodes is low. This will often require
the help of an extra person (therapists or relatives) to mount the cap and prepare the
electrodes [3]. Thus, it would be ideal if another control signal than EEG could be
used, which would be more accessible such as surface EMG. It has been shown that
there was no difference between the induction of neural plasticity using EEG- and
EMG-triggered electrical stimulation [4]. Moreover, many stroke patients have or
quickly regain residual EMG activity that may be used to drive an external rehabili-
tation device. Several studies have reported that EMG of different arm motions can
be decoded in stroke patients with various levels of impairment [5–8]. The aim of
this study is to detect attempted hand open motions of the affected hand in stroke
patients using a simple electrode setupwith three surface bipolar EMG channels. The
motions will be detected using simple signal processing techniques. The contribution
of the features to the motion classification will be investigated, and it will be tested
if the motion classification is correlated with the upper limb Fugl-Meyer score.

2 Methods

2.1 Subjects

Ten chronic stroke subjects participated in this study (see Table 1). All subjects
provided their informed consent before participation; the local ethical committee
(Riphah/RCRS/REC/00651) approved the procedures.

Table 1 Patient information

Subject Upper limb Fugl-Meyer score (max 66) Affected side Lesion type

1 55 Left Ischemic

2 36 Right Ischemic

3 23 Right Ischemic

4 46 Left Ischemic

5 26 Left Ischemic

6 65 Right Ischemic

7 17 Right Ischemic

8 59 Left Ischemic

9 55 Right Ischemic

10 28 Right Hemorrhagic
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Fig. 1 EMG of three hand open motions (subject 4). Red: Flexor Carpi Radialis. Blue: Extensor
Carpi Radialis. Green: Flexor Carpi Ulnaris

2.2 Recordings

Six surface EMG electrodes were placed on Flexor Carpi Radialis, Extensor Carpi
Radialis, and Flexor Carpi Ulnaris forming one bipolar derivation from each muscle.
The signals were referenced to a moist wristband. The signals were amplified with
a gain of 10,000 and sampled with 2048 Hz.

2.3 Experimental Setup

The subjects were seated in a comfortable chair, and electrodes were placed on
the most affected forearm. The signal quality was checked, and the subjects were
instructed in how to perform themovements. Themovements were hand open, which
they had to maintain for six seconds. Between the movements, the subjects were
given a break of ~12 s (see Fig. 1). The movements were visually cued and synchro-
nized with the amplifier. The EMG onsets were visually inspected before further
processing. On average 63 ± 7 movements were performed.

2.4 Pre-processing, Feature Extraction and Classification

The EMG was bandpass filtered from 20 to 500 Hz and notch filtered from 48 to
52Hz using a 2nd order Butterworth filter.Movement epochswere extracted from the
movement onset and two seconds after this point. Idle epochs were extracted during
the rest period fromone to three seconds prior themovement onset. Four feature types
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were extracted from 200-ms windows in the 2-s epoch without overlap. The features
were: (1) mean absolute value (MAV), (2) waveform length (WL), (3) zero crossings
(ZC), and (4) slope sign changes (SSC). The features of the movement and idle class
were classified using linear discriminant analysis in five different scenarios using all
feature types and each feature type individually. The classification was performed
using 5-fold cross-validation using all epochs movement and idle epochs.

2.5 Statistics

A Friedman test with “Feature Type” as factor (five levels: All, MAV, WL, ZC, and
SSC) was performed on the classification accuracies obtained using the different
feature types. This was followed up with posthoc analysis using a Bonferroni correc-
tion. The Spearman correlation was calculated between the classification accuracies
obtained using all feature types and the upper limb Fugl-Meyer score.

3 Results

The results are summarized in Fig. 2. The following classification accuracies were
obtained (mean± standard): 92± 3% (all features), 90± 5% (MAV), 89± 5% (WL),
87 ± 5% (ZC), and 89 ± 3% (SSC). A significant effect of “Feature Type” (χ2

(4)

= 20.8; P < 0.001) was found. The posthoc analysis revealed higher classification
accuracies when using all features compared to WL, ZC, and SSC. The Spearman
correlation between the classification accuracies and the upper limb Fugl-Meyer
score was 0.58, the correlation between the two variables was not significant (P =
0.08).

4 Conclusion

It is possible to discriminate between attempted hand openmotions and resting EMG
using a simple EMGsetup and processingmethods. Thus, EEGmay not be needed for
movement detection. This could be important for motor rehabilitation applications of
the handwhere patients need to activate a rehabilitation device. However, the patients
would need to have some residual EMG. The limitation of this work is that only a
small sample of stroke patients were included, and stroke is a very heterogeneous
condition.
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Fig. 2 Top: boxplot of the classification accuracies across subjects when using the different feature
types. Bottom: scatter plot of the upper limb Fugl-Meyer score and the classification accuracies
obtained using all feature types
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Comparison of Different
Brain–Computer Interfaces to Assess
Motor Imagery Using a Lower-Limb
Exoskeleton

L. Ferrero, V. Quiles, M. Ortiz, E. Iáñez, A. Navarro-Arcas,
J. A. Flores-Yepes, J. L. Contreras-Vidal, and J. M. Azorín

Abstract The combination of a lower-limb exoskeleton with brain computer inter-
faces (BCI) can assist patientswithmotor impairment towalk again. In addition, it can
promote the neural plasticity of the affected brain region. The present paper shows
a research performed on seven able-bodied subjects that walked with an assistive
exoskeleton controlled by external commands. The main objective was to identify
in which frequency band the differences between periods of motor imagery and rest
weremore evident. The comparisonwas donewith different classifiers and the results
reveal that for the majority of them, the frequency band of 14–19 Hz provided the
highest accuracy.
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1 Introduction

Motor impairments may be described as functional limitations that affect the
movement of body structures, usually the limbs.

Brain Computer Interfaces (BCIs) are systems that use brain activity patterns and
translate them to provide a communication with an external device. The combination
of limb exoskeletons with BCI can contribute not only as assistive devices but also
from the rehabilitation point of view [1]. Electroencephalography (EEG) is the most
used methodology to get information about brain activity and the most common BCI
approach is based on the detection of motor imagery (MI). MI is mostly related to
changes in alpha (8–14 Hz) and beta (14–32 Hz) [2, 3].

In this research, a non-invasive BCI based on MI is presented. Three frequency
bands are analyzed: alpha [3], beta [3] and low gamma [4]. The objective is to find
in which frequency band the periods of motor imagery and rest could be better
discriminated.

2 Material and Methods

2.1 Experimental Setup

Seven able-bodied subjects (S1–S7) participated voluntarily in the experiments. They
did not report any known disease and signed an informed consent. The procedures
were approved by the Institutional Review Board of the University of Houston, TX
(USA). They were fitted to the REX exoskeleton (Rex Bionics, New Zealand) and it
was controlled by commands sent from the computer.

EEG signals were acquired with 64 electrode system actiCap (Brain Products
GmbH, Germany), amplified by 2 BrainVision BrainAmp amplifiers and transmitted
to the BrainVision recorder software (Brain Products GmbH, Germany).

The experiment consisted of 8–12 trials per subject. The experimental setup can
be seen in Fig. 1. Only periods of Normal Step and Standing were considered for the
analysis.

2.2 Brain Computer Interface

EEG signals were sampled at a frequency of 100Hz. Concerning the signal-to-noise
ratio, H∞ framework presented by Kilicarslan et al. [5] was applied to the signals
to mitigate artifacts associated with eye movements. In order to prevent motion
artifacts, electrode wires were fixed with clamps and a medical mesh. Afterwards,
the recordings from each electrode were standardized as in [6]. The signals were
processed following a pseudo-online approach. It was defined a processing window
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Fig. 1 Experimental setup.During periods of transition andnormal step (after start cue) subjects had
to perform motor imagery of gait while they were being moved by the exoskeleton. During periods
of standing (after stop cue) they had to relax and the exoskeleton was not moving. The exoskeleton
needs a transition step in order to start and to stop and that time was labeled as transition step

of 1 s that was shifted 0.5 s for each new epoch. Then, the epochs were analyzed
with the Stockwell Transform [7]. For each channel, the instantaneous power of
the considered frequencies were added and averaged through the epoch. Only 10
electrodes associated with MI tasks were considered: Fz, FC1, FCz, FC2, C1, Cz,
C2, CP1, CPz and CP2. This process was repeated for 8–14, 14–19 and 30–45 Hz.

Concerning the discrimination between periods of motor imagination and rest,
three classifiers were employed: Linear Discriminant Analysis (LDA), Support
Vector Machine (SVM) and k-nearest neighbors (KNN) with k = 3 and 5. Results
were obtained using leave-one-out cross-validation. For each subject, all trials except
one were used for training and the model was tested with the other one. This process
was repeated using every trial once as test. For the evaluation, the percentage of
epochs correctly classified is calculated.

3 Results

The results of the classification are summarized in Table 1. The differences
among methodologies were tested using the repeated measures analysis of variance
(rANOVA). The analysis was designed with the accuracy as the independent vari-
able and the classifier, frequency band, subject and their interactions as factors. The
rANOVA revealed that the performance of the classifiers was significantly different
(p < 0.05), the interaction between the classifier and the frequency band was signif-
icantly different (p < 0.05) and the differences among subjects were relevant (p <
0.05).
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4 Discussion

The accuracy of the different methods was not equal for all the subjects that partici-
pated in the research. This could be explained by the fact that some subjects find it
more difficult to perform MI and change to rest state.

The effect of the frequency band employed with the different classifiers was
statistically significant and all classifiers except SVM showed better results in the
14–19 Hz band. Similar results were obtained in [3] and in [8], in which the most
relevant features were obtained in 7–22 and 7–27 Hz. Regarding the classifier, LDA
outperformed the rest.

5 Conclusion

Different frequency bands have been compared to identify MI and rest periods
from EEG signals in an open-loop scenario while individuals are fitted to a lower-
limb exoskeleton. The results show that the performance differs in a great extend
depending on the subject. Overall, the best accuracy was obtained in the 14–19 Hz
frequency band.
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Optimal Calibration Time
for Lower-Limb Brain–Machine
Interfaces

L. Ferrero, V. Quiles, M. Ortiz, E. Iáñez, J. L. Contreras-Vidal,
and J. M. Azorín

Abstract Brain Machine Interfaces (BMI) combined with lower-limb exoskeletons
can assist patients that have difficulties in walking. However, BMI need some cali-
bration to adjust their parameters to each user. This process is time-consuming and
can be fatiguing for the users. In this work, the optimal number of recordings needed
to adjust a EEG-based BMI to distinguish between MI of gait and rest state has been
studied based on three subjects. The results show that the BMI reaches its highest
accuracy with 5 recordings.

1 Introduction

Lower-limb functionality can be affected by injuries in the neural system, resulting
in pathological gait. Therapies have the objective to restore the motor function by
promoting the neuroplasticity of the neural system [1].
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Brain Machine Interfaces (BMI) are systems that use brain activity patterns and
translate them into commands or messages. This brain activity is usually measured
using electroencephalography (EEG). BMI allow to establish a communication
between the brain and external devices. Their combinationwith lower-limb exoskele-
tons offers a new paradigm for the assistance of people withmotor disabilities related
to the gait. Furthermore, since the movements of the exoskeleton depend on user’s
brain activity, the device can provide real-time feedback [2].

One of the main challenges that BMI have to face is the amount of information
needed to train the BMI before its usage. The adjustment consists of training the
BMI classifier to differentiate between distinct brain activity patterns. It is done for
each user independently and generally the calibration time is long due to the number
of recordings needed. The performance of repeated mental tasks may be fatiguing
for the users and additionally, it can limit its usage in practice. Previous studies have
tried to reduce or suppress the calibration time without affecting the performance
of the system by using the data from other users or by designing user-independent
approaches but they showed poor performance on the long-term [3, 4].

In this paper, it is assessed the calibration time that is needed to achieve an accept-
able level of performance for a EEG-based BMI that aims to differentiate between
periods ofmotor imagery (MI) of gait and restwhile the users are fitted to a lower-limb
exoskeleton.

2 Material and Methods

2.1 Experimental Setup

Data were acquired using 64 electrodes over an easyCap unit (Brain Products GmbH,
Germany). 4 electrodes were positioned next to the eyes for the removal of the eye
artifacts and reference and bound electrodes were located in the ears.

Three healthy subjects participated in the experiment, they did not report any
known disease. They participated voluntarily and signed an informed consent. The
procedures were approved by the Institutional Review Board of the University of
Houston, TX (USA). Users were attached to the Rex exoskeleton (Rex Bionics, New
Zealand) that avoids any free lower-limb movement. The exoskeleton was in open-
loop control whichmeans that the actions of the device were controlled by predefined
commands and not by the user.

Each subject performed 10 trials following the protocol defined in Fig. 1. The
trial alternates periods of rest and MI of gait. The last trial of subject S01 was not
considered for the experiment due to movement artifacts.
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Fig. 1 Protocol of the trial. First, EEG signal is recorded during 15 s for the convergence of the
algorithm to remove ocular artifacts. Then, an acoustic cue indicates the start of the rest event and
the user must keep relaxed in a standing position. The second cue indicates the start of the MI event
and during this time, the user is being moved by the exoskeleton while he is performing MI of gait.
The last cue indicates the change to rest event and the exoskeleton stops the movement. For the first
and last step of the exoskeleton there are two windows of 5 and 4 s respectively because the steps
had variable time

2.2 Signal Processing

All the analysis was done after recording the signals. However, since the future goal
is the implementation of the system in a real-time scenario, the signal was divided
in windows of 1 s that were shifted every 0.5 s. Data was recorded at 200 Hz.
For each windows of data, it was preprocessed with the following methodologies:
H∞ algorithm [5] to remove the contribution of eye movements; Common Average
Reference (CAR); notch filter at 60 Hz in order to reduce the power line noise and
standardization of each channel using the method defined in [6].

Afterwards, Welch’s method was employed to estimate the spectral density of
the data and only the features of the frequency band between 14 and 19 Hz were
considered [7].

Once the features of all the windows were obtained, the performance of the BMI
was assessed using cross-validation. Linear Discriminant Analysis (LDA) classifier
was used to distinguish between two classes: MI of gait and rest. Cross-validation
technique over the whole signal was repeated changing the number of trials that are
used for training from 1 to 9 (8 for subject S01). In order to evaluate the performance
of the model, four different metrics were computed: global accuracy (%), % of MI
events correctly classified and % of rest events correctly classified.

3 Results and Discussion

Figure 2 shows the average global accuracy for all the subjects when the model is
trained with different number of trials. It can be seen that the performance increases
as the number of training trials does but the improvement is minor after the fifth
recording.
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Fig. 2 Average global accuracy

Focusing on the performance related to the single detection ofMI and rest (Figs. 3
and 4.), while the accuracy of the detection of one type of event increases, the detec-
tion of the other event decreases. Therefore, after a certain number of recordings,
the model cannot further improve. Indeed, the model can lose the ability to gener-
alize. In [4], it was proved that with 10 trials, the algorithm could reach a similar
performance than another algorithm with 30. Therefore, future work should focus
on the design of algorithms and features with low variability among subjects that
could provide a better generalization. In addition, invariant features/models could
facilitate inter-subject calibration that may result in lower calibration time for each
individual.

4 Conclusion

Different calibration time has been employed to adjust a lower-limb BMI. The algo-
rithm has been tested in a pseudo-online scenario for its future implementation in
real-time. Results showed that the highest accuracy was obtained when the model
was trained with the five previous recordings.
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Average accuracy S01 S02 S03

Fig. 3 MI accuracy

Average accuracy S01 S02 S03

Fig. 4 Rest accuracy
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Comparison Between Methods to Create
the Leg Length Discrepancy (LLD)
Patient-Specific Model: Musculoskeletal
Modeling

Hamidreza Barnamehei, Farhad Tabatabai Ghomsheh,
Afsaneh Safar Cherati, Majid Pouladian, Arghavan Aminishahsavarani,
and Neda Golfeshan

Abstract The purpose of this study was to compare the image-based and marker-
based scaling methods to create subject-specific models for LLD children. One of
the important applications of subject-specific models is gait analysis of the leg length
discrepancy (LLD) patients. The LLD is defined as a situation in which the paired
lower body segments have a noticeably unequal length. Twenty-two children were
categorized to normal and LLD (average more than 1 cm) groups (Normal: 11 and
LLD: 11) who participated in this study. The Gait2354_Simbody model of OpenSim
consists of joints with 23 degrees of freedom and 92 muscle-tendon actuators to
represent 76 muscles in the lower extremities and torso was used to simulate the gait.
Significant differences were found between normal and LLD children in total square
error and RMS of marker error (p < 0.05). This study demonstrates the feasibility
of using musculoskeletal modelling to compare methods to create patient-specific
model in patients with knee height asymmetry.

Keywords Musculoskeletal · LLD ·Modeling · Patient-specific · Simulation

1 Introduction

Musculoskeletal modeling is a computational method to estimate biomechanical
variables of humans or animals [1]. One of the challenging parts of musculoskeletal
modeling is to create subject-specificmodels [2]. There are variousmethods to create
subject-specific models [3]. One of the important applications of subject-specific
models is gait analysis of the leg length discrepancy (LLD) patients [4]. The LLD
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is defined as a situation in which the paired lower body segments have a noticeably
unequal length. Therefore, the aim of the current study was to compare the image-
based and marker-based scaling methods to create subject-specific models for LLD
children.

2 Methods and Materials

Twenty-two children were categorized to normal and LLD (average more than 1 cm)
groups (Normal: 11 and LLD: 11) who participated in this study (23.4 ± 5.7 kg, 98
± 8.5 cm, 6.5± 2.5 years). Twelve Vicon motion captures (Vicon MX, Oxford, UK,
200 Hz) and two force plate (Kistler, 2000 Hz) were used to record the reflective
marker trajectories and ground reactions, respectively [5-7]. Children walked the
length of a 10-m walkway barefoot at a self-selected speed. Marker data were calcu-
lated from a minimum of 20 gait cycles. Gait cycle defined according our previous
study [4]. The Gait2354_Simbody model of OpenSim consists of joints with 23
degrees of freedom and 92 muscle-tendon actuators to represent 76 muscles in the
lower extremities and torso was used to simulate the gait [9]. The generic model was
scaled by two different methods: images based (CT and MRI) and marker based [9].
The inverse kinematics was used to examine the best methods for scaling. The quality
of methods was examined by comparison with marker errors during inverse kine-
matics analysis. Statistical analysis for comparisonof gait parameters betweengroups
included a Kolmogorov-Smirnov test for testing normal distribution, an indepen-
dent—t-test (normal distributed) and Mann–Whitney U test (not normal distributed)
[10]. The significance level was set at p < 0.05 in order to find the differences among
methods.All statistical analyseswere conducted usingMATLAB(MathWorks,USA,
2019b) [11].

3 Results

Figure 1 presents the schematic of creating the subject-specific model for normal and
LLD children from the generic model. The image and marker-based subject-specific
models compared with the experimental results of total square of marker error from
inverse kinematics to examine the methods for creating the subject- specific model.
Figure 2 presents themean of total square of marker error duringwalking. Significant
differences were found between normal and LLD children in total square of marker
error (p < 0.05). The mean and peak values of marker errors for marker-based was
higher than imaged-based. The maximum differences were observed at the end of
gait cycle (after 80%).
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Fig. 1 The schematic of creating the subject-specific musculoskeletal model for normal and LLD
children from the generic model

4 Discussion

This study demonstrates the feasibility of using musculoskeletal modelling to
compare methods to create patient-specific model in patients with knee height asym-
metry [12]. The results show different patterns of lower limb kinematics between the
right and left sides compared to the more symmetrical patterns shown by the health
subject. This study demonstrates a technique which can be used to compare methods
to create patient-specific model in patients with knee height asymmetry for a variety
of activities of daily living. According to results, the differences between methods
before the 80% of gait cycle were not significant, while the marker errors differences
between methods were significant at the end of gait cycle (80–100%) [4].

5 Conclusion

Create the subject-specific model is one of the challenging parts of musculoskeletal
simulation especially in the LLD patient studies. Therefore, this study examined the
two methods of creating the LLD patient-specific models. According to results, the
quality of OpenSim scaling tools depends on experimental marker placement quality,
although our results present significant differences between this method and scaling
with images, and both methods have weak points. Therefore, the authors suggest
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Fig. 2. The mean of total square of marker error

future studies use both methods to create patient-specific models. Future studies will
look at kinetics for patients with knee height asymmetry to determine any atypical
loading which could indicate a need to adjust the surgical management of children
with LLD.
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Shoulder Kinematics and Kinetics
Comparison Between Amateur
and Professional Athletics During
High-Speed Overhead Tasks: Computer
Simulation Study

Hamidreza Barnamehei, Farhad Tabatabai Ghomsheh,
Afsaneh Safar Cherati, Majid Pouladian, Arghavan Aminishahsavarani,
and Neda Golfeshan

Abstract The purpose of this study was to compare the amateur and professional
badminton player by generic and scaled models during execution of the Badminton
Forehand Smash (BFS). The BFS is high-speed overhead stroke and is sample of
proximal to distal motion. The injuries rate and stroke style depend on skill level of
athletics. Twenty-four athletics categorized to the amateur and professional groups.
Vicon motion captures were used to record the marker trajectories attached on bony
land markers. The shoulder model was used as a base model in the OpenSim to
estimate kinetics and kinematics. The generic model was scaled by mass, height,
and markers data in the static position. The inverse kinematics and dynamics were
used to estimate kinetics and kinematics relationships during the BFS. Significant
differences were found in shoulder angles, angular velocities, and moments between
groups (p < 0.05). In addition, large differences were observed in shoulder angular
velocity between groups while shoulder angular position patterns of both groups
seems similar. Knowledge of shoulder kinetics and kinematics during overhead tasks
performed at high velocity could improve the understanding of various sport-specific
adaptations and pathologies.
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1 Introduction

Badminton forehand smash (BFS) is high-speed overhead stroke and is sample of
proximal to distal motion [1]. The injuries rate and stroke style depend on skill level
of athletics [2]. In addition, computer simulation provides basic horizon to estimate
biomechanical variables during motions [3]. On the other sides, creating subject-
specific model is important and in some cases is difficult [4, 5]. Although, scaling by
marker data prepare easy way to making subject-specific model, there are no certain
agreements to reliability of this method [6]. Thus, the question remain is what is
the shoulder kinetics and kinematics differences between amateur and professional
players during the BFS? Therefore, the aim of current study was to compare the
amateur and professional groups by generic and scaled models during the BFS.

2 Methods and Materials

Twenty-four athletics (65.3± 6.5 kg, 173± 8.1 cm, 28.5± 5.5 years) categorized to
the amateur (n = 12) and professional (n = 12) groups. Ten Vicon motion captures
(ViconMX, Oxford, UK, 200 Hz) were used to record the surface marker trajectories
attached on bony land markers [7, 8]. The shoulder model consists of 5 segments,
and 10 degrees of freedom was used as a base model in the OpenSim to estimate
kinetics and kinematics [9, 10]. The generic model was scaled by mass, height, and
markers data in the static position [11]. The inverse kinematics and dynamics were
used to estimate kinetics and kinematics variables during the BFS (Fig. 1) [12].

3 Results

Figure 2 presents the average of angles, angular velocities, and moments of shoulder
over a BFS cycle across all the trials. The red and blue lines indicate the professional
and amateur groups. Significant differences were found in shoulder angles, angular
velocities, and moments between groups (p < 0.05). In addition, large differences
were observed in shoulder angular velocity between groups while shoulder angular
position patterns of both groups seems similar. Professional group presents sudden
angular velocity at contact point while amateur group represents steady angular
velocity.
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Fig. 1 The anterior view (left), lateral view (middle), andposterior viewsides of themusculoskeletal
model used in the current study

4 Discussion

Based on our results, amateur and professional athletics use different motor control
strategy to execute the BFS. The kinematics and kinetics variables before, after,
and at contact point are depend on level of athletics. Therefore, this suggests that
the amateur athletics in order to improve their abilities not only should focus in the
kinetics and kinematics variables but also execute the suitablemotion at inappropriate
time of movement. Knowledge of shoulder kinetics and kinematics during overhead
tasks performed at high velocity could improve the understanding of various sport-
specific adaptations and pathologies. The previous study verified results such as peak
of kinetics and kinematics variables [13].

5 Conclusion

Majority of differenceswere related to timing.Our results representmany differences
between skilled and non-skilled athletes are due to lack of timing control during
BFS. Most effects of training are coordination between muscle activity, kinetics, and
kinematics variables. Long time trainingmayhelp to athletes to findbest relationships
among these variables. This study discovered pattern and differences between two
different skill levels.
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Fig. 2 The average of angles, angular velocities, and moments of shoulder over a BFS cycle across
all the trials. The red and blue lines indicate the professional and amateur groups. The red and blue
dash lines show the contact point for the professional and amateur players
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Subject-Independent Detection
of Movement-Related Cortical Potentials
and Classifier Adaptation
from Single-Channel EEG

Mads Jochumsen

Abstract Brain-computer interfaces have been proposed for stroke rehabilitation,
but there are some impeding factors for them to be translated into clinical practice.
One of them is the need for calibration. In this study it was investigated if subject-
independent calibration is possible for detecting movement-related potentials asso-
ciated with handmovements, and what the optimal number of movement epochs is to
maximize the detection performance. Twelve healthy subjects performed 100 palmar
grasps while continuous EEG was recorded. Template matching was performed
betweenmovement and idle epochs. 72± 10% of all epochs were correctly classified
using the subject-independent approach while 78± 9% of the epochs were correctly
classified using the individualized approach. The highest classification accuracies
were obtained when using 54± 23 movement epochs for calibration. In conclusion,
it is possible to use a subject-independent approach for detecting movement-related
cortical potentials, but the performance is slightly lower compared to individualized
calibration.

1 Introduction

Brain-Computer Interfaces have been proposed for stroke rehabilitation over the
past years. It has been shown in several studies that neural plasticity, the underlying
factor of motor recovery, can be induced [1] and gains in functional scores have
been reported in stroke patients [2]. A Brain-Computer Interface (BCI) can induce
neural plasticity by pairing movement-related brain activity with temporally corre-
lated somatosensory feedback from e.g. electrical stimulation of nerves and muscles
or passive movement from rehabilitation robots and exoskeletons [3]. It is not known
how strict the temporal association between movement-related activity and inflow of
somatosensory feedback has to be. It has been suggested that there should be a very
strict timing where the intendedmovement is predicted [4], while other findings have
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suggested that such a strict temporal association may not be needed [5]. However,
if a strict temporal association is needed, the movement-related activity has to be
predicted from single-trial EEG. This is possible through detection of movement-
related brain activity that precedes a movement, which can be done from either
movement-related cortical potentials (MRCPs) or event-related desynchronization
(ERD) [6]. It has been shown in several studies that these two phenomena can be
detected from single-trial EEG with accuracies in the range of 70–80% in stroke
patients [7]. To be able to utilize this in a BCI, a number of movements (roughly
30–50 movements) needs to be performed such that a classifier can be trained to
discriminate between movement and idle activity. This takes time, especially in a
potential rehabilitation scenario where the therapist needs to mount the EEG cap and
perform the system calibration. It is likely that this will take too much time for the
therapist, and this wasted time may be deducted from the actual training with the
patient. To increase the acceptance of a BCI-approach for stroke rehabilitation, it
would be ideal if the patient could mount the cap him/herself [8], and that the BCI
would not require any calibration, or at least a very low number of movement trials
for calibration. It has been shown previously in a couple of studies that ERD [9,
10] and MRCPs [11, 12] can be detected using a global approach where previously
recorded data from multiple subjects can be used for calibration hence removing the
calibration time. For the MRCP, it has been reported for foot movements. In this
study, it will be investigated if similar findings are obtained for hand movements.
The aims of this study are to: (1) compare the detection of MRCPs associated with
hand movements from single-trial EEG using a global and individualized detector
approach, and (2) determine the relationship between detection performance and
number of movements used for calibration.

2 Methods

2.1 Subjects

Twelve healthy subjects participated (28 ± 3, two females). The subjects gave their
written informed consent prior to participation. The local ethical committee (N-
20130081) approved all procedures.

2.2 Recordings

Nine channels of EEG were recorded from F3, Fz, F4, C3, Cz, C4, P3, Pz and P4
(EEG amplifiers, Nuamps Express, Neuroscan). The channels were referenced to the
right mastoid bone and a ground electrode was placed on the forehead. The signals
were sampled with 500 Hz. The impedance of the electrodes was below 5 k�.
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Table 1 Global versus individualized classification

Subject Global [%] Individual [%] No. epochs for best performance

1 82 86 67

2 79 76 43

3 65 81 65

4 60 71 79

5 69 73 75

6 84 88 64

7 78 76 38

8 69 78 74

9 76 80 59

10 86 91 6

11 61 74 62

12 56 59 18

Mean ± std 72 ± 10% 78 ± 9% 54 ± 23

2.3 Experimental Setup

The subjects were seated in a comfortable chair. They performed 100 visually cued
ballistic palmar grasps of the right hand. A digital trigger was used to synchronize
the visual movement cues with the EEG. The subjects were instructed to sit as still
as possible and minimize blinking and activity of the facial muscles during the
recordings. Each movement was separated by a 10-s rest period.

2.4 Data Analysis

OnlyCzwas used for the data analysis. The rawEEGwas bandpass filtered from 0.05
to 5 Hz using a 4th order Butterworth filter with zero phase shift and downsampled
to 25 Hz to reduce the processing time. The processed continuous signal was divided
into two types of trials/epochs (1) movement epochs (from−1.5 to 0.5 s with respect
to the task onset), and (2) idle epochs (from−5 to−3 s with respect to the task onset).
100movement and idle epochs were extracted in total. Themean value of each epoch
was subtracted from the respective epoch. To investigate the global approach, a linear
discriminant analysis (LDA) classifier was trained on all movement and idle epochs
from the subjects that were available except for the test subject (all the epochs from
the test subject was used for testing). A template was obtained from all movement
epochs (average across epochs), and the autocorrelation was calculated between the
template and each epoch, movement and idle. To investigate the effect of the number
ofmovement epochs for the individualized calibration, the first fivemovement epochs
were used to extract a template and to calibrate the LDA, and the remaining epochs
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Fig. 1 Average and standard error of the classification across subjects for the individualized
calibration

were used for testing. The number of epochs was increased by one hence increasing
the number of movement epochs for calibration until 20 epochs remained for testing.
A paired t-test was performed between the classification accuracies obtained for
the global approach and for the highest classification accuracy in the individualized
approach.

3 Results

The results are summarized in Table 1 and Fig. 1. 72± 10% (across subjects) of the
epochs were correctly classified for the global approach while 78± 9% of the epochs
were correctly classified in the individualized approach. The accuracies were signif-
icantly higher for the individualized approach (t(11) =−3.5; P= 0.005). The highest
accuracies in the individualized approach were obtained when 54 ± 23 movements
were performed; however, there is a large standard deviation.

4 Conclusion

It was possible to use a subject-independent approach for detecting MRCPs associ-
atedwith handmovements, although the performancewas slightly lower compared to
the individualized approach. Thismay have implications for the calibration strategies
of MRCP-based BCIs.
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A Random Forest Based Methodology for
the Development of an Intelligent
Classifier of Physical Activities

Asier Brull, Sergio Lucas, A. Zubizarreta, Eva Portillo, and Itziar Cabanes

Abstract An appropriate amount of Physical Activity (PA) has been demonstrated
to be positive for health. However, most of the developed approaches to monitor PA
donot consider people that require assistive devices forwalking (ADW), inwhich gait
patterns differ significantly fromnormal gait. In thiswork, amethodology is proposed
to define a neural-network based classifier that uses the data from a sensorized crutch
tip to detect the different PA. To achieve this, a series of features are obtained from
the sensorized tip’s sensors, and a proper selection is carried out using a Random
Forest approach. Based on the relative influence of each feature, a set of them are
selected to define a Multi-Layer Perceptron neural network to classify four types of
PA. Results show that using this procedure leads to appropriate classifiers.

1 Introduction

In recent years, interest on Physical Activity (PA) monitoring has increased signif-
icantly due to its direct impact on health. In rehabilitation processes associated to
recovering the mobility of the lower-limb, monitoring PA can provide important
information for the functional assessment of the patient [1]. In particular, the thera-
pist can give feedback on the intensity and type of PA to perform in order to aid in
the recovery process.

In order to monitor the different PA, different technological solutions have been
proposed. Wearable devices are currently one of the most popular approaches [2].
However, attaching sensors to different parts of the body can be invasive for patients,
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difficulting their motion. Hence, some less invasive approaches have been proposed,
such as the use of the internal sensors of mobile phones [3] or the use of sensorized
assistive device systems such as crutches or canes [4]. The latter approaches are less
invasive and offer great monitoring potential.

The data provided by these devices, however, needs to be processed so that the
PA that the patient is executing can be identified. In order to perform this task, meth-
ods such as Artificial Neural Networks (ANN) can be used [5]. However, multiple
features can be defined considering the raw sensor data. Moreover, currently there
are no works that analyze the particular case of patients that use assistive devices for
walking, whose gait presents different parameters in comparison with normal gait.

Hence, there is a lack of studies regarding the detection of PA on people that use
assistive devices, and a methodology to define a classificator for that purpose. Hence,
in this work a methodology based on a Random Forest [6] approach is proposed to
design a PA classifier that uses the data from a sensorized crutch tip. Four types of
PA are selected: (A) walking straight, (B) going up stairs, (C) going down stairs and
(D) standing still.

2 Design Methodology

A set of tests to emulate each PA with 6 healthy people. In these trials, the data
provided by a SensorizedTip [7]was captured (Fig. 1). The device contains a series of
sensors: a force sensor tomeasure the applied load; a barometer tomeasure the height;
and an Inertial Measurement Unit (IMU), which contains a triaxial accelerometer
and a triaxial gyroscope.

The raw data from these sensors are first segmented in windows considering the
crutch cycle composed by the swing and stance phases. A balanced distribution (528
samples) for each PA is carried out as shown in Table 1.

In a second step, a series of features based on statistical operations are obtained
for each cycle. For eachmeasured variable their mean, standard deviation, percentile,
kurtosis, variance, correlation coefficient, interquartile range, area under the curve,
slope, cycle time and tip usage percentage are calculated, making a total of 90 dif-
ferent features.

In order to determine which of these features are more significant to perform
the required PA classification, a Random Forest [6] approach is used (1500 trees,
sample with replacement, node size 1, mtry =

√
M and the interaction-curvature

predictor). This approach allows to detect the relative weight of each feature in the
classification. Due to space constraints, only the 20 most significant features and
their relative weight are shown in Fig. 2. As it can be seen, variables related to the
gyroscope and the barometer are among the most relevant features to be considered.

Once the most relevant features are defined, an ANN is designed to implement
the classifier based on the selected features. In order to evaluate the effectiveness of
the approach, five different ANNs are trained considering: (1) the most; (2) the 10
most; (3) the 20 most; (4) all; and (5) the 10 less relevant features. All ANNs have a
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Fig. 1 Sensorized Tip and
its elements, and local axes
of the Tip

Ba�ery

Adquisi�on System
and Sensorized Tip:
• Force Sensor
• IMU
• Barometer

TIP Axes

Z

XY

Table 1 Number of windows per physical activity (PA)

Type of PA Number of windows Balanced set

(A) Walk normal 389 145

(B) Go up Stairs 142 142

(C) Go down stairs 144 144

(D) Standing still 97 97

single hidden layer with 20 neurons and 4 outputs (one for each PA). The outputs are
codified in binary. The ANNs have hyperbolic tangent transfer function and random
initialization of thresholds and weights. They are trained using the Training Set and a
K-fold Cross Validation procedure with K = 5. For each fold, each ANN is trained 10
times with random weight initializations and the Bayesian Regularization method,
and the best network is selected as representative for the fold.

3 Results

Figure 3 shows the success rates statistical distribution for the K-fold training proce-
dure for the proposed ANNs. It can be seen that with even only the best feature the
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Fig. 2 Indicator weight according to Random Forest, ordered from least to greatest (Accel =
Accelerometer, Gyro = Gyroscope and Baro = Barometer)

Fig. 3 Success rate (cross validation data)

success rates are high (minimum of 85% and mean of 87%). In creasing the number
of relevant features increases the success rate even up to 99% with 20 neurons, with
very small deviation in the results, demonstrating the generalization capability of the
approach. Table 2 shows the confusion matrix of two of the cases.

Moreover, the last column in Fig. 3 represents the ANN trained with the 10 less
relevant features. It can be seen that the rates oscillate between (47–65 %, with no
clear normal distribution due to the number of samples), which are much lower than
the relevant features cases. This validates the approach.
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Table 2 Confusion matrices for ANN-based classificators

10 features All features

A B C D A B C D

A 144 1 0 0 A 145 0 0 0

B 0 141 1 0 B 0 142 0 0

C 0 0 144 0 C 0 0 144 0

D 0 0 0 97 D 0 0 0 97

4 Conclusion

Monitoring PA allows to provide feedback to enhance recovery of patients whose
lower-limb mobility is affected. However, there is a lack of works in this area.

This work focuses on proposing the development of an ANN based algorithm that
classifies PA. The selection of the input features for the ANN is carried out based on
a Random Forest approach.

High success rates are achieved in the classification, using those indicators that
the Random Forest marks as most relevant for this task as input.
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Human-Centered Approaches for
Patient-Specific Wearable Robots

Philipp Beckerle

Abstract To support human motions, wearable robots tightly interact with their
human users. Besides demanding for functional assistance, user experience is of
paramount importance. Remarkably, both aspects are subject to inter-individual dif-
ferences and, hence, call for personalized solutions. This paper outlines how to
address this challenge combining appropriate design methods, human-in-the-loop
experiments, and cognitive modeling. Emphasis is put on the capabilities of the
methods towards patient-specific solutions offline during design and online during
operation.

1 Introduction

While wearable robotics, e.g., prostheses or exoskeletons, receive a lot of scientific
interest [1–3], considering individual factors still bears various potentials: patient-
specific design and control might provide individually optimized assistance [4] and
tailored human-robot interaction [5, 6]. In cognitive and physical interaction, indi-
vidual demands directly influence users’ satisfaction and experiences, which can be
approached by personalizing human-centered design approaches [7].

Human factors shape users’ experiences and comprise design-related, but also
individual aspects, e.g., predispositions towards/against technical aids [8], which
can be considered by human-centered design [7]. Although human factor analysis
often remains on a population level, it is possible to individually assess subjective
experience of wearable robots through questionnaires or interviews, e.g., overall [9,
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10] or body experience [6, 11]. To consider the acquired knowledge, human-in-the-
loop techniques [4, 6] and cognitive models [12] appear to be promising tools.

Human-in-the-loop approaches allow involving users during design, e.g., in test-
ing and assessing early component performance and experience [6]. Using a subsys-
tem in an emulated environment, participants can explore the system and its control
when interacting with it. Recent research shows that human-in-the-loop approaches
can foster personalization ofwearable robots and their interaction capabilities. To this
end, not only functional and performance outcomes [13, 14], but also user experience
need to be considered [5, 6].

Moreover, cognitive models such as Bayesian or connectionist models facilitate
predicting human sensorimotor behavior and support our understanding of human
cognition [15]. They might be used to personalize wearable robots by shaping their
interaction behavior considering their users’ individual experience [12].

This contribution presents design methods using human-in-the-loop experiments
to personalize wearable robots and shows how cognitive models might enable online
adaptation.

2 Design Methods

During human-centered design, individual preferences can already be fused in during
requirement analysis as shown in Fig. 1. Taking the systems engineering perspective
of V model design [7, 16], those requirements will be defined on system level and
might rely on individual user surveys.

To improve the consideration of human factors in design, understanding the inter-
relations of particular user demands and technical requirements, e.g., specific com-
ponents, would be important [7, 8]. Expert opinions can augment personalization
by revealing such interrelations [7]. However, since assessing individual demands
is hardly achievable by statistically interpreting population data, human-in-the-loop
experiments and personalized cognitive models are proposed to accompany human-
centered design (see Fig. 1).

3 Human-in-the-Loop Experiments

Through human-in-the-loop experiments, two aspects of personalization can be con-
sidered (see Fig. 2). On the one hand, users can give individual feedback about their
experience of a particular component realization, e.g., howhaptic interfaces influence
prosthetic device embodiment [6]. On the other hand, already developed components
might be tuned during such experiments by parameterizing with respect to individual
preferences. To this end, method of adjustment tasks where users vary and select sys-
tem parameters, e.g., control parameters determining apparent prosthesis stiffness,
during interaction could be a valid approach [17].
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Fig. 1 Individualization possibilities during human-centered systems engineering, e.g., in the V
model [7, 16]. Besides individualized requirements (upper left), human-in-the-loop experiments
(right) support considering user-specific demands during system integration, e.g., control parame-
ters can be tuned to individualize the apparent stiffness of a prosthesis. Cognitive models enable
online user adaptation (right), e.g., comprehendingmultisensory integration to tailor haptic feedback
patterns and intensity

As for survey studies, human-in-the-loop techniques are currently mostly applied
to investigate population-wide effects. To improve their capabilities for personaliza-
tion, individual sensorimotor programs might be identified in the laboratory and in
the field through wearable robots [18]. Turning the wearable robot into a measure-
ment system and surveying user experience in addition would help to tailor robotic
assistance and augmentation.

4 Cognitive Modeling

As outlined in Fig. 2, cognitive models can help for three purposes in human-robot
systems: (1) predicting the users’ intention and behavior, (2) generating robot behav-
ior, and (3) adaptinghuman-robot interaction [19]. Especially in the latter twoaspects,
users’ preferences might be considered to personalize cognitive and physical inter-
action.

In predicting and generating behavior, cognitive models might provide for realis-
tic imitation of human behavior [12, 20]. A straightforward approach to individualize
behavior and, spatially as well as temporally, align interaction would be fitting free
parameters to inter-individual differences [19]. Moreover, robots could be taught to
anticipate the human users’ intentions in the long-term, i.e., going beyond (imme-
diate) intention recognition aiming for a joint task awareness [21]. Yet, the issue of
overfitting individual data should be treated with care [19].
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Fig. 2 A robotic embodiment as an exemplary human-in-the-loop experiment: the user assesses
whether the robotic hand is perceived as the ownone.Based on the individual assessment, developers
can tailor personalized control and feedback. Cognitive models can be applied to predict human
behavior, generate robot behavior, and align their interaction, e.g., embodiment might improve if
triggered by appropriate haptic stimulation

5 Conclusions

Personalization ofwearable robots is a challenging, but also very promising endeavor.
It emphasizes the relevance of user experience, which is even harder to comprehend
and consider on an individual level. Fortunately, existing human-centered meth-
ods supported by human-in-the-loop experiments and cognitive models can foster
designing individualized wearable robots that adapt to their users online.
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Effect of Gel Type and Anode Selection
in Ankle Movements Elicited
by a Multi-field FES Device

Aitor Martín-Odriozola, Cristina Rodriguez-de-Pablo,
Haritz Zabaleta-Rekondo, Eukene Imatz-Ojanguren, and Thierry Keller

Abstract Functional electrical stimulation (FES) is an evidence-based technique
for treating foot drop, the inability to lift the foot due to weak or absent ankle
dorsiflexors. Surface multi-field electrodes have brought some advantages such as
improved selectivity or possibility of performing automatic motor-search configura-
tions. In fact, they provide new stimulation paradigms that should be tested. This pilot
study analyses the movements created using different anode combinations and gel
types with the Fesia Walk system, a commercial multi-field technology-based FES
device for foot drop compensation. 8 different anode combinations and 2 gel types
were tested in 4 healthy subjects. Results show that the most lateral anodes located
on the shank produce predominantly ankle plantarflexion and eversion, while the
ones located most medially produce more dorsiflexion and inversion. No significant
effect was observed between both gel types. This study suggests that anode selection
has an influence on the elicited ankle movements and therefore it should be taken
into account in the configuration process.
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1 Introduction

Foot drop is a gait impairment consisting in the inability to lift the foot due to weak
or absent ankle dorsiflexors [1]. This condition appears in up to 20% of the stroke
patients, who usually adopt a steppage or equine gait [2].

Functional electrical stimulation (FES) is an evidence-based technique for treating
foot drop, which consists in providing short bursts of electrical pulses to induce an
action potential in the motor neurons that innervate a muscle, producing a contrac-
tion. Most commercial FES-based devices stimulate the common peroneal nerve,
producing an ankle dorsiflexion during gait [3].

Surfacemulti-field electrodes have emerged in the last years, showing great poten-
tial on improving activation selectivity and delaying muscle fatigue. This technology
also increases exponentially the number of possible stimulation patterns, allowing a
more personalized therapy [4]. Another remarkable feature relies on the possibility
of doing the configuration automatically [5], avoiding the time-consuming manual
motor-point search.

In this pilot study we present an analysis that compares the movements created
using different anode combinations and gel types with a commercial multi-field
technology-based FES device.

2 Material and Methods

2.1 Material

The Fesia Walk system (Fesia Technology, Donostia-San Sebastián, Spain), a
commercial multi-field technology-based FES device, was used in this study. It
consists of a stimulator, a garment, a multi-field electrode (comprises 16 cathodes
and 4 anodes), a wireless inertial sensor and a tablet PC with a software application.

The system includes an automatic configuration process, in which the 16
electrode-fields are activated sequentially while the sensor measures the generated
ankle movements. The sensor includes a classification algorithm that classifies the
movements as dorsiflexion, plantarflexion, inversion or eversion [5].

2.2 Experimental Protocol

Four healthy volunteers (age 39± 5)who signed the informed consent, were included
in the study.

Eight different anode combinations (Anode 1;Anode 2;Anode 3;Anode 4;Anode
1 and 2; Anode 2 and 3; Anode 3 and 4; Anode 1, 2, 3 and 4) and two different
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gels (Gel 1: Axelgaard, stimulating gel AG735, 1500 �-cm max; Gel 2: Axelgaard,
stimulating gel AG835, 15,000 �-cm min, 30,000 �-cm max) were tested.

Themulti-field electrodewas placed on the shank taking as a reference themidline
between anodes 2 and 3, which was aligned with the tibia, right under the patella.
Like this, anodes 1 and 2 were located on the anterior-medial side of the shank,
whereas anodes 3 and 4 were located on the anterior-lateral side.

The stimulation waveform was biphasic compensated, and parameters were set to
frequency 25Hz and pulsewidth 250µs. The amplitudewas set for each gel at 10mA
above motor threshold if tolerated by the subject, otherwise above motor threshold
at subject’s tolerance. Motor threshold was defined as the minimum amplitude at
which foot movement was visually appreciated with at least one of the fields and the
anode combination “Anode 1, 2, 3 and 4”. The configuration posture consisted in
sitting on top of a stretcher with the knee extended and the ankle and foot hanging
freely.

First, one of the gels was tested with each of the eight anode combinations (in
random order). The automatic configuration process was launched 3 times for each
anode combination and 1 min of rest was applied between different anode combina-
tions. Then, a minimum resting time of 10 min was applied to avoid fatigue and the
process was repeated with the other type of gel. This process was repeated in five
different days with each subject.

2.3 Analysis

A qualitative analysis was carried out, in which for each combination the percentage
of times that each movement was achieved was represented by means of pie charts.

3 Results

In Fig. 1, the ankle movement classification results obtained with different anode
combinations and gels are shown. Each of the pies group the classification results
from configurations carried out with different subjects and during different days.

If we focus on gel 1, the dorsiflexion was the predominant movement with almost
all anode combinations (35–58%). Anode combinations involving anodes 1 and 2
produced an ankle inversion more often (16–31%) than anodes 3 or 4 (2–5%). On the
other hand, anodes 3 and 4 showed the capacity of inducing an eversion more often
(12–20%) than anodes 1 and 2 (7–8%). Regarding ankle plantarflexion, it seemed
that the capacity of inducing it was reduced as the anode was located more medially.
Anode 1 and its combinations did not elicit ankle plantarflexion so often (16%) as
Anode 4 and its combinations did (40–43%). In the case of gel 2 a similar trend
is appreciated, but the main difference resides in the anode combinations involving
anodes 3 and 4. In these cases, a more balanced generation of four movements was
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Fig. 1 Ankle movements obtained with different gels and different anode combinations

found with gel 2, resulting in less fields causing dorsiflexion (23–45%), and more
fields causing inversion, plantarflexion, or eversion (18–44%, 21–27% and 12–16%
respectively).

4 Discussion

The aimof the analysiswas to find how the anodes and the gels affected the generation
of movements during the configuration of the FES system.

This analysis proved that when anodes located more medially were selected, the
capacity of the system to produce eversion and plantarflexion was reduced, probably
due to the increased presence of ankle inversion generated with these anodes. On the
other hand, the activation of the most lateral anodes showed the capacity to induce
ankle eversion and plantarflexion but big limitations to generate ankle inversion.

These differences on the movements generated by the different anode combina-
tions could be due to their location, as lateral anodes are closer to the peroneal nerve
and thus, may promote the ankle eversion, whereas the medial anodes are located on
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top of the tibialis anterior and may promote inversion and dorsiflexion. However, if
the anodes are combined the current spreads through a bigger area and this effect is
diminished, resulting in a more balanced distribution of ankle movements.

Regarding the gel effect on the movement, we found a slightly more balanced
generation of the four movements with gel 2 when compared with gel 1, but no
significant differences were appreciated.

5 Conclusions

Weconclude that the anode combination of the FesiaWalk has an important influence
in the generated ankle movements. This fact allows a better adaptation of the stimu-
lation to the specific needs of the patient and it should be taken into account during
the configuration process. No significant difference was perceived in term of gel
resistivity, so the one with the lowest impedance (Gel 1) seems to be a better option
to reduce the energy consumption from the stimulator side. Although the study was
carried out with healthy people, these results can be extrapolated to patients with
neurological pathology, since it has been studied a characteristic that does not vary
if there is a neurological disorder. Further research with people with neurological
disorders and a larger sample is necessary to confirm these conclusions.
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In Vitro Evaluation of a Protocol
and an Architecture for Bidirectional
Communications in Networks of Wireless
Implants Powered by Volume Conduction

Laura Becerra-Fajardo, Jesus Minguillon, Camila Rodrigues,
Filipe O. Barroso, José L. Pons, and Antoni Ivorra

Abstract Wireless active implantable medical devices (AIMDs) can be an alter-
native for overcoming the drawbacks faced with superficial and percutaneous tech-
nologies.However, currentAIMDs require bulky and rigid components for powering,
hampering their miniaturization. AIMDs based on power transfer by volume conduc-
tion do not need these voluminous parts, allowing the development of thread-like
devices that could be used for distributed stimulation and sensing of the neuro-
muscular system. In this paper, we present an in vitro evaluation of a protocol and
an architecture for bidirectional communications in networks of injectable wireless
implants powered and controlled by volume conduction. The wireless prototypes
were successfully addressed from the external systems, and end-to-end bidirectional
communication was performed at 256 kbps with a success rate of 87%.

1 Introduction

Musculoeskeletalmodelling and robotics are currently used to aid in themanagement
of tremor suppression and spinal cord injury rehabilitation. However, both fields rely

L. Becerra-Fajardo (B) · J. Minguillon
Department of Information and Communications Technologies, Universitat Pompeu Fabra,
Barcelona, Spain
e-mail: laura.becerra@upf.edu

C. Rodrigues · F. O. Barroso
Neural Rehabilitation Group, Cajal Institute, Spanish National Research Council (CSIC), Madrid,
Spain

J. L. Pons
Legs and Walking AbilityLab, Shirley Ryan AbilityLab, Chicago, IL, USA

Department of Biomedical Engineering and Department of Mechanical Engineering, McCormick
School of Engineering, Northwestern University, Chicago, IL, USA

A. Ivorra
Serra Húnter Fellow Programme, Dept. of Information and Communications Technologies,
Universitat Pompeu Fabra, Barcelona, Spain

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
D. Torricelli et al. (eds.), Converging Clinical and Engineering Research
on Neurorehabilitation IV, Biosystems & Biorobotics 28,
https://doi.org/10.1007/978-3-030-70316-5_17

103

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-70316-5_17&domain=pdf
mailto:laura.becerra@upf.edu
https://doi.org/10.1007/978-3-030-70316-5_17


104 L. Becerra-Fajardo et al.

on superficial or percutaneousmethods for electromyography (EMG) acquisition and
electrical stimulation, which present several drawbacks including lack of selectivity
in the former, and creation of infection pathways in the latter.

Wireless active implantable medical devices (AIMDs) are an alternative for over-
coming these drawbacks. Yet their development has been hampered by the methods
used to power them, as those usually require bulky and rigid components that result
in devices that are too thick and stiff to be easily implanted through injection [1].

To overcome these limitations,we have proposed an implantable technology based
on wireless power transfer by volume conduction: an external system delivers to the
tissues high-frequency (HF) currents in the form of bursts, and these currents are
picked up by thread-like injectable implants to power their electronics, and perform
tasks such as electrical stimulation and EMG acquisition. This implantable tech-
nology will be used to develop minimally invasive “Bidirectional Hyper-connected
Neural Systems” (BHNS) for distributed stimulation and sensing of neuromuscular
activity, which could be used for tremor suppression management and spinal cord
injury rehabilitation.

The BHNS will be composed of external systems and wireless implants (here-
inafter “functional units” (FUs)). The external systems will consist of (1) one top-
level control device (hereinafter “Brain”) thatwill communicatewith theFUs through
(2) several low-level control units (CUs) that act as bidirectional gateways (i.e.
protocol translators) between the Brain and the FUs. These CUs will apply bursts
of HF currents through external electrodes. The FUs will pick up these currents and
rectify them to obtain power and information, and to perform the task defined by the
Brain.

In this paper we will present a first in vitro evaluation of a protocol and an archi-
tecture for bidirectional communications in networks of wireless FUs powered by
volume conduction.

2 Materials and Methods

2.1 External Systems

The Brain consists of a PC/104 board computer with a PCIe/104 stackable bus
structure (CMA34CRQ2100HR, by RTD) and a 2.1 GHz Quad-Core processor. The
CUs consist of: (1) a HF sinusoidal generator andmodulator (4064 by BKPrecision);
(2) a digital control to manage the communication interfaces with the Brain, the FUs
and controlling the whole CU; (3) a custom-made demodulator that decodes the
modulation performed by the FUs for the uplink communication (i.e. from the FUs
to theBrain); and (4) a custom-made high-power amplifier that applies theHF current
bursts to the tissues through the external electrodes. The currents are delivered in
the form of bursts to avoid tissue heating, and they are in HF to avoid unwanted
electrostimulation [2].
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The information between the external systems and the FUs is modulated in the
HF current bursts. To avoid tissue heating, an ad hoc communication protocol stack
was implemented. It consists of a four-layers architecture based on the Open System
Interconnection (OSI) model.With the current protocol stack, thirteen different tasks
can be performed.

2.2 Functional Units—Wireless Devices

The proof-of-concept FUs used in this evaluation are based on the architecture
described in [3]. They are made only of off-the-shelf components soldered on a
printed circuit board (PCB), which can be easily connected to wire electrodes, or to
thin-film electrodes that can be injected using a needle [4]. For the uplink, the FUs
digitally modulate the HF current bursts according to the protocol stack.

2.3 In Vitro Evaluation

The in vitro setup, including Brain, CUs and FUs (Fig. 1a) is based on two 6.5 cm
diameter agar cylinders made from a NaCl solution with a conductivity of 0.57 S/m,
equivalent to that of muscle tissue at 3MHz. Two aluminum external electrodes were
strapped around the cylinders, at a distance of 10 cm, and each pair of electrodes
were connected to one CU. The electrode pads of the FUs’ PCBs were soldered to
two silver plated copper wire electrodes with an exposed length of 3.65 mm and a
diameter of 0.25 mm, and the ends of these wires were inserted into the cylinders, at
a distance of 3 cm.

One Brain controlled the two CUs, each one delivering sinusoidal signals in the
form of bursts, with an amplitude of 37 V, a duty cycle of 8% and a frequency
of 3 MHz. The signals delivered by the FUs and those obtained by the CUs were
recorded using an oscilloscope with isolated channels (TPS2014 by Tektronix).

Three sets of experiments were done: (1) downlink communication (i.e. request
from the Brain to the FUs) to two FUs in a single agar cylinder (i.e. one CU); (2)
downlink communication to two FUs, each one in one agar cylinder (i.e. two CUs);
and (3) downlink and uplink communication (i.e. request from the Brain to the FUs
and reply from the FUs to the Brain) using one FU in a single agar cylinder.

3 Results

For experiments 1 and 2, as a visual demonstration, two LEDs were added to the
FUs to show if the Brain was able to address each one of them independently. In
both experiments, all the FUs were successfully addressed with no error. A video of
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experiment 2 is available in this link (https://drive.google.com/file/d/1sH8ypgcTDe9
ZvZrk3TRvfz26g8MzYcSo/view?usp=sharing). In experiment 3, the whole system
was able to perform end-to-end bidirectional communication between the Brain and
one FU at 256 kbps with a success rate of 87%.

Figure 1b shows how the CU demodulates the uplink information coming from
the FU. The modulation made by the FU is seen by the CU as variations on the
current applied to the tissues. These fluctuations are filtered, amplified and passed
through a Schmitt trigger, to obtain a digital signal that can be processed by the CU.
The delay between the FU and the CU is only tens of microseconds.

4 Discussion

Here we in vitro evaluated a protocol and an architecture for bidirectional commu-
nications in networks of wireless implants powered by volume conduction. The
communication speed is high enough for controlled electrical stimulation and EMG
acquisition. The circuit architecture of the FUs used is the basis of a fully injectable
device based on an application specific integrated circuit (ASIC). The resulting wire-
less device will have an unprecedented level of minimal invasiveness, which will be
paramount for the viability of the BHNS for distributed stimulation and sensing of
neuromuscular activity.
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A Study on Reference Range of Healthy
Subjects for Detection and Evaluation
of Abnormal Foot Movement During
Walking in Hemiplegic Subject Using
Inertial Sensors

Taihei Noro, Takashi Watanabe, Katsunori Murakami, and Naomi Kuge

Abstract Abnormal foot movements seen in hemiplegic patients include drop foot
and clubfoot. This study aimed to detect and evaluate abnormal foot movements
during early stance phase of hemiplegic patients using inertial sensors. Two incli-
nation angles associated with abnormal foot movement were calculated from accel-
eration and angular velocity obtained from inertial sensors, and reference range of
healthy subjects was created by defining a two-dimensional plane with these two
angles. In addition, the angle distribution was divided into 3 groups based on the
stride length, and the reference range was created for each group. Measured data
of paralyzed side of a hemiplegic subject was suggested to be abnormal foot move-
ments by comparing to the reference range. Therefore, the reference ranges of healthy
subject for different stride lengths are expected to be useful for the detection and
evaluation of abnormal movements of hemiplegic subjects.

1 Introduction

When stroke develops,mortality rate is low [1], but hemiplegia often occurs, affecting
the patient’s quality of life. Especially when motor dysfunction occurs in the lower
limbs, the patient’s walking function deteriorates, causing a significant decrease in
ADL. On the other hand, stroke is a disease that can be expected to return to society
through appropriate rehabilitation, and early rehabilitation is important [1].

Most of the current rehabilitation sites evaluate the entire body movement, and
detailed abnormal movement of each segment of the body such as the foot is not
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detected and evaluated. It is thought that optimized rehabilitation can be performed
by objectively and quantitatively evaluating the walking function of the patient.
This study focused on gait rehabilitation, and therefore detection and evaluation of
abnormal movement during gait for the objective assessment. In this paper, reference
range of healthy subject was created and tested to detect abnormal foot movement
during gait.

2 Methods

2.1 Calculation Method of Inclination Angle

Inclination angle of the footwas calculated frommeasured datawith an inertial sensor
attached on the foot [2]. First, the angular velocity measured by the inertial sensor
was converted into quaternion. In the integration process to calculate the quaternion,
the integration error was accumulated. In order to compensate for the error, Kalman
filter was applied with the acceleration vector measured by the inertial sensor as
the observed value. Then, the rotation matrix was calculated from the corrected
quaternion and applied to the unit vector defined for the foot segment to obtain the
posture vector. The angle was calculated from the posture vector.

2.2 Creation Method of Reference Range for Healthy
Subjects

The foot inclination angle in the sagittal plane at the initial contact (IC) and that in the
frontal plane at the foot flat (FF) calculated from the acceleration and angular velocity
measured with the inertial sensor were used to detect abnormal movements. The two-
dimensional plane was defined by the two inclination angles, and reference range
for healthy subject was created. Regarding the inclination angle in the frontal plane
at FF, the negative value means the inversion and the positive value is the eversion.
Regarding the inclination angle in the sagittal plane at IC, negative value is the planter
flexion and positive value is the dorsiflexion. If angle plot of hemiplegic subject falls
outside the range, it is detected as abnormal movement. The reference range was
created using Mahalanobis distance in this study. Furthermore, we calculated the
stride length for each stride [3] and tried to divide the reference range according to
the stride length.
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2.3 Experimental Method

Gait data were measured with 30 healthy subjects in their 20s (15 males and 15
females) and a hemiplegic subject with wireless inertial sensors. The hemiplegic
subject (Brunnstrom stage II) was 75 years old and about 9 years had passed since
the onset. The sensor signals were sampled at 100 Hz and recorded by a personal
computer. In gait measurement, inertial sensors were fixed to subject’s feet, shanks,
thighs, and lumbar region using elastic band. The number of measurement trials was
6, and the first 2 trials were excluded from the analysis as practice walking. The
healthy subjects walked 15 m at self-selection speed. The hemiplegic subject walked
10 m at self-selection speed and use the cane that the subject used daily.

3 Results

Measured inclination angles with 30 healthy subjects were shown in Fig. 1. The
number of analyzed stridewas 1669. As seen in Fig. 1, angles werewidely distributed
on the angle plane. Therefore, in this study, stride length was calculated and normal-
ized by the height of subject. The calculated angle data was divided into 6 groups
based on the normalized stride length (NSL), and a reference range was created for
each group. After that, groups with nearly overlapping reference ranges and/or small
sample sizes were integrated. Finally, the reference ranges were created for 3 groups
based on the NSL. Here, the NSL for the three groups were NSL ≤ 0.70 as Short,
0.70 < NSL ≤ 0.80 as Middle, and 0.80 < NSL as Long, respectively. For each
group, reference range for healthy subject was created using Mahalanobis distance.
The number of strides classified into each groupwas 143 strides for Short, 557 strides
for Middle, and 969 strides for Long.

Figure 2 shows created reference ranges for 3 groups and reference range for all
the data. The reference range created using all data included 94.3% of measured data
with healthy subjects. The average values of inclination angle in the frontal plane
at the FF and in the sagittal plane at the IC for 3 groups were 2.10° and 17.2° for
Short, 0.488° and 22.4° for Middle, and −0.356° and 26.8° for Long, respectively.
Angle data of a hemiplegic subject was also shown in Fig. 2. The angles of the
non-paralyzed side was almost in the Short group, and those of paralyzed side was
outside the reference range.

4 Discussion

As the stride length became shorter, inclination angle in the frontal plane at the
FF tended to be larger and that in the sagittal plane tended to be smaller. These
angle changes are considered to be natural for walking of healthy subject. Therefore,
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Fig. 1 Measured angles
under self-selected walking
speed with 30 healthy
subjects
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reference range for healthy subject was divided into 3 groups based on the stride
length in this study. Since the number of strides for the Short group was small, it is
desirable to increase the number of data and to re-create the reference range.

Stride length of hemiplegic subject was considered to belong to the Short group.
As seen in Fig. 2, the angles of the non-paralyzed side of the hemiplegic subject
were almost within the reference rage of Short group. On the other hand, although
the angles of the paralyzed side were near the reference range of Short group, they
were outside of the range, which suggested the movements were abnormal.
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5 Conclusion

In this study, in order to detect and evaluate foot abnormal movements of hemiplegic
gait, reference range for healthy subject was created using inclination angles in the
sagittal plane at the IC and in the frontal plane at the FF. The reference range was
divided into three groups based on the stride length. Measured data of a hemiplegic
subject suggested that abnormal movement could be detected by comparing to the
reference range. In the future, increasing the number of Short data and that of hemi-
plegic subject’s data will be an issue. In addition, quantitative evaluation using the
reference range is also an issue.
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A Preliminary Study on Prediction
of Initial Contact Timing During Gait
Using LSTM for FES Control

Yuto Uwaseki and Takashi Watanabe

Abstract This study focused on feedback FES control of foot movements of hemi-
plegic gait. In order to create target movement trajectory, prediction of initial contact
(IC) timing would be useful. In this paper, a method for predicting the IC timing
using LSTM network was tested. The prediction was based on short-term histor-
ical signal data of an inertial sensor mounted on the foot. The prediction test were
performed for measured data with 2 healthy individuals. The results showed that the
mean and standard deviation of the errors tended to decrease as the percentage of the
gait cycle increased, with a significant decrease after heel-off. The proposed method
was suggested to be applicable in IC timing prediction.

1 Introduction

Foot drop correction using functional electrical stimulation (FES) has been shown
to be an effective method to improve gait of hemiplegic subjects [1]. Since FES has
therapeutic effects in restoring function of ankle dorsiflexion, FES can be used as an
effective tool for gait rehabilitation for hemiplegic patients [2].

In our previous study [3], stimulation timing was determined by detecting the toe
off (TO) and foot flat (FF) timings using a single inertial measurement unit (IMU). In
this system, the foot inclination angle during gait was not controlled. Since healthy
subjects walk with more complex joint angle trajectories, feedback FES control of
foot movements may lead to better rehabilitation. Therefore, this study aimed to
develop feedback FES control system of foot drop correction. In order to realize
feedback FES control, target angle trajectory is required. However, gait movements
of a hemiplegic subject varies between steps. Therefore, it is desirable to determine
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the angle trajectory for each step. To determine the angle trajectory, this study focused
on prediction of initial contact (IC) timing.

In this paper, a method to predict the upcoming IC timing using single IMU after
detecting the IC timing of the previous step was studied. The IC timing was predicted
using the long short-term memory (LSTM) network, which has shown great success
in many problems with time series information [4].

2 Methods

2.1 Outline of IC Timing Prediction

IC timing is predicted based on output values of the LSTM model. Figure 1 shows
the flow of the IC timing prediction. The LSTM model outputs 100 values based on
the historical data of IMU attached to the foot. The output values are predicted values
of probability of the IC at each time after the input time. The time with the highest
value among the outputs of the model was determined as the predicted IC timing.

2.2 IC Prediction Model

The IC prediction model consists of single LSTM layer and fully connected layer.
The LSTM layer had 1200 units with dropout rates of 20% to prevent overfitting,
and the fully connected layer had 100 units. Activation function of the output layer
was sigmoid function. Adam was used as optimizer and the loss function was mean
squared error.

The inputs were tri-axis signals of angular velocity and tri-axis acceleration
measured with IMU attached on the left dorsum foot for last 20 times. The label
signal was “1” for the IC time step and “0” for all other times.

2.3 Experimental Method

Gait data were wirelessly measured with 2 healthy subjects with IMU (MPU-9150,
InvenSense) wrapped around the dorsum of the left foot with an elastic band. The
subjects walked 16 m straight at 3 self-selected speeds (slow, moderate and fast). 40
trials were performed for each self-selected speed. The sensor signals were sampled
at 100 Hz. Gait speed of each trial was calculated by dividing the walking distance,
whichwas the distance from the 3rd step to the step that the distance from the 3rd step
becomes longer than 10 m, by the elapsed time for the distance. Gait event timings
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LSTM

Predict Next IC Time

inputs

outputs

Peak Selection

Post-processing

Fig. 1 Flow of IC timing prediction using LSTM

were detected using a single IMU attached on the dorsum of the foot, based on the
method proposed in a previous study [3].

Model training and off-line IC timing prediction of the left foot were performed
for each subject. Since the gait pattern is dependent on its speed [5], a total of 120
trials for each subject were sorted in order of speed, and 15 trials for training were
selected at equal intervals including the maximum and minimum speed. Another one
trial from each speed was randomly chosen and used for model validation.

IC timing prediction was tested for 5 trials for each self-selected speed of each
subject. Prediction errors inmillisecondswere calculated for each stride. The first and
last strides for each trial were excluded before error calculation. Since the sampling
frequency of the IMU was 100 Hz, the model predicted the IC timing in the next 1 s
after the input time. Therefore, we excluded the prediction results when the IC was
out of the predictable range for the calculation of the mean and standard deviation.

3 Results

Figure 2 shows the mean and standard deviation of the errors for one subject in each
2% interval of the normalized gait cycle. Shown in blue area is the range of the mean
and standard deviation of HO timing for the subject. One outlier of the predicted IC
timing was found at around 98% of the gait cycle for this subject. Table 1 shows the
calculated results of the mean and standard deviation of the prediction error at 10%
intervals for each speed of the subject of Fig. 2, excluding the outlier after 90% of
the gait cycle.
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4 Discussion

The results showed that the mean and standard deviation of the errors tend to be
decreased as the percentage of the gait cycle increased, with a significant decrease
after HO timing. Since feedback FES control of the foot drop correction can be
started at just before the HO timing, the decrease of error shows that the proposed
method would be applicable.

As shown in Fig. 2, one outlier was found near the end of the gait cycle under the
fast speed. Outliers in similar cases were found in the other subject. These outliers
were considered to be due to its fast gait speed. In the case of fast gait speed, the gait
cycle tend to be shorter than any other speed. In the prediction for the gait with a
short gait cycle, there would bemultiple IC events within 1 s, which is the predictable
range of the present model. In this case, the model output shows multiple peaks in
one prediction, which correspond to different IC timings, respectively. Since the
method of this paper determines the time with the maximum value as the predicted
IC timing, misprediction may occur by the amplitude of the peaks when there are
multiple peaks. However, since the most hemiplegic patients tend to walk slower
than healthy people, this problem may not occur in actual foot drop correction. In
addition, since no cases of continuous outliers were found, and the numerical values
of outliers were greatly deviated compared to predicted values of previous times,
it is considered that this problem can be solved by implementing an algorithm that
exclude outliers based on the previous prediction results.

The hemiplegic patients may have greater individual difference in gait pattern due
to compensatory movements. For this reason, it is preferable to train the model to be
applied for actual use based on user’s individual measurement signals. Therefore, in
this study, the training of ANN and its evaluation was performed for each subject.

Fig. 2 The mean and standard deviation of the prediction errors at 2% intervals of the normalized
gait cycle
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5 Conclusion

In this paper, a method of IC timing prediction with single IMU using LSTM was
tested. The proposed prediction method was suggested to be applicable for IC timing
prediction with IMU. For future works, improvement of the prediction accuracy and
evaluation of the predictions using measurement data from hemiplegic individuals
are expected to be conducted.
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Smart Wearable Garment and Rapid
Musculoskeletal Modelling for Accurate
Neuromechanical Analysis

D. Simonetti, B. F. J. M. Koopman, and M. Sartori

Abstract Current clinical diagnostic tools for post-strokemotor deficits are based on
rapid but subjective evaluation. Greater accuracy could be provided in well-equipped
biomechanical laboratories. However, this involves lengthy set-up, data acquisition,
and offline data analysis available only days, or weeks, after the initial assessment, no
longer reflecting the patient’s actual state. The ability to capture the patient’s muscle
activity as well as joint kinematics is key for neuromechanical assessment, but the
process of muscle localization for electrode placement and joint angle measurement
is not always viable in clinical environments. Here, we propose a new wearable
technologywith an integrated high-density electromyography andkinematics sensors
able to provide simultaneously a rapid and accurate diagnosis. The soft sensorized
garment in conjunction with automatic clustering of the HD-EMG channels into
muscle groups and real-time modeling of the neuromusculoskeletal system allows
estimation of internal mechanical forces in a rapid, quantitative, and clinically viable
way.

1 Introduction

Currently, the clinical assessment of post-stroke gait is based on rapid but non-
objective metrics; the functional ambulation categories (FACs) [1], i.e. self-paced
10-m walking speed and fastest 10-m walking speed. To provide a successful motor
assessment, clinicians need to rapidly and objectively evaluate patient-specific neuro-
physical conditions over time. Electromyography (EMG)-driven musculoskeletal
modeling and simulation [2] could potentially provide quantitative assessment but
requires lengthy procedures, i.e. capturing the patient’s myoelectrical activity as well
as joint kinematics. This is already possible in biomechanical laboratories. Never-
theless, the high cost, the lengthy set up such as the process of manual muscle local-
ization for electrode placement, joint angle measurements, and the time-consuming
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processing of the data are not viable in the clinical environment on a large group of
patients.

The presentwork proposes an advanced technology that combines (1) a fullywear-
able soft sensorized garment, (2) an automatic algorithm formuscle localization from
HD-EMG, and (3) a framework for patient-specific neuro-mechanical modeling (as
shown in Fig. 1). The sensorized garment, in combination with automated muscle
localization, allows reducing the set-up time and preventing human error to manu-
ally identify the muscles and place the electrodes. To automatize the process of clus-
tering the HD channel space into muscles’ specific activation, we apply non-negative
matrix factorization (NNMF) [3] to extract muscle synergies during locomotion. We
applied the NNMF-based extraction of muscle synergies to segment the HD-EMG
grid capturing the spatial distribution of lower leg muscles without any prior knowl-
edge on the electrodes’ position. The NNMF is applied to HD-EMG to extract 4main
clusters related to the Tibialis Anterior (TA), Soleus (SOL), Gastrocnemius Lateralis
(GL), and Medialis (GM), and Peroneus (PR). The average activation profile of each
electrodes’ cluster drive, thereafter, the framework for neuromuscular simulation of
the patient-specific internal neuro-mechanical system.

In the following paragraphs,we show twopreliminary studies assessing (1) extrac-
tion of 5 mean activation profiles from NNMF-muscle synergies using the soft HD-
EMG garment placed on the lower leg and (2) torque estimation at ankle joint during
different locomotion tasks using EMG-driven musculoskeletal model.

2 Material and Methods

Both experiments were performed on healthy male subjects performing locomotor
tasks at three different speeds (slow, comfortable, and fast). Ground reaction forces
(GRF), trajectories of 35 retro-reflective markers on the subject’s body, and elec-
tromyography were recorded. In Test 1 the muscle activity was recorded on the right
lower leg using a garment equippedwith 64monopolar electrodes equally distributed.
Whereas, in Test 2, bipolar electrodes were used to record 9 muscles on the leg.

Test 1 focuses on the automatic extraction of muscle activation profiles from HD-
EMG grid. The channel-space of 64 electrodes is reduced in 4 signals, one for each
main muscle in the lower leg. This reduction is the output of the NNMF algorithm.
To automatically identify the 5 lower leg muscles, the NNMF is performed two
times. The first application of NNMF extracts conventional synergies describing the
recruitment of two main muscle groups, calf, and TA, as a function of the gait cycle.
The TA activation is computed as an average of the active channels that exceed a 70%
threshold.However, the calf can still be dimensionally reduced in the remaining ankle
muscles, GastrocnemiusMedialis andLateralis, Peroneus, and Soleus. Therefore, the
NNMF is applied a second time on the calf primitive active channels to identify 4
different groups of electrodes that activate together because part of the same muscle
group. The synergies combined with the prior knowledge of muscle location in the
leg allows associating each extracted sub-region to each muscle and extract and
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Fig. 1 Schematics of the proposed technology. a Fully wearable soft sensorized garment, b the
automatic algorithm for the segmentation of HD-EMG. The two curves represent the conventional
synergies during the push-off (red curve) and the swing (blue curve) phase. c Framework for
patient-specific neuro-mechanical modeling

average activation. The computed mean activation profiles are then compared with
the linear envelope of electrodes manually selected from the HD electrode grid that
were located on each muscle belly.

Test 2 output is a subject-specific representation of the underlying neurome-
chanical processes obtained performing two steps: (1) modeling and simulation of
the recorded movements and (2) simulation of musculoskeletal properties of the
lower leg. Initially, the markers trajectories are input to the OpenSim software [4] to
scale the musculoskeletal geometry and match the subject-specific anthropometry.
Secondly the scaled model with the GRFs and the markers trajectories are processed
in OpenSim to retrieve joint angles, joint torques, and musculotendon units (MTUs)
lengths, and moment arms. The step (2) allows estimating subject-specific neurome-
chanical properties during dynamic motor tasks. First, the subject-specific model is
calibrated to match the subject-specific internal parameters describingMTUs activa-
tion and contraction. Then the EMG-driven estimation of ankle torque is computed
and comparedwith the experimental torqueusing the square of thePearson coefficient
of correlation (R2).

3 Results

The 64 EMG channels are reduced by NNMF in 2 non-negative factors with 64
weightings each. The heatmaps of the weights showed two main active clusters: a
big area that is supposed to be the calf and related to the push-off primitive, and
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a reduced cluster highlighting the TA active area related to the swing primitive.
The second NNMF applied to the calf results in 4 synergies that cluster the grid
in 4 different active regions. The extracted averaged activation profiles from these
clusters resemble the ones from the manual selected channels with greater accuracy
for 1 km/h (R2 = 0.97± 0.03) and 3 km/h (R2 = 0.95± 0.06) speeds respect to the
faster locomotion velocity (R2 = 0.78± 0.21).

Test 2 instead assessed the ability to estimate joint torque from experimental EMG
and inverse kinematics (IK) angles. Ankle torque estimation curves fit the relative
inverse dynamics (ID)-moment with greater accuracy, for slow (R2 = 0.87± 0.13)
and comfortable (R2 = 0.91± 0.07) walking speeds than the faster velocity (R2 =
0.63± 2.6).

4 Discussions

This work proposed a new technology that integrates advanced signal processing
and musculoskeletal modelling techniques within wearable technology. We showed
positive preliminary results of a new approach for lower legmuscle localization using
NNMF-based muscle synergies extraction during locomotion and ankle joint torque
estimation using bipolar EMG-driven musculoskeletal modeling offline. Merging
these two steps in the future would lead to a new pipeline for fast and advanced
clinical assessment.

With Test 1 we proved that (1) the NNMF can be used to localize active regions of
the lower leg during locomotion and (2) we can associate them to specific muscles.
The extracted activation profiles show to resemble the activation of all the lower leg
muscles suggesting that the NNMF-based extraction of muscle synergies can be a
suitable approach for the HD-EMG muscle localization.

The calibrated EMG-driven model can predict with good accuracy muscle-
generated torque at the ankle joint in motor tasks not used for the subject model
calibration. Using bipolar electrodes on muscles we can provide insights on subject-
specific internal mechanical properties. Can we use HD-EMG to drive the estimation
of internal mechanical properties with the same accuracy?

Future works will merge both experiments resulting in a framework for HD-
EMGextraction ofmuscle-specific activation driving subject-specific neuromuscular
modeling for rapid neuromechanical analysis.

5 Conclusion

The combination of flexible sensorized garment, the automatic procedure of muscle
activity extraction added to the framework for neuromuscular modeling has a good
potential to become a resource for clinicians. It will give them rapidity and a new
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and enhanced perspective on the patient’s musculoskeletal system helping to tailor
the rehabilitation treatment on the patient-specific needs for optimal recovery.
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Effect of Rollator Assistance
on Sit-to-Stand Balance in Older Adults

Lizeth H. Sloot, Matthew Millard, Christian Werner, and Katja Mombaur

Abstract Although rollators are often given to older adults, the quality of support
has yet to be quantified. This paper evaluates static and dynamic balance during STS
in older and younger adults during 3 conditions: unassisted, with a normal rollator,
and with a low-handled rollator. We found that older adults get up faster while
maintaining both static and dynamic balance less conservatively with the support
of a rollator. As such, the assistance reduced the difference in balance that was
previously noted between older and younger adults during unassisted STS, and even
slightly more so with the low-handled rollator. These results seem to indicate that
rollator assistance compensated for reduced physical ability or confidence rather than
impaired balance control in these participants. Such insight into the effect of rollator
support is necessary to further development of individualized smart robotic rollators.

1 Introduction

Many older adults suffer injuries due to falls as the ability to move safely degrades.
Assistive devices such as rollators are often provided to fall-prone older adults to
support balance and weakened leg muscles. However, the effectiveness of such
assistance has received little attention.
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The ability to get up from a chair is a prerequisite to independent living. Surpris-
ingly,more falls occur getting into or out of a chair thanduringwalking [1].Only a few
studies have evaluated assistance during sit-to-stand (STS), but none have quantified
the conditions for balance [2, 3]. We recently presented a new approach to analyze
both static and dynamic balance by incorporating the person’s base-of-support and
a model-based dynamic balance metric called the foot-placement-estimator [4]. Our
analysis has shown that older adults stay closer to being statically stable than younger
adults during unassisted STS, while both groups are effective at dynamic balance
control [4].

Here we use the same approach to evaluate how STS duration as well as static and
dynamic balance are affected by rollator assistance in older compared to younger
adults. We also studied support strategies by comparing the effect of a low-handled
to a normal rollator.

2 Methods

Eight older (79 ± 8 yr) and nine younger adults (28 ± 5 yr) participated.1 Older
adults did not normally use assistance, but had an increased risk of falling with a
measured score on the Short Physical Performance Battery of 9.8± 1.9 (range: 7–12)
[5, 6]. The SPPB was not assessed in younger participants.

2.1 Protocol

STSwas performed5 consecutive times at comfortable speed in 3 different conditions
(Fig. 1a): unassisted (U); with a normal rollator (N) and with a low-handled rollator
(L). Upper handles were adjusted to standing wrist height. Participants sat at a stool
(adjusted to knee height) placed on one force plate, with their feet on a second force
plate.

Wecollected ground reaction force (Bertec, 900Hz) andmotion capture (Qualisys,
150Hz) data. Seat-offwas defined as the time the stool’s force-plate registered a value
of within 1N of the stool’s weight. STS start and endwere defined using a k-means++
algorithm [4]. The body center of mass position and velocity were calculated in
Visual3D (IOR full-body model with 2 trunk segments). All other quantities were
evaluated using Matlab.

1 The protocolwas approved by the IRBof themedical faculty ofHeidelbergUniversity. Participants
signed written informed consent.
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Fig. 1 a STS conditions: unassisted (U), with a conventional rollator with normal handles (N)
and with a rollator with low handles (L), located at seated height to support seat-off, after which
participants were instructed to transfer to the standing height handles. bMore conservative balance
means that COMGP and FPE are further from BOS, COP is closer to COMGP and COMspeed is
small

2.2 Balance Metrics

Participants were considered statically balanced at seat-off if they were only in
contact with the ground through their feet and their velocities were comparable to
quiet standing. We defined being more conservatively statically balanced as a larger
distance between the center-of-mass-ground-projection (COMGP) and the nearest
edge of the base-of-support (BOS); a smaller distance between the COMGP and the
center-of-pressure (COP); and a lower COM speed (Fig. 1b). The BOS was defined
as the convex hull that enclosed the area participants were able to move the COP
around in during flat foot standing.

We defined being more conservatively dynamically balanced as a larger dynamic
balance margin: more distance between the foot-placement-estimator (FPE) and the
nearest BOS edge. When this margin is positive (inside the BOS), the motion can
continue without a compensatory step. We used the FPE as it takes the large amounts
of linear and angular momentum present during STS into account.

2.3 Statistics

Static and dynamic balance metrics were sampled at the instant of seat-off, which is
the moment with typically the highest velocities. These metrics, as well as duration
from seat-off to stance, were averaged across STS repetitions. A 2-factor mixed-
model ANOVA (fixed = group; variable = assistance) was performed with Helmert
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contrast to compare: (1) unassisted U versus assisted (mean effect N and L), and (2)
support strategies (N vs. L) using SPSS.

3 Results

Rollator assistance affected static balance and duration differently between groups.
With assistance older adults stood up 0.7 times faster with considerably lower vari-
ation between individuals compared to without assistance, while younger adults
became 3.2 times slower (pinteraction = 0.001; Fig. 2d).

Static balance was maintained less conservatively with assistance by the older
adults, with COMGP closer to the BOS heel-side edge (pinteraction = 0.009; Fig. 2a)
and COMGP tended to be further from the COP (pinteraction = 0.06; Fig. 2c), compared
with younger adults who became closer to being statically balanced. COM speed did
reduce in both groups compared with without assistance (passistance = 0.007; Fig. 2e).
Although both groups maintained the FPEwell within the BOS, the dynamic balance
margin to the (heel-side) edge was reduced (passistance = 0.03; Fig. 2b).

The effect of handle height also differed between groups. While older adults were
less affected, younger adults were slower with lower handles (pinteraction = 0.008;
Fig. 2d) and further from statically balanced—with COMGP more outside the BOS
(pinteraction = 0.005; Fig. 2a) and more distance between COMGP and COP (pinteraction
< 0.001; Fig. 2c). Both groups had smaller dynamic balance margins with lower
handles; which tended to be more in younger adults (pinteraction = 0.06; Fig. 2b).

4 Discussion

While smart assistive technology is becoming increasingly popular in rehabilitation
medicine, enhancement of rollators seems to be lagging.More insight into the impact
of rollator assistance is warranted, and through the presented approach we not only
showed that the effect was different between age groups but also between handle
height.

We found that the assistance reduced the need for a slow and conservative balance
strategy, which we recently noticed in older adults during unassisted STS [4]. In
contrast, younger adults slowed down, probably as the handle interaction forms an
extra task without any benefits. These results indicate that the assistance might be
compensating for reduced physical ability or confidence rather than impaired balance
control in older adults.

The low-handled rollator was designed to offer better grasp and thus improved
weight and balance support during the first phase of STS. It also providedmore coun-
terweight, which could have triggered more of a pulling technique. Regardless of the
cause, the low-handled rollator normalized static and dynamic balance in older adults
towards those of unassisted younger adults, and slightly more so than the normal
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rollator. Interestingly, bar-support—the closest type of support to rollator assistance
studied during STS—has been shown to not improve static balance (in terms of COM
and COP to foot position) [3]. These results demonstrate the importance of tailoring
the design of rollators towards different tasks and needs.

Fig. 2 Effect of assistance on balance metrics. The bar graph represents median values and 25th
and 75th percentiles for unassisted, normal rollator N and low-handled rollator L. Upper result line
indicate the contrast results between unassisted and assisted (mean effect N and L) and the second
line the contrast results between N and L
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This study is our first step in quantifying the effect of rollator assistance on STS
balance. Next, we aim to include the handles in a human-rollator model to assess
joint loading, evaluate a rollator’s effect on the BOS and measure older adults who
struggle with STS and are prone to falling.
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A ROS2-Based Approach to Enable
Simultaneous and Real-Time Tracking
of Humans and Exoskeleton Motion

Guillermo Asín-Prieto, Francisco Martín Rico, and Diego Torricelli

Abstract Commercially availablemotion capture systems (MOCAPs)were initially
developed for human motion analysis. Nowadays, they are a fundamental chain in
robotics, when the motion of different agents (humans or not) should be tracked in
real-time. In robotics, ROS is rapidly gaining relevance as a standard for managing,
synchronizing and integratingwide range of sensormodalities in the control structure
of a robotic system. Nevertheless, there is clear lack of standardized support from
ROS and/or ROS2 formost of existingMOCAP systems in themarket, which prevent
their full (and community-driven) integration in the available robotic systems. In
this paper we propose a full implementation of an official package for ROS2 able
to manage optoelectronic and inertial MOCAPs, with special focus on wearable
robotics applications.

1 Introduction

In robotics, there is an exponential growth of applications in which robots are in
close interaction with humans. Examples are humanoids for assistance, intelligent
prostheses, and wearable robots for clinical rehabilitation or support in the manufac-
turing industry (see Fig. 1, dotted red box). In these application domains, the real time
monitoring of both human and robot motion is crucial to ensure safety and improved
functionality.MotionCapture (MOCAP) systems provide reliable information on the
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Fig. 1 Overview of the main relevant application domains of robotics. In the blue-dotted box are
those domains with typically no physical interaction between humans and robots. In the red-dotted
box are domains related to collaborative robots, most of them not ROS2 supported

position of elements in an environment, by using visual markers and/or inertial sen-
sors. These systems have been successfully used during decades to obtain the ground
truth of robots in an environment and to evaluate human performance in clinical,
sport, and film industry. Unfortunately, none of the commercially available MOCAP
systems are currently supported by ROS2, preventing a reliable real-time tracking of
collaborative tasks between humans and robots. The project MOCAP4ROS wants to
fill this gap by providing a framework, as other ROS2 projects do [4, 5], where differ-
ent MOCAP systems can be integrated. Due to its layered design, applications using
the MOCAP systems’ output can be independent of the particular MOCAP system.
Last, the output of the availableMOCAP systems is fused at runtime, providingmore
complete information.

2 Proposed Solution

The solution to integrate all these elements needs to be easily expandable, allow for
a reliable source of synchronization, and, if possible, be something that could be
eventually standard.

In the development of software for robots, ROS [2] is a de facto standard used
for the innards of these humanoids; but this is not the case of biomedical devices,
exoskeleton and prostheses in our interest case. Nonetheless, ROS provides a reliable
interface between systems, common clock signal and thus synchronization, and is
easily expandable with new nodes in the network.

2.1 MOCAP4ROS2 Project

MOCAP4ROS2 (motion capture for ROS2) is a project that aims to standardize
the use of MoCaps in ROS2. This project begins to support EUROBENCH but to
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transcend it and become a standard in this type of system in ROS. In this way,
manufacturers of MoCaps will be able to integrate their drivers and applications
within MOCAP4ROS2.

The proposed architecture is shown in Fig. 2. It is an architecture composed of
three layers:

• Drivers layer deals with each MoCap’s particular drivers, providing a standard
interface with the upper layer. For each category of MoCap (vision-based, inertial
sensors, …) a standard interface is defined. For each different driver there will be
a ROS2 node that adapts the information to the format of this standard interface.

• Composer layer collects standardized information from MoCaps and combines
it to obtain spatial geometric information in real-time (RT). ROS/ROS2 has suc-
cessfully used the geometric transform system (TFs) in recent years, using a publi-
cation/subscription system for high-frequency geometric relationships. This layer
will offer the upper layer spatial information obtained by MoCaps, such as a tree
of geometric relationships between joints, each on its reference axis. Some cat-
egories, such as inertial sensor-based systems, will need information such as the
distance between sensors. This information can be loaded from configuration files.

• Application layer is where the applications exploit the information obtained from
the MoCap, once standardized and with spatial significance. These applications
can save this information, represent it, or analyze it.

The main idea of this project is that the layers can be independent so that the
application layer is independent to the used MoCap. Furthermore, several additional
layers can be combined to improve the reliability of the information.

2.2 Real-Time Experiments

These preliminary experiments seek to characterize the RT characteristics of com-
munications by sending the information collected by MoCaps. ROS2 uses DDS as
a network layer, which is a RT communications standard. Several DDS vendors can
be used in ROS. We have designed these experiments to measure the performance of
each of them, with real data. We have compared the two main DDS implementations
in ROS2: FastRTPS and Cyclone. We will do it based on these three characteristics:
bandwidth (BW), offered frequency and latency.

Figure 3 (up) shows the evolution of the BW transmitted by each one of them.
Both versions of DDS offer similar data in a wired and wireless scenario (FastRTPS
unstable with wireless). In the same way, FastRTPS fails to keep the frequency
(Fig. 3 -down-) constant on a wireless scenario, while it has no problem with a wired
scenario. Cyclone is reliable and stable.

As for latencies (Fig. 4, Cyclone is significantly better in both scenarios, guaran-
teeing latencies of 50 ns on wired and 40 ns on wireless.
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Fig. 2 MOCAP4ROS2
software architecture

Fig. 3 Up: bandwidth rate;
down: frequency
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Fig. 4 Latency for FastRTPS (LEFT) and CyconeDDS (RIGHT), for wired (UPPER) and wireless
(LOWER) conditions

3 Conclusion

This paper proposed a solution to enable the use of current MOCAP systems under
ROS2, to be used in applications inwhich human and robot are physically interacting.
The use of ROS2 will permit to monitor in real-time the movement of the human
subject and wearable robotic devices and integrate these feedback signals into the
control of the machine.

This project aims to be a reference in ROS2, developing it in public repositories
and creating packages that are incorporated into the official ROS2 distributions.
Continuous Integration techniques will be applied to guarantee the quality of the
software in the future.
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Neural Coherence of Homologous Muscle
Pairs During Direct EMG Control
of Standing Posture in Transtibial
Amputees

Aaron Fleming, Wentao Liu, and He (Helen) Huang

Abstract The objective of this preliminary study was to investigate the feasibility of
a transtibial amputee to improve interlimb muscle coordination while using direct,
continuous control of a powered ankle prosthesis combined with physical thera-
pist guided training, for improved standing postural control. A participant with
transtibial amputation received an extended PT-guided training on posture while
using the dEMG control of powered ankle with his residual Tibialis Anterior and
Lateral Gastrocnemius. We quantified cross-correlation of Center of Pressure excur-
sions and coherence in EMG signals from the bilateral shankmuscles. Between-limb
coordination was observed as synchronized activation of homologous muscles in the
shank. We observed increased coherence in the TA muscle pair after training in 0–
5 Hz and 10–20 Hz frequency ranges. These results demonstrate the potential for
amputees to closely coordinate residual muscle activations with intact muscles given
sufficient training. It is further possible amputees adapt sources of descending neural
commands between homologous muscle pairs after guided training. Future study
requires more participants to validate these results.

1 Introduction

Recent studies have started to show increased promise for the use of descending
neural signals for the control of powered lower-limb prostheses. One common neural
control paradigm, direct electromyographic (dEMG) control, modulates prosthetic
joint parameters proportional to the magnitude of residual muscle activity. This
control paradigm is particularly attractive since it affords amputees the ability to
continuously and volitionally control their prosthetic joint and takes advantage of
the decision-making capabilities of the human user. This has the potential to improve
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prosthetic limb function in tasks that would be otherwise difficult for autonomous
control paradigms to assist (picking up a child, dribbling a soccer ball, etc.).

Amputees retain the ability to activate their residualmuscles, however the structure
and function of these muscles are significantly altered. Several studies have shown
the potential for amputees to adapt residual muscle activity for control of a prosthetic
ankle during locomotion [1, 2]. However, it is unclear whether amputees are capable
of coordinating both antagonistic residualmuscles for non-cyclic tasks like squatting,
or whether amputees can coordinate homologous (inter-limb) muscle pairs during
this type of bi-lateral control task. To test this, we asked a transtibial amputee to use
dEMG control of a prosthetic ankle during a physical therapist (PT) guided training
program using common daily-life postural control tasks. We tested neural synchrony
between limb using coherence analysis [3].

2 Methods

2.1 Participants and Measurements

We recruited one person with a unilateral transtibial amputation to participate in
this extended training study. This participant provided written, informed consent
(approved by Institutional Review Board at the University of North Carolina at
Chapel Hill). The participant was an active community ambulator (K3),male, 131 kg,
58 years old, and 3 years post-amputation (septic shock).

To study neural connectivity between homologous intact and residualmuscle pairs
we placed electrodes on the sound limb (Motion Lab System, MA-420, Gain x20)
and residual limb (Neuroline 715, 1 mm thickness) over the Lateral Gastrocnemius
(GAS) and Tibialis Anterior (TA)muscles. Electrode leads for the residual limbwere
routed away from bony landmarks and connected to a pre-amplifier (Motion Lab
Systems, MA-412, Gain x20) outside of the prosthetic socket. We used alternative
EMG sensors for residual muscles due to the limited space and the sensitivity of
the residual limb within the limb-socket interface. We connected all sensors to an
amplifier (MLS, MA300-XVI, Gain x1000). We determined electrode placements
based on anatomical locations and palpation [1].

We captured full-body kinematics using 3D motion capture (100 Hz, 53 Markers,
Vicon). We measured ground reaction forces using a split-belt treadmill (1000 Hz,
Bertec).

2.2 Device and Control Signal

In this study we provided proportional myoelectric control of a powered prosthetic
ankle actuated with pneumatic artificial muscles. The details of this device can be
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found in [1]. In this setup we controlled the inflation pressure via two proportional
pressure valves (MAC Valves, Wixom) for plantar and dorsiflexor artificial muscles.
The input signal for these valves was 0–10 V and the output pressure was 0–90 psi.
We processed inputs from surface EMG from the residual TA (rTA) and residual
GAS (rGAS) muscles using a real-time control setup (dSPACE, CLP-1103, 0–10 V
output) and sent the output to the pressure regulators in real-time. We established a
set-stiffness based on previous study protocol [1], resulting in ~3 V baseline control
signal for each muscle. Surface EMG signals were processed in real time to generate
a smooth control signal (1) High-pass filter 2nd Order Butterworth (100 Hz Cutoff)
(2) Rectification (3) Low-pass filter, 2nd Order Butterworth. We applied a gain to
each control signal such that a maximum contraction would generate a control signal
of ~9–10 V.

2.3 Training

This study consisted of 5 physical therapist-guided training sessions with the direct
EMG controlled prosthesis. In these sessions the participant practiced several tasks
relevant to daily-life: Load Transfer, Sit-to-stand, Forward Reach, and Arm Raise.
During training, the PT observed repetitions from the participant and provided feed-
back about the relative contribution of each limb toward task completion. The partic-
ipant received cues to shift his weight onto his prosthetic side and to recruit muscles
in ‘toes up’ or ‘toes down’ direction when learning tasks.

2.4 Data Analysis and Statistics

For this initial evaluation we selected the load transfer task from the beginning and
end of training (Day 1 and 5) for±2 s on either side of the moment of object pickup
(as determined by vertical ground reaction force). For each windowed repetition we
calculated the coherence between homologous muscles EMG activity (TA-rTA) and
(GAS-rGAS). We processed EMG and calculated coherence between muscle EMG
similar to previously describedmethods [3] (Welch’s periodogram, hammingwindow
of 512 samples, 256 sample overlap). 95% Confidence interval was calculated as
described in [3] based on the average window size of all trials. Coherence arrays
were averaged across all trials for each condition (pre vs. Post-training). We selected
representative trials from initial and final days of training for qualitative comparison
ofEMGactivity.Wecalculated the cross-correlation (CC0) ofCoPexcursion between
limbs and averaged across all trials for each condition.
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Fig. 1 Pre versus post training EMG comparison. a Rectified EMG from homologous muscle pairs
(negative of EMG for intact muscles) from representative trials. (Vertical Dashed line) moment of
peak squat during load transfer. b Average coherence from homologous muscles pairs compared
from pre- and post-training. (Horizontal dashed line) 95% CI for coherence

3 Results

After training, we observed significant changes in EMG synchronization between
limbs. Visual inspection of EMG and control signals during load transfer trials
(Fig. 1a) demonstrated lack of synchronization in the TA-rTA pair pre-training
and limited rTA activation. Post-training, we observed synchronization between the
muscle pairs (Fig. 1a), specifically the TA-rTA pair.We observed that CoP excursions
between feet were more closely synchronized post-training (CC0 pre: 0.39(±0.29)
CC0 post: 0.83(±0.07)).
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Alongside visual observation of the load transfer trials, we observed noticeable
increases in coherence post-training (Fig. 1b). In the GAS-rGAS pair the synchro-
nization at low (0–5 Hz) and higher (10–20 Hz) frequency bands was significant for
pre-and post-training, however the average coherence did not change. The TA-rTA
pair coherence noticeably increased (Fig. 1b), post-training, for both low and higher
frequency bands.

4 Discussion and Conclusion

This preliminary study is the first study to demonstrate the ability for a transtibial
amputee to use antagonistic residual muscles for the control of standing posture (i.e.
load transfer) after guided training. Improved co-modulation of muscle pairs (as
evidenced by increased Coherence in the 0–5 Hz range) demonstrated the promise
for amputees to coordinate a dEMG controlled prosthetic ankle joint with their intact
limb. Surprisingly, we observed increase coherence in the 10–15 Hz range (Fig. 1a)
suggesting the increased recruitment of common neural sources for the intact and
residual anklemuscles. Itwould be interesting for future study to attempt to determine
the potential neural sources recruited during dEMG of a prosthetic ankle.

In this preliminary study we have demonstrated the potential for transtibial
amputees to improve synchronization and potentially recruit alternative neural
control sources for dEMG of a prosthetic limb during daily-life tasks.

Acknowledgements Funding for this study is provided by NIH NICHD F31HD101285,
NIH EB024570, and NSF 1954587.
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Exoskeleton Design Using
Subject-Specific Synergy-Driven
Neuromusculoskeletal Models

Marleny M. Arones, Josep M. Font-Llagunes, and Benjamin J. Fregly

Abstract Most assistive devices available today are unable to improve gait asym-
metries due to the lack of knowledge on how to directly enforce kinematic symmetry
in the formulation of cost functions. We designed a cost function to potentially target
kinematic symmetry, and observed improvements in gait asymmetries specifically at
the hip and ankle.

1 Introduction

Walking asymmetry is generally a main concern in gait impairments experienced by
amputees, post-stroke patients, and the elderly [1]. Therefore, many rehabilitation
programs measure gait asymmetry to evaluate the effectiveness of rehabilitation
treatments [2]. While many assistive devices have been proposed to improve gait
symmetry, the devices currently available are geared towards reducing metabolic
cost, gait training and performance enhancement [3]. This discrepancy may be due
to a lack of knowledge on how to directly target kinematic symmetry in design
formulation and optimization.

This study predicted the assistive jointmoments needed to improvewalking asym-
metry and thuswalking function.An improvement inwalking functionwas quantified
by calculating changes in metabolic cost and spatiotemporal symmetry measures.
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2 Methods

This study analyzed data from previously collected walking trials from a high func-
tioning male subject suffering from stroke walking dysfunctions. All experimental
procedures were approved by the University of Florida Health Science Center Insti-
tutional Review Board (IRB-01), and the subject provided written informed consent
prior to participation. Motion capture (Vicon Corp), ground reaction (Bertec Corp),
and electromyography (EMG) data (Motion Lab Systems) were collected simulta-
neously from the subject as he walked on a split-belt instrumented treadmill (Bertec
Corp) at his self-selected speed. The subject’s neuromusculoskeletal components
were represented using four modeling elements: a kinematic model, an EMG-
driven model, a foot-ground contact model, and a motion prediction model using
the concept of muscle synergies; see [4] for more details. Originally, the subject-
specific neuromusculoskeletal model was calibrated using five muscle synergies per
leg. However, this study used the subject-specific neuromusculoskeletal model with
twomuscle synergies controlling the paretic leg and fivemuscle synergies controlling
the non-paretic leg, which produced a deteriorated walking motion [5].

An optimization was developed withinMatlab and GPOPS-II, a direct collocation
optimal control software [6], to find ideal joint moment loads that would allow
the walking function of the model to improve. The cost function was designed to
target kinematic symmetry while allowingminimal changes in the neural commands.
To impose kinematic symmetry, the joint angles of the paretic leg were added to
the corresponding joint angles of the non-paretic leg, were the goal is to minimize
the integral of the continuous summed curves for all six joints (Fig. 1). The six
joints of interest include: hip flexion, hip adduction, hip rotation, knee flexion, ankle
plantarflexion, and ankle inversion.

Fig. 1 An example to help visualize the minimization of asymmetry between the red and blue
curves occurs when the integral of the summation curve (yellow) is minimized
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Table 1 Cost of transport, and spatiotemporal symmetry measures

CoT Spatial Temporal

Original 7.49 0.18 0.44

Assisted 5.67 0.51 0.59

The cost of transport (CoT) was calculated using Bhargava’s model [7] along
with ratios describing spatial and temporal symmetry to determine if the assistive
moments resulted in an improved walking motion.

3 Results

The ideal joint moment loads found by the optimizer to minimize kinematic asym-
metry improved walking function by decreasing cost of transport and increasing
spatial symmetry (Table 1). The predicted walking motion showed a decrease in hip
hiking, increase in symmetry between paretic and non-paretic hip flexion, decrease
in leg circumduction, and correction of the foot drop (Fig. 2). Additionally, although
the range of motion at the knee did not increase, the timing of the peak knee flexion
improved. Despite improvements to most joints of interest, the new walking motion
resulted in excessive ankle eversion alongwith over correction of temporal symmetry.

4 Discussion

This study predicted ideal assistive joint moments needed to improve gait asymme-
tries along with the cost of transport and spatiotemporal asymmetries. We found that
kinematic symmetry may be enforced in the cost function by minimizing the integral
of the summed curved between paretic and non-paretic joint angles. The joints of
interest for this study included: hip flexion, hip adduction, hip rotation, knee flexion,
ankle plantarflexion, and ankle inversion.

The predicted walking motion showed improvements in the common clinical
features in hemiparesis walking observed in the two-synergy walking motion.
However, it was observed that the temporal symmetry did not improve in the same
manner as the cost of transport and spatial symmetry. This finding is consistent with
[8] which reported that spatial and temporal symmetry can be targeted independently.

It is important to note that a key limitation of our study is the lack of experi-
mental data as our starting point. Additionally, although the symmetry between the
non-paretic and paretic legs was improved for the hip flexion, hip adduction, ankle
plantarflexion, future development is needed to improve symmetries in hip rotation,
knee flexion and ankle inversion.
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5 Conclusion

In conclusion, our preliminary findings may shed light on the formulation of a cost
function to implement kinematic symmetry to improve the cost of transport and
spatial asymmetry measures. Our findings could potentially lead to a paradigm shift
in the design of assistive devices for neurologically-influenced walking impairments.

Acknowledgments Funding provided by the Cancer Prevention and Research Institute of Texas
Grant RR170026, and NSF Graduate Research Fellowship.
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Usability Evaluation of SMA Based
Exoskeleton: Pilot Testing in Post-stroke
Patients

D. Copaci, D. Serrano del Cerro, I. Alguacil-Diego, D. Fernández Vázquez,
F. Molina-Rueda, J. C. Miangolarra-Page, L. Moreno, and D. Blanco

Abstract Rehabilitation robotic devices are currently used with success as a
complement to the physiotherapist task. However, this technology is still attract-
ing the research interest because aspects such as the effectiveness of rehabilitation
therapy, the cost of the device, the weight and ergonomic are only a few of aspects
which can continuously be improved. This work presents the analysis and usability
evaluation for elbow joint ShapeMemory Alloy (SMA) based exoskeleton. This was
tested and evaluated in flexion-extension movement with 10 patients with stroke and
6 physiotherapists. Firstly, the robotic device was used for data acquisition, which
permitted an evaluation of the patient to define the elbow range of movement, and
after, it was used in the passive mode where the patients relax the articulation and
the exoskeleton executes the forearm movement in flexion-extension. After the test
with the exoskeleton, the patients were asked to complete the QUEST 2.0, which
permits to evaluate the usability (effectiveness, efficiency and user satisfaction with
the exoskeleton).

Thework presented in this paper has been carried outwith the financial support from theRoboHealth
(DPI2013-47944-C4-3-R) and the EDAM (DPI2016-75346-R) Spanish research projects.

D. Copaci (B) · D. Serrano del Cerro · L. Moreno · D. Blanco
Systems Engineering and Automation, Carlos III University of Madrid, Madrid, Spain
e-mail: dcopaci@ing.uc3m.es

I. Alguacil-Diego · D. Fernández Vázquez · F. Molina-Rueda · J. C. Miangolarra-Page
Department of Physiotherapy, Occupational therapy, Rehabilitation and Physical Medicine,
Faculty of Health Sciences, Laboratory of Movement Analysis, University Rey Juan Carlos,
Móstoles, Spain

Biomechanics, Ergonomics and Motor Control, Faculty of Health Sciences, University Rey Juan
Carlos, Móstoles, Spain

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
D. Torricelli et al. (eds.), Converging Clinical and Engineering Research
on Neurorehabilitation IV, Biosystems & Biorobotics 28,
https://doi.org/10.1007/978-3-030-70316-5_25

153

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-70316-5_25&domain=pdf
mailto:dcopaci@ing.uc3m.es
https://doi.org/10.1007/978-3-030-70316-5_25


154 D. Copaci et al.

1 Introduction

Eighty per cent of the subjects who suffer a stroke survive the acute phase; 6months
later, 85% of them still present motor disorders as well as neurological deficits, com-
munication, cognitive and visuospatial perception disorders [1]. The stroke normally
results in series ofmotor impairments contralateral to the brain lesion, such asmuscle
weakness, coordination disorders, somatosensory deficits, motor control disorders
and hemiparesis [2], which limits the patient’s level of activity and both physical
and social interactions. Upper-limb training is important for stroke subjects, since it
directly addresses the restoration of functional motion for activities of daily-living
(ADL) [3].

The inclusion of robotic devices inmotor rehabilitation therapies has been increas-
ing over the last decade. The robot-assisted therapies complement conventional reha-
bilitation by providing intensive, repetitive, task-specific, and interactive treatment.
All these factors contribute to a more effective rehabilitation [4] in subjects with
stroke. However, the clinical applicability of robot-assisted arm training is debat-
able, due to the high costs of the equipment [5].

A Cochrane review [6] assessed the effectiveness of electromechanical and robot-
assisted arm training for improving ADLs, arm function, armmuscle strength in peo-
ple post-stroke and the acceptability and safety of the therapy. The authors identified
34 trials (involving 1160 participants). Electromechanical and the robot-assisted arm
training was compared with other interventions (task-specific practice of functional
activities, occupational therapy, standard arm and hand exercises, mirror therapy,
Botox or repetitive goals-based arm therapy) placebo interventions or no treatment.
The review concluded that electromechanical and robot-assisted arm and hand train-
ing improvedADLs in people post-stroke function andmuscle strength of the affected
arm.

This study analyses and evaluate the SMA based exoskeleton developed in our
research group [7], in terms of usability.With this rehabilitation devicewe propose an
improvement in the area of the upper limb exoskeletons in aspects such: dimensions,
weight, cost of fabrication, set-up time and noise during the rehabilitation therapy.
Results will be applied to the following phases of device development.

2 Methods

2.1 Patients and Physiotherapist

Ten post-stroke subjects, age 61.8± 12.98years, 9 males and one female, with a
predominance of brachial hemiparesis, and 6 physiotherapists were recruited for this
study. Patients met the following inclusion criteria: (1) age between 18 and 85years;
(2) ability to understand instructions and actively participate in tasks; (3) spasticity
less than or equal to two in the Modified Ashworth Scales [8]; (4) right affected
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upper limb (the exoskeleton was designed for this side). The experimental protocol
for this study was approved by the Ethical Committee of the “Universidad Rey Juan
Carlos” (Spain) and warranted to be in accordance with the Declaration of Helsinki.
All patients signed a written informed consent.

2.2 Satisfaction Assessment

The patients and physiotherapists evaluated the exoskeleton using the Quebec User
Evaluation of Satisfaction with assistive Technology (QUEST 2.0) [9]. This consists
of 12 satisfaction itemswhere the users rate their satisfactionwith the assistive device
and the related services they experienced by using the scale of 1–5. In addition, the
participants select the three items that they consider to be the most important to them.
In this study, we evaluated only the items relatedwith the assistive device (items 1–8).

2.3 SMA Based Exoskeleton

SMA based exoskeleton is a robotic device which helps the patients with cerebrovas-
cular accident (CVA) to recover the motor functions in the upper limbs, through the
passive rehabilitation therapy. This is a portable device actuated by SMA based
actuators, with a low-cost of fabrication and low weight, which will be placed over
the patient arm and forearm and adjusted according to its dimensions, using belts
and hook and loop fasteners. The device was presented previously in “SMA based
exoskeleton for rehabilitation therapy and patient evaluation” [7].

2.4 Test Setup

All patients were informed beforehand and provided consent. The therapies were
individually adapted according to each patient choosing between the operation mode
of the exoskeleton: data acquisition mode and in passive mode assisting in flexion
or flexion-extension [7]. Firstly, the physiotherapist evaluated the patient and the
engineer explained the rehabilitation device to the patient: how it works and in what
the test consists. After that, the exoskeleton was adjusted over the patient (Fig. 1)
where the exoskeleton elbowaxiswas alignedwith the elbow joint axis and the prono-
supination piece was adjusted in function of the forearm dimensions. The average
time to set-up the exoskeleton over the human body was approximately 2min, and
the patient performed the tests for 15min (one cycle every 25s with rest every 5
cycles).



156 D. Copaci et al.

Fig. 1 SMA based
exoskeleton over patients

3 Results

The average score of the QUEST 2.0 evaluation by the patients was 33 ± 6.90.
The most appreciated items were the weight and dimensions of the rehabilita-
tion device, the both evaluated with 4.3± 0.674. The less appreciated was the item
e f f ectiveness scored with only 3.8± 1.03 points, followed by the com f ort and
simplici t y scored with 4± 1.2 and 4± 1.33 respectively. In the Sect. 3 of the
QUEST 2.0, where the patients need to select between the 8 items, 3 of which are
considered themost important, the sa f etywas themost selected by6 from10patients
followed by the e f f ectiveness 5 from 10 patients. The less important items selected
were the dimensions, ad justment andweight with only 2 from 10 patients for the
firstly 2 and only 1 from 10 patients for the weight.

The average score obtained in the QUEST 2.0 evaluation by the physiotherapists
was 27.33± 3.77, slightly less than obtained from the patients. The item which
was better evaluated was the sa f ety with a score of 4± 0.82 and the least being the
items dimensionswith 3.17± 1.1, simplici t ywith 3.17± 1.07 and e f f ectiveness
with 3.17± 0.37. For the physiotherapists the item most important selected in the
section three of the QUEST 2.0 was theweight chosen by 5 from 6 physiotherapists,
followed by the com f ort 4 from 6 physiotherapists. The less selected items were
the dimensions, durabili t y and sa f ety each of them with selected only one time.

4 Conclusions

The results of QUEST 2.0 were considered satisfactory with an average score of
33± 6.9 over 40, obtained with the patient’s evaluation and 27.33± 3.77 obtained
with the physiotherapists evaluation. The best scored aspectswere theweight, dimen-
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sions and safety and the less scored was the effectiveness of the device in the reha-
bilitation therapy, but with a score above 3. These results have been influenced that
the exoskeleton is in improvement stage and only was tested in passive mode where
the patients with the activity in the motor function do not consider it useful for their
rehabilitation therapy. Future research will be focused in the development of active
mode of operation proposed in [10].
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Wireless Eye-Tracking Technology
Application and Self-report Measures
to Explore Users’ Approach to Smart
Home Systems (SHS)

Laura Angioletti, Federico Cassioli, and Michela Balconi

Abstract The relation between individual differences in some psychological traits
and eye-gaze behavior in participants exploring a Smart Home System (SHS) was
considered. Real-time eye-gaze metrics were recorded while subjects were engaged
with 5 tech-interaction (TI) areas with different levels of complexity in the SHS.
Results suggested easiness to visually process a simpler TI compared to complex
ones, in terms of higher number of fixations and of slower Time To First Fixation
(TTFF). In two of the TIs (Living Room and Bathroom) we found a negative corre-
lation: between the external Locus of Control (LoC) and the number of fixations,
which might indicate a possible tendency for individuals with low external LoC
to explore more actively complex TIs. A negative correlation was found between
Behavioural Activation System Reward Responsiveness (BAS-RR) and fixation
duration, suggesting a tendency for subjects with high BAS-RR to scan the TIs
with more quick and dynamic visual patterns.

1 Introduction

Human-Computer Interaction (HCI) is a multidisciplinary field of study focusing
on the relation between users and computers. Nowadays, advanced technologies
are considered those which are less visible and weave themselves in everyday life,
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factories, and home environment. Smart Home Systems (SHS) aims at improving the
user’s quality of life through the habitation. In previous works, the relation between
personality-cognitive factors on interface interaction was studied [1] and the role
of Locus of Control (LoC) was highlighted as an important trait for an interface
interaction and technology attitude [2]. Furthermore, Behavioural Inhibition System
(BIS) and Behavioural Activation System (BAS) might be useful indicators for indi-
vidual differences regarding motivational significance [3]. Specifically, higher BIS is
connected to avoidance of risk situations, high control of an inhibitory attitude, and
BAS, especially the subscale BAS Reword Responsiveness (BAS-RR) is sensitive
to signals of reward and potential benefits [4]. Also, the use of eye-tracking with
behavioral metrics, is a reliable method for HCI [5] and the adoption of it with ques-
tionnaires might provide deeper insights. The relation between LoC, BIS/BAS traits
and eye-tracking metrics while subjects were engaged with gradually complex and
different tech-interactions (TIs) was analyzed.

2 Material and Methods

2.1 Sample

19 healthy adults (Mage = 25.05, SDage = 3.05, Age Range: 18–27, nmale = 7)
participated in the study. Exclusion criteria were the presence of sensory/cognitive
deficits, an history of psychiatric or neurological diseases.

Experimental setting was the home automation showroom owned by Duemmegi
S.r.l. domotics company based inMilan (Italy). This studywas approved by the ethics
committee of the Department of Psychology of the Catholic University of the Sacred
Heart of Milan in Italy and followed the principles of the Declaration of Helsinki.

2.2 Locus of Control Measure

The Locus of Control Behavior Questionnaire (LCBQ) [6] was administered to eval-
uate the LoC in different situations. Seven of the 17 items are referred to internal
control, the other 10 to the external one. For this study, we used the Italian LCBQ
[7], scoring internal and external LoC, corresponding respectively to an individual’s
tendency to believe that he/she can control events in his/her life, the future, and
their outcomes by his own efforts, and, for external LoC, the propensity to attribute
importance to outside forces.
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2.3 BIS/BAS Scales

To understand the subject’s propensity to experience new situations, the Italian
version of BIS/BAS scales was adopted [8]. BIS is sensitive to signals of punishment
and its activation may cause a state of inhibition of movement toward goals. Instead,
BAS has been linked to approach tendency and positive feeling. BAS items compose
3 subscales: BASDrive, themotivation to achieve a goal; BAS-RR, that measures the
impact of environmental rewards; BAS Fun Seeking, corresponding to the personal
motivation to engage with new rewards.

2.4 Eye-Tracking Metrics Collection

A wireless Tobii Pro Glasses 2 eye-tracking technology (Version 1.95, 07/2018.
Tobii Pro AB, Stockholm, Sweden) was adopted to collect fixations and saccades
which were then analyzed (Tobii Pro Glasses Analyzer) to derive viewer’s attention
patterns. Areas of Interest (AOI) were created for each TI, considering the number
of fixations, Time To First Fixation (TTFF) and fixations duration. All the data are
referred to a standard time frame after the TIs activation.

2.5 Procedure

The experiment took place in SHS. Participants were asked to fill in pre-experiment
questionnaires, as BIS/BAS scales and the LCBQ. After the eye tracker montage,
subjectswere asked to interact and activateTIs, using an app, and observe the environ-
mental effects of their action. The points of interaction were 5, with a certain amount
of complexity, based on the SHS response, which during the experiment became
more and more sophisticated: hall, kitchen, living room, bathroom, and bedroom.
In the hall, the interaction consisted of activating a light. In the kitchen condition,
the activation of the command provoked the transformation of an apparently normal
set of desks in an accessorized kitchen. The living room interaction consisted of
activating a projector on the wall. The fourth one (bathroom) involved the presenta-
tion of some features like lights for make-up or chromotherapy. Lastly, the bedroom
area consisted of home bedtime mode activation: blinds were closed, the home was
secured by locking external doors and gas and lights were turned off. Users were
asked to pay attention to the experience provoked by the activation focusing on the
SHS interactions.
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3 Results

Aset of 3 repeatedmeasuresANOVAwas applied to eye-trackingdata.About number
of fixations, ANOVA revealed a main effect for TI (F[4,72] = 4.740, p = 0.004, ï2

= 0.345). Pairwise comparisons showed significant higher number of fixations in
the hall compared to the living room TI (p = 0.002).

For TTFF, a main effect for TI was detected (F[4,72] = 5.36, p = 0.002, ï2

= 0.437). Significant higher TTFF in the bathroom compared to the kitchen TI (p
= 0.005) and a significant difference (p = 0.005) between bathroom and living
roomwere found in pairwise comparisons. No significant differences were found for
fixations duration.

Pearson’s coefficients were performed between eye-tracking metrics and ques-
tionnaires score. Firstly, a significant correlation was found between the number of
fixations in the living room TI and external LCBQ [r(17) = −0.613, p = 0.045].
Secondly, a significant correlation was found between the number of fixations and
external LCBQ for the bathroom TI [r(17)=−0.688, p= 0.019]. Thirdly, a signifi-
cant correlationwas found between BAS-RR and fixation duration for both bathroom
[r(17)=−0.658, p= 0.028] and living room [r(17)=−0.681, p= 0.021]. No other
significant correlations were observed.

4 Discussion and Conclusion

For TIs, a sign of easiness to process and visually elaborate a simpler TI (hall),
compared to a more sophisticated one (living room) was identified, in fact number of
fixations can be seen as a direct function of visual exploration behavior [9]. Similar
results were found for TTFF, where a more complex TI (bathroom) required more
time to be fixated for the first time compared to simple ones (kitchen and living room),
which is an indicator of motivational and engagement levels and might indicate
increased general interest in the users [10].

Regarding personal traits, in two conditions (living room and bathroom) we found
two negative correlations between the number of fixations and external LCBQ. These
results can be interpreted as tendency for low external LoC individuals, so those
who attribute small importance to unpredictable factors, to explore more actively
complex TIs and showing interest in them. Results partially confirmed past evidence
on the impact of LoC on the interface interaction suggesting that internally controlled
individuals were more curious and less anxious towards technology artefact [2].

The correlation between BAS-RR scores and fixation duration found in two TIs
(living room, bathroom), indicate a tendency for subjects with higher BAS-RR scores
to explore more the point of interaction, with a reduced fixation duration average.
This exploratory pattern might be more impulsive and fluid with reduced average
time per fixation.
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Despite its high ecological validity, this study did not take into consideration
variables such as gender and age in extensive analyses, which are known to be
impactful in HCI. Current evidence confirms the need for an always more human
centered interface, which considers the individual features and psychological traits
of users navigating and living SHS and using home technologies for daily assistance.

Acknowledgements Authors kindly thank the tech company Duemmegi S.r.l. (Milan, Italy) as
project partner.
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Learning Teleoperation of an Assistive
Humanoid Platform by Intact
and Upper-Limb Disabled Users

Mathilde Connan, Marek Sierotowicz, Bernd Henze, Oliver Porges,
Alin Albu-Schäffer, Máximo A. Roa, and Claudio Castellini

Abstract With the advent of highly dexterous robotic arms, assistive platforms
for home healthcare are gaining increasing attention from the research community.
Control of the many degrees of freedom of such platforms, however, must be ensured
uniformly, both for non-disabled and disabled users, in order to give them as much
autonomy as possible. Nine users, including two upper-limb disabled, were asked
to complete highly complex bimanual tasks by teleoperating a humanoid robot with
biosignals. The users were equipped with a light and wearable interface consisting
of a body tracking device for guiding the torso and arms and two electromyography
armbands for controlling the hands by means of interactive machine learning. All
users were able to complete the required tasks, and learning curves are visible in
completion time metric.

1 Introduction

The world around us is shaped to be operated by arms and hands, and the loss or
impairment of the upper limb leads therefore to a dramatic degradation in the quality
of living. A person with upper-limb amputation is prevented from swiftly acting
in the world for the rest of her/his life, since state-of-the-art prosthetic or assistive
solutions cannot usually operate more than one degree of motion, or if they can
operate more than one, this can only happen sequentially, one motion at a time.
Extensive application of statistical techniques to surface electromyography (sEMG)
has revealed that, in controlled conditions, users can produce several discernible
signal patterns corresponding to the intended actions to be performed by the absent
limb. Unfortunately such techniques have so far shown little generalization power
across users and when used online in daily-living environments, while, e.g., lifting
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weights and unpredictably changing one’s body posture [1]. Attempts at solving this
problem can be found, e.g., in [2], where unreliability is tackled using incremental
machine learning (iML), i.e., an algorithm that can accommodate for new knowledge
on the fly, in order to mend the instability of the intent detection system online.
Degris et al. [3] as well as Nowak et al. [4] have explored the usage of reinforcement
learning in the context of user/prosthesis interaction. Whether this idea works in
practice, however, is still controversial [5].

In order to verify its effectiveness, we have designed an experiment in which
both non-disabled and upper-limb disabled users were challenged to teleoperate a
dexterous assistive humanoid platform using sEMG bracelets and a custom-made
body posture detection device [6]. iML was employed to account for and correct
instabilities of the intent detection system, whose model was updated whenever
the user deemed the task to be unattainable. We hypothesized that such a setup
and protocol would enable human users to complete all tasks, and that a learning
effect would appear over time, leading, in the end, to uniform results across users,
irrespective of their disability.

2 Materials and Methods

2.1 Experimental Setup

Seven non-disabled users (28.4± 7.1 yo) and two upper-limb disabled users (34 yo,
congenital absence of the right hand; 48 yo, trans-radial bilateral traumatic amputa-
tion) were involved in this experiment. All subjects signed an informed consent form
prior to the experiment.

The users were equipped with a wearable upper-body tracking device (Fig. 1)
based on inertialmeasurement units (IMUs) [6] placed on their forearms, upper-arms,
and torso for controlling the position and orientation of the robot’s hands, as well as,
indirectly, its torso and arms thanks to the controller detailed in [7]. Additionally, a
Myo armband from Thalmic Labs was placed on each of their forearms in order to
record sEMG activity. From the sEMG signals, the desired hand poses of the robotic
hands were predicted thanks to a ridge regressor with random Fourier features [8].
In the case of the impaired users, this regressor also predicted the wrist movements.
For intact users, this was determined by the IMU-based tracking device with an
IMU placed on the dorsal part of each hand. Due to the high instability resulting
from the high number of hand and wrist poses to predict for the amputees, a slightly
different training protocol was implemented for them in which only the task-specific
poseswere trained by themachine learning algorithm.The humanoid platformTORO
controlled by the users was developed at the German Aerospace Center (DLR) [7, 9].
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Fig. 1 Abilateral amputee performing highly complex bimanual tasks by teleoperating a humanoid
robotic platform

2.2 User Study Protocol

The userswere asked to achieve highly complex tasks inspired fromdaily living activ-
ities and requiring a high level of bimanual coordination. The experiment consisted
of three tasks, the first two being divided in two subtasks. The users had an unlimited
number of trials and were free to stop or pause the experiment at any moment. Each
taskwas performed four times. If an object dropped on the floor or if the experimenter
judged that the user would not be able to recover a correct objects’ setting, the task
was reset to the initial setting of the subtask. The list of the tasks is visible in Table 1.
The subject performance was evaluated in terms of the time it took them to complete
each task (Time to Complete Task, TCT).

3 Results

The summary results on the TCTs are given in Fig. 2. A decrease in the TCTs
is visible when considering each task and repetition. The one-sided amputee (D1)
achieved better results than the pool of subjects for the first three tasks. For the last
two tasks his TCTs are higher but still comparable. The double-sided amputee (D2)
also presents TCTs in line with the non-disabled users. The improvement ratio of
the TCTs, between repetition 1 and 4, ranges from 3.6 times (Task 1a) to 1.7 times
(Task 3), with an average over all tasks of 2.2 times (1.5 for D1 and 2.2 for D2).
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Fig. 2 Results of the user study on successful attempts

Table 1 Description of the tasks

Task ID Summary of the task

1a Take the lid off the pot and place it on the table

1b Take the ball, put it in the pot, place back the lid

2a Unscrew the cap of the bottle

2b Pour the bottle’s content into the pot

3 Press a sequence of buttons on the fixed telephone

4 Discussion

We have presented here an assistive platform for daily-living activities and put it
to the test by asking non-disabled users as well as users with different upper-limb
disabilities to perform complex tasks requiring a high level of bimanual coordination.
The experimental results confirm that, with the use of iML, all users were able to
quickly and efficiently learn to teleoperate the platform and successfully complete all
tasks, and that a learning effect was apparent, speeding up the execution of the tasks
over time. This was confirmed by a significant difference between repetition 1 and
4 but as well between 1 and 2 when performing a Wilcoxon Signed-Rank test on the
TCTs of all participants. Learning was uniform across seven non-disabled users and
two upper-limb disabled persons, namely a person born with right-hand trans-radial
congenital deficiency and a bilateral trans-radial traumatic amputated user. Previous
research has also studied the use of accelerometry data in prosthetic control [10].
In future work, we intend to develop a machine learning algorithm fusing IMU and
sEMG data in order to further improve the hand control without the necessity to train
in several positions.

Acknowledgements This work was partially supported by the German Research Society projects
Tact-Hand (DFG Sachbeihilfe CA-1389/1-1) and Deep-Hand (DFG Sachbeihilfe CA-1389/1-2).



Learning Teleoperation of an Assistive Humanoid Platform … 169

References

1. A. Fougner, E. Scheme, A.D.C. Chan, K. Englehart, Ø. Stavdahl, O. Stavdahl, Resolving the
limb position effect in myoelectric pattern recognition. IEEE Trans. Neural Syst. Rehabil. Eng.
19, pp. 644–651 (2011)

2. J.M. Hahne, S. Dähne, H.-J. Hwang, K.-R.Müller, L.C. Parra, Concurrent adaptation of human
and machine improves simultaneous and proportional myoelectric control. IEEE Trans. Neural
Syst. Rehabil. Eng. 23, pp. 618–627 (2015)

3. T. Degris, P.M. Pilarski, R.S. Sutton,Model-free reinforcement learningwith continuous action
in practice, in IEEE American Control Conference (ACC), Montreal, QC, Canada (2012)

4. M. Nowak, C. Castellini, C. Massironi, Applying radical constructivism to machine learning:
a pilot study in assistive robotics. Constructivist Found. 13 (2018)

5. C. Castellini, Upper limb active prosthetic systems—overview, inWearable Robotics (Elsevier,
Amsterdam, 2020), pp. 365–376

6. M. Sierotowicz, M. Connan, C. Castellini, Human-in-the-loop assessment of an ultralight,
low-cost body posture tracking device. Sensors 20, 890 (2020)

7. B. Henze, M.A. Roa, C. Ott, Passivity-based whole-body balancing for torque-controlled
humanoid robots in multi-contact scenarios. Int. J. Robot. Res. 35, pp. 1522–1543 (2016)

8. A. Gijsberts, R. Bohra, D. Sierra González, A. Werner, M. Nowak, B. Caputo, M.A. Roa,
C. Castellini, Stable myoelectric control of a hand prosthesis using non-linear incremental
learning. Frontiers Neurorobotics 8, 15 (2014)

9. C. Ott, M.A. Roa, F. Schmidt, W. Friedl, J. Englsberger, R. Burger, A. Werner, A. Dietrich, D.
Leidner, B. Henze, O. Eiberger, A. Beyer, B. Bäuml, C. Borst, A. Albu-Schäffer, Mechanisms
and design of DLR humanoid robots, inHumanoid Robotics: A Reference, ed. by A. Goswami,
P. Vadakkepat (2016), pp. 1–26

10. A. Radmand, E. Scheme, K. Englehart, On the suitability of integrating accelerometry datawith
electromyography signals for resolving the effect of changes in limb position during dynamic
limb movement. JPO: J. Prosthet. Orthot. 26, pp. 185–193 (2014)



Assessment of Clinical Requirements for
a Novel Robotic Device for Upper-Limb
Sensorimotor Rehabilitation After Stroke

Raphael Rätz, René M. Müri, and Laura Marchal-Crespo

Abstract In order to identify the clinical requirements for a novel upper-limb robotic
device for sensorimotor neurorehabilitation, a survey with 33 participants (including
physiotherapists, occupational therapists, speech therapists, nurses and physicians)
was conducted. The results show that grasping, eating and personal hygiene are
amongst the most important activities of daily living to be exercised. Hand/finger
extension were reported as crucial movements. In serious games for neurorehabili-
tation, adjustable quantity of virtual objects as well as adjustable game difficulty are
highly demanded features. The majority of the participants would like to spend less
than 10min for the setup of a robotic device.

1 Introduction

Although researchers and clinicians agree that a clinical-driven design approach
is crucial for the successful development and acceptance of novel robotic devices,
there is a deficiency of literature on clinical requirements for robotic devices in
neurorehabilitation [1]. Even though reporting of identified requirements for novel
devices would be critical for the general advancement of robotic neurorehabilitation,
often, only user feedback on the final device is published.
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Preferred body positions for exercising upper and lower-limb movements in
robotic systems, as well as preferences about adjustability of device parameters
were identified in [2]. In [3], a large survey with 85 questions and 233 participants
on design requirements for a robotic device for upper-limb rehabilitation was con-
ducted. Requirements for the successful implementation of technology in stroke
rehabilitation were established in [4] through literature research and interviews with
therapists, while in [5], requirements for stroke rehabilitation technology were deter-
mined in interviews with patients.

Here, we present results from a survey conducted prior to the development of a
novel robotic device for upper-limb sensorimotor rehabilitation with focus on fore-
arm and hand functions. The goal was to analyse project-specific clinical needs to
complement existing research.

2 Methods

A total of 33 participants (4 physicians, 1 nurse, 2 speech therapists, 1 neuropsy-
chologist, 6 occupational therapists and 19 physiotherapists) from the University
Hospital (Inselspital) Bern (26 respondents), and Reha Rheinfelden (Switzerland)
answered 35 questions in an online survey.

After initial questions related to their professional experience, participants were
instructed to list 3 activities of daily living (ADL) which they consider crucial to be
exercised during stroke rehabilitation and sort thembased on priority. Following, they
had to judge the importance of practising various lower-arm and hand movements
using five-point Likert-items. Potential elements to be employed in serious games
were also evaluated. Participants were then asked to estimate the maximum time
they would be willing to spend for the patient setup in a robotic device. Finally, they
had to judge if they prefer a compact device with a low number of functionalities
or a large device with more functionalities. They also had the possibility to express
concerns about robotic-assisted neurorehabilitation and to leave a comment. The
survey was anonymous, and all participants gave their consent to the usage of the
data in scientific publications.

3 Results

The professional experience was found to be 5years or less for 30.3%, between 5
and 20years for 33.3% and more than 25years for 36.4% of the participants.

Answers regarding the most important ADLwere categorized according to a prior
defined classification. The majority of the listed ADL could be attributed to the pre-
defined categories, which confirmed the validity of the chosen classification (Fig. 1).
Responses that did not fit this classification were grouped in the category “Other”.
Out of the 33 respondents, 25 participants specified those activities categorized as
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“Eating”, “Grasping” or “Personal hygiene” as first priority, whereof “Eating” was
mentioned the most frequent with 11 responses. Including all three priorities (total
of 99 answers), activities related to “Grasping” were mentioned at the highest count
with with 20, followed by “Eating” with 18 and “Personal hygiene” with 17.

The training of extension movements (finger and elbow extension, dorsiflexion)
was found to be of higher importance compared to practicing flexion movements
(finger and elbowflexion, palmarflexion), as shown inFig. 2.AWilcoxon signed-rank
test of the accumulated Likert-items showed a significant difference (p = 0.0007)
between flexion and extension movements. Likewise, the training of wrist supination
appears to be of higher priority compared to pronation (p = 0.005). Furthermore,
based on the responses, exercising of independent thumb and index fingermovements
is more essential than independent movements of the middle, ring and little finger.
Also, radial and ulnar abduction tend to be the least important movements to be
practised.

When it comes to potential tasks in serious games for neurorehabilitation after
stroke, adjustability of virtual object quantity and training difficulty are desired fea-
tures (Fig. 3). A small number of objects by default as well as a colorful virtual
environment were less appreciated by the respondents.

A setup time over 30min was classified as outlier (4 subjects) because it was
assumed that the question was misunderstood and confounded with the initial setup
time after delivery of the device. Out of the remaining 29 participants, 25 specified
a maximum setup time of 10min or less. The median was found to be 5min.

In regard to the size-functionality trade-off, no apparent tendency could be found
as 14 subjects preferred a larger device with more functionalities and 18 subjects
preferred a compact device with fewer functionalities while 1 respondent did not
have an opinion.
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Fig. 3 Desired features for serious games in robotic stroke rehabilitation

4 Conclusion

The presentedwork complements precedent research by investigating the importance
of practising specific upper-limb and hand movements as well as ADL in stroke
rehabilitation from a point of view of clinical personnel. It was found that grasping
is amongst the most important ADL to be exercised. Extension movements appear
to be particularly important. Moreover, adjustability of difficulty and the quantity of
virtual objects were identified as highly demanded features of serious games. The
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maximum setup time specified by the participants for a robotic device indicates that
a user-friendly design is a key factor for successful clinical integration. The results of
this survey contribute to the formalization of clinical requirements for robotic upper-
limb rehabilitation devices and serious games in virtual training environments.

Acknowledgements Many thanks go to the personnel of the Department of Neurorehabilitation,
UniversityHospitalBern, specificallyColetteCarroz, IréneThaler, Isabelle Lehmann, SandraBriner
and Claudia Kuster for their participation. The authors would also like to thank Dr. Corina Schuster
for including therapists from the Reha Rheinfelden. The authors are grateful for the support of Force
Dimension (Switzerland).

References

1. R. Holt, S. Makower, A. Jackson, P. Culmer, M. Levesley, R. Richardson, A. Cozens, M.
M. Williams, B. Bhakta, User involvement in developing rehabilitation robotic devices: An
essential requirement, in 2007 IEEE 10th International Conference on Rehabilitation Robotics,
ICORR’07, vol. 00, no. c, pp. 196–204 (2007)

2. M. Lee, M. Rittenhouse, H.A. Abdullah, Design issues for therapeutic robot systems: results
from a survey of physiotherapists. J. Intell. Rob. Sys.: Theo. Appl. 42(3), 239–252 (2005)

3. E.C. Lu, R.H. Wang, D. Hebert, J. Boger, M.P. Galea, A. Mihailidis, The development of an
upper limb stroke rehabilitation robot: identification of clinical practices and design requirements
through a survey of therapists. Disability Rehabilitation: Assistive Tech. 6, 420–431 (2011)

4. A. Hochstenbach-Waelen, H.A. Seelen, Embracing change: practical and theoretical consider-
ations for successful implementation of technology assisting upper limb training in stroke. J.
Neuro-Eng. Rehabil. 9(1), 52 (2012)

5. N. Nasr, B. Leon, G. Mountain, S. M. Nijenhuis, G. Prange, P. Sale, F. Amirabdollahian, The
experience of living with stroke and using technology: opportunities to engage and co-design
with end users. Disability Rehabil.: Assistive Technol. (2015) pp. 1–8



TestEd Information System: Automatic
Evaluation of Exoskeletons Subjective
Performance and User Experience

Angel Dacal-Nieto, Jawad Masood, Daniel Vergara, and Mariana Alves

Abstract Uncertainty still remains about the suitability of a given exoskeleton or
exosuit to a specific workstation. This is currently done by complex and controlled
test experiences either in simulated or real environments. Thus, benchmarking
seems a proper solution to minimize this uncertainty. The European H2020 project
EUROBENCH aims to create the first benchmarking framework for exoskeletons in
Europe. The subproject TestEd is one of the testbeds developedunderEUROBENCH,
focusing on the use case ofmoving in narrow spaces. TestEd information system aims
to automate the exoskeleton performance evaluation in both objective and subjective
sense while using the testbed, providing automatic quantitative results from each
test session. In this paper we focused on the subjective methods where we share our
experience in digitalization of the questionnaire survey and the Borg Scale 10. This
approach can improve the exoskeleton subjective evaluation time, providing a new
evaluation tool in this field.

1 Introduction

Workers at manufacturing industry with standing work schedule for extend length of
time, often have knee and back problems, that limit their job and life quality. Exam-
ples are assembly of seats in aeronautics, and working inside a cabin in truck/car
manufacturing. Minimizing of standing posture is one of the main goals for the
industry, both for users and managers. Although job rotation is a common practice,
this problem has still no universal solution. Recently, the emergence of industrial
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exoskeleton technology [1, 2] for both health and industrial domains meant a new
approach for helping the workers, by reducing musculoskeletal diseases. Exoskele-
tons have been tested and introduced in the last years, proving themselves as a good
option in some applications.

However, in these first experiences of exoskeleton implementation in industry, it
has been assessed that there is no clear path from the user needs to the final usage
of the device. Thus, a deep testing stage is required, and although some protocols
have been proposed [3], no standard or regulations are defined for that purpose.
This evaluation consumes time and costs, but is fundamental to allow a successful
integration of the exoskeleton in the field.

Benchmarking is a proper solution, since it can describe a list of atomic sub-
operations (use cases), allowing to express any workstation as a combination of
these use cases. This would permit to treat the evaluation process from a global
perspective, and re-use experiences from apparently different fields.

This is the trigger of the European H2020 project EUROBENCH (EB) [4], which
aims to create the first benchmarking framework for lower-limbs exoskeletons in
Europe. The final picture of EB is having a grid of 16 testbeds, each one designed
for a specific use case.

The subproject TestEd is one of the testbeds developed under EB, focusing in the
use case of moving in narrow spaces. In this paper, we will present the information
system (IS) of TestEd, as a tool to perform automatic evaluation of the exoskeleton
performance. TestEd software controls and configures the physical components, and
its results can be connected as an input to the EB general software.

In literature, we can find some initiatives to look for the performance metrics of
wearable robotics [5], especially in rehabilitation area [6]. Pons et al. [7] present an
in-depth review of literature and highlight the major performance metrics based on
the Goals Level, Kinematics and Kinetics and Human-Robot Interaction.

TestEd aims to reduce the testing time from the selection to the implementation of
an industrial exoskeleton by using both a testbed and software routines. The paper is
organized as follows: Sect. 2 will be devoted to the description of the testbed, the IS
will be presented in Sect. 3, and finally Sect. 4 will discuss results and conclusions.

2 Description of the Testbed

Our test design consists of a subject walking straight through narrow spaces and
performing a work simulated task. The test operator or evaluator is able to run
the same test a predefined number of times during a test session, with different
exoskeletons and with different assistance levels.

To reproduce this scenario, the TestEd system is physically composed of a testbed
(shown in Fig. 1), mainly formed by two sensorized walls and a set of telescopic
hurdles.One of thewalls can bemoved bymotors, so customdistances betweenwalls,
and hurdles configurations, can be set up. The predefined distances simulate a narrow
space for various industrial necessities, like automotive, construction or aeronautical.
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Fig. 1 The physical testbed developed in TestEd, which is complemented by an information system
to automate the evaluation

Additionally, the hurdles simulate industry equipment interaction during the work
task.

These physical components are controlled by an automation layer and an IS,which
are able to interact with actuators and sensors, through technologies such as ROS
and Node-RED. One of the sensorized walls can detect the force and point of force
application. The other sensorized walls and telescopic hurdles can detect collisions,
that are interpreted as the lack of ability of the person using the testbed while using
a specific configuration of narrow space.

3 Information System (IS)

The IS is a stack of components from the communication with the physical elements,
to the application domain. It is composed by an Angular front-end (HMI), a
Java/Seedstack back-end, and a MongoDB database. The main analysis algorithms,
which calculate the performance metrics, are developed using Octave.

For these algorithms, we follow our assessment process of testing [3] as baseline.
A proposed workflow is shown in Fig. 2. The basic concept is the “test session”,
which refers to a specific test under a set of input parameters (subject data, testbed
configuration, and evaluation devices-methods). All data generated during the eval-
uation session are automatically acquired and stored in the database. At the end of
the session, subjective data are also obtained via questionnaires and Borg charts.

As an output, the system provides a set of performance metrics, so that objective
and subjective results are presented, automatically calculated from the testbed and
subject data.
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Fig. 2 Information system architecture

It is important to note that these metrics calculate local and global performances.
The local performance metrics address only one evaluation criterion at a time,
meanwhile the global performance metric addresses the overall performance of the
exoskeleton. Currently, the global performance provides a result from six points of
view: Impact, Utility, Safety, Usability, Familiarity and Training, but other aspects
could be included in the future.

These quantitative results help to quickly evaluate the performance, so long term
studies can be executed and compared, as well as different exoskeletons or different
subjects, potentially with different configurations. Summaries of running tests can
be seen in the EB website.

Regarding the subjective evaluation, it is based on questionnaires survey1 and
Borg Scale 102 that are presented to the subject in order to obtain user experience
assessment during a specific session, from Usability, Impact and Utility perspec-
tives. The values provided by the user are analyzed using an Octave algorithm, that
eventually creates a local performance metric. This procedure is GDPR compliant.

The information system serves not only as a stand-alone application that can
collect the information from the subjects and process it, but also to generate a series
of output files which are consumed as an input by the EB general software.

4 Results and Conclusion

TestEd is an innovative benchmarking approach for evaluating industrial exoskele-
tons, focused on the case ofmoving in narrow spaces. Besides amechanical structure,
TestEd provides a novel GDPR complaint IS and specific algorithms which can auto-
matically assess the subjective performance of a specific exoskeleton. It can improve
time, tracking and monitoring, as well as minimizing human error and paperwork.
TheEB interface ensures the benchmarking of the software i.e. onemore step towards
the boosting of exoskeleton technology into the factories with confidence.

1 https://github.com/jamatics/pi_ctag/tree/master/questionnaire.
2 https://github.com/jamatics/pi_ctag/tree/master/borgScale10.

https://github.com/jamatics/pi_ctag/tree/master/questionnaire
https://github.com/jamatics/pi_ctag/tree/master/borgScale10
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sEMG-Based Classification Strategy
of Hand Gestures for Wearable Robotics
in Clinical Practice

Nicola Secciani, Alberto Topini, Alessandro Ridolfi, and Benedetto Allotta

Abstract Every day more and more robotic aids, of different shapes, sizes, and
functions, enter the clinics to take part in the rehabilitative and assistive paths for
patients with reduced mobility. Accompanying discharged patients with robotics-
based remote rehabilitation and home assistance seems to be one of the most promis-
ing avenues to follow to increase the success rate of these practices and lighten the
overall burden on national health systems. However, to get out of clinics effec-
tively, robotics must become wearable and, therefore, based on the use of embedded
low-power electronics, both for practicality and safety reasons. The point is further
complicated when it comes to assisting or rehabilitating lost hand functionalities
due to the small size and complex mobility of such a limb; moreover, ensuring the
real-time execution of gesture classification algorithms for controlling these devices
hence becomes a vital engineering challenge. A hand gesture classification solu-
tion, specifically designed for the implementation of embedded electronics, based
on surface electromyography, and ensuring real-time action, will be presented in this
paper.

1 Introduction

Robotic devices, in addition to the mechanical hardware, generally incorporate inter-
nal memory, communication channels, and an automatic control system to provide
monitoring capabilities, as well as intuitive and safe utilization. These characteris-
tics have made them particularly attractive to the clinical practice for which remote
rehabilitation sessions or home assistance exploiting low-cost robotic devices can
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be indeed an effective solution to democratize services otherwise not accessible to
everyone. Indeed, people with disabilities do not always have the opportunity to do
rehabilitation in the clinic or can afford someone to assist them at home.

It is important to note that when moving from clinical to home, these devices shall
guarantee some additional features such as: ensuring the greatest possible freedom
of movement of the user while being worn for a long time and being easily and
intuitively usable by people with reduced mobility.

In this article, the attentionwill be focused on a hand gesture classification strategy
based on the analysis of electromyographic signals, which will be first introduced
and then quantitatively analyzed. Such a procedure is in charge of providing the high-
level command signals for a Hand Exoskeleton System developed by the Department
of Industrial Engineering of the University of Florence (DIEF) [1].

2 Background

Control strategies for assistive or rehabilitative devices, as exoskeletons, shall be
as intuitive as possible to best simulate a condition of pseudo-normality. When it
comes to that, the literature suggests using techniques based on the recognition of
the user’s motor intentions and their subsequent reproduction using external devices,
as HESs. The most accredited methods are based on the classification of surface
ElectroMyoGraphic (sEMG) signals [2].

These signals, despite very convenient to use—their collection is indeed com-
pletely non-invasive—are particularly tricky to process, primarily because of their
noisy nature.Many are the strategies that have been developed for their classification,
but only a few are suitable for being implemented on wearable robotic devices. A
compromise should be reached on the number of intentions discriminated against to
simplify these approaches and make them runnable on low-power embedded elec-
tronics. For the proposed method, according to what reported in [3]—where it is
highlighted that the simultaneous use of fingers is sufficient to carry out most of
the Activities of Daily Living (ADLs)—the number of classifiable gestures has been
limited to three, i.e., hand opening, closing, and resting.

In a previous pilot study [4], this technique has been implemented on a low-
powered micro-controller to run at the operative frequency 50Hz (the same setup
used in this work). Then, this strategy’s performance has been qualitatively evaluated
by enrolling a patient with Spinal Muscular Atrophy (SMA) and showed noteworthy
results. Conversely, a quantitative analysis of the results, which may be used as a
term of comparisonwith other classification techniques, does arise as the novel major
contribution of the presented research work.
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3 Classifier Evaluation

The classification process exploited in this work involves the use of a particular
algorithm, the so-called “Point-In-Polygon (PIP)”, which allows for the classification
of a general two-dimensional input. The PIP functionality relies on checking whether
or not a point belongs to a specified polygonal area. In this case, its application
primarily involves the sampling of a pair of sEMG signals collected in the form of
an Integrated EMG (IEMG) value by two MyoWare™Muscle Sensors placed on
the extensor digitorum and flexor digitorum muscle bands. These are the muscles
naturally involved in the hand opening and closing movement. The IEMG value is
calculated by the sensors themselves as follows:

I EMG =
M∑

i=1

|yi | (1)

where yi is the i-th sample of an arbitrary time window, and M is the total number of
samples of the same time window. For the nature of the sensors, it is not possible to
directly manipulate the inner parameters of the calculation (e.g.,M), but it is possible
to define the sampling frequency of the IEMG values by means of an external micro-
controller. A Pro Trinket (3V, 12MHz) has been used to read IEMG measurements
at a frequency 50Hz. The pair of measurements is then considered as a point on a
Cartesian plane (see Fig. 1) whose axes report the IEMG values coming from the
above mentioned muscles—the axes range goes from 0 to 255 since the IEMG is
collected as an 8-bit integer.

A proper dataset has been collected to train, validate and test the classifier. A real
patient suffering from SMA voluntarily enrolled in this study. He has been asked to
reproduce for about 60 s the muscle contractions he would have liked to associate
to each of the three possible exoskeleton’s behaviors (hand opening, closing, and
resting). This dataset—roughly 3000 samples for each gesture, for a total of about
9000 samples—has been labelled on the go by an operator (supervised learning),
and has hence been split into the training set (equal to the 80% of the data, randomly
chosen), and the testing set (the remaining 20%).

The training of the PIP classifier consisted in the drawing, by external intervention,
of the polygonal areas that circumscribed the IEMG samples corresponding to the
hand opening and closing intention (see Fig. 1). The coordinates of the polygon
vertices are then stored in the EEPROMmemory of the Pro Trinket micro-controller
which use them to real-time classify each new sEMG sample.

4 Results and Conclusions

From the confusion matrix shown in Fig. 2, it can be seen that the resulting
metrics have achieved values ranging from 93.2 to 93.4%, confirming valuable
performance.
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Fig. 1 The figure shows a
sample of the acquired
sEMG dataset, in particular
the training and validation
set is reported here; in green,
blue and red, the opening,
the closing and the resting
samples respectively.
Besides, the decision
boundaries after the training
and validation phase are
shown

Fig. 2 The confusion matrix
of the proposed
Point-in-Polygon-based
classifier (Accuracy: 0.934,
Precision: 0.932, Recall:
0.932)

Furthermore, the confusion matrix highlights a tiny number of misclassifications
in which the movement that is opposite to the desired one is predicted (i.e., hand
opening intentions classified as hand closing ones, and vice versa). This result is
especially important since such errors can be annoying for the user and harmful both
for the user and the device due to the sudden motion inversion. Besides, circum-
scribing only hand opening and closing intentions makes the algorithm implicitly
classifying the remaining part of the plan as “resting”. These misclassification are
indeed harmless since such errors are not associatedwith any exoskeletonmovement.

This study has presented an analytical and quantitative analysis of the classifi-
cation performance of a PIP-based sEMG classifier. In this research activity, the
examined scenario concerned the classification of three possible hand gestures to
accordingly control a wearable hand exoskeleton in assisting people with hand dis-
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abilities. The evaluation metrics outline the algorithm’s correct functioning. Finally,
the qualitative analysis of the nature and structure of the decision boundaries shows
remarkable robustness against motion artifacts disturbances.
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Perceived Exertion During
Robot-Assisted Gait After Stroke

Nina Lefeber, Emma De Keersmaecker, E. Kerckhofs, and E. Swinnen

Abstract Thepresent study investigated the level of perceived exertion during robot-
assisted walking in non-ambulatory stroke survivors. In addition, we studied the
relationship between the user’s subjective level of perceived exertion and objective
measures of exertion (i.e. oxygen consumption and heart rate). Our results suggest
that stroke survivors perceive fully assisted Lokomat walking as extremely light
to very light and fully assisted Ekso GT walking as very light to somewhat hard.
Weak positive correlations were found between subjective and objective measures
of exertion.

1 Introduction

Worldwide, stroke is a prevalent health issue. Each year, roughly 15 million people
experience a stroke. Initially after stroke, half of the stroke survivors is unable towalk
and around 12% needs assistance of a person to walk [1]. As a result, stroke survivors
spend the majority of their rehabilitation time on practicing walking (25–45%) [2].

To induce neuroplasticity, gait rehabilitation requires sufficient training intensity.
To increase the intensity and volume of gait rehabilitation, two types of lower limb
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robotic exoskeletons have been introduced: (1) static (or treadmill-based) exoskele-
tons, such as the Lokomat (Hocoma), and (2) dynamic (or wearable) exoskeletons,
such as the Ekso GT (Ekso Bionics) [3]. However, few studies have evaluated the
training intensity of robot-assisted gait rehabilitation after stroke [4].

The aims of this study were: (1) to investigate how physically exerting stroke
survivors perceive static and dynamic exoskeleton training and (2) to investigate if the
user’s subjective level of exertion correlates with objective physiological measures
of exertion.

2 Methods

2.1 Study Protocol

In this manuscript, we present a secondary analysis of the data collected as part of
two clinical trials investigating the physiological responses during robot-assisted gait
after stroke. Detailed descriptions of the protocols can be found elsewhere [5, 6]. The
studies were approved by the medical ethics committees of the University Hospital
Brussels (B.U.N. 143201526040 and 143201734424), the Jessa Hospital Hasselt
(16.124/reva16.15), the IRCCS Fondazione Santa Lucia Rome (CE/PROG.630) and
the GasthuisZusters Antwerp Hospitals (HD/vv/2018/07.19). All participants signed
consent prior to participation in this trial.

2.2 Participants

We included 20 adult non-ambulatory stroke survivors (functional ambulation cate-
gory ≤ 2) in the subacute stage after stroke (1 week to 6 months) and excluded
persons with unstable cardiovascular conditions, lower limb musculoskeletal prob-
lems (unrelated to stroke), concurrent pulmonary diseases, concurrent neurological
diseases, communicative or cognitive problems constraining the ability to compre-
hend and follow instructions, and other contra-indications for exoskeleton training
(Table 1).

2.3 Experimental Procedure

One group (n = 10) walked 20 minutes on a treadmill wearing a static lower limb
exoskeleton (Lokomat, Hocoma; Fig. 1). Robotic assistance was set to the maximum
(100%). The level of bodyweight was decreased asmuch as tolerable and the walking
speed was increased as much as tolerable (Table 1).
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Table 1 Participant
characteristics

Outcome Lokomat group (n =
10)

EksoGT group (n =
10)

Age (years) 66 (11) 71 (9)

Sex
(male/female)

6/4 5/5

BMI (km/m2) 25 (3) 23 (3)

Time since
stroke (days)

89 (40) 50 (42)

FAC (0/1/2) 1/2/7 0/7/3

β-blockers
(yes/no)

4/6 4/6

Bodyweight
support (%)

44 (7) –

Walking speed
(m/s)

0.61 (0.03) 0.21 (0.02)

Continuous variables are reported as mean (standard deviation)
anc categorical variables as numbers
BMI body mass index; FAC functional ambulation category

A second group (n = 10) walked 20 minutes overground wearing a mobile lower
limb exoskeleton (Ekso GT™, Ekso Bionics; Fig. 1). Robotic assistance was set
to the maximum (100%). Participants walked at a self-selected walking speed and
did not use any walking aid. A certified and experienced physiotherapist guided the
exoskeleton in the back.

At the start of each session, a flexible mouth mask, portable respiratory gas anal-
ysis system (MetaMax3B, Cortex, Germany) and heart rate belt (Polar H7, Polar,
Finland) were fitted. Participants rested in their wheelchair for 5 minutes wearing
the equipment. Thereafter, participants were accommodated in the exoskeleton. Gas
exchange and heart rate were monitored from the beginning of rest to the end of
walking. At the end of seated rest and every 3 or 5 minutes during walking (resp.
Lokomat and EksoGT group), participants were asked to rate their rating of perceived
exertion (RPE) by pointing on a 6–20 Borg Scale (6 meaning “no exertion at all” and
20 meaning “maximum exertion”). Gas and volume calibrations were performed in
accordance withmanufacturer’s instructions. Participants were asked not to consume
food, alcohol, caffeine, or nicotine at least 3 h prior to the sessions, nor to perform
additional strenuous activities (apart from their regular therapy) at least 12 h prior to
the sessions.

2.4 Outcomes

Outcomes of interest were RPE (6–20 Borg scale), heart rate (beats/min) and oxygen
consumption (mL/kg/min). The first 4 minutes (EksoGT group) and 5 minutes
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Fig. 1 Illustration of a
person in the static Lokomat
(left) and dynamic Ekso
GT™ (right) exoskeleton (©
Johan Swinnen)

(Lokomat group) of walking were used to reach a steady-state condition and were
omitted from the analyses.

2.5 Statistical Analysis

Repeated measures ANOVAs were conducted to investigate changes in RPE over
time. Pearson correlation coefficients were calculated to measure the relationship
between RPE, oxygen consumption and heart rate (SPSS version 25).

3 Results

In both groups, RPE significantly increased over time (Lokomat: F(4.906, 1.236), p
= 0.043; Ekso GT: F(8.791, 3), p = 0.0004; Fig. 2) and RPE was weakly correlated
with objective measures of exercise intensity (Table 2).

Fig. 2 Mean (95% CI)
rating of perceived exertion
during 20-minute Lokomat
and EksoGT walking
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Table 2 Pearson correlation coefficients between subjective and objective measures of exertion

Group Minute VO2 HR

RPE Lokomat 6 0.30 0.50

9 0.08 0.45

12 0.26 0.18

15 0.01 0.52

18 0.08 0.43

20 0.06 0.44

Ekso GT 5 0.21 0.11

10 0.01 0.05

15 0.03 0.15

20 0.42 0.45

*p < 0.05
HR heart rate; VO2 oxygen consumption; RPE rating of perceived exertion

4 Discussion and Conclusion

Our results suggest that non-ambulatory stroke survivors perceive fully assisted
Lokomat walking as extremely light to very light and fully assisted Ekso GTwalking
as very light to somewhat hard. However, since patient characteristics were not
matched between both groups, no between-group comparisons could be made.Weak
correlations between the subjective and objective measures of exercise intensity in
both groups suggest that subjective measures alone may be insufficient to monitor
exercise intensity during robot-assisted gait rehabilitation. A more extensive set of
subjective and objective measures (including e.g. motivation and discomfort) should
be studied in future large-scale trials.
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Pilot Testing of a New Questionnaire for
the Assessment of User Experience
During Exoskeleton-Assisted Walking

I. Pisotta, N. L. Tagliamonte, A. Bigioni, F. Tamburella, M. Lorusso,
F. Bentivoglio, I. Pecoraro, P. Argentieri, F. Marri, L. Zollo, and M. Molinari

Abstract Scientific literature provides weak attempts in analyzing user experience
during the use of rehabilitation and assistive wearable robotic devices. The objective
of this study is to develop and preliminary test a new questionnaire evaluating the
subjective perspective of people using lower limb exoskeletons. A literature search
was conducted to investigate acceptance and usability/quality models, theories and
questionnaires with the aim of extracting relevant factors to be considered. A four-
factor questionnaire was developed and its feasibility was tested on four participants
with central nervous system lesions walking with overground and treadmill-based
exoskeletons in rehabilitation scenarios.

1 Introduction

User Experience (UX) is defined by ISO 9241-210 as “user’s perceptions and
responses that result from the use or anticipated use of a product, system or ser-
vice” [1]. UX has been recognized to be central in the development and evaluation of
assistive and rehabilitation robotic technologies even if current scientific literature
does not provide systematic and validated methods for its assessment, especially
in the field of wearable robotics. The most successful development results can be
potentially achieved when users are involved in every step of the design process
through either direct feedback, testing, observation or informed evaluation or by
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using previously gathered information on user needs and perspective. If this pro-
cess is not pursued, the well-known phenomenon of technology abandonment and
a high dropout rate during prototypes testing, may occur. Exoskeleton technology
has evolved substantially over the past decade as an adjunctive therapy to enhance
neurorehabilitation or as an aid to improve the quality of life of people with disabil-
ities [2]. Anyhow, there are few examples of a substantial users’ involvement in the
process of development of new devices and minimal evidence, nor even consensus,
on the assessment of UX, as shown by the heterogeneity of studies surveyed in [2].

In this framework, we developed a novel multi-factor questionnaire for the assess-
ment of UX during the use of lower limb exoskeletons. In this paper we present our
new tool and the preliminary tests carried out with an overground exoskeleton and
a treadmill-based exoskeleton, including in the study stroke and incomplete Spinal
Cord Injury (iSCI) participants.

2 Materials and Methods

2.1 Questionnaire Development

We identified the relevant factors for the development of the new questionnaire by
reviewing the literature and by identifying psychological theories on technology
acceptance and usability/quality models suitable to assess UX during the use of
rehabilitation and assistive robotic systems. These models and theories have been
applied in a wide variety of domains to understand and predict users’ behavior and
adoption of new technologies [3, 4]. Moreover, they have been demonstrated to be
the theoretical ground needed to build evaluation processes by taking into account
the totality of aspects involved in the UX. In the revision process, we also included
questionnaires available in the fields of robotic neurorehabilitation [2, 5]. We finally
selected the factors that affect (or could be influenced by) UX during exoskeletons
usage. In particular, we identified 16 Sub-Factors grouped in 4 Factors: Usability,
Acceptability, Perceptibility and Functionality (Fig. 1).

Each of the Sub-Factors includes a variable number of items to be rated on a
7-point Likert-type scale (from 1 “I strongly disagree” to 7 “I strongly agree”). The
total score for each Sub-Factor is obtained averaging its related item scores. Each

Fig. 1 Factors and sub-factors of the developed questionnaire
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Factor score is calculated as the weighted average among the related Sub-Factor
scores. The weights are derived from the pairwise comparison between Sub-Factors
administered to the subject under testing. In particular, Sub-Factors are sorted based
on the number of expressed preferences and the weights are consequently assigned.

The questionnaire was developed to assess exoskeleton-aided walking during
overground rehabilitation (Overground Rehabilitation Exoskeleton, ORE) and tread-
mill rehabilitation (TreadmillRehabilitationExoskeleton, TRE). 115general purpose
items, shared between the two applications, are merged to application-specific (TRE
or ORE) items. Overall, ORE questionnaire consists of 132 items, while TRE ques-
tionnaire consists of 124 items.

2.2 Questionnaire Testing

We tested the questionnaire in italian on 4 participants: P1 (stroke, 35 y.o.) and P2
(iSCI, 57 y.o.) used the Ekso GT (Ekso Bionics) while P3 (iSCI, 35 y.o.) and P4
(iSCI, 64 y.o.) used the Lokomat Pro (Hocoma). The protocol was approved by Fon-
dazione Santa Lucia Ethics Committee. Participants underwent at least 4 preliminary
walking sessions to become familiar with the devices. During these familiarization
sessions, a physiotherapist performed the mechanical adjustment of the systems
based on the anthropometric assessment of the participants, and the regulation of
the parameters related to the robotic support, according to the participant’s needs
and residual motor functions. After the familiarization, a measurement session was
carried out for data collection. Before questionnaire administration, performed by an
expert psychologist, participants received instructions on the questionnaire in order
to know in advance aspects needing specific focus during the exoskeleton experience.
The measurement session was supervised by the same physiotherapist and with the
same walking conditions as in the familiarization phase. After the assessment, the
participants were also asked to score the questionnaire itself in terms of clarity of
definitions and methodology of administration.

3 Results

In theOREapplication (Fig. 2), participants P1 andP2 showed a very similar behavior
in evaluating Usability and Acceptability. The difference in the evaluation of AT was
probably affected by age-related perception. In assessing Perceptibility, P1 provided
higher scores inHQ,AGandEO. The difference in the assessments of P1 and P2were
likely due to the different clinical conditions affecting the analyzed Sub-Factors. In
the Functionality assessment P2 rated the WD as very high. Also this Sub-Factor
could be influenced by age.

Results of P3 and P4 are reported in Fig. 3. In assessing Usability P4 rated as low
the SN and both participants rated as low the EY. In the Acceptability factor both
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Fig. 2 Results of the Sub-Factors for the ORE application. P1 in dark color and P2 in light color

Fig. 3 Results of the sub-factors for TRE application. P3 in dark color and P4 in light color

Fig. 4 Results of the factors for the ORE (a) and TRE (b) applications

participants rated MN and AT as low and P4 rated the CT as very low. In Perceptibil-
ity assessment, P3 and P4 provided the same evaluation except for AG (rated as very
low by P4). Moreover, there are similarities in the Functionality Sub-Factor ratings,
except for WD that was evaluated as very high by P4. The overall results of the
Factors had a similar trend among the 4 participants: for both applications (Fig. 4),
participants rated as equal Acceptability and Functionality, while they disagreed on
Usability and Perceptibility. It is also worth to highlight the importance of external
determinants as age and clinical conditions, that could affect specific Sub-Factors,
providing a theoretical justification for the differences in the evaluation. Moreover,
the participants positively evaluated thewhole questionnaire, the assessmentmethod-
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ology, the clarity of items and the definitions of Factors and Sub-Factors. Even if
participants considered a bit long the administration time, none of them withdrew
from the study.

4 Conclusion

We designed a new four-factor questionnaire for the assessment of UX during
exoskeleton-assisted walking. In our pilot study we confirmed the feasibility and
applicability of our tool for the assessment of Factors involved in the targeted appli-
cation and its adaptability in different scenarios (overground and treadmill-based
walking). We are confident that this new tool will contribute to the improvement
of rehabilitation technologies by including the results of user subjective perspec-
tive in the design process. Future activities will be devoted to enlarge the cohort of
participants to possibly achieve statistical validation of the questionnaire.
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Psychophysiological Assessment of
Exoskeleton-Assisted Treadmill Walking
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Abstract Despite being able to derive quantitative data onmotor performance, reha-
bilitation robots typically do not provide information on users’ subjective experience,
and in particular on their psychophysiological state. The aim of this work was the
development of a method for the psychophysiological assessment of users whose
treadmill walking is assisted by a lower limb exoskeleton. Four indicators were esti-
mated based on physiological data by using a Fuzzy logic approach. The assessment
of human-exoskeleton interaction was performed on a group of four healthy partici-
pants and the correlation between different pairs of indicators was evaluated.

1 Introduction

Neurological diseases often lead to motor disorders and gait alterations. Neurore-
habilitation allows patients to recover independent walking in daily life activities
and may involve the use of robotic systems, such as exoskeletons, to enhance con-
ventional physical therapy. Among several benefits, rehabilitation robots offer the
possibility of collecting data on the subjects’ motor performance based on embedded
sensors (joint angles and torques, interaction forces, etc.). Anyhow, these systems
typically do not provide information on the subjective experience of users and, in
particular, on their PsychoPhysiological (PP) state. In many applications of robot-
aided therapy it is useful to identify the PP state of the patient to monitor motivation
and active participation since these factors can improvemotor recovery and therefore
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the outcome of neurorehabilitation [1]. In the last decade, many attempts have been
made to develop a reliable methodology for the automatic identification of the PP
state of a subject, starting from the analysis of facial expressions and posture [2].
Anyhow, the most effective solutions are based on the detection and evaluation of
specific physiological signals and on the extraction of relevant indicators [3]. Indeed,
autonomous physiological responses can be detected as a function of certain stim-
uli, during the use of video games or the interaction with robotic systems [3]. The
analysis of the literature highlighted the lack of studies investigating physiological
measures to determine the PP state during walking aided by lower limb assistive and
rehabilitation exoskeletons. The objective of this work was to develop a method for
the PP assessment during exoskeleton-assisted treadmill walking and to test it with
healthy participants.

2 Materials and Methods

2.1 Experimental Setup

Physiological signals of interest, i.e. the Galvanic Skin Response (GSR), the Heart
Rate (HR), the Heart Rate Variability (HRV) and the Respiration Rate (RR), were
measured by means of two commercial devices: the ZephyrBioModule 3 sensor
(Medtronic), a chest belt measuring the RR and the electrocardiogram (ECG), and
the Shimmer sensor (Shimmer), acquiring GSR by using two electrodes positioned
on the index and middle fingers.

Data from the two sensors were sent to a host PC via Bluetooth LowEnergy proto-
col (ECG signalwas sampled 250Hzwhile the other signalswere sampled 25Hz) and
were synchronized through aC# interface. The treadmill-based exoskeletonLokomat
Pro (Hocoma), available at Neurorehabilitation 1 Department of Fondazione Santa
Lucia (FSL) in Rome, was employed.

2.2 Experimental Protocol

Four healthy participants (1 male and 3 female, 34.0 ± 15.7 y.o.) were involved
in the study. Each one performed at least 2 preliminary walking sessions with the
Lokomat to become familiarwith it.After the familiarisation sessions, ameasurement
session was carried out for data collection. Each (familiarisation or measurement)
session lasted about 60min including preparation time. The measurement session
was divided in two phases: i) participants were seated in a comfortable position for
4min, with their eyes closed and acoustically isolated to promote relaxation (Resting
Baseline, RB); ii) participants underwent exoskeleton-assisted walking for 20min
with the assistance level set to walk comfortably, similarly to the setting achieved
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during the familiarization session (Exoskeleton Training, ET). The protocol was
approved by the FSL Ethics Committee (no: CE/PROG 746).

2.3 Data Analysis

Three features were extracted from the ECG data: the HR and two HRV metrics,
i.e. the RMS of successive heart beats (rMSSD) and the power distribution in the
Low-Frequency (LF) band (0.04−0.15Hz). Two components were extracted from
the GSR signal: Skin Conductance Level (SCL), i.e. the tonic level in the absence of
any particular environmental event, and the Skin Conductance Response (SCR), i.e.
an event-dependent, phasic and highly responsive parameter. Among different possi-
blemethods, a Fuzzy logic approachwas selected and implemented for the extraction
of four PP indicators of interest: stress level (measure of perceived safety), fatigue
level (measure of prolonged physical engagement), energy expenditure (measure of
comfort), attention level (measure of involvement). The physiological signals of the
ET phase were considered only for the last 15-min recording and were normalized
with respect to the data collected during the RB phase. The employed Fuzzy logic
method included 6 inputs (HR, RMSSD, RR, SCR, SCL and LF) and 4 outputs
(PP indicators). For each physiological signal, the membership functions were con-
structed by considering the total number of occurrences in all the collected data [7].
Low, medium and high levels for the model inputs and outputs were introduced.
IF/THEN rules were defined based on trends of variation of physiological signals
retrieved from a careful analysis of the scientific literature [4–6]. These rules combine
all the input physiological data to estimate the four PP indicators in time intervals
of 1min, considered suitable for reasonable changes within the present application.
A participant-specific and a global statistical analysis were performed to find corre-
lations among PP indicators. In particular, the Spearman’s correlation coefficient ρ

was calculated in pairwise comparisons.

3 Results and Discussion

In Fig. 1 the time-series of the four PP indicators along 15min of recordings (first
row) and their pairwise correlations (second row) are reported. For the four par-
ticipants, we found a high correlation (|ρ| ≥ 0.5) in two cases: positive correlation
between stress level and energy expenditure ρ = 0.84 ± 0.21 and p = 0.01 ± 0.03
(mean ± SD) and negative correlation between energy expenditure and fatigue level
ρ = −0.56 ± 0.47 and p = 0.17 ± 0.34 (mean±SD).Hence, as energy expenditure
increases, stress level increases and fatigue decreases. Other correlations for pairs of
PP indicators were heterogeneous among participants. Negative correlation between
fatigue and stress levels was common for P1 and P2 (ρ = −0.72 and ρ = −0.84,
respectively). Different results were found for the attention-stress (ρ = 0.91 and
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Fig. 1 First row: Time-series of the PP indicators along 15min of the ET recording; a common
trend among all the participants was not clearly evidenced. Second row: Pairwise correlations of the
PP indicators (on the diagonal the univariate distribution of the data is shown; in the other cells the
linear regression models fitted on the scatter plots are reported); positive stress-energy correlation
and negative energy-fatigue correlation were found

ρ = −0.66 for P1 and P2, respectively), the energy-attention (ρ = 0.89 and
ρ = −0.85 for P1 and P2, respectively) and the fatigue-attention (ρ = −0.62
and ρ = 0.89 for P1 and P2, respectively) correlations. A common trend for all
participants was not clearly evidenced in PP time-varying patterns (Fig. 1).

4 Conclusions

The present workwas devoted to estimate PP indicators for the assessment of human-
exoskeleton interaction during treadmill walking. Due to the limited number of par-
ticipants the method was demonstrated to be effective only in highlighting a cor-
relation between energy expenditure and both stress and fatigue levels. Additional
correlations in pairwise comparisons were heterogeneous and also no trends of vari-
ation in the time-series of the PP indicators were evidenced. More clear explanations
for these preliminary findings (fatigue-energy-stress correlations) will deserve fur-
ther investigations in a wider group of participants, possibly also including subjects
with lesions of the central nervous system. Moreover, a correlation with subjective
evaluations, assessed by means of dedicated questionnaires, will be performed.
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Kinematic and Functional Evaluation of
a 3D Printed Robotic Hand
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Abstract The hand has a complex structure that allows us to perform daily living
activities. When the hand is lost, hand prosthesis is used to restore the lost functions,
usually, a hook is used and, in some cases, a mechanical hand. In the last few years,
there has been a growth in 3D prosthetic designs since it has many benefits. We
propose a method to test both the functionality and kinematic performance of a pros-
thesis and his/her user respectively. All types of activities performed with the hook
were above 4 points on average, while depending on the type of activity the average
score for the mechanical and 3D printed hand varied. The overall performance was
100% for the hook, while for the mechanical 69% and 3D printed hand was below
60%.

1 Introduction

The hand is a body segment that allows us to interact with the environment, through
object manipulation in such a way that we can perform daily living activities that
give us independence, this by making eight different types of hand grasp. When the
hand is lost, hand prosthesis have been placed on upper limb amputees to replace
the lost segment, and its objective is to restore the lost functions usually they are
body-powered meaning that the body needs to move in a certain way to operate the
terminal device (hand prosthesis) habitually this device is a hook, even though it is
not anatomically correct, it is low maintenance and their dexterity allows to perform
most of the daily living activities [1].

On the other hand, 3D printing is a process that creates solid, three-dimensional
objects with the use of digital files [2], in the last years there has been a growth in
3D prosthetic designs since their benefits include lower cost (usually between $50
to $300 USD compared to robotic prosthetics $5000 to $100,000 USD), speed (their
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fabrication can be in one day), versatility (different terminal devices can be made
with specific needs) and all of them can be customizable [3]. Anyone that wants to
create a 3D printed hand can use a search engine to find several options of printable
hands such as “The Open Hand Project” [4] or “National Institutes of Health 3D
Print Exchange” [5] between others, each option include files and tutorials on how
to make and assemble a 3D printed hand [6, 7].

To our knowledge, there does not exist a 3D printed prosthetic hand that can
replace all the functions the human hand, and we think that there is a necessity of
showing the advantages and disadvantages of this kind of devices to the end-user to
make an informed choice of what kind of hand the user is going to have. The aim
of this project was to design a functionality test and a kinematic test to evaluate the
user performance when using the 3D printed prosthetic hand and determine if there
are abnormal movements that could prone the user to an injury.

2 Materials and Methods

A third-party 3D printed hand that claimed to replace the human hand and have great
functionalitywas used. This hand consisted of five fingers that couldmove as follows,
thumb included a rotation and flexion movement, an index finger with independent
flexion while the middle, ring, and little fingers move together and only can flex.
All of the hand movements were enabled by independent motors and were activated
by an electrical switch input the patient could push in their shoe sole. The protocol
was reviewed and approved by the Research and Ethics Committee of the National
Institute of Rehabilitation in Mexico City. A 60-year-old male patient with 17years
using a mechanically powered prosthesis with a hook to perform its daily living
activities, participated in this experiment. The subject was trained for five sessions
of one hour over five days to be familiarized with the device and not measure its
learning curve.

The functionality test consisted of 35 daily living activities divided into four
groups: only grasping (G), grasping with weight (G & W), and grasping, weight,
and ability (G,W & A), each item or task was based on completion, and on the
time required to complete each one, if it took more than one minute to complete
it was considered not functional. Each item was graded from 1 to 5, 5 being an
item completed without difficulty and in less than 20s and 1 a task that could not
be completed or it took over a minute, in the end, all items score were added, the
functionality test was carried out using the subjects choice terminal device (hook
5X-R), an ottobock mechanical hand (8K23) and the 3D printed hand previously
described, we defined an item as functional if the score was over 3 points. Finally,
a kinematic test was carried out, in which we selected one activity of each group,
intending to find movement differences regarding trajectories and range of motion,
for this test the subject was instrumented with reflective markers on the prosthetic
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arm, terminal device, and trunk and measured with a 12 flex13 Optitrack System
(Natural Point, Corvallis Oregon, USA).

3 Results

The average score of each type of activity obtained with the terminal devices is
shown inFig. 1.All types of activities performedwith the hookwere above 4 points on
average, while depending on the type of activity the average score for the mechanical
and 3D printed hand varied. For both hands, the activity with the lowest scores were
the ones of grasp and ability such as picking up coins, opening and closing a zipper.

Fig. 1 (Top 1:4) Representations of each of the 35 activities scores. (Bottom) Average of activitie’s
scores performed with each terminal device blue hook, orange mechanical hand and yellow 3D
printed hand; abbreviations: G, grasp; G & W, grasp and weight; G & A, Grasp and ability; G, W
& A, Grasp, Weight and ability
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Table 1 Kinematic values for the different type of tasks

S. max abd S. max flex E. ROM

G Hook 70 47 9

Mechanical 160 153 20

3D Printed 47 30 13

G & W Hook 120 90 30

Mechanical 160 140 22

3D Printed 100 80 24

G & A Hook 23 20 14

Mechanical 40 70 18

3D Printed 30 15 14

The overall functionality of each terminal device was 100% for the hook, 69% for
the mechanical hand and 57% for the 3D printed hand.

For the kinematic analysis we obtained the maximum shoulder abduction and
flexion, and elbow’s range of motion for each type of task as seen on Table1.

4 Discussion

Our main goal for this study besides determining the functional and kinematic dif-
ferences when using different kinds of prosthetic hands was of determining the
feasibility of the procedure with the aims of applying it to a bigger population and
evaluating different 3D printed hands. With the subject selected for this study, the
results showed that the most effective prosthetic terminal device to perform daily
living activities was the hook, with 100% of the functionality, which was expected.
On the other hand, the mechanical hand and 3D printed hand have 69 and 57% of
functionality respectively, the most difficult task to perform with these devices was
the ones of G & A, in which the subject needed to handle small objects and put them
on specific places, in these activities the 3D printed hand has a lower score than
the mechanical, but for the G& W and G,W & A both hands have similar values.
Regarding the kinematic evaluation, we found differences in how the patient moves
the shoulder and elbow with each device. We believe that even though the 3D printed
hand has more possibilities of movement, the design is not optimal for performing
daily living activities and the materials selected does not give traction to create a
good grasping of the objects and in case of object manipulation, the grasp loses its
traction, which explains the low functionality that is presented.
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5 Conclusion

In recent years 3D printed hands have had an increased interest since it has become
easier and cheaper to produce one, even though there exist different models, with dif-
ferent option to move the hand and fingers, we do think that it is important to develop
functionality test specialized for 3D printed hands and determine their functionality,
these with the objective of the developer let know the interested person on acquiring
one of their capabilities with each hand.
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Evaluation of Balance Abilities in Expert
Paralympic Athletes with Lower Limb
Amputation

G. Marchesi, A. Bellitto, E. Ricaldone, A. De Luca, C. Sanfilippo, K. Torre,
E. Quinland, J. Saglia, V. Squeri, A. Massone, M. Casadio, and A. Canessa

Abstract Amputation of the lower limb affects balance abilities and leads subjects
to learn how to balance relying on a single leg. Challenging evaluations for expert
athletes, who have greater performance level than those of able-body subjects, are
missing. Here, we propose a comprehensive protocol created ad-hoc for expert
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athletes with lower limb amputation to test their balance abilities in challenging
conditions. In our evaluation, we tested the feasibility of this protocol that included
dynamic exercises assessing both the active and proactive balance components while
standing and sitting. Two Paralympic athletes, both with amputation level above
the knee, are included in this pilot study. We evaluated their performance mainly
assessing the trunk motion throughout an inertial measurement unit placed over
the sternum. The protocol included three different exercises repeated in different
conditions (i.e. eyes open vs. eyes closed). All subjects completed the protocol and
the exercises and the measure we propose allow us to evaluate changes in subjects’
strategies, confirming the feasibility of this protocol to quantitatively evaluate balance
performance.

1 Introduction

Sudden accidents change the perception we have of our self and capabilities. Be
engaging in sports, or adapted sports for people with disabilities, has many advan-
tages both physically and psychologically [1]. Nordic ski has been adapted to match
the needs of different categories of people with disabilities, including amputees.
Amputees’ abilities to balance on a single leg, and hence of expert athletes with
lower limb amputation, are greater than those of an able-bodied person [2]. In fact,
when testing experts, we need to consider their greater performance level. Here, we
propose a protocol created ad-hoc for expert athletes with lower limb amputation.
Our protocol aims to comprehensively evaluate balance abilities in single-leg chal-
lenging tasks targeting the postural response after both auto-induced and externally
induced perturbations while standing and sitting.

2 Materials and Methods

2.1 Subjects

We tested two unilateral lower limb amputees that are also expert Paralympic ski
athletes (S1 25 yo man and S2 24 yo woman). Athletes matched the criteria of
amputation of a single lower limb above the knee; they had normal or corrected-to-
normal vision and absence of any cognitive impairment. All subjects were naïve to
the motor tasks proposed in this study.

V. Squeri
e-mail: valentina.squeri@movendo.technology
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The study conforms to the ethical principles of the 1964 Declaration of Helsinki,
and all subjects signed an informed consent to the analysis and publication of their
data for research purposes.

2.2 Robotic Device and Motor Tasks

We used hunova®, a medical robotic device with two independently controlled plat-
forms, one under the chair and one under the feet, that guarantee well defined
interaction either while sitting or standing. In our study, we evaluated tasks in both
conditions:

1. Standing reaching task: here, subjects, standing on the platform with arms free
to move, were requested to move a cursor from a central starting point toward
one of eight equidistant radially arranged targets that appeared on the screen
(placed 1-m far from the subject) by tilting the feet platform in the direction of
the targets. The platform was maintained in unstable equilibrium and it tilted
in response to the subjects’ weight shift providing, throughout an impedance
control, an elastic force field tending to restore the platform parallel to the floor
(see [3] for details).

2. Unstable sitting with perturbation at the foot level: here subjects were sitting
on the tilting chair with crossed arm by the chest. The chair was maintained in
unstable equilibrium (i.e. tilting in response to the subjects’ weight shift) while
the foot platformmoved in a pre-programmed and repeatableway. Subjectswere
requested to maintain the trunk, and hence the sitting chair, the more stable they
could.

3. Standing with continuous perturbation: subjects were requested to maintain
the standing position while the foot platform tilted in a pre-programmed and
repeatable way.

2.3 Protocol

The protocol we propose includes 17 exercises, each lasting 60 s. From ex. 1 to ex.
6, the standing reaching task is repeated alternating two target distances: 5° and 7°
of platform inclination, respectively T5 and T7. From ex. 7 to ex. 12, the unstable
sitting was repeated alternating one with eyes open (EO) and one with eyes closed
(EC). From ex. 13 to ex. 16, the standing task with continuous perturbation was
repeated alternating one repetition with EO and one with EC. Between all those
exercises, subjects were resting 30 s. Lastly, without any break from the previous
exercise, subjects performed the standing reaching taskwith 7° target distance, where
we tested the effect of the fatigue due to both the absence of break and the whole
protocol.
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Fig. 1 Subject performance; red lines refer to subject S1 and blue lines to S2. a (top) Number
of correct reached targets and (bottom) the sway area during the standing reaching task repetitions
(from ex. 1 to 6) and the under strain standing reaching exercise (ex. 17). Circles refer to T5 and
squares to T7. b Sway area for the unstable sitting repetitions (from ex. 7 to 12). Dots refer to EO
and crosses to EC. c same as b for the standing exercises with continuous perturbation (from ex.
13 to 16)

2.4 Data Acquisition and Data Analysis

We collected data from the inertial measurement unit positioned on the subjects’
sternum to record the movement of the trunk. Data were sampled at a frequency
of 30 Hz. We filtered the data with a low-pass Butterworth filter (4th order, cutoff
frequency of 12 Hz). For all exercises we quantified trunk movements computing
the sway area from the acceleration measures, expressed as m2/s4 [3], as quantitative
evaluation of trunk motion, with small values as signs of good trunk control. In
addition, for the reaching task, we also computed the number of reached targets.

3 Results and Discussion

Both S1 and S2 could complete the whole protocol, which highlighted changes in
performance due to the repetition of the same exercises or to the different modalities
requested to perform the exercises.More precisely, in the standing reaching exercises,
independently on the target distance, both subjects improved their performance across
repetitions increasing the number of reached targets (Fig. 1a, top) and lowering the
trunk motion (Fig. 1a, bottom), more evident for further targets (T7). Lastly, in the
17th exercise, where we tested subjects under strain, the number of reached targets
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was not affected but, to reach the same performance level, both subjects moved their
trunk more than in the last repetition of the same exercise (6th).

Concerning the unstable sitting task, except for the first repetition of the task,
as expected, subjects controlled the trunk better when they performed the exercises
with EO. Despite a familiarization phase before the beginning of the test, the first
repetition of this task has the worst performance as subjects adapted to the exercises
with the repetitions, improving their performance.

During the standing task with continuous perturbation, subjects had a greater
dependency on the visual feedback than in the other tasks.

4 Conclusion

This pilot study aims at assessing the feasibility of a protocol to evaluate balance
performance of expert athleteswith lower limb amputation in challenging conditions.
The protocol includes only dynamic tasks, allowing to test the responses to both
auto and externally induced perturbations. Here, we evaluated two expert athletes
that confirmed this protocol is feasible and might be used in future studies with a
greater number of athletes to assess to what extent different sporting levels affect
performance. Also, this protocol may be used to assess deficits of single athletes for
tailoring specific trainings.
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Abstract We have observed that the self-support exercises triggered electromyo-
graphic activities on the dormant muscles of the post-stroke patients. Self-support
exercise here implies that the patients move their paretic arms with the supports of
their non-paretic arms. The similarity of themuscle activities between the paretic and
the non-paretic arms show that themotor paralysis is improvedduring the self-support
exercises. We have showed through the clinical tests that biofeedback rehabilitation
using this self-support exercises can improve the recovery speed from the motion
paralysis. In this paper, we report that EMG frequency and heart rate variability
during self-support exercises became smaller than those during bimanual exercises,
suggesting that parasympathetic nerve system in the self-support exercise became
more active than in bimanual exercise. Instead the causality between the motor paral-
ysis improvement and the changes of the autonomous nerve states is unclear, these
results is the evidence that the neural pathways that was used before stroke are used
in the self-support exercise though abnormal pathways are used in the bimanual
exercises.

1 Introduction

Stroke is one of the leading causes of serious motor paralysis, which appears in
many cases on the one side of the body. Rehabilitation from the motor paralysis aims
to help the patients the best possible quality of life. We have so far observed that
the self-guided motion support by the non-paretic arm triggers electromyographic
(EMG) activities of the paretic arm with normal muscle synergies [1]. The self-
guidedmotion support implies that the paretic armmovements are supported by their
non-paretic arm movements. The clinical tests with 54 patients and 25 age-matched
healthy elderlies showed that the similarities of the muscle synergies between paretic
and non-paretic arms were drastically improved in the self-support exercises to be
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the similar level with the healthy elderlies. The brain imaging by fMIR and fNIRS
in the self-support exercises suggested that the self-support exercises activated of
the local neural pathways that was used before stroke [1]. The effect by the self-
support exercise can be explained, therefore, that the external stimulation activates
the local neural pathways that was not damaged but cannot be activated by themotion
intention.

We have applied the self-support effect to the bio-feedback training that acti-
vate simultaneously the local neural pathways and the motion intentions, expecting
Hebbian-type conditioning of the broken connection between them by stroke. The
controlled tests in the two groups of with/without the proposed training showed the
fast recovery from the motor paralysis by the proposed training [1].

One of the most interesting phenomena of the self-support effect is unexpected
activation of dormant muscles with the very simple behavior. Instead we have shown
the source of the self-support effect by brain imaging as the stimulation of normal
neural pathways for arm movement control, the details of the immediate muscle
activity changes are still unclear. In this paper, we will discuss the details of the
self-support effect based on EMG frequency and the heart rate variability (HRV).

It is well known that EMG frequency changes represent the muscle fatigue level.
Piper first detected a reduction of frequency as a consequence of muscle fatigue [2].
Following this finding, many researches showed this fact introducing the several
indices such as central frequency and median frequency. In addition to the muscle
fatigue quantification, EMG frequency can quantify the number of requited motor
unit. HRV is a variability in the time interval of successive heartbeats. It is com-
monly accepted that HRV is a non-invasive indicator of automatic nerve system that
comprises the sympathetic and parasympathetic nerve systems [3]. HRV is used,
nowadays, as biomarkers related with the autonomous nerve system activities such
as sleep problem [4], difficulty of emotion regulation [5] and chronic pains [6].

The purpose of this paper is to clarify the state of autonomous nerve system in
the self-support exercise through the analysis of HRV, and find the source of EMG
frequency changes. We asked 10 patients the elbow bending motions measuring the
bicepmuscles EMGand the heart beat, and analyze these bio-signals in the frequency
domain. Based on the analysis results, we will derive the state of the autonomous
nerve system and discuss the source of EMG frequency changes in self-support
exercise.

2 Method

We asked the elbow-bending exercises in the two ways with 10 moderate paralysis
post-stroke patients who can move his/her paretic arm with the strong efforts. One of
the elbow-bending exercises is the bimanual exercise (BI) where the patients bend
both arms at the elbows in the same timing (See in Fig. 1a). The other is the self-
support exercise (SS)where the elbow-bendingmotion of the paretic arm is supported
by the same motion of non-paretic arm as described in Fig. 1b.
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Fig. 1 Overview of
bimanual and self-support
exercises

Bimanual exercise (BI) Self-support exercise (SS)

(a) (b) 

The patients moved in three sets with enough interval from muscle fatigue. One
set includes ten times movements of BI and SS in the randomized order. We mea-
sure EMG of biceps muscles and heart beat during these motions. EMG signals are
analyzed in the frequency domain in this paper. The results in amplitude and mus-
cle synergy domain were summarized in the previous paper [1]. We use the median
frequency to compare the difference of the frequency features between BI and SS
as described in Fig. 2. The heart beat is used for computing HRV. The cubic spline
interpolation was used to re-sample R-R interval 10Hz. We use FFT analysis of the
re-sampled data to discuss the features of HRV (See in Fig. 3).
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3 Result

Figure 4 describes the median frequencies and the maximum amplitude of EMG
of 10 patients in Fig. 4. As you can see in Fig. 4a, the median frequencies in BI
are higher than the median frequency in SS for all patients though the values are
depending on the individuals. For the statistical analysis, we have normalized the
median frequencies and the maximum amplitude by the value in SS for each patient.
The statistical analysis results are illustrated in Fig. 4b, c. The results show that the
median frequency is significantly decreased in SS comparing with BI though the
amplitude of EMG did not show the significant changes.

Figure 5 describes HRV analysis results. Figure 5a, b illustrate the typical result
of R-R interval and its FFT analysis for one patient. R-R interval became smoother in
SS comparing with R-R interval in BI, and the median frequency in SS was smaller
than that in BI. The normalized median frequency was significantly decreased in SS
from BI.

Median Freq. (Nomalized) Max. Amplitude (Nomalized)
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4 Discussion and Conclusion

The reduction of HRV in SS suggest that parasympathetic nerve system became
more active in SS rather than in BI. All patients in this experiment need the effort
motion in BI, where abnormal muscle synergies using the abnormal neural pathways
were frequently appeared. This result, therefore, is another evidence for verifying
the hypothesis of self-support effect in which the neural pathways in SS were the
normal control loops that was used before stroke for controlling the arm movement.

On the other hand, EMG frequency reduction in SS cannot be explained by the
scientific knowledge so far because the muscle fatigue and the number of recruited
motor units in BI and SS seems not to be different from frequency and amplitude
changes. Instead of differences of these factors, the neural pathways in SS and BI
seem to be different as we showed above. It is anatomically known that 6 spinal
tracts exists to activate motor neurons in the spinal cord. Even though the role of each
spinal tract is well studied, there are many uncertainties such as the connections with
intermediate neurons in the spinal cord. We need the further analysis to understand
the EMG frequency changes in SS, expecting EMG signals to be the window of
neural system activities in our daily motions.
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Abstract With the reducing median age of stroke sufferers and large numbers of
survivors below the age of 45 years, patient needs have shifted significantly from
functional training to regaining independence. Similarly, children with learning diffi-
culties struggle to be independent of adult assistance in reading and writing tasks in
spite of remedial classes. This paper describes the importance of real-time, multi-
modal feedback in rehabilitation with an added component, namely, feedforward.
It reports the effect of this approach to facilitate exploratory, sensory, and goal-
directed learning for neurorehabilitation needs. Research outcomes from two studies
with two diverse neurorehabilitation patient groups—adult stroke and children with
learning difficulties—are presented to highlight the importance of this approach in
the translation from functional training to independent living.
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1 Introduction

Learning in infancy, when the brain is at its most neuroplastic, happens in two broad
categories [1–3]:

1. Exploratory, sensory, and non-instructional learning—largely feedback oriented
2. Goal oriented, imitative, and instructional learning—feedforward and feedback

oriented.

In exploratory learning, association between sensory inputs and its movement or
task correlates are embedded into the neuro-muscular system in a Hebbian manner
and reinforced by iterative repetitions [2]. Such learning usually involves brain and
body together, to explore which combinations of cognitive, physical, and environ-
mental strategies optimally result in successful task completion.More complex goals
are then led by a parent or sibling (a mature social partner) whom the infant tries
to imitate (feedforward) and emulate [3]. The child then starts to understand how
to leverage both types of learning and move towards independence. Independent
living demands proficiency in several cognitive and physical abilities which are used
individually or in combination. These include strength regulation, decompensation,
relaxation, attention, sequential planning, executive control, eye-hand co-ordination,
among others [4, 5]. The unpredictable external world demands the self-regulation of
these elements in real-time, which conventional functional training does not always
directly address ormeasure in an integratedmanner, perhaps due to a lack of sensitive
tools and technologies [6].

This paper presents the outcomes on subjects using SynPhNe (www.synphne.
com); a connected, wearable system which trains brain and muscle together, using a
feedforward-feedback modality.

2 Materials and Methods

2.1 Technology Description

SynPhNe captures electroencephalography (EEG) and electromyography (EMG)
signals and helps subjects self-correct movements in real-time (Fig. 1).

The multi-modal SynPhNe user interface trains upper limb muscle use while
maintaining relaxed focus (Fig. 2).

Subjects try to imitate movements and tasks watching a series of videos (feed-
forward), while self-regulating brain (attention/relaxation) and muscle (agonist-
antagonist balance, agonist contraction) response using real-time EEG and EMG
feedback respectively. Subjects train in activities such as grasping, eating, reading,
writing, amongst others. Subjects combine tasks to train in specific indepen-
dence goals. Feedforward-feedback training introduces an iterative, synergistic,
neuro-physio learning process instead of mechanical repetitions alone [3].

http://www.synphne.com
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Fig. 1 The SynPhNe device with electroencephalography (EEG) and electromyography (EMG)
sensors and software user interface

Fig. 2 Users imitate various
movements and tasks
watching the exercise video,
(feedforward) while
responding to real-time EEG
(smiley emoji) and EMG
(koalas on a tree) feedback

2.2 Study Methods

Two studies of adult, chronic stroke patients (n= 5) and teenage children diagnosed
with attention deficit and dyslexia (n = 6) in a pre-post design are presented. Both
groups were undergoing standard care—outpatient therapy for the stroke group and
remedial lessons in school for the dyslexia group—but were plateaued. Thus, they
acted as their own controls. Independence goals for the adult stroke group was activ-
ities of daily living and returning to work while for the children, it was better reading
and comprehension. The stroke group underwent 18 sessions, thrice a week over 6
weeks at a Training Centre, while the dyslexia group underwent 10 sessions (45–
60 min each) over 4 weeks in between regular classroom sessions in school. The
training activities suited each subject’s pre-selected goals.

Fugl Meyer Assessment (FMA) and Action Research Arm Test (ARAT) were
used as standardized scales for stroke. Test of Word Reading Efficiency-Sight Word
Efficiency (TOWRE-2 SWE) and Phonemic Decoding Efficiency (TOWRE-2 PDE),
J. C. Daniels and H. Diack Reading Test (JCDHD) and Visual Aural Digit Span
(VADS) test were used for the children.
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Table 1 Pre-post outcome measures of stroke group study

User Age (years) Fugl-Meyer score (FMA) Action Research Arm Test (ARAT)

Week 0 Week 6 Diff Week 0 Week 6 Diff

AM 60 66 66 0 57 57 0

SS 46 54 59 5 46 54 8

LK 45 53 61 8 53 57 4

AM 81 24 30 6 0 22 22

SM 39 17 24 7 0 9 9

Mean 54.2 42.8 48 5.2 31.2 39.8 8.6

Std. 15.06 18.9 17.4 2.79 25.72 20.29 7.42

3 Results

4 Discussion

Table 1 illustrates that mean pre-post changes were close to or exceeded MCID in
FMA [7] and ARAT [8]. The stroke subjects showed improved agonist-antagonist
management and self-regulation of attention, relaxation, and execution ofmovement.
Subjects AM and LK returned to work. Others reported improvements in eating,
writing, and dressing.

Table 2 illustrates that in the ADD/Dyslexia group, significant improvement was
seen, with kids achieving scores close to their normative grade levels and able to do
tasks with reduced adult assistance. VADS outcomes showed improvement in short
term memory.

5 Conclusion

Exploratory and goal-oriented learning requires feedforward and feedback that are
cyclical and immediate. Patients with physical and neuro deficits who trained using
such a modality, combining brain and muscle feedback, reported an ability to do
tasks more independently, based on pre-selected goals.
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Abstract This paper provides an overview of the results of the EVOLUTIONS-trial,
in which effects of providing ankle-foot orthoses on two different points in time in
the rehabilitation after stroke were studied. Results showed functional improvements
over time, while at the same time no changes in kinematics and muscle activity of the
affected lower limb were found over a period of 26 weeks. Based on these results,
compensation strategies of the unaffected lower limb are thought to play an important
role in the rehabilitation after stroke.

1 Introduction

Walking function is often impaired after stroke. In order to improve walking, Ankle-
Foot Orthoses (AFOs) are frequently prescribed. When looking into the available
evidence of AFO-use after stroke, the majority of studies compared the effects of
AFOs in short-term designs, in patients who were able to walk independently, who
used AFOs already in daily life and were in the chronic state after stroke. These
conditions do not match the conditions of stroke patients admitted in rehabilitation
centers for whichAFO-prescription are considered. As a result, there was insufficient
evidence available to inform clinicians about whether or not to prescribe AFOs
early or later after stroke, and about effects of long-term AFO-use. Therefore, the
EVOLUTIONS-trial was conducted, in which the effects of providing AFOs on
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two different time points in the sub-acute rehabilitation post stroke were studied.
Individual publications based on the results of this trial are already available and
studied, amongst others, the effects on functional outcome measures [1], kinematics
[2] and activity of the Tibialis Anterior (TA) muscle [3]. The aim of the current
paper is to combine these results and state broad conclusions regarding the effect of
AFO-provision on overall improvement after stroke.

2 Material and Methods

2.1 Study Design

We conducted a single center, randomized, controlled, parallel group study. The
study was approved by the Medical Ethical Committee Twente and registered in
the Dutch Trial register as NL1820. Subjects with and without independent walking
ability were equally randomized into either AFO-provision at inclusion, study week
1 (early group), or AFO-provision eight weeks later, in studyweek 9 (delayed group).

2.2 Participants

Subjects were recruited from the Roessingh, Center for Rehabilitation in Enschede,
The Netherlands. Inclusion criteria were: unilateral ischemic or hemorrhagic stroke
leading to hemiparesis; minimal 18 years; maximal six weeks post-stroke; receiving
inpatient rehabilitation care at inclusion; able to follow simple verbal instructions;
indication for AFO-use determined by the treating rehabilitation physician and phys-
iotherapist. Exclusion criteriawere severe comprehensive aphasia, neglect or cardiac,
pulmonary or orthopedic disorders that could interfere with gait.

2.3 Study Procedure

Longitudinal measurements were performed until 26 weeks after inclusion. Clin-
ical tests related to balance, walking and activities of daily living were studied up
to 17 weeks with biweekly intervals and a follow-up measurement at 26 weeks.
3D gait analyses measurements (using Vicon) including EMG-measurements were
performed four times in the period of 26 weeks (in week 1, 9, 17 and 26). For more
details and a full description of the study procedures, we would like to refer to the
available papers [1–3].



Ankle-Foot Orthoses in the Rehabilitation After Stroke: Results of a Randomized … 235

Fig. 1 Three types of non-articulated AFOs used in the study

2.4 Intervention

Subjects were provided with one of three commonly used types of off-the-shelf,
non-articulated, posterior leaf design, polyethylene or polypropylene AFOs. The
types included flexible, semi-rigid or rigid designs (Basko Healthcare, Zaandam,
The Netherlands), as shown in Fig. 1. Besides AFO-provision in week 1 (early
group) or week 9 (delayed group), all subjects received usual care from experienced
physiotherapists.

2.5 Outcome Measures

Clinical tests included walking speed (10 mwalk test) and distance (6 min walk test),
balance (Berg Balance Scale), functional mobility (Timed Up and Go Test, Stairs
Test), independence of walking (Functional Ambulation Category) and activities of
daily life (Rivermead Mobility Index and Barthel Index). 3D gait analysis included
frontal and sagittal kinematics of the affected lower limb; spatiotemporal parameters
and muscle activity patterns of amongst others the affected TA muscle.

2.6 Data Analysis

Independent group analysis were used to compare results after 26 weeks between the
early and delayed group.GeneralizedEstimatingEquation analyses andmixedmodel
repeated measures analysis were performed to compare group by time interactions.
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Fig. 2 Example of clinical
test for the early (blue) and
delayed (red) group. Mean
(SE) score of the Berg
Balance Scale is shown [1]

3 Results

Thirty-three subjects (16 early, 17 delayed) were included in the study of which
six dropped out. Results of clinical tests showed that all subjects improved over
time, see Fig. 2 for an example. The early group showed better outcomes on most
tests in the first 11–13 weeks compared to the delayed group, but after 26 weeks no
significant differences were found between both groups. Gait analysis showed that
AFOs improved drop-foot during swing. Early or delayed AFO-provision did not
influence pelvis, hip or knee kinematics during the 26 weeks. In addition, 26-weeks
of AFO-use did not affect TA muscle activity and no differences with respect to TA
muscle activity were found between both groups.

4 Discussion

We found no changes in kinematics and TAmuscle activity of the affected lower limb
over a period of 26 weeks after stroke. At the same time, subjects showed improve-
ments on a functional level and early AFO-provision increased these improvements.
This provokes discussion about how recovery after stroke is achieved. Behavioral
restitution and compensation need to be distinguished in this discussion [4]. Behav-
ioral restitution is defined as “return toward more normal patterns of motor control
with the impaired effector” (for example the impaired ankle) and reflects the process
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towards “true recovery”. Compensation is described as “a patient’s ability to accom-
plish a goal through substitution with a new approach, rather than using normal
pre-stroke behavior.” This includes intact muscles of the affected limb, but also the
unaffected limb to accomplish the goal.

We found functional improvements over time, measured with clinical scales.
However, these scales do not differentiate behavioral restitution from compensation.
In our study, EMG and kinematic outcome measures were obtained simultaneously.
These outcome measures, together with kinetic measures, are currently considered
as the best way to differentiate behavioral restitution from compensation. Kinematics
of the affected leg, together with affected TA EMGs did not change over time, while
subjects functionally improved. Based on these results, compensation appears to
be an important factor in stroke rehabilitation. This highlights the need for further
research of the contribution of the unaffected lower limb in the rehabilitation after
stroke. Changes in unaffected lower limb kinematics and changes in spatiotemporal
parameters need further study.

5 Conclusion

Early AFO-use is expected to result in higher functional levels earlier on in the
rehabilitation, but does not lead to higher functional levels after 26 weeks. The
functional improvements over time were found, without changes in affected lower
limb kinematics and TA EMG. Based on these results, compensation mechanisms,
including the contribution of the unaffected lower limb, are thought to be important
in the rehabilitation after stroke. This highlights the need for further research into
the role of the unaffected lower limb in the rehabilitation after stroke.
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participation and co-operation to the study.

References

1. C. Nikamp, J. Buurke, J. van der Palen, H. Hermens, J. Rietman, Six-month effects of early
or delayed provision of an ankle-foot orthosis in patients with (sub)acute stroke: a randomized
controlled trial. Clin. Rehabil. 31, 1616–1624 (2017)

2. C. Nikamp, J. van der Palen, H. Hermens, J. Rietman, J. Buurke, The influence of early or
delayed provision of ankle-foot orthoses on pelvis, hip, and knee kinematics in patients with
sub-acute stroke: a randomized controlled trial. Gait Posture 63, 260–267 (2018)

3. C. Nikamp, J. Buurke, L. Schaake, J. van der Palen, J. Rietman, H. Hermens, Effect of long-
term use of ankle-foot orthoses on tibialis anterior muscle electromyography in patients with
sub-acute stroke: a randomized controlled trial. J. Rehabil. Med. 51, 11–17 (2019)



238 C. D. M. Nikamp et al.

4. J. Bernhardt, K. Hayward, G. Kwakkel, N. Ward, S. Wolf, K. Borschmann et al., Agreed defini-
tions and a shared vision for new standards in stroke recovery research: the stroke recovery and
rehabilitation roundtable taskforce. Neurorehabil. Neural. Repair 31, 793–799 (2017)



An Integrated Rehabilitation Platform
Based on Action Observation Therapy,
Mixed Reality and Wearable
Technologies

Paolo Mosna, Stefano E. Lenzi, Stefano Lazzarini, Massimiliano Gobbo,
Monica Angelini, Riccardo Buraschi, Stefano Negrini,
Maddalena Fabbri Destro, Pietro Avanzini, Giacomo Rizzolatti,
and Nicola F. Lopomo

Abstract This paper presents a novel approach to support rehabilitation employing
Action Observation Therapy (AOT), mixed reality (MR) and wearable technolo-
gies to foster common rehabilitative methods in restoring motor function. Here, the
platform was specifically designed to support the standard physical treatments in
post-stroke patients during upper limb rehabilitation. The proposed platform inte-
grates 3D stereo view of egocentric AOT stimuli, multi-level exergaming in MR and
motion tracking. This solution represents a practical method for both in/outpatients
and at-home rehabilitation programs. A feasibility study on sub-acute post-stroke
patients was performed and preliminary findings suggested the effectiveness of this
integrated approach.
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1 Introduction

The actual contingencies due to the COVID-19 outbreak highlighted the needs of
innovative treatments and therapies in both in- and out-patient contexts to support
the continuity of care. The integration of mixed reality (MR) with wearable devices
in coherent exergaming represents very promising solutions for the treatment of
several neurological diseases [1]. Around 80% of people with stroke experience
upper limb hemiplegia, and in 50% of these cases the motor disfunction can stand
formonth or years [2]. Concerning neurorehabilitation,AOT represents awell-known
approach able to stimulate the mirror neuron system (MNS) and to activate neural
structure responsible for execution of the movement by observing others performing
the same movements [3]. In order to obtain optimal results, AOT should be correctly
administered to maximize the response of the MNS [4].

The main aim of this study was to design and develop a novel rehabilitation
platform able to provide primary key indicators (PKIs) related to patient’s perfor-
mance assessed during the rehabilitation. The proposed solution seamlessly inte-
grated different technologies to estimate several measurable PKIs. Adopted tech-
nologies overcome real world limitations, supporting AOT and the definition of
structured, controlled and measurable procedure; in particular we introduced the
use of: (1) stereoscopic 3D videos (3DVs) to support and provide a full immersive
realistic experience during action observation phase, thus to maximize the possible
response of the MNS, (2) MR to implement the rehabilitation exercises projecting
interactive virtual objects in the real environment, (3) a low-cost optical device (OD)
and a set of inertial sensors (IMUs) to track patient’s motion, provide him/her with
the ability to interact with the virtual objects, and estimate PKIs.

2 Materials and Methods

The designed application protocol is composed of 2 different phases: (1) Action
observation phase (AOP) and (2) Execution phase (EP). During AOP, a 3D video
acquired by means of a 180° stereoscopic camera (LucidVR, Lucid Creative) and
containing the execution of a specificmovement, is shown to the patient in egocentric
by means of the VE. During EP the patient is required to execute herself/himself the
very same movement exploiting a MR environment (Fig. 1). We strongly supported
MR approach because it can provide mediated training that facilitate generaliza-
tion and transference of knowledge from therapy to activities beyond rehabilitation
[5]. Moreover, with MR the patients can see their own limbs, thus the embodi-
ment is inherently natural. In this work the following exercises have been imple-
mented: Reaching, Reaching and Grasping, Goalkeeper and Occupational Task.
Further exercises can be easily added if required.

The platform was designed as an integration of various hardware and software
technologies such as: Unity (3D game engine) and Microsoft .Net for the overall
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Fig. 1 Example of several tasks implemented in mixed reality

integration, Leap Motion as OD to track patient’s hands and finger movements,
Zed Camera to support MR, HTC Vive VR headset to provide 3DVs and Cometa
WaveTrack sensors as IMUs for the acquisition of upper limb motion data. The
system can track hand and finger movements in 3D space, as well as the whole
upper limb kinematics. Realtime data analysis here allowed to obtain a set of major
PKIs (Table 1), which can be used to assess the rehabilitation program and adapt the
exercises.

In addition to the upper limb kinematic data, temporal key events (TKEs) are
also acquired, including: start of the hand motion, grasp begin, grasp end and target
reached. TKEs are very important because they provide additional information on
patient’s strategy while approaching the target. All the acquired data are stored in
XML format files to be further analyzed. The system provides amanagement console
(MC) used by the physician to setup the training phase for the patient. A configuration
file is used to provide generic configuration to be applied to all the patients.MCallows
to control therapy execution interacting with Unity using a bidirectional web-socket
channel (Fig. 2).

Table 1 Primary key
indicators

Hand max reaching velocity (HMRV)

% Cycle hand max velocity (CHMV%)

Mean spectral arc length (SPARC)

Mean reach path ratio (MRPR)

Tip max distance (TMD)

Mean interaction time (MIT)

Mean resolution time (MRT)
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Fig. 2 Software architecture

A practical bi-directional event framework has been mounted on top of the web-
socket channel allowing the physical separation between the patient’s side and the
physician console. A first pilot studywas realized in order to assess the overall system
feasibility. The study was specifically realized on 2 sub-acute post-stroke patients
with partially limited motor function and 2 healthy subjects. The study was approved
by the local Ethical Committee (Prot. 09_13/02/19).

3 Results and Discussion

During the realization of the feasibility study no issues were reported (including
motion sickness or critical system faults); furthermore, no fatigue insurgence was
reported during all the training sessions. Concerning PKIs, an example of the
progresses obtained during the sessions is reported in Fig. 3. The chart shows how
S2 increased reaching velocity during the progress of the session, meanwhile the S1
maintain his performance. Now, the available data did not allow us to determine if
the S2 improvement was specifically due to AOT, simple training through gaming
or increased familiarity with the technology. However, a positive feedback from the
on-field trial was related with the stability of the system, its usability and the good
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Fig. 3 Hand max reaching velocity with respect to the execution sessions

acceptance by the patients. The platform is currently under clinical validation at
IRCCS Fondazione Don Gnocchi ONLUS “Spalenza” Center in Rovato (BS).

4 Conclusion

The proposed platform exploited the integration of different innovative technologies
in the field of motor rehabilitation, demonstrating to be effective and well accepted
by the patients and subjects involved in the study, highlighting the possibility to use
quantitative PKIs and TKEs to assess and guide the overall rehabilitation program.
Future works must dedicate to extends and select core PKIs, to improve the overall
usability of the system and validate it through an extensive clinical trial.
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A Novel Tool for Quantitative Assessment
of Lower Limb Proprioception
with Healthy Adults, Elderly, and Stroke
Survivors

Asya Mikhaylov, Yogev Koren, Simona Bar-Haim, and Ilana Nisky

Abstract Stroke survivors and elderly often suffer from proprioceptive impairments
thatmay contribute to disabilities inwalking. Current clinical assessments of proprio-
ception are often subjective and not accurate, and the treatment mainly focuses on the
motor impairments.Here,we developed a novel tool for proprioception assessment of
the lower-limbwith amagnetic tracking system.We designed a protocol for assessing
proprioception in both lower-limbs using position-matching and position-recall tests.
We validated the tool by examining young adults, elderly and stroke survivors. By
examining the Mean Absolute Error and Bias, significant differences were found
between the elderly and the young adults in the position-matching tasks. This indi-
cates that position-matching may be effective as a screening phase in identifying
proprioceptive impairments of the lower limb.

1 Introduction

Stroke is a common cause of life-long impairment for the survivors. Many stroke
survivors develop impairments such as distorted speech, motor skills and gait distur-
bances [1]. Some of those irregular patterns are a result of a damaged somatosensory
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10Deg10DegŊ

a b c

Fig. 1 a Setup with the test participant lying down on the side, b targets and body setup on the
mattress when the participant is lying on the right lower-limb (black) and the left lower-limb is held
by a sling (red), c targets and body setup on the mattress when the participant is lying on the left
lower-limb and the right-lower limb is held by a sling

system [2, 3]. Another group that may suffer from similar impairments is the elderly,
whose proprioception is evidently deteriorating with aging [4]. Proprioception is the
sense of the state and motion of the limbs relative the body [3]. There are several
ways to assess proprioception in the clinic, but most of these methods are highly
subjective and inaccurate [2, 5]. To address these limitations, several studies aimed
to develop sensorized and robotic methods for proprioception analysis in healthy and
impaired individuals. Most of the research is focused on the upper limbs by using
exoskeletons and sensor tracking devices [5–7]. In this work, we develop a novel
tool for proprioception assessment of the lower-limb, and validate it by comparing
two population groups: young adults and elderly. We also demonstrate the results of
stroke survivors.

2 Materials and Methods

Eighteen young healthy adults, eight elderlies, and four stroke survivors participated
in the evaluation. The protocol and consent formwere approved by theAssaf Harofeh
ethical committee.

During the evaluation the participant is lying down on a mattress, with one limb
on the ground and the other limb held up by a sling, and with magnetic position
sensors (Mini-Bird, Ascension Technologies) attached to their toes (Fig. 1a). The
evaluation is based on a position-matching and a position-recall tasks with both
the dominant (D) and non-dominant (ND) lower-limbs for the young adults and
elderly, and the unaffected and affected lower-limbs for stroke survivors. Position-
matching: The examiner places the toe of the target limb (bottom toe), and asks
the participant to match the horizontal position of their test limb (upper toe) to the
position of the target toe. To succeed in this task, the participant has to sense the
position using proprioception of the target limb, transmit the information to the test
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limb, and execute the matching with the test limb. We mark the condition in which
the non-dominant limb is on the target and the dominant limb is the test as “ND-D”,
and “D-ND” for the opposite. Position-recall: the participants’ bottom leg is not
examined. Instead, the examiner holds the participants’ test (upper) toe above the
target, asks the participant to memorize its position, and moves the limb away. The
participants are then asked to move the toe (of the same limb) to the memorized
target. To succeed in this task, one has to sense the position using proprioception of
the test limb,memorize the position, and execute the matching with the test limb. The
conditions are marked as “D-D” or “ND-ND”, for the dominant and non-dominant
limbs, respectively. By comparing these conditions and tasks we hope to isolate the
effects of proprioceptive, motor, transmission, and memory impairments.

Four targets are set on the mattress, and the position of the targets was adjusted
for each participant to provide a comfortable and feasible workspace (Fig. 1b, c).
Two targets were set at 30° in front of the central body line at 60 and 80% of the
measured lower-limb length of the participant. The other two targets were set at 10°
behind the central body line at similar distances (60 and 80%). Forty trials (ten for
each target) were conducted in every condition.

We examined the Mean Absolute Error (MAE), the Bias, and the Mean Variable
Error (MVE), as follows:

MAE =
∑N

i=1 ‖xmatch,i − xtarget,i‖
N

, (1)

Bias = ‖xtarget − xmatch‖, (2)

MVE =
∑N

i=1 ‖xmatch − xmatch,i‖
N

, (3)

where N is the number of the trials, and x is the mean position in a 2D plane. For
each of these metrics as a dependent variable separately, we fitted a 3-way ANOVA
with repeated measures model. The fixed effects were the group type (young or
elderly), the limb of the proprioceptive input (D orND), the type of the task (matching
or recall), and their interactions. The random effects were participants and targets
(participants are nested within the group type). There were only four stroke survivors
who took part of our study, and hence, we did not perform statistical analyses on
their results. Nevertheless, their individual results are presented in Fig. 2b, c and d.

3 Results

An example of a young adult in ND-D condition is demonstrated in Fig. 2a: the
different colors represent the four targets, the straight line represents the absolute
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error of each trial, the triangles the mean target position and the diamonds the mean
matching position of the target.

The results of the MAE and Bias (Fig. 2b, c) indicate that there is a significant
difference between the elderly and the young adults (MAE: � = 23.7 mm, F1,24.91
= 5.74, p = 0.02; Bias: � = 23.5mm, F1,25.22 = 5.75, p = 0.02). The interactions
between group and task types are significant (MAE: F1,361 = 8.88, p < 0.05; Bias:
F1,361 = 10.96, p < 0.05) and a distinctive difference was in the position-matching
(MAE:� = 28.3mm, t361 = 7.26, p < 0.05; Bias:� = 29.9mm, t361 = 6.79, p < 0.05).
The interactions between the group type, task type and input limb are significant as
well (MAE: F1,361 = 9.27, p < 0.05; Bias: F1,361 = 7.14, p < 0.05), particularly in
ND-D (MAE: � = 38.9 mm, t361 = 7.66, p < 0.05; Bias: � = 39.6 mm, t361 =
6.91, p < 0.05) indicating impairment in information transmission between the limbs
rather than memory or motor problems. Interestingly, the MVE (Fig. 2d) results
do not indicate significant differences between the groups. Importantly, the results
within the elderly and the stroke survivors are highly variable compared to the young
adults. This suggests that our tool can help identifying individuals with propriocep-
tive impairments within each group. We did not report effects that are close to the
calibration error (10 mm) regardless of their statistical significance.

a b

dc

Fig. 2 a Example of a young adult in the ND-D condition; b–d The results of the three populations:
young adults (purple), elderly (blue) and stroke survivors (green dots). The red dots represent the
mean value in every condition. The black line represents 95% confidence interval of the mean of the
collected data. The two conditions on the left are the position-recall tasks and the two conditions
on the right are the position-matching tests: bMAE, c Bias, d MVE
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4 Discussion

Thedifference between the young adults and the elderly is pronounced in the position-
matching tasks, indicating that proprioceptive impairments may be identified by
position-matching.However, to isolate the proprioceptive impairment from themotor
impairment, the position-recall tasks must be used as well. We suggest to use the
position-matching as screening, so only individuals with impaired position-matching
results will be evaluated in position-recall, to examine if their results are affected by
motor impairments.

5 Conclusions

Somatosensory impairments are often neglected in rehabilitation, partially due to
the lack of objective assessment tools. We developed a novel tool for an objective
lower-limb proprioceptive assessment combining position-matching and position-
recall tests. The results of this evaluation may improve understanding of lower-limb
impairments and improve treatment methods.
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Accuracy of Single RGBD Camera-Based
Upper-Limb Movement Tracking Using
OpenPose

Timoth Dev, Reetajanetsureka, Samuelkamaleshkumar Selvaraj,
Henry Prakash Magimairaj, and Sivakumar Balasubramanian

Abstract In the context of upper-limb neurorehabilitation, kinematic tracking can
be used to monitor and assess therapy, detect compensation, and provide objective
feedback. In this paper, we integrated an RGBD (Red Green Blue Depth) cam-
era with OpenPose for movement tracking. The objective of the current study was
to evaluate the system’s accuracy for tracking upper-limb activities-of-daily-living.
After automatically removing occlusion through a simple velocity based method,
the consolidated upper-limb joint angle error and wrist endpoint error with respect
to a motion capture system was 6.7◦± 4.9◦ and 2.6cm ± 1.8cm; the Spearman
correlation coefficient was 0.76 and 0.87, respectively.

1 Introduction

Complex upper-limb movements involving interaction with objects are commonly
employed in upper-limb neurorehabilitation, especially in occupational therapy. This
form of training is often carried out only under intermittent supervision from a ther-
apist, with little or no feedback to the patient and therapist about task performance,
such as relative time spent performing tasks, range of joint movements, compen-
satory movements, etc. The exact content and intensity of training are also rarely
quantified [1]. Some of these issues can be addressed through monitoring and quan-
tification of movements performed during therapy. Computer vision-based systems
would be ideal for such an application as they are compact, affordable, non-intrusive,
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and do not require any physical contact with the subject. Additionally, recent devel-
opment in pose tracking algorithms [2] allows robust tracking of key-points on the
human body for tracking movements.

In this paper, we present an RGBD camera (Microsoft Kinect v2) based system
for tracking 3D endpoint and joint kinematics of the human upper-limb and trunk
using the OpenPose algorithm [2]. We carried out a preliminary evaluation of the
Kinect + OpenPose (KOP) system using a motion capture (MOCAP) system and
implemented a simple algorithm for addressing self-occlusions while performing
various tasks. To the best of the authors’ knowledge, no work has been reported for
tracking Activities of Daily Living (ADL) using Kinect + OpenPose.

2 Methods

KOP System Architecture: The Kinect is used as a sensor to record color (RGB)
and depth data (XYZ) from the scene of interest 10Hz. The RGB data is fed to an
OpenPose network to detect the body keypoint positions in pixel coordinates. The
2D pixel position of the keypoints are mapped to the 3D position with respect to
the Kinect camera coordinate frame K (Refer Fig. 2) by using the depth data. The
3D positions are then used to estimate joint angles of the shoulder, elbow, and trunk
(Refer Fig. 1).

Fig. 1 Architecture of the Kinect + OpenPose system developed in the current study
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Fig. 2 Keypoints (black dots) used for kinematic analysis. K and T are the Kinect and Trunk
reference frames. The vectors (violet color) between consecutive keypoints were used for shoulder
and elbow angles calculation

Keypoints: TheOpenPose keypoints of interest include: left and right wrists, elbows,
and shoulders; an additional chest keypoint was computed. The positions of these
keypoints with respect to the Kinect camera coordinate frame K is given by r j

K =
[x j y j z j ]�, where j corresponds to the different joints. The chest keypoint was
computed as the 3D position of the point that is located 100 pixels below the mean
of left and right shoulder locations in the color image.

Joint Angles: The trunk, shoulder, and elbow joint angles were estimated from the
3D positions of the different keypoints.

Trunk Angles: Three trunk angles were defined as the XY Z Euler angles parame-
terizing the orientation of the trunk reference frame T at time t with respect to the
same at t = 0. The trunk reference frame T is defined as the one shown in Fig. 2,
which requires the left and right shoulders, and the chest keypoint positions. The
three Euler angles of the trunk correspond to the forward-backward lean, trunk twist
angle, and left-right sideways lean angle.

Shoulder Angles: The left and right shoulder angles are estimated with respect
to the trunk reference frame T . The three shoulder angles are flexion/extension,
abduction/adduction, and internal/external rotation angles. These three angles are
computed by first computing the elbow and wrist positions with respect to the T .
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The angles computed for the left and right shoulders are similar, except for opposite
signs for the abduction/adduction and internal/external angles to account for the
mirror symmetry between the right and left arms.

Elbow Angle The elbow flexion/extension angles are calculated using the shoulder,
elbow, and wrist positions.

Evaluation of the KOP System: The wrist endpoint position and joint angles were
evaluated using an OptiTrack 8-camera, passive marker-based system on healthy
human volunteers performing 10 different tasks related to ADL. The Kinect and the
MOCAP data were recorded on the same computer, and the system time was used
to synchronize these data streams. Nine healthy volunteers performed the following
tasks: clean a surface, eat from a bowl, fold a cloth, pick up a cup, drink from a
bottle, use a mobile phone, pick and place, comb hair, button a shirt, stack and
unstack objects. Seven retro-reflective markers were placed close to the anatomical
keypoints of interest (circled in black, Fig. 1). The marker data from the MOCAP
system was recorded 100Hz. The KOP data was converted to the coordinate of
the MOCAP system to compare with MOCAP. The KOP keypoints positions were
filtered using a Savitsky-Golay filter (window length 0.3s; polynomial order- 1D).

Removing Short Interval Self-occlusions: The trunk keypoints (shoulder and chest)
are prone to self-occlusion during armmovements by the upper-limb segments. These
result in sharp jumps in the 3Dposition of the occluded keypoint for short-intervals. A
simple velocity-threshold based algorithmwas used to annotate and remove occluded
data from further analysis automatically. This algorithm has two parameters: veloc-
ity threshold and time threshold. The RGB data from the 9 subjects performing the
10 tasks were manually annotated to find occluded data points, which was used as
the ground truth for evaluating the performance of the algorithm for automatically
annotating occlusions. The parameters for the proposed algorithm were determined
by generating a Receiver Operating Characteristic (ROC) curve for different combi-
nations of velocity and time threshold parameters. From the ROC curve, the optimal
velocity and time thresholds to detect trunk occlusions were found to be 0.3m/s
and 1.1 s, respectively. These thresholds were then used to ignore the occluded 3D
position data to evaluate the kinematic tracking of the Kinect + OpenPose (KOP)
system.

3 Results

Summary of the KOP system evaluation withMOCAP is shown in Table 1, where the
root mean square (RMS) error and Spearman Correlation Coefficient (CC) between
the KOP system andMOCAP are presented before and after automatically removing
occluded data segments. The KOP is able to track wrist position, the trunk and arm
joint angles with reasonable accuracy. Removing occlusions further improves the
accuracy of the system.
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Table 1 KOP’s wrist endpoint and joint angle accuracy

Before occlusion
removal

After occlusion removal

RMS ± SD CC RMS ± SD CC

Wrist position
(cm)

2.6 ± 1.8 0.87 2.6 ± 1.8 0.87

joint angle (◦) 10.7 ± 7.1 0.75 6.7 ± 4.9 0.76

4 Discussion and Conclusion

In this paper, we presented a preliminary evaluation of the Kinect + OpenPose (KOP)
based system for tracking complex upper limb tasks. The KOP system with a simple
occlusion removal algorithm provides reasonable accuracy for use in monitoring
neurorehabilitation. These results are generally in agreement with two studies using
the Kinect for tracking static poses. Huber et al. found an intraclass correlation
coefficient of 0.76–0.98, and shoulder angle error of 2.5–24.2◦ [3]. Wilson et al.
reported shoulder angle error of ± 10.5◦, the CC is greater than 0.95 [5]. In the
gait analysis literature, an error of ± 5◦ is acceptable for gait analysis [4]. With
further improvements in keypoint detection and occlusion removal algorithms, KOP
or similar systems can be reliably used in occupational therapy.
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Designing a Music-Based Game
for Training Pattern Recognition Control
of a Myoelectric Prosthesis

D. Bessa, N. F. Rodrigues, E. Oliveira, J. Kolbenschlag, and C. Prahm

Abstract Access to early myoelectric training can be a crucial step in mastering
prosthesis control. Controlling a prothesis is a cognitively demanding task with high
rejection rates. Serious games not only provide patients with an opportunity to train
their myoelectric control, but also help maintain their engagement throughout the
extensive rehabilitation process. This work proposes a novel serious game design
to train machine learning based myoelectric control, implemented in the form of
a music-based app. The prototype of the game was evaluated by seven able-bodied
participants and three clinical professionals with regard to system usability andmoti-
vation. Results showed positive outcomes in motivation, and a need for specific
system usability improvements.

1 Introduction

Arms and hands play a crucial part of our daily lives, they have an important role
in performing tasks and communication. Therefore, the loss of an upper limb can
greatly impact one’s quality of life [1]. Themain goal of using a prosthesis is to regain
some functional capabilities and to perform bimanual tasks [2]. But for upper limb
amputees to dexterously control prosthetic devices a long and repetitive rehabilitation
process is required, the lack of motivation, extensive standard rehabilitation process
and post traumatic depression can lead to high prosthesis rejection rates [3, 4].
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Serious games were suggested to be as effective as standard rehabilitation, with
the upside of higher patient engagement and motivation [5]. In the past decade,
many serious games for myoelectric prosthesis training have been developed and
tested, even though research is still limited in the effectiveness compared to tradi-
tional methods, because of their accessibility and engaging nature, serious games
can support the rehabilitation process [6, 7].

2 Material and Methods

The game design was based on a popular commercial game named Osu [8], during
which players need to interact with game objects while following the rhythm of a
song. Similarly, our developed game focused on rhythm and subsequent muscle
control, requiring precise and timed gestures based on the player’s myoelectric
(EMG) signals and dynamic arm movements.

The game used two different types of interactive objects: circles and sliders. The
former required players to perform a gesture, such as a fist, on the circle’s location.
Sliders required the player to hold the gesture and move their arm to an indicated
location. These objects aimed to mimic real life tasks by performing gestures while
also moving. Each gesture had a corresponding fruit, and for players to score they
needed to do the correct gesture, in the correct location at the correct time. Players
received feedback on timing with game texts, and on gestures, a glowing light around
the fruit appeared, as shown in Fig. 1.

Fig. 1 Screenshot of the game after an apple has been hit, a halo and a text appear as gesture and
timing feedback
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2.1 System

Unity game engine was used to implement the game, theMyoArmband, a consumer-
grade EMG sensor armband developed by Thalmic Labs, equippedwith eight surface
EMG sensors and an inertial measurement unit, was used for gesture recognition
and orientation. The armband can recognize four poses out of the box: fist, wave in,
wave out, and finger spread, and custom profiles can be created and saved using the
application Myo Connect, provided by Thalamic Labs.

2.2 Experimental Procedure

Seven able-bodied participants, two males and five females with an average age of
27 ± 4.28 (SD) as well as three clinical professionals, one male and two females
with an average age of 48 ± 4.61 (SD) took part in this test.

The purpose of the study was explained to participants, as well as introduction to
the game. The armband logo was placed on the radial side, and the armband diameter
adjusted to the participants’ arm. Using Myo Connect a custom profile was created
for each participant, and participants got familiarized with the four gestures.

After the initial introduction and preparation, participants played for approxi-
mately 10 min, consisting of three levels with increasing difficulty, during the first
level participants were guided on how to control and play the game. After the third
level, they were instructed to answer the system usability scale (SUS), a modified
intrinsic motivation inventory (IMI) questionnaire consisting of four subcategories
(enjoyment, competence, effort, and pressure) and asked if they had any comments
about the game.

3 Results

The usability results had high variation, the average of the SUS surveys was 64 ±
20.72 (SD), which means usability ranked below average. Usability was higher in
the seven participants with an average of 69.64± 20.18 (SD) in comparison with the
clinical professional average of 50.83± 18.43 (SD). The IMI enjoyment subclasswas
highly perceived by participants averaging 5.14± 1.09 (SD), effort measured 5.5±
0.71 (SD) equally highly perceived. Pressure averaged 3± 1.31 (SD), this result was
considered positive, as pressure is a negative predictor of intrinsicmotivation. Finally,
the perceived competence averaged 3.4 ± 1.42 (SD). The IMI questionnaire results
did not show significant differences between the professionals and participants.

The main problems that participants reported were the game control difficulty and
lack of feedback. Five participants reported to have difficulties with cursor control
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Fig. 2 Results from the IMI questionnaire by subclass average, using a 7-point Likert scale, with
seven being “I strongly agree”

and gesture recognition and four participants felt the need for better positive feedback
(Fig. 2).

4 Discussion

System usability and intrinsic motivation surveys have pointed out important prob-
lems to address in future game versions. Even though participants perceived the
game as enjoyable overall, the system was too cumbersome to use in some instances,
especially when performing gestures and moving the cursor.

Participants greatly improved after the initial level, even though they reported
control problems and perceived competence below average, with an in-game intro-
duction, focused on control and game mechanics or playing for a longer period of
time could have improved participants perceived competence.

Positive feedback is one of the most important aspects of the game, and timed
and correct feedback is required for transfer to prosthesis control [9]. Participants
reported that they were unsure if they were doing the right gesture in some situations,
to address this problem should be the main focus of future game versions.

Although enjoymentwas above average, it could have been limited by the deficient
control and gesture recognition. In [10], an increase in competence led to an increase
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in enjoyment, meaning that improvements in visual feedback, gesture recognition,
and control can potentially improve the system usability and enjoyment.

In the future, the Thalmic LabsMyoConnect applicationwill not be used anymore
to control the game, but instead we will use a different algorithm provided by a
prosthetic company.

5 Conclusion

As the intervention consisted of just a short trial, there could be other problems that
were not looked at, such as usability and motivation over time.

Overall, the system performed well, there were clear problems with usability
and competence that can be addressed in future releases. Enjoyment, effort, and
pressure seemed to indicate that participants felt motivated while playing the game.
This study allowed to evaluate the design on usability and motivation, guiding future
game development. The two main problems that were identified were the lack of
feedback and difficulties in game control.
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Correlation Between EEG Band Power
Parameters and Functional Scale
in Stroke Patients

Marc Sebastián-Romagosa, Rupert Ortner, Josep Dinarès-Ferran,
and Christoph Guger

Abstract Stroke can cause severe motor and sensory impairments. Recent studies
focus their attention to the Quantitative EEG (qEEG) searching for information in
the brain signals that can help clinicians understating each patient’s clinical state.
In this study, we recorded 8 min of resting state EEG to 34 stroke patients in order
to find some correlation between the brain signals and the functional motor state of
the upper extremity. We used the Fugl-Meyer Assessment (FMA) for the functional
assessment, and the Delta Alpha Ratio (DAR) and the Power Ratio Index (PRI) as
features of the brain signals. The results showed that lower values ofDARandPRI are
related with a better functionality in the upper extremity of the stroke patient. Future
work must focus on exploring the relation of this parameters with other functional
scales.

1 Introduction

Stroke is one of the most prevalent pathologies around the world and it can cause
severe motor and sensory impairments that affect the daily activities of the survivors
[1]. The hemiplegia is one of the most common consequences of the stroke and it is
directly related with the injury in the brain.

M. Sebastián-Romagosa (B) · R. Ortner · J. Dinarès-Ferran · C. Guger
g.tec medical engineering, Schiedlberg, Austria
e-mail: sebastian@gtec.at

R. Ortner
e-mail: ortner@gtec.at

J. Dinarès-Ferran
e-mail: dinares@gtec.at

C. Guger
e-mail: guger@gtec.at

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
D. Torricelli et al. (eds.), Converging Clinical and Engineering Research
on Neurorehabilitation IV, Biosystems & Biorobotics 28,
https://doi.org/10.1007/978-3-030-70316-5_43

263

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-70316-5_43&domain=pdf
mailto:sebastian@gtec.at
mailto:ortner@gtec.at
mailto:dinares@gtec.at
mailto:guger@gtec.at
https://doi.org/10.1007/978-3-030-70316-5_43


264 M. Sebastián-Romagosa et al.

Recent studies explored new methods to process and analyze brain signals
acquired using noninvasive techniques with an easy setup like electroencephalog-
raphy (EEG) [2–6]. Extracting features from the EEG using useful tools as Quan-
titative EEG (qEEG) can help clinicians understanding each patient’s clinical
state. qEEG parameters have shown multiple correlations with different patholo-
gies, making qEEG an essential tool for different clinical field. Some interesting
parameters are the Delta Alpha Ratio (DAR) [7] and the Power Ratio Index (PRI)
[8].

This study aims to find some correlation between the patients’ upper extremities
functionality and their brain signals using the DAR and PRI parameters.

2 Methods

2.1 Participants

Thirty-four stroke patients were enrolled in the study (two of them were excluded)
and their mean age was 65.3 years (SD = 14.4). Twenty-two of the patients were
male (64.7%), and the other twelve were female (35.3%). Only seven of the patients
were in subacute phase (20.6%) whereas the rest were in chronic phase (79.4%).
The location of the stroke was in the right hemisphere in 23 patients and in the left
hemisphere in 11 patients (32.4%).

2.2 Assessment

TheFugl-MeyerAssessment (FMA) is awidely used functionality scale for themotor
assessment of patients with physical impairments after the stroke [9, 10]. The FMA
for the upper extremity (FMAue) contains values between 0 and 66 points, where a
score of 0 means no motor function in the upper extremity and 66 points reflects a
normal functionality.

In this study the FMAue was used to assess the motor functionality for each
patient.

2.3 EEG Acquisition

For the acquisition the patient wore an EEG cap with 16 active electrodes
(g.SCARABEO, g.tec medical engineering GmbH, Austria) placed over the sensori-
motor cortex according to the 10/10 international system: FC5, FC1, FCz, FC2, FC6,
C5 C3, C1, Cz, C2, C4, C6, CP5, CP1, CP2, CP6. The Fpz electrode was connected
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to the ground and a reference electrode was placed on the right earlobe. The EEG
cap was connected to a biomedical amplifier (g.USBamp, g.tec medical engineering
GmbH, Austria), which was connected to a computer for the EEG acquisition. For
each patient we recorded 8 min of resting state with open eyes.

2.4 EEG Data Processing

Each EEG channel was divided in epochs of 4 s using a Hamming window with an
overlapping of 2 s. To get the absolute power of a single channel for a specific band
we applied a band pass filter and the Welch method among all epochs, and then we
averaged all the frequency points obtained to get a single value for each channel.
The final value of the absolute power of a specific band came from the average of
the absolute power values for each electrode.

Frequency analysis of the EEG signals defines 5 main bands of interest: delta
(1–4 Hz), theta (4–8 Hz), alpha (8–12 Hz), beta (12–30 Hz) and gamma (>30 Hz).
This study focuses its interest in the relation between these power bands through its
absolute power parameter.

The Delta Alpha Ratio (DAR) is defined as the ratio between the absolute power
of the delta band and the absolute power of the alpha band. The Power Ratio Index
(PRI) is defined as the sum of the absolute power of the delta and theta band divided
by the sum of the absolute power of the alpha and beta band.

2.5 Statistical Analysis

The statistical analysis was performed using MATLAB 2017a. The statistical tests
were chosen according to the sample size, the normality of the sample (Shapiro-Wilk
Test) and the homogenous of the variance (Levene’s Test).

3 Results

Table 1 shows the mean and standard deviation for the values of DAR, PRI and
FMAue among all the patients. The scatter plot of DAR and FMAue (Fig. 1) shows
that the upper extremity functionality is directly related with the DAR parameter (rho

Table 1 DAR, PRI and FMA
statistical results

DAR PRI FMAue

mean 5.02 3.50 26.06

SD 3.21 2.12 16.28
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Fig. 2 Significant correlation between PRI and the FMAue scale

= −0.462, P = 0.009). In the same way, Fig. 2 shows that the PRI parameter has
a significant correlation with the FMAue (rho = −0.452, P = 0.009). Thus, lower
values of the DAR and PRI parameters are related with a better functionality in the
upper extremity of the stroke patient.

4 Discussion and Conclusion

DAR has been previously described as a useful tool to detect delayed cerebral
ischemia [7] whereas PRI could be correlated with location of the injury [8]. There-
fore, different studies have tried to use these parameters to correlate and predict
motor functionality based on the EEG recordings [2, 11, 12].

In this study we found a strong correlation of DAR and PRI with the most used
functional scale in the stroke patient assessment (FMA). Although, with the results of
this study we cannot say that DAR and PRI alone can be used for diagnosis purposes,
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but they might contribute to other neurological assessments and ongoing monitoring
of brain damage and recovery for stroke patients.

This study showed that DAR and PRI could be useful in the assessment of the
stroke patients. Future studies must focus on other qEEG parameters and find if they
have some correlation with FMAue as well as with other functional scales used in
the stroke assessment.
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Adaptive Oscillators as Template for
Modeling and Assisting Rhythmic
Movements

Renaud Ronsse

Abstract This paper overviews our recent efforts for promoting adaptive oscillators
as template for modeling and assisting rhythmic movements. Adaptive oscillators
are dynamical systems that can be viewed as the simplest possible model of a neural
Central Pattern Generator, augmented with learning dynamics. Therefore, if coupled
to a human user producing a rhythmic movement, such an adaptive oscillator can be
used to govern the behavior of an assistive robot providing different kinds of rhythmic
movement support, with or without energy injection, and both for the upper- and the
lower-limb.

1 Introduction

Rhythmic movements are repetitive actions executed along a periodic pattern. Some
of them like breathing, chewing, or crawling are part of the essential repertoire for the
survival of primitive species. Consequently, researchers established that they form a
fundamental class of movements—or primitive—that is phylogenetically older than
more complex activities like discrete reaching to a target [1]. Spinal neural circuitry
plays a ubiquitous role in the execution of rhythmicmovements. In particular, Central
Pattern Generators (CPGs) are thought to be the source of rhythmicity in the produc-
tion of muscular activation patterns governing locomotion movements in mammals
[2]. Our recent work in bipedal locomotion modeling further showed how CPGs
can be ideally combined with spinal reflexes for producing robust, versatile, and
energy-efficient walking patterns [3].

In this contribution, we specifically focus on a tool that we extensively used in
the recent past to model, predict, and assist human rhythmic movements, namely
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Fig. 1 General framework: an adaptive oscillator continuously learns the features of a rhythmic
movements produced by a human, and in turns provides rhythmic assistance that is fine-tuned to
the produced movement

adaptive oscillators (AOs). An AO can be viewed as a harmonic oscillator, i.e. the
simplest model of a CPG, that is augmented with learning mechanisms in order
to synchronize to an external signal. This general framework is pictured in Fig. 1.
The rest of this paper overviews how we adapted it to representative scenarios of
locomotion and upper-limb assistance.

2 Adaptive Oscillator

AnAO is a dynamical system building upon a simple harmonic oscillator, i.e. φ̇ = ω,
where φ and ω are the oscillator phase and frequency, respectively. More precisely,
this oscillator is augmentedwith learning terms [4] storing in dedicated state variables
the features (i.e. the phase φr , frequency ωr , and amplitude αr ) of a quasi-rhythmic
input signal, i.e. xr = αr sin φr . Here, “quasi-rhythmic” should be understood in the
sense that ωr and αr could be time-varying, yet at a slower timescale than the input
frequency itself. The AO thus writes as:

φ̇ = ω + νφF/α cosφ,

ω̇ = νωF/α cosφ, (1)

α̇ = ηF sin φ,

where νφ , νω and η are gains driving the learning timescales [5], and

F = xr − x̂ = xr − α sin φ (2)

is the error signal driving learning, i.e. the difference between the input signal and its
estimate x̂ . The insert in the lower right corner of Fig. 1 captures a typical learning
behavior of an AO when the input frequency is abruptly changing at a certain time
(gray dotted line).
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3 Locomotion Assistance

In its simplest form (1), an AO can thus be viewed as a state observer, estimating the
features of a rhythmic input signal. If this signal is produced by a human user during
locomotion—such as the hip angular pattern during walking—the AO could be used
for instance to deliver a phase-dependent assistive torque to an exoskeleton [8] or
even to a prosthesis replacing another missing joint [9]. Similarly, the same system
could be used to predict the signal in the near future, via a time-shifted version of
the estimator, i.e. x̂(t + δt) = α sin (φ + ωδt). This is the approach we followed in
[10] in order to provide positive power assistance by attracting the user’s hips to their
own predicted future trajectory through a compliant force field. In the same paper,
we reported how AO could be used to provide torque assistance based on a dynamic
model of the task and estimates of kinematic derivatives [5].

4 “Smoothing” Assistance

More recently, we tested AOs to provide specific assistance to patients with motor
disorders, in particular regarding the execution of upper-limb rhythmic tasks. Indeed,
stroke patients typically produce jerky reaching movements, and this has been
observed in rhythmic tasks as well [11]. In [6], we developed an assist-as-needed
control framework for stroke patients performing rhythmic movements. More pre-
cisely, an upper-limb assistive robot delivered a force that was directly proportional
to the AO error signal F (2), see Fig. 2a. Therefore, if the patient was producing a
perfectly harmonic movement—what we considered to be “perfectly smooth” in that

(a) Methods, adapted from [6] (b) Results, adapted from [7]

Fig. 2 Smoothing assistance framework. a When requested to produce an upper-limb movement
(here, continuous drawing of a circle), a stroke patient typically produces a jerkier trajectory (here
ppat ). The AO (1) continuously learns a smoother version of this movement posc. An assistive force
proportional to their difference Fsmoothness is delivered in order to produce smoother movements.
b Evolution over 4 assessment days (pre-treatment: A1, A2—post-treatment: A3 and A4) of 13
stroke patients during the execution of a typical rhythmic task in a metric capturing movement
harmonicity. The error bars represent the 95% confidence intervals. The horizontal lines capture
the assessment numbers being significantly different from each other
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work—F converged to 0 and no assistance was provided; while the assistive field
would encourage the movement to be smoother otherwise. Importantly, since the AO
was continuously learning from the user’s input signal, such assistancewas providing
no energy to the user on average, therefore encouraging active participation.

We conducted a longitudinal study with 13 post-stroke patients who received
this robotic-based therapy during 12 sessions of 18-min spread over 1month [7].
Their performance was assessed twice before the therapy (A1 and A2), once just
after (A3) and once three months after the last session of the therapy, to assess
the long-term retention of the intervention (A4). Figure 2b reports one of the main
results of this study, namely the level of harmonicity of a typical self-produced
rhythmic movement (i.e. while receiving no more assistance from the robot). In
short, this index is bounded between 0 and 1, 1 corresponding to a pure harmonic
movement. This figure shows that the therapy improved the patients’ capacity to
produce autonomous rhythmic movement with a better harmonicity, even months
after the intervention ended.More intriguingly, we also reported some improvements
in performing discretemovements, likely recruiting some transfermechanismswhich
still have to be unveiled.

5 Conclusion

In this document, we overviewed our recent efforts in using adaptive oscillators for
modeling and assisting rhythmic movements, both with the upper- and the lower-
limb.We state that thismathematical tool is particularly suited to be used as a template
for closed-loop interactions between a (disabled) user and an assistive robot. Since
both parties continuously adapt to each other, the robotic assistance is suited to the
current user’s needs, while promoting his/her active participation to the task.

In future work, we will adapt the smoothing framework reported in Sect. 4 to
the lower-limb, and test it with patients having specific gait disorders while using a
wearable device. We will further continue our efforts in combining these AOs with
task-specific assistive strategies, in order to support the user not only in level-ground
walking but also in more energetically challenging tasks.
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Converting Biomechanical Models from
OpenSim to MuJoCo

Aleksi Ikkala and Perttu Hämäläinen

Abstract OpenSim is a widely used biomechanics simulator with several anatomi-
cally accurate humanmusculo-skeletalmodels.WhileOpenSimprovides useful tools
to analyse human movement, it is not fast enough to be routinely used for emerging
research directions, e.g., learning and simulating motor control through deep neural
networks and Reinforcement Learning (RL).We propose a framework for converting
OpenSim models to MuJoCo, the de facto simulator in machine learning research,
which itself lacks accurate musculo-skeletal human models. We show that with a
few simple approximations of anatomical details, an OpenSim model can be auto-
matically converted to a MuJoCo version that runs up to 600 times faster. We also
demonstrate an approach to computationally optimize MuJoCo model parameters so
that forward simulations of both simulators produce similar results.

1 Introduction

OpenSim [1, 2] is a physics simulator extensively used by biomechanics researchers.
This community of researchers have also created many human and animal musculo-
skeletal models, often based on cadaver studies. The unparalleled anatomical accu-
racy of various models have been validated in several papers (for instance [3, 4]).

Although OpenSim models excel in accuracy, the simulator lacks in speed: a
forward simulation of a movement that lasts a few seconds can take minutes to
run on a complex model comprised of tens of muscles and joints. Therefore, running
OpenSimmodels on another physics simulatormight provide enough speed-up to use
these anatomically accurate models for e.g. machine learning or animation research.

MuJoCo is a fast and accurate simulator oft-used inmachine learning research [5],
which itself does not have biomechanical models that compare with the accuracy of
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OpenSimmodels. Furthermore, the correspondence between OpenSim andMuJoCo
model definitions, in terms of building blocks of the models and their configurations,
is high enough to warrant attempts at creating an automatic model converter (see
MuJoCodiscussion forum formultiple threads on the subject).However, to the best of
authors’ knowledge, there are noMuJoCo convertedmodels publicly available, nor is
there a converter that works with reasonably complexOpenSimmodels.We present a
new converter that is publicly available at https://github.com/aikkala/O2MConverter
and is able to process complex OpenSim models.

2 Materials and Methods

In our experimentswe used a complexOpenSimmodel comprised of a fixed torso and
dynamic shoulder and arm [3]. The model has seven degrees of freedom, including
shoulder rotation and elevation, elbowflexion, forearm rotation, andwrist flexion and
deviation, but we locked wrist flexion and deviation to improve OpenSim simulation
stability. Themodel is actuated by 50muscles that cover all the remainingfive degrees
of freedom.

We used OpenSim 4.0 and MuJoCo 2.0 and their Python bindings to run the
experiments, all on the same laptop equipped with an Intel i7-8850H processor and
32GB RAM.

2.1 Model Conversion

Converting OpenSim models to MuJoCo is relatively straightforward: both software
use an XML based model definition, and the model parts—bodies, joints, musculo-
tendon units—are largely equivalent. In fact, building an equivalent skeletal model
in MuJoCo is only a matter of disassembling the bodies and joints of an OpenSim
model and re-configuring them into a MuJoCo model.

However, there are some anatomical details that are difficult to model exactly in
MuJoCo and must be approximated to some extent. For instance, in OpenSim forces
acting on joints can be defined in a piecewise linear manner (called CoordinateLim-
itForce), which is cumbersome to model exactly in MuJoCo. OpenSim also offers
more flexibility over the anatomical modelling of a musculo-tendon unit (MTU),
and particularly problematic are OpenSim’s dynamically moving MTU path points
whose locations change as a function of a specified joint coordinate value (Moving-
PathPoint and ConditionalPathPoint). All these approximations cause inaccuracies
in the converted model, which can be mitigated to some extent by optimizing the
converted model’s parameters.

https://github.com/aikkala/O2MConverter
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2.2 Optimization

In order to optimize the converted model’s parameters, we generated a 100 sets of
muscle activations. These activations were modelled as slow frequency (1Hz) sine
waves with varying phases, sampled at a frequency 500Hz. To increase OpenSim
simulation stability, the muscle activation sets had a duration of 1 s, and only a third
of muscles were active in a set.

Thesemuscle activationswere then used as controls in bothOpenSimandMuJoCo
forward dynamics simulations—with a simulation timestep of 2 milliseconds in both
simulators—to generate trajectories. OpenSim’s forward dynamics failed to run for 3
sets of muscle activations, and thus we used a subset of 78 trajectories for optimizing
the parameters, and a subset of 19 trajectories to estimate joint errors before and after
parameter optimization. The parameters that we optimized were: damping and joint
limit softness for each non-locked degree of freedom, damping and stiffness for each
tendon, and scale (roughly equivalent to strength) of each muscle (160 parameters
in total).

The converted model’s parameters were optimized with a Python implementation
of CMA-ES [7, 8], a popular black-box optimization algorithm. We used squared
difference of joint positions between OpenSim and MuJoCo forward simulations,
summed over all seven degrees of freedom and all training trajectories, as the objec-
tive to be minimized. We also augmented the objective with a small cost term to
discourage unrealistically high parameter values.

It is important to note that even smallest differences between the models can
make their trajectories diverge significantly over time. To alleviate the divergence,
we augmented the controls with corrective control signals. These corrective signals
were optimized separately for each test set run by minimizing the sum of squared
joint position differences, while simultaneously penalising for large corrective signal
values using L2 loss. The corrective signals were sampled 10Hz and modelled as
cubic splines.

3 Results

To estimate the accuracy of the converted model, we compare the mean abso-
lute errors for each joint over trajectories in the test set, before and after parameter
optimization; see Fig. 1. See Fig. 2 for mean absolute difference between reference
muscle activations and optimized muscle activations over test set runs.

A video example of OpenSim reference movement alongside with the converted
model’s replicated movements, with and without parameter and muscle activation
optimization, is available at https://youtu.be/Nz3R6-1l3lU.

In addition to estimating accuracy of the converted model, we also compared the
efficiency of both simulators by calculating average run time over all 97 forward
simulations. One OpenSim simulation took 15.50 s on average, while a MuJoCo

https://youtu.be/Nz3R6-1l3lU
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Fig. 1 Mean absolute error in radians for each joint over 19 test trajectories

Fig. 2 A boxplot depicting mean absolute difference between reference and optimized muscle
activations over 19 test trajectories (outliers not visualised). Muscle activations are in range [0, 1],
making the maximum difference 1.0

simulation ran for 0.025s on average, which makes MuJoCo roughly 600 times
faster.

4 Discussion

Figures 1 and 2 indicate that divergence of forward simulation cannot be prevented
simply by optimizing the converted model’s parameters. Fortunately, OpenSim and
MuJoCo simulations can be made almost identical with only minor corrections to
the muscle activations. This suggests that MuJoCo should be able to produce reason-
ably realistic results, e.g., in discovering muscle activation sequences through deep
reinforcement learning (for example, see [9]).
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Additionally, MuJoCo simulations are substantially faster, and the converted
model does behave in a similar fashion to the OpenSimmodel even with only param-
eter optimization. This might be enough for some use cases, e.g. in animation and
machine learning research.

Finally, it should be noted, that in addition to accuracy and speed, one should
consider a third performancemetric: stability. In order to ensureOpenSimsimulations
did not crash we had to lock wrist flexion and deviation, and find suitable starting
positions for joints. Even then 3 out of the 100OpenSim simulations crashed,whereas
the MuJoCo model had no problems with wrist flexion and deviation or joint starting
positions. This is amajor advantagewhen using such complex biomechanical models
for research that requires massive amounts of simulations, such as machine learning
research.
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Quaternions-Based Normal Gait
Kinematics Model

Juan C. Gonzalez-Islas, Omar A. Dominguez-Ramirez, Omar Lopez-Ortega,
Ma. de los Angeles Alonso-Lavernia, and Felix A. Castro-Espinoza

Abstract For the human been, the gait is one of the most important way for loco-
motion. In this paper, we present a novel approach of forward kinematics of position
using quaternions algebra to describe the lower limbs position during the gait cycle.
Gait analysis was developed using an own quaternions-based numerical platform
programmed on Matlab®. For this purpose, we use the joint database of the nor-
mal gait model available on OpenSim®. The normal gait pattern was studied in the
sagittal, frontal and transverse planes (in anatomical joint space and gait space). The
analyzed movements in this work were pelvis (rotation and tilt), hip and knee flexo-
extensions, as well as ankle dorsiflexion and plantarflexion. We show high precision
and flexibility in gait analysis using this method, which can be used for clinical
diagnosis, sports medicine or biomechanical research.

1 Introduction

Biomechanical gait analysis is used as an assessment tool to evaluate kinetics and
kinematics, which allows to determine normal and abnormal gait conditions. For
clinical approaches, diseases such as: (i) cerebral palsy, (ii) arthritis, (iii) multiple
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sclerosis, (iv) Parkinson’s disease, (v) stroke, among others [1], have been diagnosed
trough human gait analysis. There are several methods to develop this evaluation,
the most common are based on qualitative analysis performed by the specialists
[2]. However, the required precision to obtain reliable diagnoses in this sense, has
encouraged the development of new approaches to instrument and model the human
gait.

Commonly, quaternions formulated by Hamilton in 1843 [3], have been applied
in rotations of rigid bodies in 3 and 4 dimensional euclidean space [4], in computer
graphics [5] or in multirotor control [6]. In robotics, quaternions have been received
especial attention to kinematics model, highlighting their advantages over the homo-
geneous transformation matrix (HTM) and the Denavit-Hartenberg (D-H) regarding
computational cost, storage [7] and solution of singularity problems [8].

Although in [9] has been documented, better performance of quaternions over
HTM and D-H to model the forward kinematics of an n-DoF robot arm, quaternions
have not been used for kinematics modeling of the serial chain that represents the
lower limbs during the human gait. In [10, 11], the quaternions-based 3D position
of the frame of each independent body segment is obtained from gyroscope and
accelerometer signals. However, these approaches require an extra calibration pro-
cess to reduce the position estimation error derived from the use of inertial sensors.
Also, in both works the anthropometry was not taken into account and the joint
system is not considered as a serial chain.

In this work, an approach to model the forward kinematics of position of lower
limbs during the human gait using quaternions algebra is presented. For this purpose,
the joint lower limbs system is addressed as an open chain of 8 Degrees of Freedom
(DoF), which unlike other works, considers in addition to the movements of the hip,
knee and ankle, the rotation and inclination of the pelvis.

2 Materials and Methods

Forward kinematics of position of a rigid body is a vector function FR(li , q) that
relates the joint variables q ∈ R

nx1 and the lengths of the i − th link li , with the
cartesian coordinates [x, y, z]T ∈ R

3×1. There are some well-kown methods for this
purpose such as geometricmethod, Denavit-Hartenberg (D-H) convention [12]. Nev-
ertheless, these methods have been overcome by quaternions approaches [9].

A quaternion Q = r + x i + yj + zk consists of a real part r and a pure part v =
x i + yj + zk, which can be decomposed into a + bu, whereu = x

‖v‖ i + y
‖v‖ j + z

‖v‖k
is an imaginary unit three-vector [13]. A rotation over the angle q about an axis u
is represented by the unit quaternion Q = cos

( q
2

) + u sin
( q
2

)
[14]. Then, given a

rotation represented by the unit quaternion Q, this can be applied to an arbitrary vector
(pure quaternion) v ∈ R

3×1 as R(Q)v = QvQ, where Q = cos
( q
2

) − u sin
( q
2

)
is

the conjugated rotation quaternion.
To model forward kinematics of position of the lower limbs during human gait

using quaternions algebra, is proposed the human 8 DoF model shown in the Fig. 1.
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Fig. 1 a Kinematic chain representing the frames that define the movements of the lower limbs
joints and b correspondences of frames in human body references

The model features the lower limbs as 7 rigid-body segments (1) pelvis, (2) right
femur, (3) left femur, (4) right tibia, (5) left tibia, (6) right foot and (7) left foot. The
relative motion of this segments is calculated by quaternions algebra. The anthro-
pometry, which represents the length of the body-segments of the kinematic chain
is adapted from [11] and the joint angles values are adopted from [15]. The pelvis,
hip, knee and ankle joints, as well as, the big toe (end-effector), are modelled as a
consecutive orthonormal frames, which is represented as a serial open chain during
the swing phase.

For the modeling presented in this work, the base frame F0 placed in the pelvis is
considered as absolute origin of the joint system, that is, the translation of this seg-
ment body is not considered. F0 is represented by quaternions as F0 = [0, 0, 0, 0].
Consecutively are defined the subsequent frames as: F1R = [0, 0, 0, l1Rk], F2R =
[0, 0,−l2Rj, 0], F3R = [0, 0,−l3Rj, 0] and F4R = [0, l4R i, 0, 0], which correspond
to hip, knee, ankle and big toe of the right lower limb, respectively, where l1R , l2R ,
l3R and l4R are the links that represent the anthropometry of the pelvis, femur, tibia
and foot of this extremity. Quaternions Q1R = cos

( q1R
2

) + u1R sin
( q1R

2

)
, Q2R =

cos
( q2R

2

) + u2R sin
( q2R

2

)
, Q3R = cos

( q3R
2

) + u3R sin
( q3R

2

)
, Q4R = cos

( q4R
2

)

+ u4R sin
( q4R

2

)
and Q5R = cos

( q5R
2

) + u5R sin
( q5R

2

)
, are related to the movements

of rotation and tilt of the pelvis, hip and knee flexion-extension, as well as ankle
dorsiflexion and plantarflexion, where u1R = [0, 0, j, 0], u2R = [0, i, 0, 0], u3R =
u4R = u5R = [0, 0, 0,k].

Similarly, for the left lower limb, F1L = [0, 0, 0, l1Lk], F2L = [0, 0,−l2L j, 0],
F3L = [0, 0,−l3L j, 0] and F4L = [0, l4L i, 0, 0] are defined to represent its hip, knee,
ankle and big toe; while l1L , l2L , l3L and l4L represent pelvis, femur, tibia and
foot, respectively. Quaternions Q1L = cos

( q1L
2

) + u1L sin
( q1L

2

)
, Q2L = cos

( q2L
2

)

+ u2L sin
( q2L

2

)
, Q3L = cos

( q3L
2

) + u3L sin
( q3L

2

)
, Q4L = cos

( q4L
2

) + u4L sin
( q4L

2

)
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and Q5L = cos
( q5L

2

) + u5L sin
( q5L

2

)
, are to the movements of rotation and tilt of the

pelvis, hip and knee flexion-extension, as well as ankle dorsiflexion and plantarflex-
ion, where u1L = [0, 0, j, 0], u2L = [0, i, 0, 0], u3L = u4L = u5L = [0, 0, 0,k].

Also, to develop the kinematic analysis in this work, the anatomical terms describ-
ing the relationships of the different parts of the body were based on the anatomical
planes and the human model of Fig. 1: sagittal (XY ), frontal (Y Z) and transverse
(X Z) and the directions: anterior (x axis), superior (y axis) and right (z axis) [1].
Then, given the serial kinematic chain shown in Fig. 1 and the joint angles, the
cartesian positions in R

3 for the 4 frames for both lower limbs are calculated using
quaternions algebra. Recursively, for the frames F4R and F4L the cartesian positions
are given by

F4R = Q1RQ2RF1RQ2RQ1R

+ Q1RQ2RQ3RF2RQ3RQ2RQ1R

+ Q1RQ2RQ3RQ4RF3RQ4RQ3RQ2RQ1R

+ Q1RQ2RQ3RQ4RQ5RF4RQ5RQ4RQ3RQ2RQ1R

(1)

F4L = Q1L Q2LF1LQ2L Q1L

+ Q1L Q2L Q3LF2LQ3L Q2L Q1L

+ Q1L Q2L Q3L Q4LF3LQ4L Q3L Q2L Q1L

+ Q1L Q2L Q3L Q4L Q5LF4LQ5L Q4L Q3L Q2L Q1L

(2)

3 Results

In this section, themost relevant results of this work are presented and described. One
way to determine the biomechanical properties of gait is by evaluating the angles
of rotation (transverse plane) and tilting (frontal plane) movements of the pelvis,
flexion-extension of the hip and knee, as well as dorsiflexion and plantarflexion of
the ankle (sagittal plane) of both lower limbs. In Fig. 2 are shown the joint angles
values for each reference of the both lower limbs during a single cycle of a normal
gait (gait pattern). Blue line corresponds to the right limb and the red to the left one.
While, vertical black line indicates the final of the stance phase.

The joint angles measurement is very useful for gait analysis to evaluate the range
of motion of the joints, which makes possible to diagnose some abnormalities in the
joint lower limbs system and how these are related with some diseases. Themodeling
of the forward kinematics of position allows to relate the joint angles values with
the cartesian coordinates of each reference in the workspace, allowing biomedical
perception of gait in operational space. Then, evaluating the joint angles in (1) and
(2) it is possible to calculate the vector function mapping to the cartesian coordinates
in each reference as a function of the pelvis frame. In Figs. 3 and 4 can be seen the
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Fig. 2 Joint angles movements during on gait cycle. a Pelvic lateral tilt, b pelvic rotation, c hip
flexion-extension, d knee flexion extension and e ankle dorsiflexion and plantarflexion

Fig. 3 Joint positions in saggital plane during a one cycle of the normal gait for the right lower
limb. a hip, b knee, c ankle and d big toe

positions of its joint references for both right and left lower limbs during one cycle of
the normal gait. This visualization is relatedwithmovements of the flexion-extension
of the hip and ankle, as well as, dorsiflexion y plantarflexion of the ankle. In all the
following figures it is important to mention that the vertical color bar represents the
evolution of the gait cycle, with zero (dark blue) being the beginning and 1 (light
yellow) the end of the cycle.
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Fig. 4 Joint positions in saggital plane during a one cycle of a normal gait for the left lower limb.
a hip, b knee, c ankle and d big toe

There is a spatial synchronous correspondence between the position of each joint
reference of the right lower limbwith its corresponding one in the left limb during the
evolution of the gait cycle. Therefore, the shape factor described by the joint positions
iswell defined.Generally, to evaluate the gait only the sagittal plane is used.However,
the analysis in frontal and transverse planes provides very important information. For
this reason, in order to analyze another perspective of the performance, in Figs. 5 and
6 are presented the positions of the joint references of the both right (above) and left
(below) lower limbs, during a cycle of a normal gait in frontal and transverse planes,
respectively.

The evaluation of the gait in frontal and transverse planes allows to observe par-
ticularities of performance that cannot be seen in the sagittal plane, for example, the
rotation and lateral tilt of the hip. Similarly, it can be noted that in a normal gait,
the movement pattern of both joints is synchronized and the shape factor is well
determined, allowing the assessment of abnormalities inherent to diseases reflected
in gait, which is sometimes not possible to perform in the joint space. Finally, to
visualize a global perspective in the 3 anatomical planes of the evolution of a cycle
of a normal gait, in Fig. 7 a visualization of 6 states of this evolution is presented.

4 Discussion

The analysis of the biomechanics of humangait has been established in the anatomical
joint space, various works of characterization, analysis and design of technology
for perception have been reported in the literature. Assuming a 28 DoF model as
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Fig. 5 Joint positions in frontal plane during a one cycle of a normal gait. a hip, b knee, c ankle
and d big toe

Fig. 6 Joint positions in transverse plane during a one cycle of a normal gait. a hip, b knee, c ankle
and d big toe
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Fig. 7 View of 6 states of one cycle of the normal gait. Rows: first) sagittal plane, second) frontal
plane and third) transverse plane

reported in [15]; It has implications for the complexity of both the technological
platform required and the gait performance analysis. In this work, the use of a human
biomechanical model in gait space (cartesian space) is proposed, using quaternion
algebra, and that represents an alternative to identify performance in operational
space.

With the evaluation of the numerical method proposed in a simple and systematic
way, it is possible to establish a codependency analysis in the performance of the
different body segments considered in this validation model at 8 DoF. The proposed
method can be extended to chains with a greater number of degrees of freedom;
however, those considered in this contribution are the minimum essential to establish
a gait diagnosis. The performance in the anatomical planes showed in Figs. 3, 4.
Figures5, 6 and 7, allows to establish comparison criteria in the gait space, and
even flexibly evaluate metrics in real time that would help the extraction of useful
information in the analysis, diagnosis and clinical recommendation.

5 Conclusion

In this work, a novel quaternions-based method for mapping the joint variables to
cartesian coordinates of the lower limbs during biped gait was presented. Validation
in the use of our approach was developed for a normal gait pattern. The results
allow to confirm that it is possible to replace the classic Denavit-Hartenberg and
geometricmethods tomodel forwardkinematics of positionwhen the kinematic chain
is complex and the number of degrees of freedom increase. The gait performance
analysis in the three anatomical planes in the operational space, make possible to
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analyze precisely and rapidly to get a preliminary diagnosis, which is very important
because the coexistence of the human with biomedical perception devices, generally
they are established in the cartesian space. The method described allows to define
future contributions, for example, compute of the inverse and differential kinematics,
determination of the gait pattern from metrics in the operational space or design and
control of humanoid robots for planning gait profiles.
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Estimation of Ground Reaction Forces
from Lower Limb Joint Kinematics
During Walking

Shui Kan Lam and I. Vujaklija

Abstract Ground reaction forces (GRF) and joint kinematics are critical parame-
ters for gait analysis. The conventional approach to acquiring these data is to use
force plates installed under the walkway and a stationary motion capture system.
These instruments make real-world analysis difficult and incur high costs. One
possible solution is to record kinematics with wearable sensors and to apply machine
learning models to predict the GRF. However, a protocol that suits online applica-
tions and takes greater advantage of portable measurements has been underinves-
tigated. This study employed Extreme Gradient Boosting (XGBoost) to estimate
within-subject three-dimensional (3D) GRF using five lower limb joint angles: hip
flexion-extension, adduction-abduction and internal-external rotation, knee flexion-
extension, and ankle plantar-dorsi flexion. These joint angles were computed from
publicly available data, captured with a camera system (chosen as a benchmark),
from six participants. For each subject, we used four-fold cross-validation to assess
the estimator performance. The results showed that the model performed the best for
anterioposterior direction, followed by vertical direction, then mediolateral direc-
tion, with median average R2 values of 0.96, 0.90 and 0.64, respectively. This study
demonstrated 3D GRF prediction based on kinematic features that could be obtained
in an online manner. This simple protocol may improve the practicality of carrying
out online analyses outside the laboratory with a small number of wearable sensors
such as inertial measurement units.

1 Introduction

Ground reaction forces (GRF) and joint kinematics are crucial for understanding
human locomotion. These observations can help monitor biomechanical loads and
identify injury risks in sports. Furthermore, these parameters are used to derive the
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internal joint and musculotendon variables, which are difficult to measure in vivo,
for pathological studies and for the development of rehabilitation devices. These data
are traditionally obtained with motion capture systems and force plates fixed along
the walkway. These instruments are expensive, and their applications are limited to
laboratory settings. This also constrains the number of consecutive gait cycles that
can be analysed per walking trial. There have been attempts of using pressure insoles
to address some of these issues [1]. Yet, the experiments are then limited to a certain
type of footwear, which could affect the measured GRF [2]. With the emergence
of wearable, cost-effective, lightweight inertial measurement units (IMUs), GRF
could be predicted from the acquired kinematics with machine learning models.
However, a protocol that (i) requires input features only from a small number of
sensors to maintain a high overall equipment portability, and (ii) is suitable for
real-time applications, has not been fully investigated.

In this study, we proposed to predict within-subject three-dimensional (3D)
GRF based on five lower limb joint kinematics with a machine learning algorithm,
Extreme Gradient Boosting (XGBoost) [3]. This ensemble tree-based learner has
been employed in a variety of applications, and has a superior predictive performance
when working with tabular data [4]. It should be noted that all the necessary input
features for our model could be acquired in real time and the entire estimation could
theoretically be executed in an online manner even though an offline investigation
was performed in this study.

2 Methods

2.1 Participants and Data Processing

We employed a reference set of publicly available camera-based motion capture data
from six healthy subjects (29.2 ± 12.7 years, 1.71 ± 0.09 m, 66.3 ± 8.0 kg) [5].
This set was chosen as a benchmark, as here we focused on system evaluation under
optimal conditions. All participants had no limb surgery in the past two years of
data collection. All of them performed at least four trials of ground-level walking
at self-selected speed on walkway embedded with two force plates and they were
instructed to walk normally. The marker trajectories and GRF for left stance were
extracted fromC3Dfiles and subsequently stored with OpenSim-compatabile format
using MOtoNMS toolbox [6]. A generic musuloskeletal model [7] was scaled to
match the anthropometry of each participant in OpenSim [8] based on the marker
locations. Joint kinematics of five degrees of freedom, namely hip flexion-extension,
adduction-abduction and internal-external rotation, kneeflexion-extension, and ankle
plantar-dorsi flexion were computed via Inverse Kinematics tool from OpenSim [8].
The joint angles were then low-pass filtered at 6Hz with a second-order Butterworth
filter.
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2.2 Estimation Model and Data Analysis

XGBoost was applied to predict the intra-subject GRF in anterioposterior (AP),
vertical (V) and mediolateral (ML) directions using the five pre-processed joint
angles as input features. This algorithm iteratively minimizes the objective function
consisting of the residuals of the learners and the regularization termwhich penalizes
the overfitting behavior of the model,

L =
∑

i

l
(
ŷi , yi

) +
∑

k

�( fk)

where l is the loss function of the model, ŷi and yi are the estimated value and the
true label for the ith sample respectively, and �( fk) measures the model complexity
of tree fk [3]. For a trial dataset with m features, K learners are combined to make
the final estimation,

ŷi =
K∑

k=1

fk(xi )

where fk ∈ {
f (x) = ωq(x)

}(
q:Rm → T, ω ∈ R

T
)
is the tree’s space, and q denotes

the structure of each tree with T leaves and ω leaf weight [3].
The estimated GRF were then low-pass filtered at 15Hz using a second-order

Butterworth filter. Coefficient of determination
(
R2

)
values were calculated to eval-

uate the model performance. For each individual subject, the results from four trials
were cross-validated. This strategy was used to tune the hyperparameters of the
models and to assess the degree of within-subject generalization of the models. For
each trial, one stance phase was analysed.

3 Results

The GRF estimates for each of the three directions from one trial and the distribution
of average R2 resulted from cross-validation across six subjects are shown in Fig. 1.
The median values for AP, V and ML directions were 0.96, 0.90, and 0.64, respec-
tively. The range and the interquartile range for AP, V andML directions were (0.08,
0.13 and 0.29) and (0.02, 0.09 and 0.13), respectively. Both measures showed that
the spreads for AP and V directions were small compared to that for ML direction. In
other words, the degree of generalization of the models across subjects was relatively
low for ML direction. This suggests that the features used in this study may not be
representative enough for ML estimates. In overall, the estimator performed the best
for AP direction despite the presence of one outlier, followed by V direction, then
ML direction. The less accurate predictions for ML direction were also reported by
other researchers [9].
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Fig. 1 Left panel illustrates the GRF estimation for one trial for AP (top), V (middle), and ML
(bottom) directions. Right panel shows the distribution of average R2 across six subjects for each
of the three directions

4 Conclusion

This study predicted intra-subject 3D GRF across six healthy subjects based on five
pre-computed lower limb joint angles using XGBoost. The results showed that the
model estimates and the measured signals were highly correlated for both AP and V
directions, and moderately correlated for ML direction. Future work on optimizing
the inputs for ML predictions is planned. This protocol is characterized by its input
features being real-time accessible with a small number of wearable sensors, for
instance, IMUs. The proposed method may thus enhance the capabilities of trans-
lating online biomechanical analyses and the use of rehabilitation technologies to
outside the laboratory.
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Effect of Muscle Modeling
in the Efficiency and Accuracy
of the Forward-Dynamics Simulation
of Human Gait

Francisco Mouzo, Florian Michaud, Mario Lamas, Urbano Lugris,
and Javier Cuadrado

Abstract Thiswork compares the efficiency and accuracy of severalmusclemodels,
having in mind their future use in AI-based model-predictive controllers for gait
simulation. The models are tested on the forward-dynamics simulation of a captured
motion. Moreover, the effect of the number of modeled muscles on the efficiency is
also studied. Results show that the Hill muscle model with rigid tendon is a good
candidate for its use in the mentioned controllers, and that reducing the number of
muscles strongly improves the computational efficiency.

1 Introduction

Simulation and prediction of human motion in general, and of gait in particular, is
a topic of great interest for the robotics, biomechanics, multibody dynamics and
computer graphics communities, as it can serve for anticipation of surgery outcome,
orthotic-prosthetic design and customization, control of humanoid robots and virtual
characters, etc. Two approaches have become popular to address this topic: optimal
control and artificial intelligence (AI) based controllers. Although, depending on
how they are stated, both may require the forward integration of the system dynamic
equations or just the algebraic solution of the inverse problem, efficiency is always
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a concern [1]. In the specific case of AI-based controllers, which are often model-
predictive controllers complemented with machine learning, efficiency is especially
critical when controllers are expected to work and learn in real time [2]. This is
why skeletal human models have been used so far in such controllers, as including
the muscular component generally entails a notable increase in computational load.
However, musculoskeletal models are supposed to improve the human likeness of
the resulting motion.

The objective of this paper is to compare several muscle models to find out which
is the trade-off they offer between efficiency and accuracy, having in mind their
future use in AI-based controllers, which seek to maximize the human likeness at
the minimum computational cost. For such purpose, the algorithm proposed in [2]
has been taken as reference. Every time this algorithm needs to perform a func-
tion evaluation, it provides the trajectories of the joints (but not those of the base
body) for a given time span, so that a forward-dynamics simulation must be run in
which a controller tracks the input trajectories. To work on a similar scheme, the
various muscle models were compared here within forward-dynamics simulations
of a captured walking motion. A controller was in charge of tracking the captured
joint trajectories while the measured ground reaction forces were applied to the feet,
as made in [3] at skeletal level.

2 Material and Methods

A healthy adult female, 30 years old, 50 kg and 165 cm walked at her self-selected
speed of 0.99 m/s on a walkway with two embedded force plates (AMTI, AccuGait,
sampling at 100 Hz), while her motion was captured by 12 optical infrared cameras
(Natural Point, OptiTrack FLEX 3, sampling at 100 Hz) that acquired the position
of 37 reflective markers.

The human body was modeled as a 3D multibody system formed by 18 anatom-
ical segments, considered as rigid bodies: two hindfeet, two forefeet, two shanks,
two thighs, pelvis, torso, neck, head, two arms, two forearms, and two hands. The
segments were linked by ideal spherical joints, thus defining a model with 57 degrees
of freedom (DoF). Details about the treatment of the captured data and about the
geometrical and inertial parameters can be found in [4]. At each leg, it was consid-
ered that the following 6 DoF were actuated by muscles: three rotations at the hip,
flexion/extension at the knee, dorsi/plantarflexion and inversion/eversion at the ankle.
The standard model included 43 muscles per leg (Fig. 1), while a simplified model
was also developed with only 8 muscles per leg (the main muscle groups for the
sagittal DoF). Muscle properties were obtained as explained in [5].

The forwards-dynamics simulation was carried out through a co-integration
approach, already introduced in [6], and implemented inC++. Themodelwas defined
by a set of 57 independent coordinates. The equations of motion were derived with
a semi-recursive formulation [7] and integrated in time through the implicit, single
step, trapezoidal rule, in a Newton-Raphson scheme with a time step of 10 ms. At
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Fig. 1 Graphical output of
the forward-dynamics
simulation of the captured
motion. Case with 43
muscles at the right leg

each iteration, the generalized forces aimed at tracking the joint coordinates were
obtained by a CTC-like approach for underactuated systems, and the muscular force-
sharing problem was solved by optimization. Moreover, in the case of physiological
modeling of muscles (see the paragraph below), limits for muscle forces were calcu-
lated only once per time step right after the initial prediction and, after convergence of
theNewton-Raphson scheme, a root-solverwas run to obtain the values of excitations
and activations.

Four muscle models were compared. The full Hill model (H1) was chosen as the
reference model (the equilibrium model in [8]), and two simplified versions were
also considered: the Hill model without contraction dynamics (H2) (the rigid tendon
model in [8]), and the Hill model without both activation and contraction dynamics
(H3). The differential equation of the activation dynamics was not integrated in time,
but a closed-form solutionwas used instead. The fourthmodelwas non-physiological
(NP), which implied the use of fixed limits (zero and the maximum isometric force)
in the force-sharing problem.

Finally, the influence of the modeled number of muscles on the efficiency was
also tested. Four cases were compared: 43 muscles at each leg (i.e. 86 muscles), 43
muscles at the right leg only, 8 muscles at each leg (i.e. 16 muscles), and 8 muscles
at the right leg only.
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3 Results

Table 1 shows theCPU-times required to run the 1.23-s simulation on a computerwith
processor Intel i7 6700K@ 4.00 GHz, for the different muscle modeling alternatives
and numbers of muscles. As reference, the CPU-time required without muscles was
0.04 s.

And Table 2 gathers the aggregated RMS errors in excitations, activations and
muscle forces incurred by each method, considering H1 as reference, in the case of
43 muscles at the right leg.

Additionally, Fig. 2 plots the histories ofmuscle forces obtained for rectus femoris
with the four models, again in the case of 43 muscles at the right leg.

Table 1 Comparison of efficiency (s)

#muscles H1 H2 H3 NP

86 1.42 0.22 0.21 0.20

43 0.69 0.13 0.12 0.11

16 0.22 0.08 0.07 0.06

8 0.13 0.07 0.06 0.05

Table 2 Comparison of accuracy

H1 H2 H3 NP

Excit. (×10−3) – 8.40 31.9 –

Activ. (×10−3) – 6.14 23.3 –

Force (N) – 3.12 11.8 12.8

Fig. 2 Histories of muscle
forces at rectus femoris with
the four methods compared,
in the case of 43 muscles at
the right leg
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4 Discussion

Looking at the results of efficiency and accuracy, it can be concluded that the rigid
tendon model (H2) offers a good balance between both aspects and, hence, it is a
good candidate for the function evaluation of AI-based controllers simulating gait.
Moreover, efficiency is notably improved when reducing the number of muscles.
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Sitting Posture Monitoring Device
for People with Low Degree of Autonomy

Nerea Perez, Patrick Vermander, Elena Lara, Aitziber Mancisidor,
and Itziar Cabanes

Abstract Sitting postural monitoring is essential to identify risky situations and
avoid long-term muscle diseases. In this work, a low-cost sitting monitoring proto-
type is presented. It consists of 16 FSR pressure sensors located both in seat and
backrest of a cushion. To evaluate the system several tests have been carried out,
comparing the results with a commercial mat. The results show that the device allows
to track efficiently postures reducing the cost in hardware and gaining flexibility for
subsequent data storage and management.

1 Introduction

The adoption of a good sitting posture is especially relevant in people with limited
mobility, since among themain effects of adopting an incorrect posture are falls, back,
shoulder and neck pain, muscle tension and nervous problems, as sciatica among
others [1]. Currently, given the impossibility that a health specialist looks after the
patient for a long period of time, the monitoring and diagnosis of the postural state is
developed through specific questionnaires to be filled out by patients. In an attempt to
eliminate the subjective component of this questionnaires, in recent years, scientific
interest in postural detection has increased.

Postural activity monitoring is essential to subsequently identify those risk situ-
ations that can cause long-term muscle problems, as well as to prevent possible
dangerous situations and falls. In addition to wearable [2] and camera-based [3]
sensors, pressure sensors stand out for this purpose as they are the least intrusive
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ones. Within this group, capacitive transduction sensors, in textile format [4] and
resistive transduction sensors [5] can be distinguished. Commercial sensors of the
latter type, in mesh form, are currently offered, such as the BPMS system from
Tekscan Inc. [6] or the Seating Mat Dev Kit system from Sensing Tex [7]. However,
they have an excessive amount of sensing elements which make them expensive and
with a time of use limited (less than 4 h). In addition, as it is a closed solution, the
data storage is limited, which makes it difficult to carry out a subsequent analysis
and intelligent diagnosis of postural correction.

For this reason, in this paper we present the design and validation of a sitting
posture monitoring system, with high durability and low cost, which in a future will
serve to characterize people’s physical activity patterns.

The rest of the article is structured as follows. In Sect. 2, the design of the system
is described. In Sect. 3, different position trials and validation results are presented.
Finally, the main ideas are summarized.

2 Sitting Posture Monitoring Device

With the aim of tracking sitting posture, several pressure sensors have been placed
both the back and seat of a chair. The location of those is based on a preliminary
study carried out with the SeatingMat Dev Kit from Sensing Tex [7], in which points
where most pressure is exerted have been identified. In order to reduce the number of
sensors but maintaining the quality of monitoring, the proposed design has 16 FSR
sensors. These are distributed between the back and the seat as shown in Fig. 1.

The data acquisition has been done by a wireless microcontroller board (Arduino
MEGA 2560) powered by a 6000 mA battery which provides more than 24 h of use.
This structure allows to reduce the cost of a typical pressuremat inmore than an 80%.

(a)              (b)

Fig. 1 The sensor distribution in the backrest (a) and seat (b)
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In order to facilitate the use and visualization of data, a user-friendly interface has
been developed to obtain the sensor readings, which shows in real time the pressure
exerted on each sensor.

3 Experimental Validation and Results

Several experimental tests have been carried out to demonstrate the effectiveness of
the proposed prototype. Twelve positions have been studied with healthy subjects,
which are shown in Fig. 2 and are named in Table 1. Omitting posture 1 (correct
sitting posture), the rest are situations or acts that occur in daily life of people with
a low degree of autonomy. Among the different tests carried out, positions 2 and 6
will be shown in depth, as proof of the proper functioning of the device. In order to
identify the pressure points in each sensor a variation of colour (from a dark blue to
a yellow) and proportional size variation has been added.

The results from leaning to the right are shown in Fig. 3, starting from the correct
posture, the back has been inclined about 15° from the vertical. In the upper graphs
pressure measurements made by the proposed prototype are observed, whereas in the
lower ones those made by the commercial mat. Similar measurements are observed
in both devices. The position of the seat does not vary, but it can be seen how the

Fig. 2 Twelve positions that simulate situations or acts that occur in daily life of people with a low
degree of autonomy
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Table 1 Trial positions

N Position N Position

1 Correct position 7 Left leg crossed over right

2 Leaning to the right 8 Right leg crossed and buttocks forward

3 Leaning to the left 9 Left leg crossed and buttocks forward

4 Leaning forward 10 Hyperciphosis

5 Leaning backward 11 Sitting on the edge of the chair

6 Right leg crossed over left 12 Sitting on the edge of the chair
and leaning back

Fig. 3 Leaning to the right results, position 2

pressure exerted on the right side increases. On the backrest, the curvature according
to the movement made can be observed.

The results from crossing the right leg over the left are shown in Fig. 4. Both, in
the commercial reading and in the prototype, it is shown how the pressure on the
left half of the seat increases while some of the pressure from the edge of the right
corner is released.
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Fig. 4 Results of crossing the right leg over the left one, position 6

4 Conclusion

In this work, a low-cost and optimally designed sitting monitoring device has been
developed. It is composed of 16 FSRpressure sensors located in the seat and backrest,
which reduces costs significantly. Moreover, their location is optimal to monitor the
most relevant parts of the seat and back. This device captures data continuously and
it has a longer time of use compared to commercial ones. Furthermore, it has been
validated with twelve different postures that tracked the human body efficiently.

This will allow supporting medical specialists and provide them with indi-
vidualized patient information in an easy way, thanks to the graphical interface
designed.

Acknowledgements This research was supported by the University of the Basque Country, project
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Effects of Parkinson’s Disease
and a Secondary Cognitive Task
on Standing Postural Stability

Vu Phan, Daniel S. Peterson, Sutton B. Richmond, and Hyunglae Lee

Abstract With recent successes in characterizing standing postural stability of
people with neurological disorders, Time-to-Boundary (TTB) measures have poten-
tial to provide deeper insights into the impacts of Parkinson’s disease (PD) and dual
tasking on postural control. The TTB captures the critical relationship between the
body sway and base of support, not incorporated into traditional stability measures.
However, few studies have evaluated TTB in people with PD. The purpose of this
study is to extend the existingworkonhowPDandadistracting cognitive task impacts
standing postural stability. Different TTB measures were applied to data from four-
teen PD and thirteen neurotypical adults (NA) subjects. Our results indicate that TTB
measures are significantly worse in PD than NA subjects regardless of the existence
of a secondary cognitive task. Further, medio-lateral TTB (but not anterior-posterior
or 2-dimensional) was significantly negatively affected by the secondary cognitive
task in both PD and NA groups.

1 Introduction

According to Marras et al. [1], the estimated number of people with Parkinson’s
disease (PwPD) in the US in 2020 is nearly 930,000. Importantly, compromised
balance control is a major cause of chronic disability in PwPD. Preliminary studies
have also shown that PwPD have abnormal body sway that links to falls [2]. Thus,
studying the postural balance control of PwPD can improve our understanding of
fall risks in this population.
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On a daily basis, completing postural and cognitive tasks at the same time is
ubiquitous, and these two tasks together often worsen the performance on one or
both tasks. This “dual-task interference” (DTI) suggests a partial overlap between
neural structures contributing to control of postural and cognitive tasks. Such dual
tasking is particularly difficult for PwPD and has been suggested to be related to falls
in this population [3].

Given the influence of DTI and body sway on falls in PwPD, several studies have
related effects of a secondary cognitive task on PwPD [4, 5]. However, reported
results are somewhat inconsistent across different sway measures. This might be
because the traditional measures used in those studies (e.g., sway velocity or total
excursion) did not account for the relationship between body’s sway and its base of
support (BOS) whereas this relationship is fundamental in balance control.

To cope with this limitation of the traditional measures, a relatively new multi-
dimensional measure of postural control was developed, called Time-to-Boundary
(TTB) [6]. Although this measure has been applied to characterize neurological
disorders such asmultiple sclerosis, only a few PD studies have utilized this measure.
One study by van Wegen et al. demonstrated that PwPD have smaller medio-lateral
(ML) TTB compared to neurotypical adults (NA) [6]. Another one byWorkman et al.
reported slight effect of a secondary cognitive task on anterior-posterior (AP) TTB
in PwPD [5]. However, the effect of dual tasking onML TTB has not been evaluated.

The purpose of this study is to further examine the effects of PD and a secondary
cognitive task on the standing postural stability using different TTB measures. A
better understanding of how those conditions impact postural control would provide
a better predictor of fall risks in PwPD. Also, this understanding could contribute to
the development of new therapeutic training or assistive devices to help prevent falls
in PwPD.

2 Material and Methods

2.1 Subjects

Fourteen PD and thirteen NA subjects participated in this study. The mean age and
standard deviation (in parenthesis) of PD and NA subjects are 72.61 (60.4) and
69.81 (7.55), respectively. The subjects were also free of any biomechanical injuries
or neurological conditions other than PD impacting balance. Themethods used in this
study was approved by the Institutional Review Board of Arizona State University.
Prior to the experiment, all subjects provided informed consent.
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Table 1 Mean and standard
deviations (in parentheses) of
TTB measures

Measures Single task Dual task

2D TTB (s) NA 13.22 (3.80) 12.78 (2.88)

PD 9.78 (3.46) 9.76 (4.16)

AP TTB (s) NA 17.88 (6.26) 17.65 (4.86)

PD 13.79 (5.43) 13.94 (5.49)

ML TTB (s) NA 71.80 (19.60) 63.22 (17.12)

PD 53.40 (20.92) 45.16 (20.42)

2.2 Instrumentation

An instrumented treadmill system with two integrated force plates, a motion capture
system, a headphone, and a microphone were utilized. The treadmill system (Motek-
force Link, Amsterdam, Netherlands) was used to measure the center of pressure
(COP) under separate foot of every subject, whereas the motion capture system
(VICON, New York, USA) was used to capture the motion of markers placed on
specific positions on subjects. Vicon Nexus 2.2 was used to synchronize the data
from these two systems. Earbuds and amicrophonewere utilized to generate auditory
stimulus and to capture the verbal response from the subjects (Table 1).

2.3 Protocol

The quiet stance experiment contained two tasks, namely single-task and dual-task.
During standing, the subjects wore shoes and placed their feet on separate force
platforms, with a heel-to-heel distance of 10 cm. In addition to standing, the subjects
were required to complete an additional cognitive task in the dual-task trials. For
the cognitive task, the auditory Stroop task was chosen because it was reported
as an effective and reliable method for raising cognitive load in PD subjects [7].
The stimuli, which were words “high” and “low” with corresponding tones, were
delivered to the subjects via the earbuds. Subjects were instructed to quickly and
accurately name the tone of the stimulus, while ignoring the word. The microphone
stuck on the skin near their voice-box captured responses.

At least two practice trials were given to ensure the subjects understood the cogni-
tive task. After that, they performed two single-task trials, followed by two dual-task
trials. Each trial lasts 50 s. Between trials, a short break was given to reduce fatigue.
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2.4 Data Processing

Force plate and auditory (microphone) data were sampled at 2000 Hz. Force-plate
data were filtered with a low-pass 4th order Butterworth filter with the cut-off
frequency of 7 Hz. In addition, the motion capture data was acquired at the sampling
rate of 200 Hz for all subjects.

To serve the calculation of TTB, the net COPwas calculated for all subjects based
on Winter et al. [8].

2.5 Time-To-Boundary (TTB)

The geometric boundary (i.e., the shape of the BOS) was obtained using the motion
capture data recorded by markers at heels, toes, and ankles. Three TTB measures,
namely 2D TTB, AP TTB, and ML TTB, were then calculated based on the method
adopted from van Wegan et al. [6].

2.6 Statistical Analysis

Normality of the data was first checked by the Shapiro-Wilk tests, followed by a
2-way repeated ANOVA to assess the effects of PD and the cognitive task on the
TTBmeasures. All statistical tests were conducted using the SPSS statistical package
(IBM, NY) at a level of p < 0.05.

3 Results

Regarding the group effect (i.e., NA versus PD), statistical significance was obtained
for 2D TTB (p = 0.019) and ML TTB (p = 0.012), but not AP TTB (p = 0.062).
For the task effect (i.e., single- versus dual-task), only ML TTB (p = 0.024) was
statistically significant. For both groups, we observed reducedML TTB during dual-
task trials, where the ML TTB was the worst in combined PD/dual tasking. No
interaction effects were observed in any TTB measures (ps > 0.167).
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4 Discussion

This study demonstrated that TTB measures of PD subjects are consistently worse
than those of NA subjects regardless of the task conditions, suggesting that PwPD
are more unstable during standing balance compared to their NA peers.

No strong impact of the secondary cognitive task in the AP TTB was also
confirmed, which is consistent with the previous work on AP TTB by Workman
and Thrasher [5].

However, contrary to the results in AP TTB, this study showed that the secondary
cognitive task significantly deteriorates ML TTB. This could be due to the prior-
itization of postural control in the sagittal over frontal plane, making the subject
more unstable in the ML direction. Interestingly, even though we utilized different
measures compared to Bekkers et al. (total excursion & root-mean-square of COP
trajectory) [4], we consistently conclude that an addition of a secondary cognitive
task has more impact on stability in the ML than the AP direction in PwPD and NA.

5 Conclusion

This study demonstrates that PD and has negative impacts on standing postural
stability. Our results also suggest that ML TTB can be utilized as a sensitive measure
to investigate the impact of the secondary cognitive task on standing postural stability.
Future work is warranted to determine its relationship to falls in PwPD.
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Gait Analysis for Normal and Crouch
Gaits Applying No-Common Metrics in
the Cartesian Space

Juan C. Gonzalez-Islas, Omar A. Dominguez-Ramirez, Omar Lopez-Ortega,
Felix A. Castro-Espinoza, and Ma. de los Angeles Alonso-Lavernia

Abstract Gait analysis is a very important assessment tool to identify abnormalities
in gait,which canbeused to determinediseases such as cerebral palsy, spastic diplegia
and quadriplegia. In this work, we proposed the use of no-common metrics based
on area, RMS level and centroid to evaluate the lower limbs system during the gait
cycle in the operational space. An evaluation and comparison of these metrics was
performed for a normal (pattern), mild crouch and severe crouch gaits on the three
anatomical planes. The obtained results allow us to determine the advantages and
utilities of themetrics for clinical aims, useful to improve the diagnosis and treatment
of the patients.

1 Introduction

Nowadays, gait has becomeauseful practical biometric for clinical diagnosis. Theuse
of specificmetrics to perform biomechanical gait analysis depends on the objective of
interest. The most common gait metrics used are speed, cadence, and step length [1];
which have been associated with injury, frailty and influences of gender, height [2]

J. C. Gonzalez-Islas
Ph.D. Program of Computer Sciences of Autonomous University of Hidalgo State and researcher,
Technological University of Tulancingo, Hidalgo, Mexico

O. A. Dominguez-Ramirez (B) · O. Lopez-Ortega · F. A. Castro-Espinoza ·
M. A. Alonso-Lavernia
Basic Sciences and Engineering Institute of the Autonomous, University of Hidalgo State,
Pachuca, Mexico
e-mail: omar@uaeh.edu.mx

O. Lopez-Ortega
e-mail: lopezo@uaeh.edu.mx

F. A. Castro-Espinoza
e-mail: fcastro@uaeh.edu.mx

M. A. Alonso-Lavernia
e-mail: marial@uaeh.edu.mx

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
D. Torricelli et al. (eds.), Converging Clinical and Engineering Research
on Neurorehabilitation IV, Biosystems & Biorobotics 28,
https://doi.org/10.1007/978-3-030-70316-5_51

317

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-70316-5_51&domain=pdf
mailto:omar@uaeh.edu.mx
mailto:lopezo@uaeh.edu.mx
mailto:fcastro@uaeh.edu.mx
mailto:marial@uaeh.edu.mx
https://doi.org/10.1007/978-3-030-70316-5_51


318 J. C. Gonzalez-Islas et al.

and age during non-pathological gaits [3]. To assess the recovery following surgery
for lumbar disk herniation, have used the metrics: daily step count, walking speed,
step length and walking posture [4]. Another metrics such as: average duration of
step swing and stance phase, pitch angle change and the average phase duration ratio
were used to determine the fall risk in older patients [5].

The measurement of the area as a metric has been used in diverse areas such as
flow topology [6] or acute nanoparticle toxicity in the lung [7].While, with a different
approach than this work has also been applied for automatic gender gait recognition
based on silhouettes of a walking subjects [8]. The root-mean-square (RMS) level
has been applied to determine the amount of energy over a time period in a signal and
its applications focus on the electromagnetic context, however, in this work we show
its usefulness in gait analysis. Regarding the centroid as a metric, it has been used to
intelligently analyze soccer games [9] or for speech recognition [10]. In relation to
the gait analysis, the measurement of the movement of the centroid of a subject in
home environments has served to assess changes due to weighted vest therapy [11].

Crouch gait is a difficult movement abnormality among persons with cerebral
palsy [12–14], as well as spastic diplegia and quadriplegia [15, 16], which is char-
acterized by excessive flexion of the hips, knees and ankles during stance phase, on
average more than 15◦ from normal gait. The biomechanical causes of this abnormal
gait are often unclear, making it challenging to chose the most appropriate metrics
to compare it with an unimpaired gait and determine the suitable treatment.

2 Materials and Methods

To calculate the gait metrics described in this work, previously quaternions algebra
has been applied to model forward kinematics of position of the lower limbs during
the gait [17]. For this end, the human model shown in Fig. 1 has been adopted as the
kinematic chain that represents the skeletal system of the lower extremities. The 8
Degrees of Freedom (DoF) model is composed by 7 rigid-body segments, which are
(1) pelvis, (2) right femur, (3) left femur, (4) right tibia, (5) left tibia, (6) right foot
and (7) left foot. The antropometry and joint values were taken from [18] and [19],
respectively.

The reference frames for the pelvis, hips, knees, ankles and toes are F0, F1, F2,
F3, and F4, respectively, where R and L subscripts are used to describe the right and
left lower limbs accordingly. F0 is the base frame and in this work is considered in a
absolute way, that is, the traslation of the pelvis is not taken into account. At the top
left of the Fig. 1 is shown the frames configuration, which follows the right hand rule
for the turning angles of the joints. The relative positions for each sample of the cycle
using quaternions algebra [17] for the frames of the right lower limb are given by

F1Rr = Q2RQ1RF1RQ1RQ2R (1)
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Fig. 1 Kinematic chain representing the frames that define the areas between pelvis and a knees,
b ankles and c toes

F2Rr = F1Rr + Q3RQ2RQ1RF2RQ1RQ2RQ3R (2)

F3Rr = F1Rr + F2Rr+
Q4RQ3RQ2RQ1RF3RQ1RQ2RQ3RQ4R

(3)

F4Rr = F1Rr + F2Rr + F3Rr+
Q5RQ4RQ3RQ2RQ1RF4RQ1RQ2RQ3RQ4RQ5R

(4)

Similarly, for the frame references of the left lower limb

F1Lr = Q2L Q1LF1LQ1L Q2L (5)

F2Lr = F1Lr + Q3L Q2L Q1LF2LQ1L Q2L Q3L (6)

F3Lr = F1Lr + F2Lr+
Q4RQ3RQ2L Q1LF3LQ1L Q2L Q3L Q4L

(7)

F4Lr = F1Lr + F2Lr + F3Lr+
Q5L Q4L Q3RQ2L Q1LF4LQ1L Q2L Q3L Q4L Q5L

(8)

where Q1R , Q2R , Q3R , Q4R , Q5R , Q1L , Q2L , Q3L , Q4L and Q5L represent the
quaternions regarding the movements of rotation and lateral tilt of the pelvis, flexion-
extension of the hip and knee, as well as ankle dorsiflexion and plantarflexion for the
right and left lower limbs, respectively. As a result, an N -dimensional vector with
the cartesian coordinates for each reference is obtained, where N is the number of
instrumented samples of the gait.
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One of the metrics proposed in this work are based on the area of the triangles:
TPK = �F0F2RF2L (Fig. 1a), TPA = �F0F3RF3L (Fig. 1b) and TPT = �F0F4RF4L

(Fig. 1c),which are calculated using the cartesian coordinates of the respective frames
during the gait cycle states as:

Apk = 1

2

∣
∣F2R(x,y,z) × F2L(x,y,z)

∣
∣ (9)

Apa = 1

2

∣
∣F3R(x,y,z) × F3L(x,y,z)

∣
∣ (10)

Apt = 1

2

∣
∣F4R(x,y,z) × F4L(x,y,z)

∣
∣ (11)

To get a single value representing each area of the triangles for the overall cycle,
the RMS level is computed. Furthermore, since this value does not depend on time
but on the amplitude of the function, it can be applied for the analysis of areas. The
RMS of the vector containing the area of each gait sample, in [20] is calculated as

ARMS =
√
√
√
√

1

N

N
∑

n=1

|An|2 (12)

Another metric introduced to evaluate the performance of the lower limbs sys-
tem during the gait is the calculation of the centroid of the triangles TPK , TPA

and TPT , as well as a global centroid. Using the averaging cartesian coordinates
method, the centroid of the 3 vertices of the corresponding triangle is calculated.
For TPK = �F0F2RF2L the cartesian coordinates of the centroid are given by
( F0x+F2Rx+F2Lx

3 ,
F0y+F2Ry+F2Ly

3 ,
F0z+F2Rz+F2Lz

3 ). In the sameway the centroid coordinates
for the TPA and TPT triangles are calculated.

Subsequently, the proposed metrics are evaluated during one cycle of each gait
sample for normal, mild crouch and severe crouch gaits.

3 Results

As follows, in Fig. 2, areas between pelvis and the joint references are presented. In
general, for the 3 triangles evaluated, the area for normal gait for each gait sample is
greater than the areas in crouch gaits. For TPK in a normal gait the maximum area
AM = 0.092m2 occurs in the initial contact and the opposite initial contact events,
in addition to presenting a characteristic form factor. In the same way, the maximum
value AM = 0.092m2) for a mild crouch gait occurs at the same stage of the cycle,
however, for a severe gait it is not. It is important to highlight that in a severe crouch
gait for the triangle TPK there is a lower value than in a normal gait, which is related
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Fig. 2 Area between pelvis and both lower limbs references a knees, b ankles and c toes

to the reduction of the distance between the knees in heel rise and toe off events [19].
Regarding the areas of the TPA and TPT triangles, a similar behavior is shown, being
evident the reduction of the area in each sampling of the gait cycle in more than 25%.

The centroid was another evaluation metric introduced in this work. Figures 3, 4
and 5 show sagittal, frontal and transverse planes views, respectively, of the global
centroid for the 3 triangles of the 3 types of gait evaluated.

The three graphics regarding the analysis of the global centroid provide very
important information, since it is possible to make a precise analysis of both the
form factor of the movement pattern, as well as the maximum and minimum values
of the global performance through the centroid in the gait space, which allows to
differentiate between the three types of gait and thus determine abnormalities based
on the normal gait pattern. In Table 1 the area RMS values, and global centroid coor-
dinates for the triangles TPK , TPA and TPT for the 3 gaits, as well as the coordinates
of the global centroid are presented.

A minimum value for the RMS level of the mild and severe crouch gaits than the
normal confirms a minimum range of movement and the excessive flexion of hip and
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Fig. 3 Sagittal view for global centroids for human gaits: a normal, b mild crouch and c severe
crouch

knee, as well as ankle dorsiflexion. While the average of the centroid of the triangles
analyzed during the gait cycle confirms that they are lower than that of the abnormal
gait pattern, considering in this work the framework of the pelvis in an absolute way.

4 Discussion

The proposedmetrics enable the assessment of gait quality and determine gait abnor-
malities. Generally, a crouched gait is defined by excessive flexion of the hips and
knees, as well as ankle dorsiflexion, which can be well determined by making an
analysis in the joint space, however, since the coexistence of the humanwith biomed-
ical perception devices is established in the cartesian space, the analysis of the areas
of the triangles formed by the pelvis and joint references as result of the forward
kinematics of position can be very useful to diagnose and treat a patient. Area is a
measurement parameter that allows determining the degree of severity of the gait and
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Fig. 4 Frontal view for global centroids for human gaits: a normal, b mild crouch and c severe
crouch

it is directly related to the motion range of the joints. On the other hand, the centroid
is generally associated with the location that represents the center of a group, in gait
analysis for clinical settings, if we associate it relatively with the center of mass of
a patient, the centroid provides information on the overall performance of the joint
system during the gait cycle and the greater the instability of the centroid, the risk
of falls can be determined. Although the RMS value has been used to determine the
effective value of a periodic signal, since it does not depend on time but on ampli-
tude, it is possible to use this parameter in the gait analysis and thus not mediate all
values for each gait cycle sample. Furthermore, if we consider that a gait cycle is
repeated periodically according to cadence, the RMS measurement can help in long
term applications to determine gait anomalies inherent to fatigue, stress or injury.
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Fig. 5 Transverse global centroids for human gaits: a normal, b mild crouch and c severe crouch

Table 1 Centroid average of the triangles and area RMS values

Trianglegait RMS (m2) Centx,y,z(m)

TPK−Normal 0.0818 0.0409 −0.2883 0.0005

TPK−Mild crouch 0.0773 0.1975 −0.2171 -0.0214

TPK−Severe crouch 0.0764 0.1697 −0.2083 -0.0217

TPA−Normal 0.2099 −0.0082 −0.5231 0.0001

TPA−Mild crouch 0.1500 0.0986 −0.4452 −0.0101

TPA−Severe crouch 0.1388 0.1511 −0.4619 −40.1063

TPT−Normal 0.2483 0.1470 −0.5511 0.0019

TPT−Mild crouch 0.1835 0.2654 −0.4498 −0.0281

TPT−Severe crouch 0.1649 0.2879 −0.4368 −0.2032

GlobalNormal 0.0599 −0.4542 0.0008

GlobalMild crouch 0.1872 −0.3707 −0.0199

GlobalSevere crouch 0.2029 −0.369 −0.1104
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5 Conclusion

In this work, the use of the no-common metrics such as area, RMS level and centroid
for gait analysis have been presented. Which are used in a novel way to evaluate
the global performance of the lower limbs during the gait cycle for a normal and
crouch gaits in the operational space on the three anatomical planes. The obtained
results are useful to determine the degree of progress or severity of a patient with
the aim of improving the diagnosis or treatment used. The proposal described allows
to determine future contributions. For example, calculation of the area between hip,
knee and ankle or toes for each lower limb; the analysis of the RMS level in the joint
space.
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Rapid Predictive Simulations to Study
the Interaction Between Motor Control
and Musculoskeletal Dynamics
in Healthy and Pathological Human
Movement

Friedl De Groote and Antoine Falisse

Abstract We recently proposed a framework for rapid predictive simulations of
human movement and demonstrated its potential to dissociate the contributions of
neural and musculoskeletal impairments to gait deficits in cerebral palsy. Here, we
give an overview of the framework and its applications, and demonstrate how using
a more complex foot model was important to improve the correspondence between
simulated and measured knee and ankle mechanics in a healthy individual.

1 Introduction

Scientists have long tried to decipher the principles underlying bipedal locomo-
tion with the aim of improving human gait performance and treatment of neuro-
musculoskeletal disorders. A powerful approach to this problem is the use of physics-
based predictive simulations that generate de novomovements based on a mathemat-
ical description of the neuro-musculoskeletal systemwithout relying on experimental
data. However, the high computational time of predictive simulations has limited
model complexity. Although simulations based on models with limited complexity
have greatly contributed to our understanding of the mechanics and energetics of
human gait, they provide limited support for personalized clinical decision-making.
For example, an orthopaedic surgeon planning a single event multi-level surgery in
a patient with cerebral palsy cannot predict the effect of the surgery on the walking
pattern of the patient using a 2D model since such surgeries typically include 3D
corrections of bony geometries.

We recently developed a computationally efficient optimal control framework to
predict human gaits based on complex 3D musculoskeletal models [1]. Human gaits
are predicted by optimizing a performance criterion that describes the high-level
goal of the motor task without relying on experimental motion data. The frame-
work’s computational efficiency results from combining direct collocation, implicit
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differential equations, and algorithmic differentiation. Our framework is more than
20 times faster than existing simulations with similarly complex models.

The low computation time allowed us to explore the effect of the performance
criterion on the predicted kinematics. We found a human like walking gait when
minimizing a weighted sum of metabolic energy rate, muscle activity, joint accelera-
tions, and passive joint torques—all terms squared. The same criterion also predicted
the walk-to-run transition and clinical gait deficiencies caused by muscle weakness
and prosthesis use, suggesting that diverse healthy and pathological gaits can emerge
from the same control strategy.

In a follow-up study, we performed a case study to demonstrate the potential of our
simulation framework to dissociate the contributions of motor control and muscu-
loskeletal deficits to gait impairments in cerebral palsy [2]. We modeled altered
musculoskeletal geometry based on MRI images, altered muscle-tendon properties
by personalizing Hill-type muscle-tendon parameters based on data collected during
functional movements, simpler neuromuscular control by reducing the number of
independent muscle synergies, and spasticity through delayed muscle activity feed-
back frommuscle force and force rate. Our simulations revealed that, in the presence
of aberrant musculoskeletal geometries, alteredmuscle-tendon properties rather than
reduced neuromuscular control complexity and spasticity were the primary cause of
the crouch gait pattern observed for this child. Hence, our simulations suggested that
muscle-tendon properties should be the primary intervention target for this child.
Indeed, the gait pattern of the child was more upright following muscle-tendon
property and bone deformity corrections.

Although we have demonstrated the ability of our simulations to reproduce key
features of healthy and pathological human locomotion, our simulated walking
patterns deviated fromwalking patterns observed in healthy individuals in two ways.
First, we failed to predict knee flexion during mid stance, resulting in lower knee
extension torques and vasti activity than experimentally observed. Second, our simu-
lations underestimated ankle plantarflexion at push-off although the ankle torquewas
in good agreement with experimental data.

Here, we demonstrate that a more complex foot model including toes and a
metatarsophalangeal joint was important to obtain physiologically plausible knee
and ankle mechanics during stance.

2 Material and Methods

We performed simulations using two musculoskeletal models that only differed in
the number of degrees of freedom used to represent the foot. The first model was
an OpenSim model with 29 degrees of freedom, 92 Hill-type muscles actuating the
lower limbs and trunk, and eight torque actuators at the arms [3, 4]. The secondmodel
was derived from the first model by adding an additional degree of freedom to the
foot. The metatarsophalangeal joint had stiffness and damping properties inspired
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by experimental measures and was torque-actuated. We used Hunt-Crossley models
to describe contact with the ground.

We formulated predictive simulations of gait as optimal control problems. We
identified muscle excitations and gait cycle duration that minimized the cost func-
tion described above subject to constraints describingmuscle and skeleton dynamics,
imposing left–right symmetry and prescribing an average gait speed of 1.33 m/s. The
resulting optimal control problems are typically challenging to solve because of the
stiffness of the equations describing muscle and skeleton dynamics. Compared to
othermethods such as direct shooting, direct collocation reduces the sensitivity of the
cost function to the optimization variables by reducing the time horizon of the inte-
gration. Applying direct collocation results in large sparse nonlinear programming
problems (NLP). We improved the numerical conditioning of the NLP by using
an implicit rather than explicit formulation of the muscle and skeleton dynamics.
Additionally, we reduced computational time by applying algorithmic differentia-
tion, rather than finite differences, to compute the derivatives required by the NLP
solver.

Simulated kinematics, kinetics andmuscle activitieswere evaluated against exper-
imental data collected in one healthy adult. The subject walked overground at a self-
selected speed of 1.33 ± 0.06 m/s. The musculoskeletal model was scaled to the
subject’s anthropometry based on marker information from a standing calibration
trial. Joint kinematics were calculated based on marker coordinates. Joint kinetics
were calculated based on joint kinematics and ground reaction forces.

3 Results

The correspondence between measured and simulated kinematics, kinetics and
muscle activations was markedly better when including the metatarsophalangeal
joint in the model (Fig. 1). Hip kinematics and kinetics were similar for both models.
Modeling the toes was important to predict knee flexion, knee extension torque and
vasti activity during stance. Modeling the toes increased ankle plantarflexion during
push-off although initiation of the plantarflexion movement occurred sooner than
experimentally observed.

4 Discussion

It has been suggested that a walking movement with knee flexion during mid-stance
requiring a knee extension torque and thus activity of the vastimuscles is energetically
less efficient but improves stability against internal and external perturbations [5].
Here, we demonstrate that knee flexion during mid-stance is optimal even when not
accounting for robustness against perturbations. The main terms in our cost function
were metabolic rate and muscle activity, which are both related to gait efficiency.
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Fig. 1 Simulated and experimental gait kinematics, kinetics and muscle activities as a function
of the gait cycle (heel contact to heel contact). Experimental data are shown as mean ±2 standard
deviations

Hence, if knee flexion is indeed needed for stability, stability and efficiency might
not be conflicting requirements. We are currently extending our optimal control
framework to a robust optimal control framework to study how robustness against
perturbations shapes movement.

5 Conclusion

We expect that the ability to accurately and efficiently predict gait patterns based on
complex musculoskeletal models will enable optimal design of treatments aiming to
restore gait function in the future.
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Sit-to-Stand Models of Older Adults
Should Include Muscle Nonlinearities
and Arms

Matthew Millard and Katja Mombaur

Abstract Standing from a chair is a demanding daily activity that many older adults
find challenging because it requires large knee extension torques. Using a muscu-
loskeletal model we first solve for the state trajectories that track the sit-to-stand
movements of an older adult. Next, we solve for the state trajectories that predict
a sit-to-stand movement by minimizing the sum of squared muscle activations. We
use these simulation results to examine how well the predicted movements mimic
the tracking solution and examine which of the nonlinear properties of muscle most
affect the sit-to-stand movement.

1 Introduction

Many older adults struggle moving from sitting to standing (STS) safely and as
a result more falls occur during STS transitions than during walking [1]. Existing
simulation studies of STS show that a relatively complexmodel is required to simulate
STSmovements accurately. Norman-Gerum andMcPhee illustrated that a compliant
buttocks-chair model is required [2] due to the large deformations present during
STS even among lean adults (3–6 cm). The simulations of Mombaur and Hoang
[3] show that arms, which are typically excluded, can be used to ease the STS task.
Bobbert et al. [4] included nine Hill-type muscles in their musculoskeletal model
which they used to show that weakness and the avoidance of contact forces at the
knee affects predicted motions. Only Norman-Gerum and Bobbert et al. compared
their simulations to experimental data, and in both cases the data was recorded from
fit younger adults.
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In this work we investigate how the predicted motions of a musculoskeletal model
compare to the STS data of an older adult (age 78) who is free of any impairment.
To evaluate the accuracy of our simulations we compare a solution in which the
model tracks the movements of the participant to a solution in which the model
minimizes muscle activation squared. Under the common assumption that weakness
is a dominant factor affecting sit-to-stand, we examine how the active-force-length
and force-velocity multipliers of the knee extensors vary during STS to see which of
these two characteristics is most limiting.

2 Methods

Motions and ground forces were recorded from an older adult female [5] (age 78,
1.58m tall, 58kg) during STS transfers. 1 Using the participant’s height and mass we
scaled a 17-degree-of-freedom (DOF) rigid body model to the participant (Fig. 1a).
The compliant circle-plane contact model of Norman-Gerum andMcPhee [2] is used
to model buttocks-seat interaction with static friction assumed. Foot-ground contact
is modelled using kinematic constraints applied between a point located at the heel
and toe of each foot (Fig. 1b).

Muscles are modelled as pairs of agonist-antagonist muscle-torque-generators
(MTG) at each joint (Fig. 1b) [6]

τM = τ ISO(a tA(θ) tV(θ̇) + tPE(θ)) (1)

where τM is the torque developed by theMTG, τ ISO is the max. isometric torque, a is
the activation of theMTG, tA(θ) is the active torque-angle characteristic, tV(θ̇) is the
torque-velocity characteristic, and tPE(θ) is the passive-torque angle characteristic.
The strength and speed of the leg MTG’s were taken directly from measurements
made on senior females [7]. The strength and speed of the trunk was scaled using the
strength ratio between a senior female and a young male at the hips (0.34) [7]. The
strength of the arms was scaled using the ratio of elbow flexion strength measured by
[8] to that of a young male [6] (0.47). First order activation dynamics were used but
with a single time constant to ensure that the derivative is continuous to the second
derivative.

To synthesize the movements of the model we use a direct multiple shooting
method described by [9] and implemented in the software package MUSCOD-II
developed by [10]. To reduce the numerical stiffness of the model we included the
buttocks-seat model implicitly and used the constrained-inverse-dynamics method
of Koch [11] to simulate the model. We use these methods to numerically solve for
the state trajectory that tracks the recorded experimental q and q̇ in the sense of
least-squares (LSQ), and also to solve for the state trajectory that predicts motion by
minimizing muscle activations squared (Min. a2).

1 Approved by the IRB of the medical faculty of Heidelberg University.
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[6], interacts with the chair through a compliant contact model (at point PI), and with the ground
through kinematic constraints at the heel (PHR, PHL) and toe (PTR,PTL) of each foot (b)

3 Results

The knee extensors are the most active muscles during STS in both the tracking
and prediction solutions which is consistent with the literature [12]. While the tA(θ)

profiles have the same trends between the two solutions (Fig. 2a) the tV(θ̇) profiles
differ: the participant favors a knee velocity profile that is faster but less forceful
than the prediction solution (Fig. 2b). At seat-off the values of tA(θ) (0.85) and tV(θ̇)

(0.88) of the tracking solution are nearly identical. In contrast, the prediction solution
favors a faster movement and so the value of tV(θ̇) ends up being smaller (0.64),
and therefore more limiting, than the value of tA(θ) (0.85) at seat-off resulting in a
shorter STS duration (1.8s vs. 2.2s).

Both the participant and movement prediction used the arms to dynamically assist
the STS motion. That the participant actively used her arms, unbidden, is a strong
argument for the inclusion of arms in STS models. It is also a strong argument
that, when simulating an older adult, the results should be compared to experimental
measurements taken from older adults: younger adults do not typically use their arms
during STS. Although the use of the arms by both the tracking and the prediction
solution is encouraging, there are clear differences between these solutions (Figs. 2
and 3).
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Unfortunately,we can only speculate about the reasons for the differences between
the tracking and prediction solutions. The strength of themodel likely differs from the
participant because, even though the MTGs have been fitted to data measured from
females over 65, the MTGs have not been fitted to this participant. Given accurately
fitted muscles and enough STS trial data we could fit a cost function that would
produce predictions that match the participant’s average movements. However, trial-
to-trial variability would remain unexplained. Hauer et al. [13] demonstrated that
perhaps much of the observed variability can be attributed to attention: introducing a
distraction-task during strength measurements produced reductions of 20%–50% in
relative strength in older adults. While this does not make modeling and simulation
any easier, the effect of distraction on the capacities of older adults seems too great
to ignore.

4 CONCLUSION

Both arms and the nonlinear properties of muscle are important to include in STS
models of older adults. Simulations of older adults should be compared to experi-
mental data measured from older adults: younger adults are a poor approximation.
Finally, the influence of distraction on the movement of older adults warrants further
study.
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Functional Analysis of Upper-Limb
Movements in the Cartesian Domain

Marco Baracca, Paolo Bonifati, Ylenia Nisticò, Vincenzo Catrambone,
Gaetano Valenza, A. Bicchi, Giuseppe Averta, and Matteo Bianchi

Abstract The characterization of human upper limb kinematics is fundamental not
only in neuroscience and clinical practice, but also for the planning of human-like
robot motions in rehabilitation and assistive robotics. One promising approach to
endow anthropomorphic robotic manipulators with human motion characteristics is
to directly embed human upper limb principal motion modes at joint level, which
are computed through functional analysis, in the robot trajectory optimization. This
planning method poses some challenges when the kinematics of the manipulator is
different from the model used for human data acquisition. In a previous work, we
proposed to tackle this issue by mapping human trajectories onto robotic systems
relying on Cartesian impedance control. An alternative method could move from
the application of the functional analysis to human upper limb kinematics, work-
ing directly in the Cartesian domain. In this work, we present the results of this
characterization on the data from 33 healthy subjects during the execution of daily-
living activities. We found statistical differences between the amount of variability
explained by a given number of basis elements in different directions of the Cartesian
space. This suggests that some directions of the space are associated with a more
complex motion evolution with respect to others, opening interesting perspectives
for robot planning, neuroscience and human motion control.
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1 Introduction

The investigation of human upper limb kinematics is fundamental in different fields,
which include neuroscience, clinical practice but also the generation of human like
motionswith anthropomorphic robots, with important implications also in rehabilita-
tion and assistive robotics [1]. Indeed, human-likeness is an important step to ensure
the safety and acceptability of the human-robot interaction. To study the tempo-
ral coordinated evolution of human movements, one interesting approach leverages
on the application of functional analysis. In a nutshell, the idea is to move from a
database of movements collected from humans and to identify a basis of time-series
whose combination is able to reconstruct any arbitrary movement. One approach to
do this is through functional Principal Component Analysis (fPCA) [2], which can be
regarded as a functional extension of standard Principal Component Analysis (PCA).
One of the benefits of this approach is that the basis of functions extracted from data
is ordered following the amount of variance in the dataset that each function can
explain (which is similar to what happens in static conditions with PCA).

More specifically, let us assume a database of movements described in a
N-dimensional space: x(t) : R → R

N where t ∈ [0, 1] is the normalized time. A
generic upper limb motion x(t) can then be decomposed in terms of the weighted
sum of base elements Si (t), or functional Principal Components (fPCs): x(t) �
x̄ + S0(t) + ∑smax

i=1 αi ◦ Si (t) , where αi ∈ R
N is a vector of weights, Si (t) ∈ R

N is
the ith basis element or fPC and smax is the number of basis elements considered. The
operator ◦ is the Hadamard product, x̄ ∈ R

N is an average configuration extracted
from data while S0 : R → R

N is the average trajectory, aka zero-order fPC. The
output of fPCA, which is calculated independently for each dimension of the space,
is a basis of functions {S1, . . . , Ssmax} that maximizes the explained variance of the
movements in the collected dataset. Given a dataset with M elements collecting the
trajectories recorded in a given dimension j , the first fPC Sj,1(t) is the function that
solves the following problem

max
Sj,1

N∑

j=1

(∫

Sj,1(t)x j (t)dt

)2

subject to ||Sj,1(t)||22 =
∫ 1

0
S2j,1(t)dt = 1 .

(1)

Subsequent fPCs Sj,i (t) are, again, the functions that solveEq.1with an additional
orthogonality condition imposed by

∫ 1
0 Sj,i (t)Sp(t)dt = 0 , ∀p ∈ {1, . . . , i − 1} .

The core idea is that the output of this process is an ordered list of functions that
are organised following the importance that each function has in reconstructing the
whole dataset.

Note that this formalization of human trajectories is very compact and full of
information, and can enable several practical implementations. For example, one can
observe that the higher is the number of functional PCs required to reconstruct one
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Fig. 1 Variance explained by the first 10 fPCS (blue bars, median and interquartile range) and its
cumulative value (magenta line) for each DoF. The label T indicates translations, while label R
indicates rotations. The subscript x refers to coronal axis, y to the transversal axis and, finally, z to
the sagittal axis

specific movement, the more complex (or jerky) the motion is. This can have a direct
impact for the evaluation of motion impairment, for example as a consequence of a
stroke event [3], or to design incremental algorithms of human-like motion planning
[1]. Indeed, a possible approach to the planning of robotic manipulators is to embed
human upper limb principal motionmodes at joint level, which are computed through
functional analysis, in the robot trajectory optimization. This planning method poses
some challenges when the kinematics of the manipulator is different from the model
used for human data acquisition. In a previous work, we proposed to tackle this issue
by mapping human trajectories onto robotic systems relying on Cartesian impedance
control [4]. An alternative method could move from the application of the functional
analysis to human upper limb kinematics, working directly in the Cartesian domain.
In thiswork,we present the results of this characterization on the data from33 healthy
subjects during the execution of daily-living activities. We studied the stability of
the fPCs in terms of shapes and importance across subjects and across different
directions of the movements (intended as translation and orientation of the hand).

2 Functional PCs in Cartesian Domain

To study the fPCs in Cartesian domain we leveraged on data (collected in [2]) of 33
healthy participants (17 women, 26.6 y.o. on average, all right-handed) who were
asked to perform a set of 30 activities of daily living, each repeated 3 times. Spatial
movements of arm, forearm and hand were recorded through optical motion track-
ing (Phase Space®) using a redundant set of 20 markers fastened to the upper limb.
An Extended Kalman Filter was then used to estimate the pose (in term of Carte-
sian position and orientation with respect to a reference system placed on the torso)
of the hand in the 3D space during the whole motion execution. This procedure
resulted in six independent DoFs describing the temporal evolution of hand pose
during the task execution, three for the position in 3D space (X: upward; Y: right-
ward; Z: forward), and three for the relative orientation between the hand and the torso
reference systems (Euler angles, ZYX parametrization). To enable temporal compar-
ison between different trials, we performed Dynamic TimeWarping, i.e. a procedure
whichmaximises the covariation between different trials, ultimately resulting in syn-
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chronized signals. More details can be found in [1]. Functional PCAwas then used to
identify - for each of the six DoFs defining the pose of the hand—the basis of func-
tional components that approximate the variability of the recorded dataset (as in [1],
we chose 15 5th order splines). As briefly mentioned in the previous section and
extensively discussed in [1], the number of components that are necessary to explain
a certain degree of variance in the data is related to the overall complexity of the
movement. In other terms, if one DoF requires a higher number of independent com-
ponents to explain the same amount of variance w.r.t. another, then we can argue
that the first DoF is characterized by a more complex behavior. So far, to generate a
generic motion using the fPCs, we used the same number of fPCS for all the DoFs of
the model. This was justified by the fact that the planning was executed at the joint
level. However, knowing in advance whether some DoFs require a lower number
of components w.r.t. others may be exploited to simplify the planning problem in
terms of number of coefficients to optimize. Furthermore, by working in the Carte-
sian domain, we could overcome the issue of mapping human functional modes onto
robotic systems with dissimilar kinematics.

We observed that there are statistical significant differences between the complex-
ity of the motion for different Cartesian DoFs. Indeed, as depicted in Fig. 1, although
a very reduced number of independent fPCs can approximate with high accuracy the
human movements in all the DoFs of the hand, which is in line with previous obser-
vations [2], there is a not-negligible difference in complexity across DoFs. Indeed,
while for Ty the first fPC reaches the 50% of the total variance (50.33 ± 7.387), if
we consider Tz , the variance explained by the first fPC is typically higher than 70%
(74.85 ± 9.025). Because our data does not satisfy a condition of normality, to prove
that differences across DoFs are statistically relevant we performed Wilcoxon rank
sum test, which is a statistical non parametric test that can be applied on non-normal
data. The comparison was performed for each DoF and for all the subjects, and the
p value was then corrected with Bonferroni to compensate for multiple tests. Con-
sidering the translation DoFs, our analysis resulted in statistical difference between
the variance explained by the first fPC (p < 0.05) in all the DoFs except between
Tx and Tz . Regarding the rotational DoFs, instead, we observed statistical difference
(p < 0.05) only between Ry and Rz , while no statistical difference is detectable
between Rx and Ry and Rx and Rz . Statistical difference was observed between
the variance explained by the second fPC (p < 0.05) for all the DoFs of the hand
rotation/translation except for differences between Rx and Rz , which are not statis-
tically relevant. Regarding the third fPC, statistical difference between the variance
explained was observed between all the DoFs, unless Tx and Tz and Rx and Rz ,
while essentially no differences can be reported for higher order functional Princi-
pal Components (which account for a very limited amount of variability). To verify
whether differences are detectable only in terms of “importance” of fPCs, or also the
shape of the components is changed considering different directions (intended here
in a general meaning of translations and rotations), we also verified the similarities
between fPCs associated to different DoFs, calculated as dot product between vec-
tors. We obtained very high similarities for fPC1, with a mean and std value equal to
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0.91 ± 0.15, while the higher order components show an increased variability, i.e.
0.58 ± 0.28 for fPC2 and 0.48 ± 0.27 for fPC3.

These results suggests that a different level of complexity characterizes the move-
ment of the hand in the Cartesian domain. This open interesting questions for future
research in neuroscience but also for the planning of human-like movements of com-
panion robots or exoskeletons [1].
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AMachine Learning Approach for
Near-Fall Detection Based on Inertial
and Force Data While Using a
Conventional Rollator

Nuno Ferrete Ribeiro, Ana Pereira, Joana Figueiredo, José A. Afonso,
and Cristina P. Santos

Abstract Falls are amajor concern for society. Theymay result in death or in several
injuries that requiremotor assistance, representing an economic burden. To overcome
these problems, a diversity of fall prevention strategies implemented on assistive
devices such as smart walkers, have been widely explored. This study presents a
novel strategy by using exclusively information from wearable sensors to detect
near-falls while the subject uses a conventional rollator. A comparative analysis was
performed to identify the most suitable classifier and the most relevant subset of
features for detecting near-fall events. Ten able-bodied subjects performed 240 trials
and simulated 180 near-falls with the rollator. The Ensemble Learning with the first
51 ranked features by the mRMR presented the best performance results (Accuracy
= 95.18%; Detection time before recovery= 1.48 ± 0.68 s). The results show that
this strategy is suitable for use with conventional rollators, which are more used than
smart walkers.

1 Introduction

WHEN smart walkers detect situations that may lead to a fall, they usually stop
providing support to the user [1]. Current fall prevention strategies usually require
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information from non-wearable sensors placed on the walker, e.g. laser range finders
(LRF) [2], stereo cameras [3], force/torque sensors [2], and depth cameras [4]. Smart
walkers are less used than conventional rollators. However, the number of near-
fall detection strategies for conventional rollators is lower. To the best knowledge
of the authors, there is yet no near-fall detection strategy completely independent
from the rollator and based only on an Inertial Measurement Unit (IMU) placed
at the user’s lower trunk and Force Sensitive Resistors (FSRs) in the feet. These
sensors have already been studied as mentioned in [5] but without the support of any
conventional rollator. This study aims therefore to implement the abovementioned
strategy. A comparative analysis was performed to understand which is the most
suitable machine learning classifier for near-fall detection, as well as the subset
of most representative features. This will allow to understand what information is
really important for this classification problem towards the minimal sensor setup and
computational load for real-time application.

2 Methods

2.1 System Overview and Experimental Protocol

The proposed system (Fig. 1) comprises an IMU located near to L5 lumbar vertebra
and S1 sacral vertebra where the Center of Mass (CoM) is usually considered; shoes
equipped with four FSRs to detect foot contacts with the ground; and Arduino for
sensor data acquisition at 100Hz. Trunk’s acceleration and angular velocity were
measured on three directions: Anteroposterior (AP), Vertical (V) and Mediolateral
(ML). The experiments involved 10 able-bodied subjects (5 females and 5 males)
with a mean age of 25.00 ± 1.61years old, a mean height of 1.69 ± 0.11m and a
mean weight of 66.50 ± 11.32kg. All participants provided written and informed
consent, respecting the ethical conduct defined by the University of Minho Ethics
Committee. Participants were asked to walk with the support of a rollator for 4
different activities at 2 different gait speeds (comfortable and slow): walk forward
for 10m; andwalk forward and simulate near-falls to the right, left and forward. Each
simulation was performed after an audible sound randomly applied by the assessor.
Participants performed three trials per condition.

2.2 Data Processing and Machine-Learning Approach

We performed the following procedures after data collection: (i) data processing
using a 1st order lowpass filter (exponential smoothing) with 0.5 as the smooth-
ing factor and a cut-off 10Hz [6]; (ii) feature calculation which resulted in a data
set with a total of 169 features (Table 1); (iii) feature normalization by subject’s
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b)a)

FSR & 
Straps

FSR & 
Straps

Waistband
IMU

Fig. 1 System description: a Waistband IMU and rollator; b Wearable sensors location (IMU—
back lower trunk; FSR—heel and toe)

height and min-max scaling [0;1]; (iv) feature selection by using two methods—
Minimum-Redundancy Maximum-Relevancy (mRMR) and Relief-F - and adapting
Principal Component Analysis (PCA); (v) data labelling where near-falls only were
considered after the last valid and regular step before the near-fall simulation; and
(vi) splitting data by using the hold-out method (70% and 30% for training and test,
respectively). Subsequently, we implemented a 5-fold cross-validation (CV) with 10
repetitions using only training data to: (i) select the best subset of features respecting
the rankings; and (ii) compare machine learning classifiers (Discriminant Analysis,
K-Nearest Neighbors—KNN, Ensemble Learning, Decision Tree—DT, and Sup-
port Vector Machine) using only the subset of features found previously. From these
procedures, we identified the most accurate machine learning classifier for near-fall
detection and conducted a hyperparameter optimization. Lastly, we implemented a
post-processing method that uses the current and past classifier outputs to eliminate
misclassifications.

3 Results and Discussion

A total of 180 simulated near-falls using a conventional rollator were analyzed for
near-fall detection. Based on 5-fold CV results, the best performances were achieved
with KNN, Ensemble Learning and DT with features ranked by mRMR and Relief-
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Table 1 Feature Table (51 features ranked by mRMR in bold)

Feature description

Acceleration - Acc (V, ML, AP), Angular velocity - Gyr (V, ML, AP)

4 FSR signals: toe right, heel right, toe left, heel left

Sum Vector Magnitude (SumVM) of Acc and Gyr*

Skewness, Kurtosis, Minimum, Maximum (AP), Mean, Variance, Standard deviation of Acc -
(V, ML, AP)

Skewness, Kurtosis, Minimum, Maximum (ML), Mean (ML), Variance, Standard deviation of
Gyr - (V, ML, AP)

Skewness, Kurtosis, Minimum, Maximum (Gyr), Mean, Variance, Standard deviation of
SumVM of Acc and Gyr

Correlation between axes - Acc and Gyr - (V-ML, V-AP, ML-AP)

Acc after high-pass filter (AP, ML, V)**

SumVM of Acc raw data*, Dynamic Sum Vector*, Vertical Acc*, Total Angular Change,
Resultant Angular Acc**, Activity Signal Magnitude Area (ASMA)**, Signal Magnitude Area
(SMA)

Peak-to-peak values (PPV), Root Mean Square (RMS) (AP), Ratio Index (RI), RI of PPV of
Acc - (V, ML, AP)

PPV, RMS (V, AP), RI, RI of PPV of Gyr - (V, ML, AP)

PPV, RMS, RI, RI of PPV of SumVM of Acc and Gyr

Quaternions**, Roll**, Pitch**, Yaw** and Absolute vertical Acc*

SumVM of resultant angle change*, Maximum resultant angular acceleration, Sum of
Flutuation Frequency, SumVM of Resultant of Average Acc*, SumVM of Resultant of
Standard Deviation*

Resultant angle change**, Flutuation Frequency, Resultant of Average Acc** (AP, ML),
Resultant of Standard Deviation** (AP, ML), Gravity Component*, Velocity (AP, V),
Displacement (AP, V), Cumulative horizontal sway length, Mean sway velocity (ML, V),
Displacement Range - (AP, ML, V)

Slope**, Fast Change Vector, SumVM of horizontal plane*, EMA**, Rotational Angle using
Acc**, Z-score*, Magnitude of Angular Displacement*, Acc and Gyr Resultant of Delta
Changes**, Cumulative horizontal displacement

* - features that require only the current sample from initial data; ** - features that require only the
current and the previous sample from initial data; Excepting features 1–10, the remaining features
require a time-window of 5 samples (current sample and the 4 previous ones)

F. However, the KNN stands out with the following performance and with the first
59 ranked features by Relief-F: Accuracy= 99.93%, Sensitivity (SENS)= 99.71%,
Specificity (SPEC)= 99.97%, Precision (PREC)= 99.81%, F1-score= 99.76% and
Matthews correlation coefficient (MCC)= 99.71%. The following classifiers appear
below with an accuracy higher than 99%: KNN (60 features - mRMR), Ensem-
ble Learning (60 features—Relief-F), Ensemble Learning (51 features—mRMR)
and DT (20 features - Relief-F). The classifiers were further tested with unseen
data. The Ensemble Learning achieved the best performance using the first 51 fea-
tures ranked by the mRMR (Table1): Accuracy= 95.18%, SENS= 71.63%, SPEC=
99.33%, PREC=94.96%, F1-score= 81.66%andMCC=79.99%). The hyperparame-
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ter optimization outcomes are: (i) EnsembleAggregationMethod - Bag; (ii) Learning
Cycles - 498; (iii)MinimumLeaf Size - 1; and (iv) NoLearnRate. Although accuracy
and specificity values are high, the sensitivity value is low. Thus, we implemented a
post-processing method based on a time window that contains the current and past
classifier outputs to increase this value. A window size of 22 samples was obtained
with training data. When using test data, a near-fall was detected on average 0.71 ±
0.48 s after the start and 1.48 ± 0.68 s before the recovery, being able to detect all
56 near-falls. The number of misclassified normal walking samples decreased 98%.
Although more detailed, our results are in line with the scientific literature [1–4].

4 Conclusion

We presented the Ensemble Learning with the first 51 features ranked by the mRMR
from wearable data as an effective strategy for near-fall detection when walking
with conventional walkers, advancing the state-of-the-art strategies that are focused
on smart walkers less usually used by end-users. The proposed strategy is accurate
(higher than 95%) for a considerable sample of healthy subjects and detection times
indicate a detection closer to the beginning of the near-fall than to the recovery stage.
Future work focus on (i) investigate the best IMU location and computational load of
the proposed strategy; (ii) use data from older adults to obtain results more related to
end-users; and (iii) use this information in a closed-loop system capable of actuating
in high fall risk situations preventing the fall.
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Clustering of Data that Quantify the
Degree of Impairment of the Upper Limb
in Patients with Alterations of the
Central Nervous System

Anaya-Campos L., Quiñones-Uriostegui I., Quijano Y., and Bueyes-Roiz V.

Abstract Previous studies have sought to improve the way of classifying upper
limb motor involvement in patients with alterations or pathologies in the central
nervous system, so it has become of great importance to find an objective way of
measuring and classifying the degree of ability to move. This work compares two
classification methods to be able to group the SSULF scale into five classes to have a
better assessment and degree of upper limbmotor functionality in patients diagnosed
with spinal cord injury or vascular brain event.

1 Introduction

This article contains the comparison between K-Means and C-Means clustering
methods using a cloud of clinical data from patients of the Luis Guillermo Ibarra
Ibarra National Institute of Rehabilitation obtained for functional evaluation of the
upper limb in patients with pathologies in the nervous system. Such as spinal cord
injury (BF) and vascular brain events (CVD).

These data were obtained by carrying out the Sorting Block Box (SBB) protocol
within the institute, which consists of specific activities for filling and emptying the
board. The SBB together with an inertial IMU sensor assess the patient’s motor
ability and after processing this data obtained from the board together with that of
the IMU in specialized software, a smoothness of movement value is given for its
interpretation for medical assessment [3][4].

With studies of smoothness of movement, new smoothness quantification metrics
were introduced and compared among them to see which one obtained a better
smoothness result. Smoothness of movement is shown as an effective, reliable and
adequate measure to evaluate the upper limb, as well as smooth and coordinated
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Fig. 1 Measurement
protocol with the SBB[1]

movements are an indication of healthy humanmotor control and learning [1]. These
studies on the smoothness of movements, concluded in the realization of a new
smoothness metric called Spectral Arc Length Metric (SALM) defined as the arc
length of the amplitude and the frequency normalized Fourier magnitude spectrum
of the speed profile, considering a movement with a velocity profile v(t):

nsal = −
∫ ωc

0

√
(
1

ωc
)2 + (

dV (ω)

dω
)2 ∗ dω (1)

V (ω) = V (ω)

V (0)
(2)

where in the equation, ωc = 20 Hz, is the frequency band that covers normal and
abnormal human movements and V (ω) is the Fourier magnitude spectrum of v(t).

Taking into account that this SALM metric uses kinematic data such as speed, it
serves to detect the differences between motor control skills, learning and recovery,
among all the metrics under investigation it is the chosen candidate to use in the
experimental data of this work [1–3].

The Smoothness Scale for Upper Limb Function (SSULF) are the categories
obtained from the analysis of previous SALM results that were used as scores for
the proposed new scale [3][4].

2 Methods

After the experimentation process, the data obtained froma total of 2688SBB repeats,
the results obtained from the SALM of the control group and the diagnosed patients
were used to construct a validation for extreme groups using two different methods
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Fig. 2 Result of the
quantification of a task using
the SALM metric

Fig. 3 The scatter diagram shows the distribution of the data of all the 16 different subtasks from
Sorting Block Box with the use of Shimmer IMU in the comparison of SALM vs SALM average

(K-means and Fuzzy C-means) of clustering using the same data to compare and
determine which one best classifies the data.

Now, compared to the twomethods proposed in this study, the following table was
created to compare the results obtained with the different grouping methods. You
can see the difference between the limits of each class for the new SSULF metric
proposed in this study. We can see that the Fuzzy C-means method is the one that
has the classes with the limits less separated than the other techniques, so we can
assume that the classification is better for our purpose (Table 1).
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Table 1 Results of the 2 methods of clustering

SSULF

No. limits 1 2 3 4 5

(1) MIN 0 2.20 3.15 4.72 7.63

MAX 2.19 3.14 4.71 7.62 max

(2) MIN 0 2.11 2.96 4.38 7.03

MAX 2.10 2.95 4.37 7.02 max

1. K-Means, 2. Fuzzy C-Means

Fig. 4 Graphical comparison of the two clustering methods

3 Discussion

There are several applications where decision making and exploratory pattern analy-
sis must be performed on large data sets. Studies of fuzzy or neuro-diffuse clustering,
weighted arithmetic average, unweighted arithmetic average, room method, neural
network methods are proposed, knowing that clustering is a subjective process; the
same set of data elements often needs to be partitioned differently for different appli-
cations. This subjectivity makes the grouping process difficult.
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4 Conclusion

As a conclusion of this analysis, we can determine that with the data obtained and the
classification made with the two methods, we decided that the classification made by
The Fuzzy K-means method is more consistent because it has a greater sensitivity
when separating the classes, that is, the classes are less separated from each other in
their values, which makes them have a greater capacity when determining if a data
is of one kind or another.

As this study is not definitive, since there aremore and different groupingmethods,
future work could cover these doubts and clarify whichmethod could achieve a better
classification of the data presented, although with the approach made with these
methods they give a sample of that they do work and classify as expected.
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Artificial Neural Networks to Quantify
Motor Skills in Children with Cerebral
Hemiparesis

L. Anaya-Campos, I. Quiñones-Uriostegui, Y. Quijano, and V. Bueyes-Roiz

Abstract Previous studies have sought to improve the way of classifying upper limb
motor involvement in patients with alterations or pathologies in the central nervous
system, so it has become of great importance to find an objective way of measuring
and classifying the degree of movement capacity. This work uses the artificial neural
networkmethod to quantify themotor skils at five levels of the SSULF scale proposed
to have a better assessment of the degree of upper limbmotor functionality in patients
diagnosed with cerebral hemiparesis.

1 Introduction

Cerebral Palsy (CP) is a group of permanent pre, post, and perinatal disorders of
development, motion, and posture due to non-progressive changes that occur during
brain development, as a result of injuries to the Central Nervous System [1].

The SortingBlockBox consists of a boardwith holes in different geometric shapes
(box, triangle, circle, rectangle) and 4 pieces of wood that must be placed in their
respective spaces; said board has various sensors inside that detect the force of the
movement and whether or not the piece is in place, in addition to this, the information
is being transfered by a data acquisition card, to a computer [4]. After completing
a part filling or emptying task, a program developed in LabVIEW (National Instru-
ments, USA), generates two data files with the information collected from the various
sensors involved, to be analyzed later. In addition to the SBB, an inertial IMU sensor
is placed on the back of the hand in order to quantify the trajectories [5] (Fig. 1).

Each trajectory delimits a sub-movement [3], that is, a sub-movement is to take the
orange piece with the right hand and place it in its hole and another sub-movement
is the action is to press the green button indicating the end of the movement; that’s
called a filling task. The next submovement would be to take the orange piece from
the hole and return it to its original place and then press the green button indicating
the end of the movement; This is called the emptying task. Taking this into account,
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Fig. 1 Sorting Block Box board. The distances (cm) of the ideal trajectories traveled by the left
arm (left) and the right arm (right) are shown

being 4 pieces with 4 movements and each movement with 2 sub-movements, it
gives us a total of 16 sub-movements to analyze. The use of three metrics will give
us themeasurement results of the children. Thesemetricswere determined by reading
bibliographies and previous studies carried out as smoothness of movement metrics
[2, 3, 5].

The Spectral Arc Length Metric is defined as the size of the Fourier spectrum
curve of the velocity profile of a motion:

nsal = −
ωc∫

0

√
(
1

ωc
)2 + (

dV (ω)

dω
)2 ∗ dω (1)

V (ω) = V (ω)

V (0)
(2)

where in the equation, ωc = 20 Hz, is the frequency band that covers normal and
abnormal human movements and V (ω) is the Fourier magnitude spectrum of v(t).

The Peaks Metric is the number of local maxima in the speed profile of a move-
ment:

npm � −# {vmáxima} (3)

vmáxima �
{
v(t) : dv

dt
= 0 &

d2v

d2t
< 0

}
(4)

The LogDimensionless JerkMetric is the negative log of the Jerk (third derivative
of position with respect to time) total normalized to the square:
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nld j � −ln

(
(t2 − t1)3

v2
peak

∫ t2

t1

∣∣∣∣d
2v

dt2
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2

dt

)
(5)

vpeak � max
t∈[t1,t2]

v(t) (6)

2 Methods

After the experimentation process, the data obtained from a total of 2784 evaluations
with the SBB, the results obtained from the three metrics of the control group and
the diagnosed patients were used to construct a validation for extreme groups using
the K-method. means of grouping.

Using the K− means grouping method, we obtained the results shown bellow
with a total of 5 clusters for the SSULF classification the parameter limits of each
SSULF class of the SALM metric:

SSULFSALM =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

1. 0 ≤ SALM ≤ 2.2123

2. 2.2123 < SALM ≤ 3.2256

3. 3.3356 < SALM ≤ 5.1387

4. 5.1387 < SALM ≤ 9.0882

5. 9.0882 < SALM

(7)

SSULFPM =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

1. 0 ≤ PM ≤ 35.1

2. 35.1 < PM ≤ 135.85

3. 135.85 < PM ≤ 292.5

4. 292.5 < PM ≤ 451.75

5. 451.75 < PM

(8)

SSULFLDJM =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

1. 0 ≤ LDJM ≤ 27.95

2. 27.95 < LDJM ≤ 105.3

3. 105.3 < LDJM ≤ 247.65

4. 247.65 < LDJM ≤ 451.75

5. 451.75 < LDJM

(9)
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Fig. 2 Final assessment with the SSULF scale using as a basis the classification by artificial neural
networks with 16 inputs and 3 hidden layers with 8-10-12 neurons per layer

3 Results

Using these limit values for eachSSULFmetric, neural networks of different values in
hidden layers were trained to train to identify the SSULF value of each assessment.
Now with the trained neural network, the value of the 16 subtasks per attempt is
entered and the network returns the classification, in this case the level of assessment
in which the subject falls, from the SSULF scale, as can be seen in the Fig. 2.

4 Discussion

The segmented analysis presented focuses primarily on functional assessment of the
upper limbwith the help of the SBB. In this study, the use of this device as amethod of
taking information about themovement of subjects diagnosedwith cerebral palsy and
their understanding. The movements of the filling and emptying actions of the SBB
board could be assessed through three smoothness metrics (SALM, PM, LDJM).
These metrics were found to be effective in assessing functionality between healthy
subjects and subjects diagnosed with hemiparesis. The three metrics were able to
demonstrate the differences between an affected and unaffected upper limb of the
same individual.
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5 Conclusion

However, there were variations between magnitudes recorded on the PM scale that
showed differences in the values obtained due to the time it took for the subjects to
finish the movement. On the other hand, the SALM and LDJM metrics tend to show
less abrupt changes no matter how long it takes the subject to perform each action.
The use of softness metrics has been shown to be an effective indicator of upper limb
movement by showing the differences between an affected limb and an unaffected
limbdenotingdifferences between trajectory changes, limb spatial position and trunk,
as well as flexion and shoulder extension. Likewise, softness is an indicator of the
motor control and spatial-temporal coordination of the subject that leads to an even
deeper analysis than that presented in this document. This subsequent analysis due
to the omitted variables is proposed later in the future work.
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Analysis of a Predictive Forward
Simulator of Human Gaits

T. Bonis, N. Pronost, and S. Bouakaz

Abstract Although predictive forward gait simulators have existed for a little while,
only few sensitivity studies have been proposed. We present a study analysing preci-
sion, accuracy, stability and sensitivity of such simulator. We studied a gait simulator
based on the trajectory mimicking method proposed by Lee et al. [1]. We assessed
the effect of motion variation on the resulting gait simulation using the sensitivity
analysis method proposed by Saltelli et al. [2]. Our method supports the use of this
simulator for prediction.

1 Introduction

In recent years, predictive gait simulators met some successfull applications. Lee
et al. [1] showed that muscle contraction patterns and post-operation gaits can be
predicted. Falisse et al. [3] can predict transitions between walking and running, the
effects of some muscles weaknesses, and the effects of wearing an orthosis. To our
konwledge, only Falisse et al. [3] studied the sensitivity of their framework, and
only to foot shape variation. We propose a method to analyze the sensitivity of such
simulator to many parameters. We illustrate our method on a simulator proposed by
Lee et al. [1].

The simulator proposed by Lee et al. trains a neural network (NN) to produce
stable walking simulations using target position for proportional-derivative (PD)
controllers (trajectory mimicking) and a second NN computes muscle activations
(muscle coordination). This preliminary study focuses on the effect of wearing a
knee brace without modeling muscles. Without loss of generality, it allows us to
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simplify the model and the framework by removing the muscle coordination part
which makes the framework faster and allows us to perform a large number of
simulations for our sensitivity study.

2 Materials and Methods

After training our controler to replicate a reference gait motion, a quasi-random low-
discrepancy sequence is used to generate sets of motions variations for the forward
simulator. Measures are performed on the resulting simulations in order to analyze
the predictive capability of the simulator. Input variations and measures are detailed
in Sect. 2.2.

2.1 Model and Simulation

The model used in our simulator is based on the full body gait2392 OpenSim model
[4] where arms and muscles have been removed for computational performances.

The reference motion has been obtained through a commun pipeline : motion cap-
turewith Plug-InGaitmarker-set then scaling and inverse kinematics usingOpenSim.
The stability of the simulator have been improved by smoothing every joint angle
trajectory with a two-10Hz Butterworth filter, then the angular trajectories have been
cyclified. The resultingmotion is used to train the trajectorymimicking controlerwith
a reward function based on the tracking of the angular trajectories, the end-effector
positions and the cost of transportation.

2.2 Inputs and Measures

For each trained NN, many simulations are done thanks to input variations.

Inputs. The variation over φ ∈ [0, 1], the normalized starting time in the gait cycle, is
used to avoid ill-conditionned simulations. Two inputs have been chosen to simulate
the effect of wearing a knee-brace: the limitation of the range of motion of the right
knee (RK ) and the distortion of the reference angular trajectory of the right knee.
The distortion is made using variations of the four extremum control points (D1,
D2, D3, D4) of the spline approximating the right knee trajectory.

Measures. We chose commonly used measures in biomechanical studies [5] and
introduced additional measures that are relevant to our case study (see Table2). We
used spatio-temporal measures but also mean, minimum and maximum of angular
trajectories during various phases of the gait cycle. We do not compare directly
joint trajectories in order to get more quantitative outcomes. For each simulation the
measures have been automaticaly computed.
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2.3 Analysis

In this work, we use the data from one healthy subject (M, 26). The gait with the
best ‘cycle’ was studied.

Precision. First, we tested the precision of the training as the learning process is
stochastic. 18 training sessions were done and we measured Pi for each measure as:

Pi = σ(Mi
simu(φ))NN j with 0 < j < 17

where Mi
simu(φ) is the mean of each measure i over the variation of the normalized

starting time φ in the gait cycle.

Accuracy. In order to assess the accuracy of the simulator, we computed Ai for each
measure, for a selected NN:

Ai = |Mi
re f − Mi

simu(φ)|

where the Mi
re f is the value measured on the reference motion.

We ran simulations for 80.000 sets of input values. These setswere generated using
a Sobol sequence of 6 inputs with 10.000 samples. The sequence and the number of
samples have been choosen to be optimal to compute the sensibility indices according
to Saltelli et al. [2]. The measures from theses simulations are used for sensitivity
and stability analysis.

Stability. In the stability analysis, for each input, we searched for the upper and lower
limits allowing 10 successfull gait cycles.

Sensibility. The main effect index (Smain) was used as the sensitivity index. There
are various ways to compute this index and we used the one introduced by Saltelli
et al. [2]. It can be viewed intuitively as the expected variance that would be left if
all parameters but parameter k could be fixed and normalized by the global variance.
We computed those values for an increasing number of samples to determine if they
converge towards stable values.

3 Results

Table1 presents the results for the stability analysis and Table2 presents the results
for precision, accuracy and sensitivity. For the sensitivity, N means that for 9.000 to
10.000 samples the value of Smain is less than 1. If for 9.000 to 10.000 samples the
value of Smain is greater than 1, the rank is displayed. U is used otherwise.

We observe 23◦ of ankle range of motion during a cycle. Also a precision of
12◦ for the minimum ankle DF in SW is an important variation. Likewise, double
support is usualy less than 10%, so 5% of accuracy is rough. Sensitivity results may
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Table 1 Stability study: upper and lower limits for each parameter

Parameter Lower limit Upper limit

RK 53.5◦ 120◦

D1 −60◦ 0◦

D2 0◦ 38◦

D3 −15◦ 12.9◦

D4 0◦ 36.5◦

Table 2 Column P is the precision, A is the accuracy, and the last 4 columns are for sensitivity
ordering. When two values are given, the first one refers to the left side and second one to the right
side

Measures P A D1 D2 D3 D4

Walking velocity m.s−1 0.04 0.03 9 N N N

Stride length m 0.04 0.04 N N N N

Cadence step.min−1 0.06 0.03 N N N N

Stance (ST) time % 0.02 0.021 3.0 4.0 N N N N N N N N

Double support % 0.02 5.0 U U U U

Time to peak knee F s 0.04 0.05 0.02 0.01 1 10 3 N 3 N 6 11

Mean pelvis tilt 1.2 2.2 N 5 2 5

Max hip F in swing (SW) 3.0 3.4 6.7 9.0 N N N N N N N N

Mean hip F in ST 2.2 2.0 2.5 0.48 U N N N 6 N 3N

Hip flexion (F) at initial
contact (IC)

4.0 3.9 7.9 8.1 3 N 1 N 7 N 1N

Max hip abuction in SW 2.3 2.7 2.0 0.12 6 4 N 6 N U 7 2

Max knee F in SW 2.3 3.3 3.5 3.0 7 5 4 7 9 4 N 4

Min knee F in SW 3.7 3.4 4.6 6.3 N N N N N N N N

Max knee F in SS 4.5 2.8 8.0 12 N N N N N N N N

Min knee F in SS 2.9 3.1 3.3 6.1 11 N N 2 1 N N 9

Max ankle dorsiflexion
(DF) in ST

2.4 2.9 4.7 5.5 N N N N N N N N

Min ankle DF in ST 3.7 4.2 12 14 12 N N N N N N N

Max ankle DF in SW 2.2 2.7 3.0 3.3 2 N N N 8 N 10N

Min ankle DF in SW 4.1 4.7 12 14 8 N N N 5 N 8N

be interpret as follows: the relation between inputs variations and measures are not
straight. For example, the distortion D1 modify the maximum right knee flexion in
swing phase on the reference motion and this value is not the one with the highest
main effect index for D1 variation.

The sensitivity experiment shows that the maximum right knee flexion in swing
phase is not the most influenced measure during variation of D1, so the relation
between parametres and measures are not straight forward.
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4 Discussion and Conclusion

As outlined above, this work is a preliminary study of a forward gait simulator where
precision and accuracy of the trainning, stability and sensitivity of the simulation are
observed regarding input variations. Precision and accuracy sucessfully highlight
someweaknesses of the simulator. Furthermore, stability confirms that the framework
is suitable for predictive simulation.As suspected, the relationship between the inputs
and the measurements is complex. We expect that further researchs will highlight
similar relations between inputs and measurements in clinical studies.
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Effects of Decomposition Parameters
and Estimator Type on Pseudo-online
Motor Unit Based Wrist Joint Angle
Prediction

Dennis Yeung , Francesco Negro , and I. Vujaklija

Abstract The decomposition of HD-EMG into motor unit (MU) discharge timings
permit a detailed window into the motoneuronal manifestation of motor intent.
Recently, the feasibility of MU-driven wrist joint angle estimation was preliminarily
demonstrated although the influences of certain parameter selections have yet to be
fully investigated. Here, a decomposition algorithm was used to predict wrist joint
kinematics over three DoFs in a pseudo-online manner. Three separate estimator
types were tested and the effects of two key parameters on their prediction accura-
cies were studied: the decomposition extension factor and process window length.
Pre-recorded EMG from four able-bodied subjects was decomposed in a simulated
real-time manner as to permit parameter scanning, with the tested estimators being
linear regression (LR), linear discriminant analysis (LDA), and LDA with LR for
proportionality control (LDA-LR). Results showed the best performing combination
of parameters were an extension factor of 8 with window length of 50 ms which
allowed the LDA-LR estimator to yield an average R2 value of 0.86 ± 0.05. Under
the most computationally demanding set of parameters, the median processing time
of the algorithm on a desktop computer was 47 ms which was within the update rate
of the proposed system. Such results also indicate that parameters optimal for online
control applications deviate from those ideal for offline physiological studies.
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1 Introduction

Motor unit (MU) discharge timings constitute the encoding for muscle activation and
various techniques to extract such information via decomposition of electromyog-
raphy recordings (EMG) have been proposed [1, 2]. Recently, Kapelner et al. demon-
strated that the prediction of wrist kinematics can be improved using neural features
extracted from high-density EMG measurements [3], however such decomposition
was performed in an offline manner. Indeed, traditional decomposition methods have
high computation overheads that restrict their application to mainly offline studies,
though efforts have been made to address this issue [4]. In particular, Barsakcioglu &
Farina proposed a system capable of extracting activity from fiveMUs in the forearm
for real-time control of a hand prosthesis with on/off control of 4 device functions
[5].

In this study, a similar approach for online decompositionwas implemented for the
continuous estimation of wrist kinematics. The estimation was done in pseudo-real
time as the extraction of neural information was processed in a windowed manner
to simulate a real-time application. We compared the performance of three esti-
mators: linear regression (LR), linear discriminate analysis (LDA) with cumulative
spike counts used for proportionality control, and LDA with class-specific LR for
proportionality (LDA-LR). LR acts as a simple regressor, LDA is a well-established
myocontrol classifier, whereas LDA-LR aims to combine the intrinsic proportional
capabilities of LR and the clear motion distinction of LDA. The effects of the decom-
position extension factor (R) and the window length (WL) across the three estima-
tors were also analyzed by scanning a range of settings. R influences the quantity
of sources that are identified while WL affects system responsiveness with both
parameters contributing to process computation overhead.

2 Methods

2.1 Experiment Setup and Protocol

Four healthy right-handed males, aged 28–33, participated in the study approved by
local ethical board of Aalto University. They all provided written informed consent.
HD-EMGwas recorded from each subject’s dominant side with three 8× 8 electrode
matrices spaced evenly around the bulk of the forearm, sampled at 2048 Hz by a
benchtop bioamplifier (OT Bioelettronica, IT). Wrist joint angles were recorded by
three wireless Inertial Measurement Units (IMUs) (Xsens Technologies B.V, NL)
attached to the posterior sides of the upper-arm, lower forearm and hand.

Subjects performed three repetitions of six wrist motor tasks following trape-
zoidal activation profiles with 2 s up/down ramps and 10 s plateaus: flexion/extension
(DoF1+/DoF1−), radial/ulnar deviation (DoF2+/DoF2−) and pronation/supination
(DoF3+/DoF3−) with the data being segmented into three folds of train/test sets. A
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framework developed by Negro et al. [6] was employed for batch decomposition of
the train set EMG and the resultant decomposed spike count (DSC) features were
used to train the estimators. The online decomposition algorithm was then used to
extract DSC features from the test set for kinematics estimation. To simulate a real-
time application, test set data was processed in windows which advanced in steps of
50 ms. ForWL values beyond 50 ms, this resulted in overlaps of 50–450 ms between
consecutive windows.

2.2 Pseudo-online Decomposition and Estimation

The proposed online algorithm alleviates the computational requirements of blind
source extraction by relying on properties obtained from prior decomposition of the
training set. From the batch method, underlying sources of the EMG were identified
through the optimization of a set of separation vectors:

S(t) = B�WX(t) (1)

where S(t) is the set of sources, B, the bank of matched filters, W, the whitening
matrix and X, the extended zero-meaned EMG. Here, B and W matrices for each
motor taskwere first obtained from their respective training sets via the batchmethod.
These were then applied by the online algorithm to extract source signals from the
test data. Peaks detected in these source signals were then accepted as spikes if they
fell within their respective cluster limits from the original decomposition of the train
set.

3 Results

The number of MUs extracted from each motor task, averaged across all subjects, is
shown in Fig. 1. As R was increased, the number of identified MUs also increased
although this trend levelled off beyond R = 9. Estimation with LDA-LR performed
the best overall with the highest R2 value of 0.86 ± 0.05 from R = 8 and WL =
50 ms. For LR, the best value was 0.83 ± 0.6 from R = 9 and WL = 150 ms while,
for LDA, this was 0.81 ± 0.06 from R = 8 and WL = 50 ms. It can be seen from
Fig. 2 that the parameters R and WL affected each estimator type differently. While
a significant improvement was seen in all estimators by increasing R from 1 to 3, less
improvement was seen from further increase of R. This may be that the additional
MUs obtained with higher R values offer minimal extra information towards the
joint kinematics state for this set of simple motor tasks. This also suggests that,
for proportional myocontrol applications, lower R values may be used than those
recommended for physiological studies [6].
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Fig. 1 Average number of MUs extracted from each motor task across all subjects

WL had little effect on LR performance as large values may only contribute to
the smoothness of the estimations. LDA performed poorly with larger WLs which
indicates higher misclassification rates as larger spans of time were used to calculate
DSC. This trendwas also repeated for LDA-LRwhich improved on the naïvemethod
for proportionality estimation used by LDA. As such LDA-LR, yielded higher and
more consistent goodness-of-fit values.

The processing time of the online algorithm performed on a PC (Intel Xeon
3.60 GHz 32 GB RAM & MATLAB 2019a, Mathworks, USA) at the highest loads
(R = 13, WL = 500 ms) was measured and a median time of 47 ms was obtained
which was below the estimation update rate. It should be noted however, that further
focus on code optimization would lead to even shorter process times.

4 Conclusion

This work analyzed the effects of two key parameters for online decomposition of
EMG on the estimation accuracy of wrist joint angles. While a higher decomposition
extension factor led to the extraction of more MUs, the contribution of additional
sources to estimation accuracy diminishes. Similarly, larger values of window length
did not yield the optimal performance. The results therefore indicate that a less
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Fig. 2 Effects of R and WL on the estimation accuracies of the LR, LDA and LDA-LR estimators

computationally demanding set of online decomposition parameters may be used in
the case of neural data-driven control applications.
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Highly Intuitive 3-DOF Simultaneous
and Proportional Myocontrol of Wrist
and Hand

Markus Nowak, I. Vujaklija, Claudio Castellini, and Dario Farina

Abstract While simultaneous and proportional activation of multiple degrees of
freedom (DOFs) is supported by novel prosthetic hands, there are still no commercial
controllers to appropriately enable it. Here, we test a ridge regression based myocon-
trol method in two real-time scenarios: 13 subjects with an extended high-density
EMG electrode set (192 channels) and 4 subjects with a reduced set of electrodes
(16 channels). In each scenario, the algorithm was trained on 3 repetitions of single
DOF motions (rest, wrist flexion/extension and rotation, and hand closing) and then
subjects were asked to reach 24 on-screen goals consisting of one-DOF, two-DOF,
and three-DOF targets. The results showed that participants were able to reach all
types of targets and that their one-DOF success rate remained high despite the simul-
taneous control of multiple DoFs (95.9 ± 5.7%). Moreover, the performance did not
significantly change when reducing the number of electrodes (97.6 ± 4.5% for 16
channels).
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1 Introduction

Multi-articulate prosthetic hands have been commercially available for over a decade.
Even though they feature multiple motorized degrees of freedom (DOFs), the most
commonly provided control interface is a switching paradigm leaving users to pro-
gressively cycle through preset functions [1]. Recently, advanced prosthetic systems
have been controlled with pattern recognition algorithms [2, 3] capable of directly
distinguishing individual gestures by classifying electromyographic (EMG) activity
of user’s residual muscles. While this is an important advance, the lack of simulta-
neous functions makes it still far from meeting the expectations of natural control.

Enabling simultaneous control over multiple DOFs was attempted by extend-
ing the pattern recognition approaches to facilitate simultaneous classes [4]. While
feasible, this approach remained bound to laboratory conditions. To overcome the
inherent discrete nature of classifiers, a focus has been put on regression approaches
which aim to establish a continuous mapping between the observed EMGs and the
functional domain of prosthetic joints [5]. However, even after demonstrating that a
high number of DOFs can be concurrently controlled in this way in robotic systems
using high-density EMG (HD-EMG) [6], the most recent home-tested prosthetic
systems are still bound to only two DOFs [7].

Here, we propose a regression-based approach which follows the recommen-
dations on being highly intuitive and requiring minimal calibration [8] to deliver
3-DOF simultaneous and proportional control over the wrist and hand (wrist flex-
ion/extension, wrist pronation/supination, and hand closing and rest). The approach
was evaluated in real-time and its robustness was examined by progressive channel
reduction.

2 Materials and Methods

2.1 Control Strategy

We acquired 192 monopolar EMG signals with three 8-by-8 ELSCH064NM3 sen-
sor matrices (EMG-USB2+ amplifier, OTBioelettronica, Italy), which were placed
around the circumference of the forearm.Amoving average (MAV) filter was applied
to the rectified signal to extract the envelope and a ridge regression (RR) machine
learning (ML) method was applied to the EMG envelopes.1

1 The EMG was gathered at 2048 Hz and treated with a 5th order Butterworth bandpass-filter (20–
500Hz). Featureswere calculated from the rectified, low-pass filtered signal (2nd order Butterworth
at 2Hz cut-off), and averaged across awindowof 100 sampleswith a 3/4 overlap. The regularization
parameter in RR was kept at 1.0.
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2.2 Experiment Description

To investigate the combined capability of user and ML method we recruited 13
able-bodied participants (age 27.5 ± 3). The study was approved by the local ethics
committee of Imperial College of London and all participants have given their written
consents before participation.

The EMG sensor matrices were placed around the participant’s forearm covering
the entire circumference. Reference electrodes were placed at the wrist, and subjects
were seated comfortably in front of a PC screen (Fig. 1).

The subjects performed three repetitions of the aforementioned actions of the
wrist and hand at a comfortable level for 2s. These 3 × 6 = 18 recordings of the
MAV of all available channels were used for training the RR algorithm. Thereafter
they performed 24 randomly presented goal reaching tasks (12 one-DOF, 8 two-DOF
and 4 three-DOF goals, equally distributed with respect to the origin). These tasks
accounted for different levels of activation, e.g. 30% of wrist flexion combined with
80% of wrist pronation and 0% hand closure in a two-DOF goal. The subject had
20s to attempt and reach each goal (15% of the normalised work space), and stay
within it for 0.3 s.

Of the 13 subjects, four completed an additional round of the same 24 tasks, but
with a reduced number of EMG sensors—16 of the original 192 sensors were used
for training the ML method. The reduced set featured eight electrode pairs (along
the muscle fibre direction) evenly distributed around the widest circumference of the
forearm. We did not aim at targeting specific muscle groups.

Fig. 1 Experimental setup with EMG-USB2+ amplifier, PC screen with prediction and target
stimulus, and participant equipped with three 8 × 8 sensor matrices
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2.3 Statistical Evaluation

For evaluation purposes we compared the performance of all 192 versus the reduced
16 sensors. Also, we have considered the difference when dealing with one-DOF,
two-DOF and three-DOF goals. Therefore, we calculated the success rate (SR) per
subject across these categories and performed a statistical analysis with the two
factors Sensor Number [full, reduced] and TargetDOFs [1–3]. We used a two-way
repeated-measures ANOVA with α = 0.05. Significant interactions were followed
up by a pair-wise comparison with Bonferroni correction.

3 Results

Figure2 summarizes the results of the user study in terms of SR per category as well
as the results of the statistical analysis. The factor TargetDOF was highly signifi-
cant with F(2, 6) = 30.66, p < 10−3, while the factor Sensor Number showed no
significant influence on the outcome measure with F(1, 3) = 0.00, p = 1.00. The
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Fig. 2 Box plot with SR of all subjects, superimposed by a dot plot of the individual subject
results. Brackets with asterisks represent significant difference, brackets without asterisks represent
grouping
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interaction term showed no significance either with F(2, 6) = 2.51, p = 0.16.2 A
post-hoc of the significant factor TargetDOF revealed that each level is significantly
different from another with p ∈ [0.018, 0.00027].

4 Discussion

Results show that although the participants have trained the algorithmonlywith single
actions, they were capable of real-time command of two-DOF and even three-DOF
combined actions. To the best of our knowledge this is the first time that such a level
of control is achieved using intuitive control inputs. Although there was a significant
performance degradation when facingmore difficult tasks (i.e. two-/three-DOF), this
did not impact one-DOF control.

Another remarkable finding is the fact that the channel reduction did not have a
significant influence on the performance. A slight, yet not significant, improvement
was observedwhendecreasing the number ofEMGchannels,whichmight potentially
originate from an increase in signal-to-noise ratio for the reduced set.

5 Conclusion

Here we demonstrated for the first time a successful real-time myocontrol over 3-
DOFs in a concurrent and proportional fashion with natural inputs and minimal user
andmachine training.We achieved this by relying on a simpleMLmethod trained on
only individual DOF data, yet the system remained intuitive enough to allow users to
achieve simultaneous control by eliciting EMGs of concurrent DOFs. In future, we
intend to test this approach with amputee subjects and physical prosthetic systems.
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A Portable P300-Based Brain–Computer
Interface as an Alternative
Communication Device

Víctor Martínez-Cagigal, Eduardo Santamaría-Vázquez,
and Roberto Hornero

Abstract Motor and cognitive disabilities may lead to communication difficulties,
exacerbated by the intelligibility of speech and gesture. In this context, brain–
computer interfaces (BCIs) can be viewed as novel augmentative and alternative
communication technologies to assist these people. Despite the extensive research in
BCIs during the last decades, portability of most of the studies is still a handicap. In
this preliminary work, we present a truly portable P300-based BCI system as an aid
for communication in cerebral palsy patients. Our system, that integrates more than
2.000 pictograms to select from, can be installed in any Android device and uses a
cloud server to process the electroencephalographic signals of the users. A pilot test-
ing was made with 12 healthy subjects, reaching a mean accuracy of 90%, assuring
its viability and suggesting further testing with target users in the near future.
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1 Introduction

Brain–Computer Interface (BCI) systems allow users to control applications or exter-
nal devices using their own brain signals. In particular, P300-based BCIs make use of
unexpected visual stimuli through the oddball paradigm to identify users’ intentions
and translate them into application commands [1]. Due to this ability, P300-based
BCIs emerged as novel technologies that could assist motor-disabled people and
improve their quality of life [2]. Assistive BCIs may be used as augmentative and
alternative communication (AAC) devices by those whose ability to communicate
is restricted [2]. During the last decades, many P300-based BCIs were developed
to spell words under different paradigms and devices. However, very few of them
provided portable BCIs to be used on a daily basis by the severely disabled [3].

In this work, we present a pilot study of a truly portable P300-based BCI to meet
the daily communication needs of children that suffer cerebral palsy (CP). CP is
considered the most common movement disorder in children, reflecting abnormal
brain development that leads to spasticity, dyskinesia and ataxia [4]. Since there is no
cure, people with CP require long-term care and therapies. Particularly, children with
CP usually present communication difficulties in form of intelligibility of speech and
gesture caused by motor and cognitive impairments [4]. Thus, AAC are essential to
bridge the communication gap and avoid developmental delays.

The objective of this study is to design and develop an Android-based P300-BCI
to provide a new way to communicate for children with CP. In this preliminary work,
the application was pilot tested by 12 control subjects. A proper evaluation with CP
users is planned in the near future.

2 Subjects and Methods

A total of 12 healthy subjects (HS) participated in the study (mean age: 27 ±
3.41years, 10 males, 2 females). All of them gave their informed consent to par-
ticipate.

As shown in Fig. 1(a), the structure of the developed application lies on three main
entities: (1) the user, whose electroencephalographic (EEG) signals are monitored;
(2) the portable device, which receives the signals and displays the visual stimuli;
and (3) the cloud processing server, which processes the data and returns the selected
commands, providing a visual feedback.

2.1 Signal Acquisition

In order to prioritize the portability of theBCI system, theEEGacquisition equipment
waswireless and sent the signal to the final device viaBluetooth.Weused a g.Nautilus
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cap (g.Tec, Austria) with 8 active channels placed on Fz, Cz, Pz, P3, P4, PO7, PO8,
and Oz; using AFz as a ground and the ear lobe as the reference. The equipment had
a sampling frequency 250Hz and the signals were pre-processed using band-pass
filter (1–30Hz) and common average reference (CAR) [3].

2.2 Mobile Application, Signal Processing and Pilot Testing

The application, developed for Android devices, include the following functionali-
ties:

(1) Signal visualization. The app incorporates a button in the top-right corner to
visualize the EEG signal in real-time in any moment, as shown in Fig. 1b.

(2) Create matrix. Users are able to create and edit an unlimited number of oddball
matrices from a database of more than 2.000 different images. These pictograms
represent common concepts, actions and requests used by CP patients on their
daily basis (Fig. 1c, d).

(3) Offline training. This mode allows users to record trials for creating a model
afterward. Stimuli are presented in a row-col paradigm (RCP) fashion, intended
to elicit P300 evoked potentials whenever the target’s row or column are high-
lighted [1] (Fig. 1e).

(4) Model training. Once enough training trials are recorded, the app allows send-
ing them to the Python-based cloud processing server. The cloud extracts each
stimulus epoch using a 0–800 ms window (z-scored baseline from −200–0 ms)
decimated to 20Hz [3]. Then, a step-wise linear discriminant analysis (SWLDA)
model is trained to detect whether the epoch belongs to a target or not [3]. Finally,
the model is sent back to the device, which stores it (Fig. 1f).

(5) Online spelling. In this mode, the SWLDA model of each user is used to spell
words. After each trial, data are sent to the cloud to classify the target command,

Fig. 1 a Structure of the portable P300-based BCI, composed by three main entities: user, device,
and cloud processing. Snapshots of the application:b real-time signal viewer, c pictograms database,
d matrix creation, e RCP matrix, f SWLDA model training, g configuration screen
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Table 1 Pilot testing results

Subject Age Sex Ns Accuracy Duration OCM

H01 26 M 5 88% 2:50 8.82

H02 26 M 6 92% 2:54 8.62

H03 30 M 10 75% 3:10 7.89

H04 34 F 6 88% 2:54 8.62

H05 26 M 8 100% 3:02 8.24

H06 25 M 10 80% 3:10 7.89

H07 26 M 6 92% 2:54 8.62

H08 33 M 7 96% 2:58 8.43

H09 24 F 5 92% 2:50 8.82

H10 24 M 7 92% 2:58 8.43

H11 25 M 6 88% 2:54 8.62

H12 25 M 8 100% 3:02 8.24

Mean 27 - 7 90% 2:58 8.44

SD 3 - 1 7% 0:06 0.32

M: male, F: female, Ns : number of sequences, SD: standard deviation, OCM: output characters per
minute. Duration specified in min:sec format

which is then returned to the device trough a blocking socket. Once received,
the app highlights it and a virtual voice reads out loud its description (Fig. 1e).

(6) Configuration. Theapp also allows users to configure all signal processing details
(e.g., window length, filters), as well as aspects of the RCP (e.g., number of
sequences, timings, latency monitoring, number of row/columns) (Fig. 1g).

As a preliminary work, the portable BCI was tested by 12 HS that were asked for
spelling a total of 25 trials. SWLDA training was performed with 12 offline trials,
returning the model and the optimal number of sequences per each user prior to the
assessment.

3 Results

Results of the pilot assessment are summarized in Table1, including demographic
characteristics of each subject, their optimal number of sequences, online accuracy,
task duration and output characters per minute (OCM) [3].

4 Discussion and Conclusion

As shown, an average accuracy of 90%±7% was achieved, which assures the effi-
cacy of the proposed system. It is also noteworthy that themean number of sequences
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was 7±1, leading to a selection of an average of 8.44±0.32 characters per minute.
Although they are expected to decay in an online assessment with target users, these
results suggest that the proposed system is suitable for providing an effective com-
munication aid for the severely disabled. Moreover, it was demonstrated that the BCI
application, together with the cloud processing server, were able to process the trials
in real-time, resulting completely unnoticed by the user.

Despite these positive results, further improvements could be made. It could be
studiedwhether it is possible to execute the processingpipeline in the device, avoiding
the requirement of an Internet connection and the cloud server. An online assessment
with CP patients should be performed to guarantee the viability of our proposal in
real environments.

References

1. J. Wolpaw, E.W. Wolpaw, Brain-Computer Interfaces: Principles and Practice. OUP USA
(2012)

2. M.J. Vansteensel, B. Jarosiewicz, Brain-computer interfaces for communication. Handb. Clin.
Neurol. (Elsevier) 168, 67–85 (2020)

3. V.Martínez-Cagigal, E. Santamaría-Vázquez, J.Gomez-Pilar,R.Hornero,Towards an accessible
use of smartphone-based social networks through brain-computer interfaces. Expert Syst. Appl.
120, 155–166 (2019)

4. NINDS, Cerebral Palsy: Hope Through Research, National Institutes of Health (NIH), Bethesda
(Maryland), Tech. Rep. (2013)



On the Crosstalk in Motor Unit Spike
Train Identification from High-Density
Surface Electromyograms

Matjaž Divjak, Lukas G. Wiedemann, Andrew J. McDaid, and A. Holobar

Abstract We analyzed the problem of motor unit (MU) crosstalk in the spike trains
that are identified from high-density surface electromyograms (HDsEMG). We used
advanced volume conductormodel to simulate fivemuscleswith 500MUsdistributed
in the 60× 30 mm elliptical muscle cross-section. HDsEMG signals were generated
during 20 s long isometric muscle contractions at 10%, 30%, 50% and 70% of
the maximum excitation. Noiseless and noisy HDsEMG signals were recorded by an
array of 10× 9 electrodes and decomposed by theConvolutionKernel Compensation
(CKC) method to yield estimated MU spike trains (MUSTs). Results show that 70.4
± 26.1% of MUSTs exhibit crosstalk from other MUs, but with relatively low spike
amplitudes. Across all the simulated contraction and noise levels, the crosstalk in
the identified MUSTs came mostly from nearby MUs (average distance from the
dominant MU with the largest spikes in MUST <3.5 mm) and relatively small MUs
(average number of MU fibers <150).

1 Introduction

The use of high-density surface electromyogram (HDsEMG) decomposition into
contributions of individual motor units (MUs) is increasing, as it enables noninva-
sive investigation of muscle control strategies [6]. Different blind source separation
(BSS) techniques have been proposed forHDsEMGdecomposition [1, 5] proving the
feasibility of noninvasiveMU identification in several skeletal muscles [2]. Different
quality measures of MU identification, such as Pulse-to-Noise Ratio (PNR) [7] have
also been proposed, quantifying the energy ratio between the spikes of the dominant
MU and the noise in the identified spike trains. But to the best of our knowledge, the
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crosstalk from MUs in the spike trains identified by BSS approaches has never been
systematically analyzed.

In this study we used synthetic HDsEMG signals to quantify the number of MU
spike trains (MUSTs) that include crosstalk from nearby MUs as well as investigate
the properties of MUs whose spikes are merged into the identifiedMUST.Moreover,
we analyzed the impact of additive noise and different muscle contraction levels on
the MU crosstalk in MUSTs, which were identified by the previously established
Convolution Kernel Compensation (CKC) decomposition technique [5].

2 Methods

2.1 Synthetic HDsEMG

HDsEMG signals were generated by convolving the MU action potentials (MUAPs)
calculated by advanced volume conductor model [3] with MU firing patterns calcu-
lated by themodel in [4]. Fivemuscleswith differentMUdistributionwere simulated,
with 60 × 30 mm elliptical muscle cross-section, 500 MUs per muscle and 130 mm
long fibers. The MU size was distributed exponentially (from 24 to 2408 fibers) with
many small MUs and progressively fewer large MUs. Multilayer cylindrical volume
conductor model [3] comprised 20, 30, 4 and 1 mm thick bone, muscle, fat and skin
layers. MU conduction velocity was normally distributed with mean value of 4.0 ±
0.3 m/s. MUs started firing at 8 Hz and increased their firing rate linearly up to 35 Hz
with simulated muscle excitation. For each simulated muscle, 20 s long isometric
constant force contractions at 10%, 30%, 50% and 70% of maximum excitation
level were simulated, resulting in 262, 388, 446 and 484 active MUs per recorded
HDsEMG signal. HDsEMG signals were acquired at 2048 samples/s by an array
of 10 × 9 circular electrodes with diameter of 1 mm and interelectrode distance of
5 mm. Additive noise with Signal-to-Noise Ratio (SNR) of ∞, 20 and 10 dB was
added to the generated HDsEMG signals.

2.2 MUST Identification from HDsEMG

For each simulated contraction and noise level, MUSTs were identified from
HDsEMG by the CKC technique [5], without any manual editing. Only MUSTs
with PNR >28 dB were kept for further analysis [7].

To analyze the MU crosstalk, all the spikes surpassing the 2.5% of the maximum
spike height in each estimated MUST were compared against the simulated MU
firings and all the MUs contributing at least 30% of their firings were identified
(identification tolerance of ±0.5 ms). Among them, the MU contributing the highest
spikes was classified as the dominant MU in the MUST. Afterwards, the distances of
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the nondominant (merged) MUs to the dominant MU were calculated by measuring
the distances between the centroids of simulatedMU territories. In addition, the sizes
of nondominant MUs were calculated by counting the number of their fibers. These
MU sizes and distances were compared to the sizes and distances of all the MUs that
were identified by CKC but did not contribute to the crosstalk in the MUST (we will
refer to these MUs as unmerged MUs). As in the case of mergedMUs, the properties
of unmerged MUs were also calculated for each identified MUST.

Non-parametric Kruskal-Wallis test was used for statistical analysis. In the case
of significant effect, Bonferroni correction was applied with significance level set to
P < 0.05.

3 Results

On average, 41 ± 5.1, 20.4 ± 1.1, 14 ± 3.1 and 13.2 ± 3 MUSTs were identified
by CKC from noiseless HDsEMG signals at 10%, 30%, 50% and 70% excitation
level, respectively. At SNR of 20 dB, these figures decreased to 13.4 ± 1.5, 7 ±
3.4, 1.8 ± 0.8 and 2.2 ± 0.8 MUSTs per contraction. When accumulated across all
the excitation levels, 40.2%, 85.2% and 85.7% of MUSTs exhibited crosstalk from
other MUs at SNR of ∞, 20 and 10 dB, respectively. However, only 4.3%, 0.8%
and 0.0% of MUSTs exhibited crosstalk with spike heights larger than 30% of the
maximum spike in the identified MUST. The distribution of MU sizes and distances
to the dominant MU are depicted in Figs. 1 and 2.

Merged MUs had significantly smaller size and distances to the dominant MU
than unmerged MUs, regardless of the simulated noise and excitation level (Figs. 1

Fig. 1 The distribution of
sizes and distances of
unmerged MUs and
nondominant merged MUs
to the dominant MU in
MUSTs in the case of
noiseless HDsEMG signals.
Results are accumulated
across all the contraction
levels and all the muscles
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Fig. 2 The distribution of
sizes and distances of
unmerged MUs and
nondominant merged MUs to
the dominant MU in MUSTs
in the case of 10 dB noise.
Results are accumulated
across all the contraction
levels and all the muscles
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and 2).When accumulated across all excitation levels, the average distance ofmerged
MUs to the dominant MU increased significantly with the noise level (2.0 ± 2.3 mm
at ∞ dB, 2.6 ± 1.6 mm at 20 dB and 2.9 ± 1.7 mm at 10 dB). There were no
significant differences between the distances of merged MUs at different excitation
levels when accumulated across all noise levels. The merged MUs had less than 150
fibers on average.

4 Conclusion

The results of this study show that on average 70.4 ± 26.1% of MUSTs identified by
CKC exhibit crosstalk fromMUs that are relatively close to the dominant MU in the
MUST (average distance <3.5 mm). Crosstalk is more common in small MUs than in
largeMUs (Figs. 1 and 2). The percentage ofMUSTswith crosstalk decreases signif-
icantly with the threshold used for spike segmentation. In this study, on average only
1.7 ± 2.3% of MUSTs exhibited MU crosstalk with the spike amplitudes larger than
30% of the highest identified spike. This suggests that, in given simulated conditions,
the identification of the dominantMU in theMUST is not significantly jeopardized by
the crosstalk fromotherMUs. Evaluation ofMUcrosstalk in experimental conditions
is required and currently still missing.
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Altered Motor Unit Territories After
Intramuscular Botulinum Toxin Injection
in Spastic Biceps Brachii Muscle

Sourav Chandra, A. Holobar, Babak Afsharipour, William Zev Rymer,
and Nina L. Suresh

Abstract Intramuscular botulinum toxin (BT) injections are used to alleviate the
spasticity effects in chronic stroke survivors. The toxin injection works by means of
chemodenervation of muscle fibers from their respective motor neuron (MN). Thus it
most likely affects the territories of active motor units (MU) although the uniformity
and territorial range is unreported and thereby unknown. Here, we have demonstrated
the BT effect on motor unit territory area (MUTA) using a novel noninvasive high-
density surface electromyography (HDsEMG) decomposition based detection and
quantification method. The HDsEMG recordings were performed during isometric
voluntary contractions about the elbow joint. We were able to analyze the effect of
BT on MUTA of individual MUs with different MU recruitment thresholds in the
biceps brahii (BB) muscle. We report on data from two stroke survivors before and
after two weeks of their BT injection. Our results show that after the BT injection
reduction of the MUTA was more prominent in larger MUs compared to the smaller
MUs.

1 Introduction

Focal spasticity with hypertonia and hyperreflexia in chronic stroke survivors is often
mediated locally by BT which induces cholinergic blockade of the neuromuscular
junction (NMJ) limiting the transmission between the muscle fiber and the motor
axon [1]. BT is administered as intramuscular injection to the spastic muscle that
results in complete or in part deactivation of the motor unit (MU), potentially causing
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a change in active MU territory. As a result, a significant reduction of voluntary
contraction capacity is evident after the BT injection [2]. MU territory has been used
as an indicator of paresis in earlier studies based on invasive recordings [3] and can
be an objective estimate of any neuromuscular disease [4]. To our knowledge, the
effects of BT on motor unit territory are yet unreported and unknown. BT induced
denervation of the fibers are participant to exposure of the NMJ to the toxin, however,
there is limited literature differentiating the action of the BT on different MU sizes,
as well, the uniformity of the effect on a single MU and across the MU pool of
a given muscle is unknown. Here, we have used a novel noninvasive HDsEMG
decomposition based method to identify the MU territory as seen in the surface of
the BT injected biceps brachii muscle during an isometric voluntary contraction. We
have found that the correlation between the size of the MU and the respective active
motor unit territory area (MUTA) changes after the BT injection. We also report on
a 15% reduction of the MUTAs for the larger MUs.

2 Methods

2.1 Experimental Setup

The HDsEMG signals were recorded from biceps brachii (BB) muscle of two
chronic stroke survivors, during a voluntary isometric, non-fatiguing elbow flexion
under kinematic constraints. Visual feedback of a trapezoidal force trajectory was
provided to the participants. All the contraction trials were based on their respec-
tive Maximal Voluntary Contraction (MVC). Multiple experimental trials were
performed at contraction level of 50% of the MVC at each session.

The participants were seated with 120° elbow flexion, 10° shoulder flexion, 45°
shoulder abduction, and 45° forearmpronation. The forearmwas cast and secured in a
custom-built fixture centered at thewrist. Thefixturewas equippedwith a six degrees-
of-freedom load cell (FT4007from ATI, NC, USA) to record maximum voluntary
forces generated at the wrist during elbow flexion. The forces and HDsEMG signals
were synchronized and recorded simultaneously.

2.2 Participant Details

We report on recordings from the stroke-affected arms of hemispheric stroke
survivors who present with focal spasticity and for whom intramuscular (biceps
brachii) BT is part of their clinical care plan. The experimental protocols were
approved by the Institutional Review Board of the Northwestern University and
the participants signed the informed consent before commencement of the study
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Table 1 Details of the participants, stroke since (years), BT injected side, Modified Ashworth
scores (MAS) and Fugl-Meyer scores (FMS)

SubID (sex/age) Y Pst stroke Inj. side MAS FMS

Pre Post Pre Post

B1(M/60) 7 R 2 2 19 21

B2(F/40) 10 L 2 1 19 22

sessions. Two participants were studied before and after their BT injections. Details
of the participants are summarized in Table 1.

2.3 HDsEMG Setup

A128-channel HDsEMG surface electrode grid in a 16× 8 (Inter Electrode Distance
(IED)= 8.5 mm, electrode diameter 3 mm) arrangement and amplifier (TMSi. Inc.)
were used to record monopolar (MP) HDsEMG data at a sampling rate of 2 kHz.
The length and width of the HDsEMG grid were approximately 14 cm and 7.5 cm,
sufficient to cover the skin surface above the impaired BB muscle. To preserve the
consistency of electrode placement across the recording sessions, the boundaries of
the grid electrode from bony references (such as acromion, cubital fossa, medial
and lateral epicondyles of the humerus) were recorded and maintained during data
collection sessions.

2.4 Decomposition of the HDsEMG

By using Convolution Kernel Compensation (CKC) method [5] The grid recordings
during the 50% contraction level were off-line decomposed into contributions of
individual MUs. After the decomposition, the results were manually edited where
the unreliably identified MU spike trains (Pulse-to-Noise Ratio > 25 dB [5]) were
rejected for further analysis.

2.5 Estimation of Topological Properties of the MU Territory

After the MU firings have been identified, spike-triggered averaging was used to
estimate the Motor Unit Action Potential (MUAP) shape at each double differen-
tial HDsEMG channel [6]. The peak to peak amplitude (PPA) of MUAP was then
calculated at each channel. The grid channels with MUAP PPA exceeding the 10%
of the largest MUAP PPA per MU were identified and a convex hull [7] was fitted to
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those channels. The area of the contiguous region indicated by the convex hull was
designated as MUTA and was estimated for each identified MU. The MUTAs of all
the MUs detected during the two 50% MVC trials per participant were selected for
further analysis.

The channel exhibiting the largest MUAP PPA value was selected as the center of
theMUTA. Afterwards, all the PPAswere normalized with the largest PPA among all
the detected MUs per participant. A regression fit was performed on the normalized
PPAs and the respective MUTAs before and after the BT injection.

3 Results

3.1 MUTA Before and After BT Injection

Figure 1 shows an example of the detected MUTAs before and after the BT injection
in B2 participant. Figure 2 shows the MUTAs across the different sizes of detected
MUs before and after the BT injection.

For both the investigated participants, we have found MUs with larger MUAP
PPAs having larger MUTAs. The correlation coefficient among the MUAP PPAs
and MUTAs was positive (0.7, 0.8) before and negative (−0.2, −0.4) after the BT
injection. Both the participants showed more than 15% reduction of MUTA after the
BT injection among the larger (10% of the largest) MUs (Fig. 2). During these trials
both the participants also demonstrated a reduction of contraction force by >60%.

Large MUPPA
Small MUPPA

Fig. 1 MUTAs before (pre BT) and after (post BT) injection in B2 participant. The MUTA bound-
aries are marked with blue (for larger MUAPs) and red lines (for smaller MUAPs) across the rows
(R) and the columns (C). The centroids are shown with × marks
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Fig. 2 Covariation ofMUAP PPAs andMUTAs before and after the BT injection for B1 (left panel)
and B2 participant (right panel)

4 Discussion

In this work, we have introduced a novel noninvasive HDsEMG based method for
quantification of the individual MU territories as detected on the surface of the skin
above the investigated muscle. We have used this method to find out the effect of
BT injection on the MUTAs for different sizes of MUs in the affected BB muscle
of hemispheric stroke survivors. Our result suggests that the MUTAs of the rela-
tively large MUs get reduced more than the smaller MUs after the BT injection.
The contraction force was also reduced after the injection. At this current stage, the
proposed detection method is limited to the estimation of the MUTA at the surface
of the skin and requires decomposition of HDsEMG signals into contributions from
individual MUs. In future this method can potentially enhance exiting functional
assessments for BT treatment of spasticity.

Acknowledgements This study was supported by the Slovenian Research Agency (projects BI-
US/18-19-037, J2-7357, J2-1731 and Programme funding P2-0041) and by the National Institute
on Disability, Independent Living, and Rehabilitation Research (NIDILRR).

References

1. S. Ozcakir, K. Sivrioglu, Botulinum toxin in poststroke spasticity. Clin.Med. Res. 5(2), 132–138
(2007)

2. S.Chandra,B.Afsharipour,W.Z.Rymer,N.L. Suresh, Precise quantification of the time course of
voluntary activation capacity following Botulinum toxin injections in the biceps brachii muscles
of chronic stroke survivors. J. Neuroeng. Rehabil. 17(1), 2020

3. F. Erminio, F. Buchthal, P. Rosenfalck, Motor unit territory and muscle fiber concentration in
paresis due to peripheral nerve injury and anterior horn cell involvement. Neurology 9(10), 657
LP – 657, (1959)



400 S. Chandra et al.

4. S. Bodine-Fowler, A. Garfinkel, R.R. Roy, V.R. Edgerton, Spatial distribution of muscle fibers
within the territory of a motor unit. Muscle Nerve 13(12), 1133–1145 (1990)

5. A. Holobar, M.A. Minetto, D. Farina, Accurate identification of motor unit discharge patterns
from high-density surface EMG and validation with a novel signal-based performance metric.
J. Neural Eng. 11(1), 016008 (2014)

6. X. Hu,W.Z. Rymer, N.L. Suresh, Assessment of validity of a high-yield surface electromyogram
decomposition. J. Neuroeng. Rehabil. 10(1), 99 (2013)

7. C.B. Barber, D.P. Dobkin, H. Huhdanpaa, The Quickhull Algorithm for Convex Hulls. ACM
Trans. Math. Softw. 22(4), 469–483 (1996)



Motor Unit Tracking Across Low
Contraction Levels of Biceps Brachii
Muscle

A. Frančič and A. Holobar

Abstract We tested the feasibility of motor unit (MU) identification by MU filters,
that are estimated from high-density surface electromyograms (HDEMGs) of the
biceps brachii muscle, recorded at four different contraction levels, namely at 5, 10,
15 and 20% of maximum voluntary contraction (MVC). We used the Convolution
Kernel Compensation (CKC) method to blindly estimate the MU filters at each
individual contraction level (MU filter calibration phase) and applied these filters to
HDEMG signals recorded at other contraction levels in the same muscle (MU filter
application phase). At 5, 10, 15 and 20%MVC contractions MU filters estimated by
CKC identified 4.1± 1.6, 4.3± 1.2, 5.9± 1.9 and 6.4± 0.9MUs, respectively. The
number of identified MU spike trains decreased significantly when we applied the
identified MU filters to lower-than-calibration contraction levels. A similar decrease
in the number of identified MUs was observed when applying MU filters to higher-
than-calibration contractions. These results suggest thatMU tracking across different
contractions levels of biceps brachii muscle is not trivial.

1 Introduction

Decomposition of high-density surface electromyograms (HDEMGs) into contribu-
tions of individual motor units (MUs) enables noninvasive analysis of relatively large
populations of MUs in the investigated muscle [2, 5]. Several approaches to blind
identification of MU firings have been proposed [1, 7, 9]. Building on the blind-
source-separation (BSS) framework, these approaches search for a weighted linear
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spatio-temporal combination of HDEMG channels that yields the estimation of an
individual MU spike train. The weights in this linear combination are called a MU
filter.

In non-fatiguing isometric contractions the MU action potentials (MUAPs) stay
relatively stable [8]. Therefore, once estimated, theMU filter can be applied to newly
acquired recordings of muscle contractions (providing that the position of recording
electrodes does not change), identifying the firing pattern of the corresponding MU
in newly acquired HDEMGs. For this purpose, the MU filters are first estimated
on a 10 to 20 s long HDEMGs (frequently called MU filter calibration phase) and,
afterwards, applied to new HDEMGs (application phase). Contraction levels can
differ in calibration and application phase, but efficiency of suchMU tracking across
different contraction levels of different muscles is currently less reported and largely
unknown. In this study, we investigated this efficiency in low contraction levels of
biceps brachii muscle of healthy young males.

2 Methods

We used a 12× 5 surface electrode array to record 20 second long HDEMG signals
from the biceps brachii (BB) muscle of 8 males, aged 27± 4, during isometric
contraction at 5, 10, 15 and 20% of maximum voluntary contraction (MVC). Visual
feedback on force was provided to the subjects.

We applied the Convolution Kernel Compensation (CKC) method [7] to estimate
the MU filters in all of the HDEMG recordings (calibration phase). This yielded
several MU filters per each HDEMG recordings constituting one filter bank per each
tested person and per each tested contraction level. Each estimated filter bank was
then applied to HDEMGs recorded at other contraction levels in the same person,
yielding the corresponding MU spike trains (MU filter application phase). We then
calculated the number of identified MUs and pulse-to-noise ratios (PNR) [6] for
each calibration-application pair of HDEMG signals. A motor unit was classified as
unidentified/not active, whenever aMU filter identified a spike train with PNR below
25 dB or when median MU discharge rate (MDR) was below 8 Hz.

For each calibration phase, we used Kruskal-Wallis test with significance level set
to p = 0.05 to mutually compare the decomposition results of different application
phases.

3 Results

The average number of MU filters, identified by the CKC method at different con-
traction levels (calibration phase) is reported in the diagonal elements of Table1.
The non-diagonal elements report the number of MUs that were also successfully
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Fig. 1 Representative examples of identified MU spike trains (blue lines) and MU firings (red
circles). For clarity reasons only 1 second long epochs are depicted. Panel (a) depicts a MU spike
train estimated by a MU filter, calibrated on and applied to EMGs of 10% MVC. In this case, PNR
was 39.7 dB and MDRwas 14.3 Hz. Panel (b) depicts a MU spike train, estimated by the sameMU
filter as in Panel (a), but applied to 15% MVC EMGs. PNR was 32.6 dB and MDR was 15.2 Hz.
Panel (c) depicts a MU spike train, estimated by the same MU filter, applied to 20% MVC EMGs.
Missed MU firings are evident. PNR was 27.3 dB and MDR was 14.4 Hz

tracked in other contraction levels by applying the MU filters from calibration phase
to other contraction levels.

Figure1 depicts examples of identified motor unit spike trains. Pulse-to-Noise
Ratio (mean ± SD) of identified MU spike trains is reported in Table2.
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Table 1 Number of identified MUs (mean ± SD)

Application (% MVC)

5 10 15 20

Calibration (% MVC) 5 4.1 ± 1.6bcd 0.1 ± 0.4 0.1 ± 0.4 0.1 ± 0.4

10 0.3 ± 0.7b 4.3 ± 1.2d 1.8 ± 1.5 0.9 ± 0.8

15 0.5 ± 0.9c 2 ± 1.5 5.9 ± 1.9d 1.5 ± 1.1

20 0.5 ± 1.1d 1.4 ± 1.4d 2.6 ± 1.7 6.4 ± 0.9
b Significantly different from results of application at 10 % MVC
c Significantly different from results of application at 15 % MVC
d Significantly different from results of application at 20 % MVC

Table 2 Pulse-to-Noise Ratio (PNR, mean ± SD)

Application (% MVC)

5 10 15 20

Calibration (% MVC) 5 35.4 ± 1.6 25.8 ± 0 25.1 ± 0 26.6 ± 0

10 25.8 ± 0 32.1 ± 2.3d 28.5 ± 2 28.1 ± 1.1

15 26.8 ± 0.8c 29.4 ± 2.7 32.9 ± 2d 27.3 ± 1.3

20 27.2 ± 0.7 28.2 ± 1.8d 28.8 ± 2 32.4 ± 2.4

4 Discussion and Conclusion

MU filters, estimated by CKC from EMG recordings at 5, 10, 15 and 20% MVC
identified 4.1± 1.6, 4.3± 1.2, 5.9± 1.9 and 6.4± 0.9 MUs, respectively (Table1).
When applied to higher-than-calibration contraction levels (upper diagonal elements
of Table1), MU filters identified relatively low number of MUs. When calibrated
on 10% MVC signals and applied to 15% MVC signals, the MU filters identified
1.8± 1.5 MUs. When calibrated on 15% MVC signals and applied to 20% MVC
signals, the MU filters identified 1.5± 1.1 MUs. These results suggest that tracking
of the low-threshold MUs at higher contraction levels of biceps brachii is not trivial.

When MU filters were applied to lower-than-calibration contraction levels (lower
diagonal elements in Table1), the number of identified MUs also decreased. This
is partially expected as not all the MUs, identified at higher contraction levels were
active at lower contraction levels. However, some MU filters were transferable from
15 to 10%MVC and from 20 to 15%MVC (Table1) as there was no significant dif-
ference in the number of identifiedMUs (Table1) and PNR (Table2) when compared
to the calibration phase.

Mean PNR (Table2) decreased in higher-than-calibration application conditions
(upper diagonal elements of Table2) and also in lower-than-calibration application
conditions (lower diagonal elements of Table2). Some of the differences were sig-
nificant.

These results can at least partially be explained by the Henneman’s size principle
[4] and the fact that the MUs with smaller MUAPs are more difficult to identify than
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MUs with larger MUAPs [2, 5]. Overall, at low contraction levels of biceps brachii,
such as the ones investigated in this study, limited MU filter transfer is possible.
Therefore, when transferring MU filters, we must carefully evaluate the quality of
the generated MU spike trains. Metrics, such as PNR and MDR can help us reject
and ignore the identified motor units that might not have been accurately estimated.

In summary, we demonstrated that the MU filter reuse in biceps brachii mus-
cle across different low contraction levels is possible, but is relatively inefficient,
especially when compared to the results of similar studies on the tibialis anterior
muscle [3]. Even a small increase of contraction level by 5% can significantly
increase the level of cross-talk from other MUs and hinder the MU identification
from HDEMG signals. The quality of MU tracking must, therefore, be strictly con-
trolled and assessed for each individual MU.
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Preventing Cognitive Decline in Elderly
Population Through Neurofeedback
Training: A Pilot Study

Eduardo Santamaría-Vázquez, Víctor Martínez-Cagigal, Daniel Rodríguez,
Jaime Finat, and Roberto Hornero

Abstract Neurofeedback training (NFT) allows to self-regulate neural activity, hav-
ing application on a wide range of disorders to improve cognitive functions. This
work was aimed at designing, developing and testing a novel NFT platform to pre-
vent cognitive decline due to normal ageing in elderly population. A closed-loop
brain-computer interface based on electroencephalography (EEG) was implemented
to measure brain activity in real time. The system is highly configurable and it
includes engaging games and applications for visual feedback. In order to evaluate
the efficacy of the platform, we performed experiments with 9 healthy subjects over
65years. General cognitive functions and basal EEG activity were assessed before
and after the experiments. Data analysis showed improvements in cognitive perfor-
mance associated to physiological changes in the EEG. In spite of the promising
results, this study has to be extended to extract further conclusions.
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1 Introduction

The increase in life expectancy and the low birth rate that can be observed in many
parts of theworld pose critical challenges. According to theWorld PopulationAeging
2019 report fromUnited Nations [1], 1 in 6 people in the world will be over the age of
65 by 2050. This situation is accentuated in developed regions, where the percentage
of people aged 65years or over will be 22.1% by 2030, leading to social, economic
and health difficulties that will put entire systems on edge [1]. In this context, efforts
to mitigate pressure over health care systems are of crucial importance. Cognitive
decline associated to normal ageing has been recognized as one of themost important
risk factors in this population. However, efforts to find protective treatments and
therapies to mitigate cognitive decline have not been fully successful yet.

Neurofeedback training (NFT) allows to self-regulate brain activity through real-
time feedback of neural activation parameters, usually obtained from the electroen-
cephalography (EEG). NFT has emerged in recent years as a promisingmethodology
to correct pathological states and behaviours such as attention deficit hyperactivity
disorder, anxiety or depression, and even to improve recovery expectancies after suf-
fering brain damage provoked by stroke or trauma [2]. Furthermore, NFT has also
been proposed as a cognitive enhancement tool for healthy subjects [2]. This study
is focused on investigating the use of NFT to prevent cognitive decline in the elderly.
Previous attempts showed promising results, but more studies are needed to extract
definitive conclusions [3]. This preliminary work was aimed at designing, develop-
ing and testing a novel NFT platform to enhance the general cognitive state in order
to prevent the decline associated with normal ageing. To evaluate the efficacy of the
platform, we performed a pilot study with 9 subjects aged 65 or over.

2 Materials and Methods

See Fig. 1.

2.1 NFT Platform

Our novel platform implements a closed-loop brain-computer interface (BCI) that
analyses the subject’s EEG and offers visual feedback in real time. The platform
is highly configurable and implements a wide range of signal processing methods,
allowing to design custom NFT protocols. Based on previous evidence, 4 training
tasks were designed to enhance the general cognitive performance. The first three
tasks were focused on memory, attentional control and conceptual activity executive
functions, whereas the fourth task was intended to increase the overall cognitive
performance. For the memory task, the alpha (8–13 Hz) band was stimulated in the
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Fig. 1 Screeshots of the NFT platform and results of the cognitive function assessment. a Visual
feedback with one degree of freedom for tasks 1–3. bVisual feedback with two degrees of freedom
for SMR training in task 4. c Normalized scores of the Cambridge Cognitive Examination Revised
(CAMCOG-R) for both groups of participants

frontal area of the cortex (electrodes Fz, F3 and F4) [4]. In the attentional control task,
alpha and beta (13–30 Hz) bands were stimulated in the central region of the cortex
(electrodes Cz, C3 and C4). Previous studies showed that this area regulates attention
and concentration, and they could be enhanced through NFT [5]. For the conceptual
activity task, the user had to stimulate alpha band in the parietal region of the cortex
(electrodes Pz, P3, P4) [6]. In the previous 3 tasks, the parameter used to offer
feedback was the relative power estimated by means of the power spectral density
(PSD) normalized by a baseline recording. Therefore, the feedback applications have
1 degree of freedom (i.e., increase/decrease of the power), being positive feedback
associated with an increase of the power. Noteworthy, the user had to find his own
strategy to achieve this goal through mental imagery [2]. Feedback applications
of these tasks are shown in Fig. 1a. For the fourth task, the user had to modulate
his activity in the two cerebral hemispheres independently using motor imagery to
produce contralateral synchronization/desynchronization events in the sensorimotor
cortex in alpha and beta bands. These signals are known as sensorimotor rhythms
(SMR), and had been widely used in BCI. In this case, we used 2 motor imagery
classes (i.e., right/left hands), which allows to control applications with two degrees
of freedom. For the visual feedback, two applications of different difficulties were
designed (see Fig. 1b). Previous studies showed that SMR training could enhance
the general cognitive state [3].

2.2 Experiment

A total of 9 healthy subjects (mean age 70 ± 4.5years, 7 males) participated in this
pilot study. Subjects were randomly divided into two groups: 7 were assigned to the
training group (TG) and 2 to the control group (CG). Noteworthy, we had an initial
population of 10 subjects per group, but only 9 finished the tests due to the COVID-
19 situation. Subjects assigned to the TG performed a total of 6 NFT sessions of 2h



410 E. Santamaría-Vázquez et al.

with the platform, whereas the CG did not take any training. For both groups, the
Cambridge Cognitive Examination Revised (CAMCOG-R), applied by a qualified
neuropsychologist, was used to assess the cognitive functions before and after the
intervention. Additionally, in order to study physiological changes, 5min of EEG in
basal state (eyes closed) were recorded before and after the intervention for the TG.
EEG signals were acquired with a g.USBamp (g.Tec, Austria) using 11 electrodes
placed on Fz, F3, F4, Cz, C3, C4, Pz, P3, P4, T7 y T8 and a sampling rate 256Hz.

3 Results and Discussion

Results of the neuropsychological assessment are depicted in Fig. 1c. As can be seen,
the TG increased its overall cognitive performance after the intervention, improving
in 6 out of 8 categories (i.e., executive function, perception, abstract thinking, atten-
tion/calculation, memory and language). Moreover, the CG did not show the same
tendency, improving in executive function and abstract thinking but reaching lower
scores in the rest of categories. Additionally, the spectral analysis of the basal EEG
recordings showed that the relative power in theta band decreased after the inter-
vention for the TG (p-value = 0.018; Wilcoxon Signed Rank Test). No significant
changes were found in the other bands. In this regard, cognitive decline has been
associated with increased powers in theta band [7]. Thus, cognitive improvements
are associated with significant changes in theta band for the TG.

4 Conclusion

This study presents a novel and preliminary NFT platform for cognitive training
in elderly population. The developed platform includes attractive visual feedback
applications and signal processing methods to design custom NFT protocols. More-
over, we performed a pilot study with 9 subjects. Results showed that the designed
protocol increased the overall cognitive performance in the TG after 6 sessions of
training. In spite of the promising results, this study has to be extended with more
subjects in the TG and CG to extract further conclusions.
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Wearable Sensor for Multi-wavelength
Near-Infrared Spectroscopy of Skin
Hemodynamics Along with Underlying
Muscle Electromyography
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and Anirban Dutta

Abstract Intermittent claudication in peripheral arterial disease (PAD) may be
monitored with near-infrared spectroscopy (NIRS) of an exercising muscle and skin;
however, skin NIRS data in conjunction with electromyography (EMG) of muscle
activation has not been investigated. This paper presents the development of a wear-
able skin NIRS sensor to determine the changes in the blood oxygenation and blood
volume of the skin tissue overlying the calf muscle in response to underlying muscle
EMG activation during exercise. Skin NIRS sensor was based on the optode sensor
configuration found using Monte Carlo-based simulations with a skin tissue model,
that was compared with a state-of-the-art device frequency-domain NIRS system. A
proof of concept experiment on a healthy volunteer showed promising results with
future applications in monitoring critical limb ischemia in PAD during calf muscle
exercise.

1 Introduction

Peripheral arterial disease (PAD) occurs due to partial or complete obstruction of≥1
peripheral arteries [1]. More than 200 million people have PAD worldwide, where
intermittent claudication is indicative of exercise-induced ischemic leg pain. Intermit-
tent claudication alsomanifests in the skin perfusion [2] that has not been investigated
well. Recent studies are investigating the role of exercise for these patients. In this
single-subject study, we investigate the skin perfusion changes using near-infrared
spectroscopy (NIRS) during muscle activation measured with electromyography
(EMG). For this investigation, we developed a continuous wave multi-wavelength
NIRS sensor for skin than can be used during exercise to monitor revascularization
procedures based on skin blood flow changes [3]. The more advanced stage is known
as critical limb ischemia (CLI) when patients can have leg pain at rest. This paper
presents the design of wearable, portable multi-wavelength NIRS-EMG sensor was
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Fig. 1 Left panel: bench testing setup. Middle panel: block diagram to obtain sensitivity profiles
from simulations. Right panel: our wearable sensor and FD-NIRS (Imagent™) sensor placement
on the calf muscle

based on the principle of Beer-Lambert law to detect the variations in oxygenated
(HbO) and deoxygenated (HHb) hemoglobin (also, mitochondrial Cytochrome c
Oxidase) [4] in the skin tissue in relation to the muscle contractions. Muscle contrac-
tions, e.g., during calf raise exercise in patients with PAD, can stimulate mito-
chondrial respiration that can be monitored using a wearable multi-wavelength skin
NIRS-EMG sensor after our single-subject evaluation in this study.

2 Methods

2.1 Wearable Multi-wavelength Skin NIRS-EMG Sensor

Awearable continuous wave (CW) multi-distance NIRS (mwNIRS) sensor is shown
in the left panel of Fig. 1 that can separate the hemodynamics in the skin and
the muscle tissue based on the sensitivity profile found from Monte Carlo (MC)
simulation—middle panel of Fig. 1. Our proof of concept, single-subject study, was
performed with a multi-wavelength source (S)—detector (D) distance of 4 mm that
was found suitable for skin NIRS. Thewearable device also captured the EMG signal
from the underlying lateral gastrocnemius (calf) muscle. The device consists of an
Arduino Uno microcontroller (Arduino LLC, Italy) for signal acquisition, Myoware
EMG sensor (Advancer Technologies LLC, USA), and AS7263 NIR Spectral Sensor
(SparkFun Electronics, USA). The right panel of Fig. 1 shows the device placed
alongside the frequency domain (FD) NIRS (Imagent™, ISS, USA) that measured
calf muscle hemodynamics.

2.2 Simulation to Establish Skin NIRS

NIRS method relies on a number of factors, including incident intensity and wave-
length of photons, absorption coefficient, scattering coefficient, the refractive index
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of the tissue, optical path length and thickness of the tissue, and the source-detector
distance (SD) [5–8]. A simulation-based on theMCmodel [9]was carried out to visu-
alize the photon trajectory, from a virtual source of photons, through the calf tissues,
i.e., skin, fat, and muscle. The model for skin mwNIRS sensor was implemented
using the MMCLAB (2017 edition). A 3-layer model representing the muscle, fat,
and the skin tissues of thickness 30 mm, 10.6 mm [7], and 1.6 mm [6] respectively
was modeled based on prior works. For the FD-NIRS muscle sensor, a set of simu-
lations were carried out for two wavelengths, i.e., 690 and 830 nm, at varying SD
distances, i.e., 15, 20, 25, and 30 mm. The gold standard FD-NIRS (Imagent™,
ISS, USA) data provided us the measurement of the muscle hemodynamics that was
related to the skin hemodynamics (oxyhemoglobin: HbO, deoxyhemoglobin: HHb,
total hemoglobin: THb = HbO + HHb) in this single-subject study. An isotropic
photon source with an intensity of 106 incident photons was considered with simu-
lation parameters, i.e., the refractive index (n), absorption coefficient (µa), reduced
scatter coefficient (µs), and scattering anisotropy (g), for the three tissues taken from
prior works [7, 8]. Figure 2a, b show the ‘banana’ shaped photon trajectory at 690 nm
with SD of 15 mm and 30 mm, respectively. The high fluence rate of the photons is
depicted by the red color tones and the low fluence rate with the blue shades. There
was more scattering at the lower wavelengths, 680 and 690 nm. It can also be seen
that the photons penetrated deeper (with higher fluence rate) into the muscle tissue
with greater (>30 mm) SD, while their trajectory mostly remained within the skin
tissue for a lesser SD [10]. With the SD fixed for skin at 4 mm, the MC simulation
was carried for five different wavelengths, i.e., 680, 730, 760, 810, and 860 nm, and
their corresponding µa, µs, n, and g [7]. Figure 2c shows the simulation results for
760 nm. In this study, four wavelengths were selected for a robust fit of the modified
Beer-Lambert law to HbO and HHb concentration changes.

Fig. 2 Photon trajectory and the variance in fluence rate within the three (skin, fat, muscle) tissue
layers corresponding to the varying SD obtained using MC simulation; a FD-NIRS Imagent™, SD
= 15 mm, b FD-NIRS Imagent™, SD = 30 mm and c our wearable sensor, SD = 4 mm
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2.3 Experiments

A healthy subject (age: 25 years) volunteered for this case study. The experiment
consisted of two sets of repetitions of calf raises at a frequency of 10 and 30 beats
per minute (BPM). CW mwNIRS-EMG and FD-NIRS were used, Fig. 1.

2.4 Signal Processing

HbO and HHb concentrations in the skin blood were calculated using the Modified
Beer-Lambert’s equation with robust linear least squares regression using four (730,
760, 810, and 860 nm) wavelengths. The data from mwNIRS-EMG sensor was
analyzed in MATLAB R2018a.

3 Results

The left panel of Fig. 3 shows the plots of changes in HHb, HbO, and THb (blood
volume) concentration in response to the muscle activation (rising curve) and deac-
tivation (falling curve) as indicated by the voltage plot from the linear envelope of
the EMG. The right panel shows the FD-NIRS sensor data that showed a delay in
the THb changes (green box) following muscle activation (yellow box).

4 Conclusion

The changes in the skin and muscle blood volume (THb) showed a relationship with
the underlying muscle EMG activity. Recently, Mancheung showed [11] changes
in the muscle NIRS THb with muscle contraction rate (BPM) where a decrease in
the first peak of blood vessel’s end velocity was related to an increase in viscosity
and a decrease in pulsatile frequency—Fig. 4. Muscle NIRS provided important
information, especially delay between THb and EMG, that can be separated from
skin THb using a multi-distance sensor.
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Fig. 3 Left panel: changes in HHb, HbO, THb with respect to muscle in ‘On’ (activation), and
’Off’ (inactivation) states. Right panel: FD-NIRS sensor data that shows a delay in THb (in orange)
following EMG (in blue)

Fig. 4 Left panel: normalized FD-NIRS THb changes (Y-axis 100% at 10 BPM) with the muscle
contraction rate (X-axis BPM). Right panel: simulation results of the first peak of blood vessel’s
end velocity for blood viscosity (viscosity: 3.4, 3.5, 3.75, 4.0, 4.25) N*s/m2 and pulsatile frequency
(freq: 12, 10, 8, 6) Hz. Which is relevant in human ageing (Ref. [11])
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Closed-Loop Acquisition of Training
Data Improves Myocontrol
of a Prosthetic Hand

Donato Brusamento, Andrea Gigli, Roberto Meattini, Claudio Melchiorri,
and Claudio Castellini

Abstract Modernmyocontrol of prosthetic upper limbs employs pattern recognition
models to map the muscular activity of the residual limb onto control commands for
the prosthesis. The quality of pattern-recognition-based myocontrol, and that of the
resulting user experience, depend on the quality of the data used to build the model.
Surprisingly, the prosthetic community has so far given marginal attention to this
aspect, especially as far as the involvement of the user in the data acquisition process
is concerned. This work shows that closed-loop data acquisition strategies using a
feedback-aided approach outperform the standard open-loop acquisition by helping
users detect areas of the input space that need more training data. The experiment
was conducted in realistic settings, involving one prosthetic hand and tasks inspired
by activities of daily living.

1 Introduction

Pattern-recognition techniques allow controlling poliarticulated prostheses using
non-invasive measurements of the muscular activity, such as surface electromyo-
graphy (sEMG). This is done by training a myocontrol model from a set of muscular
activations labelled with the corresponding hand postures. Despite producing mod-
els with considerable predictive capabilities, the performance of these approaches
depends on how well the training data reflect the actual testing conditions.

Among other factors, changes in the limb position introduce variability in the
recorded muscular activity and hinder myocontrol performance. Solutions to this
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problem involve acquiring training data for the desired hand posture in multiple
areas of the reachable space, i.e., in multiple arm configurations [1]. A possibility
is to move the arm during the data acquisition to reduce the amount of time and the
physical effort required to cover the reachable space [2].

The efficiencyof dynamic trainingdata acquisition relates to the arm trajectory that
the subject must follow. The trajectory should enforce arm configurations in which
the myocontrol model’s predictions tend to be less precise. Identifying those critical
arm configurations before the experiment seems unfeasible because they depend on
the subject’s characteristics and the performed hand gesture. In this regard, standard
open-loop data acquisition, which is based on predefined movement routines, may
fail to reinforce themodelwhere needed.We argue that it is possible to identifymodel
weak points during the data acquisition, by monitoring the instantaneous prediction
error generated by the stream of training samples.

For this reason, we propose a closed-loop dynamic data acquisition paradigm
in which critical arm configurations are identified in real-time and signalled to the
subject with acoustic feedback, leading subjects to enforcemovements in critical arm
configurations. Here we compare the myocontrol models obtained from one open-
loop and two closed-loop dynamic acquisition procedures. All the procedures build
myocontrol models incrementally and online. One closed loop scheme also exploits
a sample selection criterion to reduce the number of model updates performed.

2 Methods

2.1 Data Acquisition

Simultaneous and proportional myocontrol of a prosthetic hand was implemented
with an instance of incremental Ridge Regression with Random Fourier Features
[3]. The model was trained online during the data acquisition with a stream of 8-
channel sEMG samples labelled with normalized velocity commands for the pros-
thesis fingers.

The acquisition procedure focused on three hand gestures, namely a power grasp,
a resting hand, and a pointing index. Each of the proposed acquisition procedures
took 45s for each hand gesture, 135s in total. The resulting regression model was
capable of predicting graded velocity commands, despite being trained on a discrete
set of hand gestures.

2.1.1 Open-Loop Dynamic Data Acquisition (OL-DA)

was based on the dynamic data acquisition procedure presented in [2]. Subjects
performed the target hand gestures while moving their arm in a helical trajectory
spanning the reachable space. Themovement proceededwith constant speed from the
waist level to the headwith the palm oriented downward, and in the opposite direction
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with the palm upward. The movement was repeated twice uninterruptedly. All the
recorded training samples were used to build the myocontrol model in real-time.

2.1.2 Closed-Loop Dynamic Data Acquisition (CL-DA)

combinedOL-DAwith an acoustic feedback signal dependent on the prediction error
obtained for the incoming training samples. Subjects were instructed to perform
the same trajectory as in OL-DA, reducing the arm speed anytime the feedback
volume increased. Theywere not required to complete two entire cycles of the helical
trajectory in the given 45 s. The prediction error for a labelled training pair {x, y}was
ep = |y− ŷ|2, with ŷ being the model’s prediction for the sample x. The acoustic
feedback was related quadratically to the prediction error so to emphasize significant
model inaccuracies. The feedback’s intensity varied from 0 (silent) to the maximum
volume of the control laptop’s speakers.

2.1.3 Closed-Loop Dynamic Data Acquisition with Sample Selection
(CLSS-DA)

was formally equivalent to CL-DAbut included a criterion to discard redundant train-
ing samples in real-time. All the training samples were used to generate the feedback
signal, but only those which returned a prediction error ep > θ were used to update
the model. θ was set to 5% of the highest possible prediction error, corresponding to
predicting a power grasp instead of a resting hand gesture.

2.2 Experimental Evaluation

The effectiveness of the acquisition protocols was assessed by engaging 12 non-
disabled subjects (20− 32 years old) in a series of realistic manipulation tasks using
a commercially available prosthetic hand. A Thalmic Labs’ Myo armband provided
200Hz 8-channel sEMG measurement of the forearm activity. An Össur’s i-LIMB
revolutionprosthetic handwas attached to a standardwrist/handorthotic splint, Fig. 1.
A control laptop collected, rectified, and low-pass filtered the sEMG, and used it to
train the myocontrol model.

The tasks included serving food and water, sweeping and tidying up (complet-
ing a pegboard), and dialling phone numbers. The task sequence was repeated three
times for each acquisition protocol. Two repetitions allowed subjects to familiarize
themselves with the system, while the third was used to measure myocontrol perfor-
mance based on the tasks’ completion times. Each subject tested all the acquisition
protocols in random order, to counterbalance learning effects.
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Fig. 1 The experiment setup
included a Myo armband for
sEMG, an i-LIMB revolution
prosthetic hand, a computer,
and several household
objects

The performances of different protocols were compared using a Friedman test
followed by post-hoc Wilcoxon signed-rank tests with Holm-Bonferroni adjustment
of the p-value. The significance level was set to α = 0.05.

3 Results

Figure2 shows the duration of the third repetition of the task sequence. The model
produced by CL-DA allowed the subjects to complete the tasks significantly faster
than that provided by OL-DA (average task sequence duration of 163s versus 206s,
W = 6, Holm-Bonferroni adjusted p̂ = 0.029). The average performance of CLSS-
DA (168s) was equivalent to CL-DA and better than OL-DA, but this result was not
supported by statistical evidence.

Although each acquisition protocol collected an equivalent amount of training
data (about 29000 samples), CLSS-DA trained the model only using about 25% of
it.

4 Discussion

We compared one standard open-loop data acquisition procedure, used to reduce the
influence of the limb position on myocontrol, to two novel closed-loop acquisition
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Fig. 2 Subjects completed the task sequence significantly faster in the CL-DA condition compared
to the OL-DA condition. The performance of CLSS-DA did not differ significantly from those of
the other acquisition strategies

protocols. During closed-loop data acquisition, information about the model’s accu-
racy was fed back to the subjects using an acoustic signal, a design choice easily
integrable in daily routines for myocontrol training and recalibration. The feedback
signal ultimately guided subjects to enforce training signals that strengthened the
model. One of the closed-loop procedures also implemented a selection criterion to
discard unnecessary input samples.

Our experiment showed that closed-loop acquisition improved myocontrol per-
formance in challenging manipulation tasks for non-disabled subjects. The sample
selection criterion could reduce the computational load of the training phase, but
should be carefully tuned not to hinder the model’s performance. Furthermore, the
presented approach heavily relies on the user’s capacity to maintain the correct ges-
ture during training, which could be more challenging in amputees due to a reduced
proprioceptive awareness: this topic will be further investigated.
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Abstract This paper describes the design of the Armed4Stroke program. Patients
after stroke and their caregivers are included as a couple. The caregiver is trained
as a co-therapist by a physiotherapist experienced in providing caregiver-mediated
exercises (CME) to support andmotivate the patient. The programconsists of 8weeks
of gait and gait-related exercises, complementary to regular rehabilitation therapy.
The couple will receive a tailor-made exercise program, which is adapted to the
patients’ abilities and goals and is progressive in nature. The program is supported
by videos with exercise instructions, which are accessible using a web-based tele-
rehabilitation system. It is hypothesized that CME, supported with tele-rehabilitation
is able to promote daily mobility and to reduce anxiety and depression in patients
after stroke and their caregivers.
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1 Introduction

Recovery of walking ability is an important goal for patients post stroke. Stroke reha-
bilitation is typically front loaded, with resources mainly focused on inpatient care,
where professionals support patients in their exercises. After inpatient treatment,
support often tapers off and the majority of stroke survivors become physically inac-
tive, whereas poor activity levels correlate with physical and psychological outcomes
and quality of life. Consequently, stroke survivors and their caregivers experience
the transition from inpatient care to the community as a significant hurdle.

Two key elements can be used to augment the level of exercise, even after inpa-
tient care is finished: (1) Caregiver Mediated Exercise (CME); and (2) extension of
rehabilitation to the patients’ own home. CME is an approach in which caregivers are
actively involved in the rehabilitation program after stroke. During CME, the patient
performs exercises with an informal caregiver, under supervision of a trained phys-
iotherapist. The couple will receive an exercise program adapted to patients’ abilities
and goals. A proof-of-concept trial showed that CME, combined with e-Health tech-
nology was feasible, safe and effective in reducing anxiety of patients and depression
of caregivers [1]. The patient and caregiver may experience a smoother transition to
the home situation and the involvement of the caregiver did not increase caregiving
burden [2]. Hence, CME is a promising paradigm to improve outcomes on psycho-
logical measures. In addition, the caregiver could support and motivate the patient
to continuing exercises at home, when professional support from inpatient rehabil-
itation tapers off. (2) The caregiver is instructed and trained as a “co-therapist” to
maintain their support in the home situation. To support the couple, there are regular
face-to-face sessions in which the exercise program will be adapted according to the
progress of the patient and to (adjusted) abilities and goals. The program is supported
by videos of the exercise, which are built in a web based tele-rehabilitation system.
The combination of face-to-face supported CME with tele-rehabilitation aims to
promote self-generated physical activity and to increase motivation. The CME and
tele-rehabilitation components are included in the Allied Rehabilitation using care-
giver MEDiated exercises for Stroke (Armed4Stroke) program, which already starts
during the subacute phase post stroke. Compared to the previous proof-of-concept
trial, there is an increased focus on rehabilitation in the home situation and the number
of videos in the online tele-rehabilitation system suitable for performance at home
is substantially increased.

This paper describes the design of the trial that aims to assess the added value of
the Armed4Stroke program: (1) to improve the level of daily mobility at home; (2)
on length of inpatient stay, activities of daily living and psychosocial measures.
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2 Material and Methods

2.1 Study Design

The study has a single, observer-blinded randomized controlled trial design. Patients
are randomly allocated to either 8 weeks of Armed4Stroke program in addition to
usual inpatient or outpatient care (i.e. experimental group), or to 8 weeks of usual
care alone (i.e. control group). The study is registered in the Dutch trial register as
NL7422andapprovedby theMedicalEthicsReviewCommittee of theVUUniversity
Medical Centre, Amsterdam, The Netherlands.

2.2 Participants

Seventy-two stroke patients and their caregiver are recruited in multiple centers in
the Netherlands, during their inpatient and/or outpatient stay. The caregiver can be
any person close to the patient (like partner, family member or neighbor). Inclusion
criteria for the patient are: <3months after stroke;≥18 years of age; written informed
consent; able to understand the Dutch language; knowing and able to appoint a
caregiver whowants to participate in the program (with amax. of 2 caregivers); living
independently before the stroke; living at home or planned to be discharged home;
being able to follow instructions; sufficiently motivated for CME. Inclusion criteria
for the caregiver are: ≥18 years of age; written informed consent; able to understand
the Dutch language; sufficiently motivated for CME; medically stable and physically
able to perform the exercises together with the patient. Serious comorbidity that
interferes with participation is exclusion criterion for both patient and caregiver.

2.3 Study Procedure

Prior to the study, all involved physiotherapists received training in applying the
Armed4Stroke program. The measurements are performed by a trained assessor who
is blinded to treatment allocation. Adverse and serious adverse events are monitored.

2.4 Intervention

The Armed4Stroke program consists of 8 weeks of complementary exercise therapy
done with a caregiver, supported by tele-rehabilitation, next to the usual therapy. The
goals and progress of the patient are leading in setting the complementary exercise
therapy. The tailor-made program contains task-specific exercises focusing on gait
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and gait related activities and is progressive in nature from basic (transfer) activities
to high level gait exercises. The program is supported by videos of exercises, which
are accessible using the web-based tele-rehabilitation system. The couple is asked to
do exercises minimally 5 times per week for 30 min. During inpatient stay, couples
are advised to perform the exercises during the weekend, when patients are mostly
inactive.During the 8-week program, at least 4 face-to-face sessionswith the physical
therapist are planned to adapt the exercise program according to the progress of the
patient. Participants in the control group will receive usual care according to the
clinical guidelines of the Royal Dutch Society of Physical Therapy [3].

2.5 Outcome Measures

Outcome measures are assessed at baseline (T0), following the 8-week interven-
tion or control period (T1), and 6 months after randomization (T2). The primary
outcome is the self-reported mobility domain of the Stroke Impact Scale 3.0. This
is a disease-specific questionnaire that evaluates self-reported health status in eight
domains [4]. Secondary outcomes for patients are: walking ability (10m walking
speed and 6 min walking distance), balance (Berg Balance Scale) and lower limb
strength (Motricity Index), assessed using clinical tests. In addition, the amount of
daily activity during one week is measured using MOX-activity sensors, and length
of inpatient stay are recorded in participating rehabilitation settings for included
stroke patients. Furthermore, scales like Rivermead Mobility Index and Nottingham
Extended ADL, assessing self-reported mobility, activity of daily living, and func-
tional outcome are used. Caregiving strain is assessed in caregivers. Patients and
caregivers are assessed on quality of life, self-efficacy, family functioning, fatigue,
anxiety and depression and the preparedness for the transition from in/outpatient
setting to the home.

2.6 Data Analysis

Baseline values will be calculated and between-group differences will be studied to
determinewhether groups are comparable at baseline using the appropriate statistical
tests. The primary and secondary outcomes will be compared between the interven-
tion and control group at the different time points (T0, T1, T2) using multilevel
regression analysis.
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3 Results

Currently, 8 subjects (4M/4 F, age 54–78 years, 35–91 days after stroke) are included
in the study that started in two rehabilitation centers. The first subjects are about to
start T2 assessment. Additional rehabilitation centers are joining the study to further
increase inclusion rates.

4 Discussion

The current trial is an extension of the previously conducted proof-of-concept trial
that showed that CME combined with tele-rehabilitation was feasible and safe, and
effective in improving psychological outcomes [1]. Since the amount of exercises
available in the tele-rehabilitation system is extended, the current trial also aims to
improve outcomes on a functional level.

5 Conclusion

Results of the trial are expected to confirm that CME, supported with tele-
rehabilitation are able to promote dailymobility and activities of daily living, decrease
length of inpatient stay, and to reduce anxiety and depression in patients after stroke
and reduce caregivers’ burden.
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Augmented Reality for Rehabilitation
Tuning and Assessment

M. Pezzera, E. Chitti, and N. A. Borghese

Abstract A therapist relies on his/her experience and knowledge to define the most
suitable rehabilitation program for the patient and tune it on the actual patient status.
Here we propose a non-intrusive method, based on AR, which allows to provide ther-
apists, in real-time, while the patient is exercising, quantitative information extracted
from the ongoing session and the previous ones, which can help them to make more
informed decisions related to the current rehabilitation session. This is expected to
improve the overall effectiveness of rehabilitation.

1 Introduction

In physical rehabilitation, much of the decision-making process on the rehabilitation
program is carried out by therapists upon a qualitative analysis. These, on the basis
of their past experience and their visual judgment of patient motion, tune the rehabil-
itation program to the current condition of the patient [1]. Although the advantages
of this qualitative approach in rehabilitation are well known [2, 3], the integration of
quantitative data can provide therapists with more objective information on which
to base their decisions [3, 4].

In this work, we have explored how the use of Augmented Reality (AR) can
support therapists during the rehabilitation sessions: showing metrics derived from
the past rehabilitation exercises as well as from the current ones could allow them to
make more informed decisions.
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2 Methodology

Without a lack of generality, we will consider postural rehabilitation. In this domain,
a core set of exercises has been identified [5] along with a suitable evaluation metrics
to describe the patient’s performance along specific rehabilitation dimensions: range
of motion, speed, accuracy, stability, and force [6]. These metrics also evaluate safety
during the exercise: deviations from ideal posture should be computed and corrected
to avoid maladaptation [7, 8].

In traditional rehabilitation, the therapist observes the patient, advises him/her
and, if required, modifies the difficulty of the current exercise and/or changes the
exercise mix. For instance, in theWeight Shift Lateral exercise, in which the patient
has to shift his/her body laterally standing on the feet, the therapist may notice
that the patient is becoming unstable during movement and may decide to reduce
the required range of shift. Quantification of the amount of instability can help in
making a decision, especially if it can be compared with the degree of instability
in the previous rehabilitation sessions. The therapist may decide that the patient is
experiencing a transient worsening of his/her condition or the instability is in line
with that of previous days. In the latter case, the therapist may decide to insist with
the same difficulty level.

To this aim,we have developed an instrument that provides such quantitative infor-
mation to the therapist, while the patient is performing the exercises, superimposed
to the natural view of the patient, exploiting the AR paradigm. We have called such
instrument MIRARTS (MIxed Reality Adaptive Rehabilitation Therapist Station).

It integrates the data provided by trackers of the patient motionwith anAR device.
In particular, we have used the Nintendo Wii Balance Board to acquire the center
of pressure (COP), the Microsoft Kinect to track the body skeleton, and Microsoft
Hololens as an AR device; the latter can show virtual objects superimposed on the
real scene.

For each exercise, we have defined, with the help of the therapists, a set of key
graphs that provide a clear picture of what the patient is doing. Each exercise is
associated with a different number and type of graphs, which show the representative
metrics for that exercise. Two of the graphs that are always shown, are the time course
of the COP along the anteroposterior and the lateral axis, that are linked to postural
control [9]. Additional graphs represent specific features associatedwith the different
exercises. For instance, in leg lift exercises, in which the patient has to lift one leg
at a time alternatively, the height reached by the feet is a representative metric for
assessing the range of motion.

A particular metric is aimed to ensure patient safety: deviations of the orientation
and position of body segments that may provoke maladaptation, fatigue, and stress
can be detected [7].

The deviation from a healthy posture during exercising ismapped on a value inside
a given range that is shown over time. This is an important element as it provides
direct information on the quality of movement.



Augmented Reality for Rehabilitation Tuning and Assessment 435

Fig. 1 View of what the
therapist sees through
Hololens. Around the
patient, metrics describing
his/her performance are
shown. On the left side, it is
possible to see the progress
of COP over time, while on
the right, summary metrics
and monitoring parameters
can be found

Fig. 2 Comparison of the
current execution with the
past trend. The trend of the
COP along the horizontal
axis is shown here,
representing the range of
motion reached by the
patient in the current exercise
(white line), compared to the
range of motion reached in
an exercise in a previous
session (green line)

Besides graphs, numerical values of the different metrics can be reported to the
therapist. All this information can be reproduced on the sides of the patient, as shown
in Fig. 1.

All the graphs can be compared, in real-time, with past performance in the same
type of exercises. In this way, the therapist can control the progress of the patient
over time. For instance, the plot in Fig. 2 shows the range of motion achieved in
the current exercise (white line), compared with that achieved in a previous session
(green line).

3 Discussion

Through AR, therapists are supplied with a set of graphs and metrics, distributed
in the lateral space surrounding the patient, allowing the therapist to view both the
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patient while performing the exercise and all the information that can support the
evaluation.

To allow the best reading and interpretation of the graphs, they are dynamically
oriented towards the therapist, to maximize readability and not to force him/her to
move to read them. The graphs are visualized around the patient that is supposed to
stand at 1 m from the therapist.

Automatic font size adjustment can also be implemented to improve the readability
of the information shown.

Although in this version, the number of graphs is fixed and previously identified
with the help of therapists, the system has been developed to guarantee flexibility,
allowing easy addition of new metrics or modification of existing ones according to
the therapist’s needs and preferences.

MIRARTS has also been integrated with our exer-games platform [6], allowing to
modify the difficulty of the exer-games at run-time, helping the therapist to obtain an
exercise configurationmore suitable to the patient. In fact, deciding on the basis of the
real-time analysis of the movement and on its comparison with previous analogous
movements can make the decision more effective for the rehabilitation program.

These decisions are usuallymade by evaluating the patient’s condition at a specific
moment, having the possibility to evaluate the patient’s trend in the last days or weeks
can further help clinicians.

A similar quantitative evaluation is already carried out during routine follow-up
visits, when the patient undergoes quantitative tests aimed to assess his/her rehabil-
itation state (e.g., [10]), and on the outcome of this visit, rehabilitation treatment is
tuned.

However, these tests are long and complex, and cannot be performed frequently.
We aim here to provide the therapist with all the data acquired on the field that could
be used to do this tuning, reducing the need for follow-up visits.

Currently, it has not yet been possible to test MIRARTS with patients to test its
effectiveness.

4 Conclusion

In this article, we have shown how, using AR, metrics that evaluate the exer-
cise of patients can be shown in real-time to the therapist, who can make more
informed decisions on how to tune rehabilitation exercises, making rehabilitation
most effective.
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Towards the Use
of Neuromusculoskeletal Modeling
in Clinical Practice: A Feasibility Study
in Parkinson Disease Patients

M. Romanato, D. Volpe, A. Guiotto, F. Spolaor, M. Sartori, and Z. Sawacha

Abstract Electromyography (EMG)-driven neuromusculo-skeletal models
(NMSM) are currently used to estimate joint moments and muscle forces during
dynamicmovements considering subject-specific neural-excitation patterns provided
by the EMG data. However, these models are rarely adopted in routine clinical
applications. This is partly due to limitations in obtaining realistic maxima voluntary
contractions (MVC) in pathological subjects for calibration purposes and in the
number of required experimental EMG signals that are difficult to be assessed
in neurological conditions (e.g. Parkinson’s Disease (PD)). This study aims at
verifying the feasibility of introducing EMG-driven NMSM for planning reha-
bilitation treatments in PD. Thus, a minimal experimental setup compatible with
clinics requirements is proposed herein. Four different NMSM were implemented
with two different EMG normalization methods and with two different set of
experimental EMGs for the muscletendon unit mapping. Results seems promising
as no statistically significant differences between the full model and the proposed
reduced model were observed.
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1 Introduction

EMG-drivenNMSMcanprovide important information about the unique anatomical,
neurological and functional characteristics of the subjects through the computation
of human internal variables, such as muscle activations, muscle forces, and joint
moments, from an individual neural signal. These can be used to identify the target
of the rehabilitation program or to predict outcomes of different treatments, based on
patient-specific characteristics. Despite the potential of adopting these techniques,
these models are rarely introduced in clinical practice mainly due to the difficulty
of validating the results of muscle forces and the experimental setup and acquisition
protocol might result complex and long. Indeed, as it is fundamental to consider
restriction due to subjects’ physical capacities, people with moment impairments as
PD patients, might not bear neither the large numbers of sensors attached to the body,
neither the additional trials to perform MVC needed for model calibration purposes.

For this purpose, we proposed in a previous study [1] a minimally invasive setup
(reduced) with 4 EMG channels, calibrated through normalized EMG signals with
respect of the walking trials (WTNr), to analyze the differences in muscle forces and
activations between a healthy court and Parkinson’s disease patients. The aim of the
present study is to compare the results obtained by WTNr model on a healthy court
with the ones obtained by three different implementation of the model in order to
detect the impact of various setup on the estimated variables: an MVC trial normal-
ization full setup (MVCTNf) model [2], an MVC trial normalization reduced setup
(MVCTNr)model and aWTN full setup (WTNf)model. In order to verify the impact
of different NMSM on clinical decision making, results of the current study were
compared with the WTNr applied to a cohort of PD subjects [1].

2 Material and Methods

2.1 Participants and Data Collection

Three healthy subjects (age = 60 ± 1 years, BMI = 27.4 ± 4.7 kg/m2) and 10 PD
subjects (age= 66.9± 12.8 years, BMI= 27.4± 3.6 kg/m2) have been enrolled for
the study. A six cameras stereophotogrammetric system (60Hz, BTS), synchronized
with two force plates (960Hz, Bertec) and a 16-channel EMG system (1000Hz, BTS)
were used to acquire the data. Twodifferent EMGset upwere adopted respectively for
the healthy (WTNf), and the pathological ones (WTNr): right limb gluteus maximus
and medius, tensor fasciae latae, adductor longus, sartorius, semitendinosus, biceps
and rectus femoris, vastus medialis and lateralis, peroneus longus, gastrocnemius
medialis and lateralis, soleus and tibialis anterior (WTNf); right and left biceps and
rectus femoris, gastrocnemius lateralis, tibialis anterior (WTNr) (Table 1).



Towards the Use of Neuromusculoskeletal Modeling in Clinical … 441

Table 1 Mapped musculotendon units

Muscuotendon unit Experimental EMG Full setup Experimental EMG Reduced setup

rectfem Rectus Femoris Rectus Femoris

vasmed Vastus Medialis Rectus Femoris

vaslat Vastus Lateralis Rectus Femoris

vasmed (Vastus Lateralis + Vastus
Medialis)/2

Rectus Femoris

bifemlh Bicept Femoris Bicept Femoris

bifemsh Bicept Femoris Bicept Femoris

semiten Semitendinosus Bicept Femoris

semimem Semitendinosus Bicept Femoris

latgas Gastrocnemius Lateralis Gastrocnemius Lateralis

medgas Gastrocnemius Medialis Gastrocnemius Lateralis

sol Soleus Gastrocnemius Lateralis

tibant Tibialis Anterior Tibialis Anterior

Musculotendon units and the mapping experimental EMG for both full and reduced setups

2.2 Data Processing

Six right foot strikes were selected when the foot was naturally landing on the force
plates. Data were processed through MOtoNMS [3], OpenSim and CEINMS [4].
Two different methods were adopted to normalize the healthy subjects EMG signals:
the WTN and the MVCTN; while only the WTN was applied on the PD subjects’
dataset. In theWTN, the peak amplitude of each EMG linear envelope was computed
across all the subject’s trials. The MVCTN method consists instead in calculating
the maximum EMG value from the MVC acquisition [5]. A generic musculoskeletal
model (gait2392 [6]) was used to linearly scale each subjects’ geometry in OpenSim.
Inverse kinematics, inverse dynamics and muscle analysis tools were used to obtain
joint angles andmoments,musculotendonmoments andmoment arms.CEINMSwas
adopted as toolbox to estimate the muscle activations and forces that best matched
the experimental EMGs and joint moments. The implementation of the full setup
reflected the one described in [2], while in the reduced setup, only 4 EMG channels
were mapped to a total of 12 musculotendon units (Table 1). Two degrees of freedom
(ankle plantar-dorsi flexion and knee flexion-extension) were analyzed separately.
For each subject 3 dynamic trials were used for the calibration. Then, CEINMS was
used to predict the knee and ankle moments, muscle forces and activations with a
hybrid EMG-informed model [2].
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3 Results

Models accuracy in tracking experimental muscle excitations and moments is
reported in Fig. 1. All models accurately represented the estimates of muscle exci-
tations and joint moments. Although WTNr model produced the highest root mean
square error (RMSE), statistically significant differences were detected only within
the bifemlh activation of the MVCTNf. Both the coefficient of determination (R2)
and the envelope peak position did not show any remarkable difference across the
models. Concerning the tracking of the experimentalmoments significant differences
were detected in the swing phase and load acceptance, yet a good model prediction is
shown at RMSE and R2 level. Comparison between healthy and PD subjects showed
statically significant differences on muscle forces and joint moments.

4 Discussion

We proposed an EMG-driven NMSM with a minimal experimental setup coupled
with a clinically feasible EMG normalization method, and compared with models of
enhanced complexity. Statistically significant differences between the four models
were not revealed, suggesting that the WTNr might be a valuable tool in muscle
force estimation in clinics environment, consistent both at EMG and dynamic levels.
Results seem promising in adopting the proposed model in rehabilitation treatment
assessment for neuromuscular disorders as PD.

Fig. 1 Comparison between CEINMS models muscle excitations and joint moments versus corre-
sponding experimental data (i.e., EMG envelopes, external joint moments): RMSE (a and d),
R2 (b and e), envelope peak position (c) and joint moment bands (f). Stars indicate statistically
significant differences, oneway ANOVA (P < 0.05).
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5 Conclusion

Even though the loss of information associated with the reduced set up should not
be neglected, the current study showed the potential of adopting the quantitative
assessment of the forces generated by an activatedmuscle in the clinical assessment of
neurological patients. Further studies are needed to confirm this preliminary results.
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The Effect of Visual, Auditory, Tactile
and Cognitive Feedback in Motor Skill
Training: A Pilot Study Based on VR
Gaming

F. Alnajjar , Qi An, Mohit Saravanan, Khaled Khalil,
Munkhjargal Gochoo, and S. Shimoda

Abstract In this study, we investigated the effects of various feedback systems in
motor skill training. Twelve young healthy adults were recruited to play a game
in a virtual reality (VR) environment. During the interaction with the VR game,
various feedback and guidance, including visual, auditory, tactile and cognitive,
were presented to the participants throughout different sessions. We monitored the
influence of these feedbacks and guidance on the gaining speed of the motor skills
of the participants. Initial results reveal that combining visual and tactile feedback
achieved a remarkable superiority in recruiting a particular motor skill compared to
other feedback methods. The results of this study can be used to guide designing
proper feedback systems for speed motor skill training and/or rehabilitation.

1 Introduction

Stroke is a leading cause of long-term motor disability [1, 2]. It influences the
post-stroke patient’s status of independence and the quality of their life [3]. When
voluntarily moving their limps, stroke survivors, involuntarily, experience abnormal
muscle patterns. This abnormality causes limited range of arm motion and/or weak
muscle strength on the hand [4]. In the conventional rehabilitation, physiotherapists
mainly target to discourage these abnormal muscle patterns at the early stage of
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the rehabilitation by proposing manually a feedback/guidance to redirect the correct
movement of the patient limbs [5].

Technological advancements in wearable rehabilitation robots and gaming are
promising an advanced rehabilitation era [4, 6]. Such advancements aim to enhance,
in particular, the level of home-based stroke rehabilitation systems. One of the
main challenges to achieve effective and motivational home rehabilitation is by
providing a quick, accurate, informative, and easy-to-understand guidance/feedback
to the patient during the therapy. Proper feedback/guidance can engage better the
patients during the home rehabilitation sessions and influence strongly on their motor
recovery.

In this paper, we have investigated the effect of different feedback systems in
healthy adults while performing a VR gaming using upper limb movements. We
examined which of these systems able to provide adequate feedback capable to
speed up the recruitment of a particular muscle patterns.

2 Methods

2.1 Participants

Twelve volunteered young healthy male adults participated in this study, mean age
(SD) was 20.6 (0.7) years old. All participants were right-handed, and no one had
experienced any motor disability or fine motor problems. We assigned equally all
the participants to six different groups (Group A–F). We used one of the groups
(group A) to build the “desired” muscles patterns for five different movements
(wrist-flexion,—extension, and—ulnar-deviation, elbow flexion, and—extension).
The associated muscles to these movements were the Extensor Carpi Radialis,
Flexor Carpi Ulnaris, Extensor Digitorum, Palmaris Longus, Biceps Brachii, and
the Triceps Brachii. Participants were requested to perform the movement with their
non-dominant arm only. The remaining groups were requested to take part in the
training sessions, which uses the guidance/feedback system, Fig. 1.

2.2 Procedure

To guide and assess the participants’ movements, a virtual environment (VE) was
used to build the VR system. A leap motion was mounted on the Oculus Rift headset
to capture the user’s handmotion. Low-Poly 3Dhandmodelwas used to represent the
user hand in the VE (sketchfab.com). Muscles on the hand were represented using a
customized muscle model. By the VE, participants can go through the various tasks,
review the tasks’ instructions, monitor their scores, and review the guidance and
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Fig. 1 A scheme represents
the whole scenario of the
developed
feedback/guidance system:
(1) The user reviews the
guidance then perform the
arm movement. (2) EMG
data is recorded and
compared to the desired
muscle-pattern/movement.
(3) A feedback is given to
the user. The process is
repeated until the desired
muscle-pattern/movement is
achieved

feedback. The system also allows the operator to monitor, in real-time, the training
development of the participants.

2.3 Guidance and Feedback

During the training sessions, we asked the participants (Groups B–F) to sit and move
the left arm freely following the guidance on theVR.The conditionwas to always start
from the same initial position (a virtual marker were set) and perform one movement
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at a time. A complete movement was considered every two seconds starting from the
time the participant moved his arm. The guidance/feedback presented as follows:

• Auditory feedback: This group gets no guidance before their arm movement.
However, positive or negative auditory feedbacks are given to the participants
immediately after each complete movement.

• Visual guidance/feedback: Before the participant start each movement, a visual
guide highlights in “Green” the muscles that the participant needs to activate to
achieve the desired movement. Immediately after each movement, the incorrectly
activatedmuscleswill be highlighted in “Red”, and the correctly activatedmuscles
will be highlighted in “blinking green”.

• Tactile guidance/feedback: An Arduino-based vibrator was placed on the desired
muscles to guide the participant’s movement.

• Cognitive feedback: A scoring system was developed to report a feedback to the
participants after each of their arm movement. A (+1)/(−1) was given every time
the participant activates the a desired/undesired muscles, respectively.

3 Results and Discussion

We instructed the participants from each group to follow the guidance and the feed-
back given to themby theVRsystem, and to keep trying variousmovements until they
reached the desired movement. All the groups successfully completed the assigned
tasks.

Figure 2 illustrates the number of trials required by each group to successfully
reach the desired muscle patterns. From the figure, it is obvious that movements that
involve more than one muscle activity, takes longer to be accomplished than the one
with simple movement. Results show that the auditory and cognitive training require
the larger number of trials to reach the desired movement, followed by the tactile
feedback and then the visual feedback. The model, which merge the visual and the
tactile feedback required fewer trials.

To collect the participant feedback about the experiment each participant was
interviewed after the training session. Participants who experienced the tactile feed-
back alone reported at some point, the vibrators cues were confusing and difficult
to interpret. Participants who experienced the merged model reported that they felt
comfortable and more guided when the vibrators and visual feedback cues were
given together. All the participants have reported that having the auditory feedback
in addition to other feedbacks was helpful.

4 Conclusion

This pilot study explores multimodal guidance and feedback and their impact on the
speed of employing a certain movement through activation or inhibition of a specific
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Fig. 2 Number of trials required by each group to reach the desired muscle pattern. Each bar in
the figure is an average of the results of two participants

muscle pattern. Five muscles-patterns/movement, represented by six muscles, were
used to assess the participants’ actions during the training in the VR system. Results
reveal that a model that merges both visual and tactile guidance and feedback appears
to be useful as amotor training tool compared to the other sets of feedbacks. Although
this study has been conducted on healthy individuals not on post-stroke patients, we
have showed in previous study that there is a similarity underlying the neuromus-
cular strategies for both adaptation in healthy individuals, and the recovery of motor
function after stroke [4]. The main limitation of this study is the small number of
participants, which did not allow do proper randomization. Future work will, there-
fore, focus on increasing the sample size and overcome some other limitations.
Investigating the feasibility of using muscle synergies for designing the feedback is
also planned for future direction [7].
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Comparison of Wearable Sensor Based
Algorithms for Upper Limb Activity
Detection

Tanya Subash, Ann David, Varadhan SKM, and Sivakumar Balasubramanian

Abstract Upper limb activity detection using wearable sensors is useful for contin-
uous monitoring in rehabilitation. In this study, we analysed four popular algorithms
that compute real world amount of arm use using wrist triaxial accelerometry or
inertial measurement units, and compared them to “actual” arm-use identified from
videos by two independent assessors. It was found that the accelerometry-based
methods are sensitive to arm movements, but are poor at distinguishing functional
and non-functional movements. Use of arm orientation information makes the arm-
use estimation robust to overestimation due to several non-functional movements,
while losing some sensitivity to functional movements. A merger of principles from
these two methods might result in a more accurate approach for arm-use detection.

1 Introduction

Accurate tracking of armmovements helps to (i) identify the translation of rehabilita-
tion effects to a natural setting, (ii) give real-time feedback to patients regarding their
arm movements, and (iii) provide early detection of unwanted compensatory strate-
gies like overuse of unaffected arm. Using triaxial accelerometry for estimation of
the amount of functional use lends particular value to the field of neurorehabilitation.
This is because, ADLs (Activities of Daily Living) are densely punctuated by non-
functional movements, more so for recovering patients. Thus, activity estimations
that encompass both functional and non-functional movements tend to overestimate
a patient’s actual use of the affected limb in daily life.
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Fig. 1 Flowchart to describe the algorithms analysed. a Activity Counts; b Vector Magnitude; c
Threshold Filter; d Gross Movement

Previous works [1–4] posit methods of processing inertial measurement unit
(IMU) data to compute amount of functional use. This work attempts to evaluate
the validity of these methods to accurately quantify functional activity by reducing
their outputs to binary signals that indicate use and non-use, and comparing them to
annotated videos.

2 Methods

2.1 Experiment

A wrist-worn watch-like device called IMU Watch was used in this study to record
armmovements. An IMUWatch consists of a SEN-14001 board (Sparkfun Inc.) with
a SAMD21 microprocessor and 9-DOF IMU (MPU9250, InvenSense-TDK Co). It
records real-time triaxial linear acceleration and angular velocity 50Hz.

Ten right-handed healthy individuals participated in the study. The inclusion crite-
ria were (i) no prior history of upper limb (UL) movement problems due to neurolog-
ical conditions; (ii) no current difficulty in UL movements; and (iii) age between 20
and 70 years. The study was approved by the institutional review board of Christian
Medical College (CMC) Vellore (IRBMin. No. 12321 dated 30.10.2019). After pro-
viding informed consent, participants performed 15 functional tasks (e.g. eating from
a bowl, opening a door) while wearing an IMU watch on each arm. The experiment
was videotaped and then annotated by two independent assessors to indicate pres-
ence of functional activity (like reaching for, manipulating or transferring objects)
of the left and right arms (Fig. 1).
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2.2 Data Processing

The raw data from the watches were first re-sampled 50Hz using zero-order hold
interpolation to account for anymissing data. The following four different algorithms
were analysed,

2.2.1 Activity Counts (AC) [1]

The accelerometer data was gravity corrected (Mahony algorithm [5]) and its mag-
nitude was computed and bandpass filtered between 0.25 Hz and 2.5Hz (17-th order
Chebyshev II). A 1s longmoving average filterwas applied on the data and downsam-
pled 1Hz. This 1Hz signal was quantized into ACs, where 1AC = 0.017g. Laterality
was computed as the difference between the ACs of the affected and non-affected
arms divided by their sum. Here, ‘affected’ and ‘non-affected’ arm refer to the non-
dominant and dominant arm, respectively. Thresholds were applied on laterality time
series to obtain periods of ‘resting’(both counts equal to 0), ‘unimanual movement of
the affected side’(laterali t y < −0.95), ‘unimanual movement of the non-affected
side’(laterali t y > 0.95), and ‘bimanual movement’(−0.95 ≤ laterali t y ≤ 0.95).

2.2.2 Vector Magnitude (VM) [2]

Bailey et al. uses ACs given by ActiLife 6 proprietary software (ActiGraph, Pen-
sacola) [2]. In this study, we followed the method as in [6] to generate ACs except
for using Madgwick algorithm [7] for gravity compensation. Gravity corrected
accelerometer data is bandpass filtered between 0 .25Hz and 2.5Hz (10-th order
Butterworth), down sampled 10Hz, and rectified. A deadband filter was applied to
remove values below ±0.068 g [6]. This data was downsampled 1Hz by taking the
sum and expressed as ACs such that 1AC = 0.01664 g. Bailey et al. applied a moving
average filter with window size 5 to compute the vector magnitude of triaxial AC.
They define uni-manual activity when VM is zero for either of the arms. A zero
threshold filter was used to generate the final binary signal to detect presence or
absence of arm movement.

2.2.3 Threshold Filter (TF) [3]

Uswatte et al. used data from two uni-axial accelerometers to measure functional
activity in each arm [3]. The acceleration from the corresponding axes (x and z),
resampled 10Hz, were used in this analysis. Activity counts were generated such
that 1AC = 0.01664 g. Functional activity was recorded whenever the ACs from the
2 axes crossed a threshold of 2. It is possible that the acceleration was corrected



454 T. Subash et al.

for gravity, but in the interest of faithful reproduction this data transformation was
restricted to the steps indicated in the paper.

2.2.4 Gross Movement (GM) Score [4]

The yawandpitch of the forearm in an earth-fixed reference frame are estimated using
Madgwick algorithm [7]. GM is computed as 1 (indicating presence of functional
movement) for every 2 s window if the total change in yaw and pitch is more than
30◦ and the absolute pitch of forearm is less than 30◦.

3 Results

The summary of the validation analysis is shown in Table1. The key difference
between the algorithms is found in their false positive and negative rates. GM algo-
rithm has a higher false negative rate and a lower false positive rate than the other
AC-based algorithms. The accuracy of detection in tabletop tasks of GM is lower
than the rest due to the strict angular threshold defined for the algorithm [8]. How-
ever, among the non-tabletop tasks, the accuracy is highest for the GM algorithm
at 76.35% along with a Gwet’s agreement of 0.5506. The other algorithms tend to
overestimate the presence of functional activity due to non-functional arm swing
during ambulation. Thus, they fare poorly with accuracy between 25 and 35% and
Gwet’s agreement between −0.25 and −0.45

Table 1 Results from task-wise validation of the algorithms against video annotations

False Positive
(%)

False Negative
(%)

Accuracy (%) Gwet’s AC1

Tabletop Tasks

AC 21.69 (32.04) 6.42 (15.24) 71.88 (33.32) 0.4966 (0.6561)

VM 10.73 (17.58) 9.32 (19.42) 79.95 (24.37) 0.6598 (0.4610)

TF 24.40 (34.51) 0.10 (0.80) 75.50 (34.47) 0.5641 (0.6802)

GM 3.52 (7.02) 28.94 (33.02) 67.53 (32.23) 0.4171 (0.6401)

Non-tabletop Tasks

AC 67.17 (46.60) 6.53 (20.89) 26.31 (41.57) -0.4551 (0.8516)

VM 65.90 (46.08) 0.00 (0.00) 34.10 (46.08) -0.2869 (0.9231)

TF 67.41 (46.28) 0.00 (0.00) 32.59 (46.28) -0.3419 (0.9334)

GM 0.09 (0.98) 23.56 (37.69) 76.35 (37.65) 0.5506 (0.7394)
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4 Discussion

The algorithms proposed by de Lucena et al., Bailey et al., and Uswatte et al. rely
heavily on the amount of acceleration to detect arm-use. While this approach fares
reasonably well for tasks performed on a tabletop, it tends to overestimate activity
during ambulation.On the other hand, theGMalgorithmemploys a ‘functional range’
to measure arm use, which makes it highly robust to arm swing during ambulation
at the expense of reduced sensitivity for finer movements that dominate everyday
tabletop tasks like writing and typing.

Non-functional movements were predominantly absent for the tabletop tasks in
the current experiment, which could explain the fairly uniform scores obtained across
the algorithms. Therefore, there may be a decline in performance in a natural set-
ting, not limited to the AC-based algorithms as non-functional movements such as
gesticulation fall squarely in the ‘functional range’ defined by GM.

5 Conclusion

The current study presented the first direct comparison of the different arm-use
measurement algorithms using wearable sensors proposed in the literature. Most
AC-based algorithms have good sensitivity, but poor specificity. The GM algorithm
attains good specificity at the expense of slight loss of sensitivity. Future work must
investigate appropriate modifications to the GM algorithm and the use of machine
learning approaches to improve the status quo in functional activity detection.
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Targeted Muscle Training with a Hybrid
Body-Machine Interface

Dalia De Santis and Ferdinando A. Mussa-Ivaldi

Abstract Studies have shown that motor recovery after neurological injuries is
dependent on functional reorganization. In particular, engaging muscles in skilled
activities triggers a process of remodeling that could lead to improving functional
outcomes. Here, we propose a novel approach for engaging targeted muscles into
skilled activities while operating assistive interfaces based on wearable sensors. To
enforce contribution of specific muscles to the control output of a movement-based
assistive interface, we introduced a signal dependent onmuscle activation as replace-
ment of a highly correlated signal dependent on limb kinematics, as measured by a
set of inertial sensors. The latter were weighted against the EMG contribution and
sent as input to a linear map projecting kinematic signals onto a 2D screen. Modu-
lation of the weighting factor allows switching from a kinematic only (assistive) to
a hybrid (rehabilitative) mode by increasing or decreasing EMG contribution to the
operation of the interface.

1 Introduction

Loss of independence after neurological injuries is commonly resulting from the
inability to voluntarily controlmuscle activation to the degree required for completing
functional activities without assistance. Generally, assistive devices employ inter-
faces that bridge the input still available to their users (e.g. movement of unaffected
limbs, the activity of certain muscles) and the output of a device as means to bypass
the disability [1–3]. Learning to skillfully operate these devices triggers a process
of neural adaptation, and leads to the gradual consolidation of specific coordination
strategies [4].
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Fig. 1 Experimental setup and rationale for computing the hybrid map starting from a kinematic
map that transforms body motions into motion of the cursor

To this end, it has been proposed that assistive interfaces could be used at the same
time asmeans to retrainmotor functions. This is the case for body-machine interfaces
(BoMIs) that allow their users to perform skillful tasks via artificially re-mapping
available movements into a suitable control space [5]. Interfaces based on movement
have, however, the major drawback of not allowing selective involvement of only
certain muscles in the operation. Accordingly, only the overall effect of coordinated
muscle activations can be controlled and observed. Myoelectric interfaces, on the
other side, directly map the activity of a selected group of muscles into control
inputs for the device, but suffer from recording instabilities, are sensitive to electrode
placement and inject more uncertainty in the control due to the lower signal-to noise
ratio [6].

Here, we propose a hybrid interface design for exploiting the advantages of
movement-based interfaces while also allowing for a direct and selective contri-
bution of muscles in the control. In particular, we tested the ability of the interface
to increase triceps, but not biceps, activation with practice. The EMG activity of
biceps and triceps muscles is initially recorded during operation of the interface
in movement-mode. The observed activation is then remapped onto the movement
inputs such that causality between limb kinematics andmuscle activity ismaximized.
We introduced a weighting coefficient to adjust the contribution of movement and
muscle signals over time and allow intuitively switching from an assistive mode
(movement-based) to a training mode (hybrid).
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2 Material and Methods

2.1 Hybrid Interface Design

In a typical body-machine interface, the interface map is a linear transformation
between the input space of body movement signals – generated by inertial measure-
ment units (IMU) – to the output space of the device, for instance the coordinates of a
2D cursor. To include muscle activity in the design map, we started from the assump-
tion that specific patterns of muscle activity are observed while individuals control
the BoMI, and that these patterns consolidate with time [7]. Moreover, since muscle
activity and joint movement are biomechanically coupled, we hypothesized that it is
possible to observe specific patterns of movement-muscle coordination during inter-
face use that are specific to the interface map. Hence, our approach was not aiming
at modifying the interface map, but rather modifying the input to the map so that
it accounts for both movement and EMG contribution to the output. For doing so,
we identified the movement that exhibited the highest correlation and minimal delay
relative to a targeted muscle activity as the desired coordination element (Fig. 1).

We then constructed an IMU-equivalent signal from the target EMG envelope
imposing an equivalence between the z-scores of the two signals as follows:

IMUe = −c · (g · EMG − μE )
σI

σE
+ μI , (1)

whereμE , σE andμI , σI are, respectively, the estimatedmean and standard deviation
of the EMG envelope and the IMU orientation recorded at baseline, and c= {−1; 1}
accounts for the sign of the cross-correlation. The parameter g is used to modulate
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the effective amplitude of the muscle activation during training so as to induce a
muscle to contract more (g < 1) or less (g > 1) than baseline. The hybrid input to
the interface is then computed as linear combination of the original and reconstructed
IMU signal weighted by a coefficient 0 ≤ α ≤ 1 controlling the amount of EMG
contribution to the interface (α = 0 is the baseline condition), as in Eq. 2:

IMUhybrid = (1 − α) · IMU + α · IMUe, (2)

2.2 Experimental Protocol

Ten unimpaired volunteers practiced a reaching task with the BoMI using their domi-
nant arm and forearm for one session of about 1 h. Biceps and tricepsmuscle activities
as well as arm and forearmmovements were recorded using three IMU/EMG sensors
(Delsys™ Trigno), placed as in Fig. 1. Pitch and Roll angles of two sensors (IMU1
and IMU2) were used as movement input to the interface. The BoMI map was cali-
brated for each participant extracting the first two principal components ofmovement
variance during 30 s of random armmotions. The Roll and Pitch of each sensor were
thenmapped by the BoMI to obtain the x, y position of a cursor displayed on a screen.
Participants had to control the cursor to reach targets appearing at random positions
on the screen in three conditions: (i) baseline, using only IMU inputs; (ii) α modu-
lation, with α increasing every 20 trials by 0.25, (iii) g modulation, with α = 1 and
the gain decreasing every 20 trials. Before and after each condition a reaching test to
4 targets (20 trials) as in Fig. 1 was used to evaluate the control performance across
conditions. The practice started and ended with a test in the reference condition of
α = 0. The target muscle was the Triceps brachii.

3 Results

All participants learned to perform the reaching task across conditions (Fig. 2—left).
As shown in Fig. 2—right, the time to reach a target during the test significantly
decreased with practice and was minimally affected by the change in control condi-
tion. Triceps activity increased significantly compared to baseline with α > 0.25
and further increased with g < 1 (t-test block vs baseline). In contrast, the activity of
the biceps did not significantly change with training (result not shown). The triceps
activity modulation was not retained when returning to baseline.
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4 Discussion and Conclusions

We propose a novel approach for engaging targeted muscles into skilled activi-
ties while operating assistive interfaces based on wearable sensors. A recent work
explored the advantages of integrating EMG and kinematics for controlling body-
machine interfaces [6]. The authors suggest that the parameters of a non-linear
regression could be tuned to modulate muscle contributions to the control. Here,
we implemented an intuitive way to provide targeted muscle training that exploits (i)
the stability and ease of control of a kinematic interface and (ii) the natural biome-
chanical causality betweenmuscle activation andmovement. The proposed approach
can be easily extended tomultiplemuscles, for instance to include antagonistmuscles
to help regulating co-activation. The upper bound to the number of muscles that can
be included is provided by the natural motor redundancy as encoded by the BoMI
map. Furthermore, we speculate that the proposed hybrid interface could be used
to compare the effect of intuitive versus Non-intuitive EMG-kinematics mapping to
study abstract learning in human-machine interfaces [8].
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Towards Objective Assessment of Upper
Limb Spasticity by Means
of Collaborative Robots

Edwin Daniel Oña, Ana Casanova, Anaëlle Gordillo, Carlos Balaguer,
and Alberto Jardón

Abstract At present, rehabilitation robotics field has stressed on developing sys-
tems for enhancing the rehabilitation cycle, considering primarily the intervention
stage of the process. However, the assessment of functional problems is essential to
define optimal rehabilitation treatments. This paper presents a robot-based strategy
for the evaluation of a disabling motor problem like spasticity. Focusing on the upper
extremity, we use a collaborative robot for the limb mobilisation and, in this way,
evaluate the resistance to move that is related to the spasticity level. As a result, an
objective rating of spasticity is obtained.

1 Introduction

Spasticity is a muscle control disorder characterised by the increment of muscle
tone with exaggerated stretch reflexes, as one component of the upper motor neuron
syndrome [1]. The quantification of this disorder is hard and complex due to the
complex nature of motor control and heterogeneity of consequences. In this sense,
robotics can play a significant role in improving this manual procedure [2].

Several studies have been conducted to explore the use of robot-based approaches
to reduce spasticity [3]. One example is the REHAROB system that employs two
industrial robotic arms tomove the user’s arm aiming to reduce the spasticity level by
passive exercises [4]. Similar approaches are used for the case of the lower extrem-
ity [5]. Hence, robot-based mobilisation offers various advantages regarding tradi-
tional manually-performed techniques.
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However, other studies have focused on measuring the degree of spasticity using
robotics. A system based on the KINARM exoskeleton is presented in [6] for quanti-
tative assessment of post-stroke elbow spasticity. Other system uses a Fanuc 6Degree
of Freedom (DOF) robotic arm to manipulate the individual’s limb through passive
elbow flexion/extension in the sagittal plane [7]. A different strategy is proposed in
[8] by using a body sensor network (BSN) for detecting motion and inferring the
spasticity level.

This latter is another key issue in spasticity management, the analysing of data
acquired. Robotic systems allow for gathering reliable data about the user’s perfor-
mance; however, a better usage of this data is needed. Thus, some efforts have been
made on scoring the degree of spasticity using the data acquired from sensors and
muscle activity [9].

This paper presents ongoing research towards developing a framework based on a
collaborative robot for the assessment of UL spasticity. The strategy aims to measure
the velocity-dependent resistance of the elbow when the robot moves the patient’s
arm, giving an objective spasticity descriptor.

2 Materials and Methods

The proposed strategy comprises three blocks: robot-aided limb mobilisation, mod-
elling of arm behaviour and rating the acquired data from robot andmuscles. Figure1
depicts the framework for elbow assessment. For the administration, the user must
be seated facing the robot and the arm movement is performed in a sagittal plane.

Fig. 1 Robot-based strategy for the assessment of UL spasticity



Towards Objective Assessment of Upper Limb Spasticity … 465

2.1 Robot-Aided Mobilisation

Robot-aided limb mobilisation is performed in two stages: (1) tailoring and (2) repli-
cation. The tailoring phase aims to fit the trajectory of the robot to the physical
characteristics of the patient’s arm. For that purpose, the patient must hold the robot
tip with the hand, move the arm from 0◦ to the maximum range of motion. This
preliminary trajectory is tuned by the robot controller in order to smooth the path.
Note that for this stage the robot is executing a gravity compensation mode which
restricts the allowed robot movement to a certain plane so the patient can move the
robot easily.

Then, in the replication phase, the robot automatically performs the captured
and fitted and mirrored trajectory. In the previous stage just flexion is recorded,
but in this stage flexo-extension is reproduced. The patient must hold the robot’s
tip while relaxing all the arm muscles to allow the robot to move the patient’s arm.
During this phase, threewireless electromyography (EMG) sensors are attached to the
patient’s arm. The chosen EMG devices are the Trigno Avanti sensors manufactured
by DELSYS, which also provide inertial information, allowing us to estimate their
orientation. The sensors are located at the biceps brachii, triceps lateral head and
triceps long head, which are some of the muscles involved in this movement.

The mobilisation is performed several times at different speed rates. The mea-
surements from robot joint sensors, force-torque sensor on the robot’s tip and EMG
sensors are gathered for further analysis.

2.2 Modelling of Arm Behaviour

Proper modelling of arm behaviour is crucial to obtain accurate spasticity descriptors
as it allows to get an insight of the muscles characteristics while the patient’s arm is
mobilised. The biomechanicalmodel, developed usingOpenSimmodelling software,
includes the muscles involved in the flexo-extension movement of the elbow. Two
Hill based muscle models have been considered: Thelen and Millard. They have
been modified to include the spastic behaviour, which may be represented using the
following equation:

U (t + td) =
{
G · v(t) + u(t + td) v(t) > T

u(t + td) v(t) � T
(1)

where U is the whole muscle activation including the spasticity factor, u is the
muscle activation, td is delay, G is spastic gain, v is the contraction speed of fibers,
and T is the threshold beyond which spasticity appears.
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Equation1 may be used in two different cases. On one side given some known
muscle activationsU (t) and fiber velocities v(t), an estimation of the spastic gain G
may be inferred. On the other side, given some known fiber velocities v(t) and the
patient corresponding spastic gain G, the simulated muscle activations are obtained.
This will be useful to check the validity of our model.

3 Results

At this research stage, a comparison between simulated and real arm behaviour is
conducted. For this aim, sensor information coming from the robot (path and force
sensing at the tip) and Trigno sensors (orientations) is fed into the biomechanical
model to simulate the flexo-extension movement. Figure2 presents a comparison
between simulated and experimental muscular activations for a healthy user (G = 0)
in flexo-extension elbow motion. Despite the differences, the biomechanical model
provides a valid estimation of the muscle response. This fact suggests that spastic
gain estimation using this model may be reliable.

4 Discussion and Conclusions

This paper proposes that using a collaborative robotic arm is a feasible approach to
objectively assess elbow spasticity. The proposed system uses a single LBR IIWA
14 R820 robot manufactured by KUKA. The use of this robot involves various pros
and cons during the evaluation process.

On the one hand, unlike related works that use industrial robotic arms [4, 7], the
use of a collaborative robot ensures the patient’s safeguarding by default. Besides,

Fig. 2 Comparison between the simulated muscular activations for flexo-extension elbow move-
ment (G = 0) and experimental ones
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it is an easily releasable setup due to the fact that limb mobilisation is performed
through only one contact point (hand-held). Secondly, neither the robotic arm nor
the wireless EMG sensors restrict the range of elbow movement. Consequently, the
evaluation of the elbow functionality throughout its entire range of motion (0◦–140◦)
is achieved.

On the other hand, a drawback of not restricting the trunk movements could
derive in performing compensatorymovements. In this sense, the inertial information
provided by the wireless EMG sensors can help to detect such compensatory events.
Thus, the arm motion can be reconstructed and further analysed.

Finally, while the proposed strategy seems promising, it is necessary to pilot the
system in order to detect the effects of compensatorymovements and built a reference
model of arm behaviour. The integration of different performance-based data into
the biomechanical arm model could provide a high-resolution spasticity descriptor,
and reduce the inter-operator variability.
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Source Localization of Simulated
Electroencephalogram of Virtual
Epileptic Patient to Investigate Clinically
Feasible Montages

Zoe Herrick, Ping Li, and Anirban Dutta

Abstract Electroencephalogram (EEG) source localization is used to estimate
regions of ictal onset in epilepsy patients with temporal lobe epilepsy. Localization
of EEG data struggles to achieve high spatial resolution, especially in deep brain
regions, and is difficult to validate. In this paper we generate simulated EEG data
using a spatiotemporally realistic generative brain network model (BNM) based on
patient structural and functional data, createdwith TheVirtual Brain (TVB) platform,
to qualitatively assess head model approaches, distributed source inverse methods
and clinically feasible electrodemontages.We find that sLORETA is highly sensitive
to head model errors, where dSPM is robust and wMNE displays some sensitivity.
Additionally, increased electrode density over regions of interest provides a clinically
feasible means to improve localization accuracy of a sparse montage. Finally, TVB
platform can be utilized to model patient anatomy and physiology where resultant
simulated EEG can be source localized for personalized neurological care.

1 Introduction

Focal epilepsy, characterized by seizures which originate in one region of the brain,
accounts for 60% of the ~2.3 million adults and more than 450,000 adolescents who
livewith epilepsy in theUSalone [1].Of thosewith focal epilepsy, 60%have temporal
lobe epilepsy (TLE), which is subdivided into two major categories. Neocortical
or lateral TLE involves outer regions of the temporal lobe. Mesial TLE originates
in medial structures such as the hippocampus and comprises 80% of those with
TLE [2]. Determining seizure onset location in these cases is difficult due to depth
within the brain. Invasive stereoelectroencephalography (sEEG) depth electrodes
are often used for a more precise estimate. Proximity to regions vital for language
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processing and memory makes accurate identification of the onset region imperative
for a successful post-surgical outcome. The National Institute of Neurological Disor-
ders and Stroke (NINDS) has targeted some research toward developing methods for
accurately mapping relevant areas of the brain in preoperative planning. They do so
with the use of imaging tech in an effort to minimize language deficits that can occur.
Research has shown that high density EEG localization is capable of achieving high
accuracy, however this is often not feasible in clinical settings due to the expense
of equipment. This paper qualitatively assesses head model approaches, distributed
source inverse methods and clinically feasible electrode montages through the lens
of spatiotemporally realistic simulated EEG data produced by a generative BNM.

2 Methods

2.1 The Virtual Brain

TVB is openly available and simulates brain activity with a generative BNM. Brain
regions, or nodes, are heterogeneously modeled as discrete neural mass models with
a connectivity matrix modeled after patient white matter tracts governing strength
and time delay of network connections [3]. The Epileptor model [4] was chosen to
govern all nodes with variable epileptogenicity, x0, assigned to each node. Three
model configurations were created, identical except for the x0 parameter, and named
according to their network role; Epileptogenic zones, Propagation zones, and Other
Nodes were assigned x0 values −1.6, −1.8, and −2.4 respectively. Increased nega-
tivity indicates stability with bifurcation of stable and epileptogenic behavior marked
by critical value x0c = −2.04. The amygdala, hippocampal cortex, and parahip-
pocampal cortex in the right hemisphere (radiological convention in MNI atlas
space) were assigned as Epileptogenic zones where the model could autonomously
generate seizures. Propagation zones were the right ventral temporal cortex and
superior temporal cortex, where seizure activity could spread but not originate. All
other nodes were assigned as such and thus modeled as healthy tissue unaffected
by epileptic activity. Simulated brain activity was mapped to 63 simulated EEG
electrodes on the model scalp surface with a forward model to produce EEG data.

2.2 Brainstorm

Brainstorm ICBM 152_2019 anatomy template was selected as the protocol default
anatomy for all subjects. Using the OpenMEEG software [5], BEM surfaces were
generated via the Brainstorm approach, not Field Trip, for computational efficiency
and warped using the simulated electrode locations. For each of three head models,
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one surface and two volume, five montages were applied ranging from sparse 10–
20 to the full montage of 63 electrodes. Assuming unconstrained sources, weighted
minimum norm (wMNE), dynamic statistical parametric mapping (dSPM), and stan-
dardized low resolution electromagnetic tomography (sLORETA) inverse methods
were applied to each head model as kernels to optimize hard drive space and compu-
tation time. A custom color bar scale was applied for each inverse method due to
their distinctmathematical approaches producing varied units. Scales had aminimum
value of 0 and maximum value of 0.15, 2.00e+9, and 7.00 for wMNE, dSPM, and
sLORETA respectively.

3 Results

Of the 3 short seizures simulated, the first was selected for analysis after clinical
assessment deemed it most realistic. TVB simulation data revealed seizure onset
was in the right hippocampus (radiological convention in MNI atlas space). dSPM
(Fig. 1a) failed to lateralize, producing bitemporal localization but displayed no mis-
localization of themedial source on lateral surfaces.Activationwas near ground truth,
falling superiorly and posteriorly to the hippocampi. wMNE (Fig. 1b) mis-localized
heavily to the lateral cortex surface. Strongest activation was seen on the anterior
left temporal lobe (neurological convention), roughly superficial to the appropriate
medial region in the expected hemisphere. sLORETA activation (Fig. 1c) was highly
disperse and trended from the ventral temporal region towards the parietal lobe,
correlating strongly with the region of greatest head model warping. Results were
split across hemispheres but estimated activationwas greater on the leftwith strongest
activation on the inferior ventral left temporal lobe.

Montage impact is best observed in sLORETA results (Fig. 2) by the parietal shift.
A similar trend is observed in activation strength of dSPM results, which represents
model confidence. The temporal montage (Fig. 2c), comprised of the sparse 10–
20 montage and 5 additional electrodes at each temporal lobe, displayed localization
results comparable to those achieved with the full montage (Fig. 2a). Application of
one additional electrode in each temporal region (Fig. 2d)marginally improved local-
ization beyond the 10–20 montage results (Fig. 2e). Selectively increasing density
in temporal ROIs (Fig. 2c) significantly improved localization results of the sparse
montage while an increase in general density (Fig. 2b) beyond the temporal montage
did not show significant improvement, supporting selectively dense sparsemontages.

4 Conclusion

Simulated epileptic EEG data generated in TVB can be used to assess distributed
source localization methods on a spatiotemporal scale. Assessment of localization
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Fig. 1 Comparison of localization estimations of distributed source inverse methods at seizure 1
onset on surface headmodel. For dSPM (a), wMNE (b) and sLORETA (c), 6 images display various
cortical surfaces. Moving right from upper left, images depict top, left lateral, left medial, bottom,
right lateral and right medial views. In top and bottom cases, anterior points up. Red indicates
strongest activation on each color scale
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Fig. 2 Comparison of sLORETA localization results on adaptive grid volume head model across
5montages. Table of crosshair locations denotesmontages.Asmontage sparsity increases, estimated
activation shifts into the parietal lobe and decreases in strength. Color bar scale is consistent across
montages. Thresholding varies only for visualization of underlying tissue. Location and intensity
of highest color bar value region is the focus

results achieved with this data elucidates the potential for clinically feasible selec-
tively dense montages to optimize localization in a clinical setting. Personalized
neurological care for TLE patients is possible with this approach. A bottleneck exists
in generation of the simulated data but can be overcome with an individual trained
in TVB collaborating with clinicians.

Acknowledgment Sponsor and financial support acknowledgments are placed in the unnumbered
footnote on the first page.
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An Open-Source, Wheelchair Accessible
and Immersive Driving Simulator for
Training People with Spinal Cord Injury

Filippo Gandolfi, A. Bellitto, Angelo Basteris, A. Canessa, A. Massone,
Serena Ricci, and M. Casadio

Abstract Independence is one of the greatest achievements for people with Spinal
Cord Injury (SCI). Indeed, mobility represents a big challenge that needs to be
addressed, also considering that road accidents are frequently the cause of SCI.
Immersive Virtual Reality (VR) combined with a driving simulator may provide a
realistic experience, helping users to relearn driving and overcome the traumatic
event. The aim of this project was to implement a wheelchair accessible, immersive
driving simulator for the training and assessment of SCI people. Here we present a
proof of concept of an open-source, VR compatible, driving simulator. The system
combines a VR headset with an adaptive driving controller and a VR scenario. Start-
ing from CARLA, an open simulator for autonomous driving, we created driving
scenarios designed to fit the needs of SCI rehabilitation. Also, we defined future
developments required to create a device usable for the assessment of cognitive and
motor abilities.
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1 Introduction

Regain the ability to drive is a priority for people recovering from a Spinal Cord
Injury (SCI) [1]. Without a mean of transportation, common areas of life, such as
reintegration into society and employment, are highly affected. Currently, standard
tools provided to help patients re-learn driving are driving simulators. Though these
devices offer a mean to practice driving in a safe and controlled environment, often
simulators do not provide fully realistic driving experiences, are not immediately
and freely accessible to patients and do not offer the possibility to investigate the
re-learning and rehabilitation process that occurs during practice. Currently avail-
able simulators, indeed, either provide a realistic and immersive driving experience
specifically designed for gaming or advanced mechanical research [2] and thus are
not adapted to the needs of motor impaired individuals or are designed to test the
ability of driving of the user in terms of reactions and applied forces and do not offer
the opportunity to practice in a realistic driving environment [3].

Here we present a new open-source driving simulator designed to combine these
features into a single device. Specifically, we developed a system for the training
and assessment of the driving ability of people with SCI based on the integration of
virtual reality technology (VR) and adaptive driving equipment.

2 Objectives

The goal of the project was to address the limits of the currently available simulators
by designing and developing a wheelchair accessible, easy to use and immersive
driving simulator, specifically designed for people with SCI.

The features of the simulator were selected in collaboration with the physicians
and physiotherapists of the Santa Corona Hospital (Pietra Ligure, SV, Italy) and can
be summarized as follow:

• Provide an immersive and realistic driving experience.
• Guarantee a safe and controlled training platform to allow people with SCI to
relearn driving, and fully comprehend how the motor alteration induced by the
injury has affected their ability to drive.

• Investigate the learning process that occurs during practice.
• Provide physicians with an objective motor and cognitive assessment of the indi-
vidual’s ability to drive.

• Be easily accessible to wheelchair users in an autonomous way.
• Provide a controller platform for the psychological recovery of people injured in
road accidents, to overcome the traumatic event.

• Offer a generic and customizable interface to allow the use of different types of
adapted driving controllers.
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3 Solution

The driving simulator consists of two subsystems: hardware, comprised of a driving
controller and a VR headset, and software, which includes virtual driving scenarios.

3.1 Hardware

The hardware system is composed of two main parts: the driving controller and the
VR headset (Fig. 1). The latter, comprises of an HTC Vive (HTC Corporation, TWN
and Valve Corporation, WA, USA), a head-mounted display (HDM) that provides an
immersive 3Dvisionof the driving scenario, and aLeapMotionController (Ultraleap,
CA, USA), specifically designed to track the user’s hands in real time. The Leap
Motion is attached to the HMD and captures information about the hands to create
a virtual representation of the hands that can interact with the objects present in the
setup and represented in the VR (Fig. 2).

The driving controller is a 4-axis joystick, similar to the joystick car systems
usually adopted by people with SCI. However, we have developed the system so that
it can be used with different types of adapted driving devices such as a steering wheel
provided with a spinner knob or/and a common push/pull brake and accelerator hand
control.

HMD (HTC Vive)

PC

Leap Motion

Driving Input 
(4-axis Joystick)

Example other input 

Fig. 1 Hardware diagram: signals from HMD the controllers are managed by the input interface
BP. Sources paravan.com; ergomobility.co.uk; logitech.com



478 F. Gandolfi et al.

Fig. 2 Driver’s view via VR headset

3.2 Software

The software system includes an interface, to acquire and translate the input signals of
the driving controller into driving commands for a virtual vehicle, and several driving
virtual scenarios inwhich the user is able to drive the vehicle, which contains a virtual
replica of the adapted control device that moves exactly as in reality, while experi-
encing real-life driving scenarios, such as pedestrians crossing the road or a traffic
jam. The virtual driving scenarios (Fig. 2) were developed using an adapted version
of CARLA, an open-source simulator for autonomous driving research, developed
by Intel Labs, Toyota Research Institute and Computer Vision Center, Barcelona [4].
The platform supports python nodes that allow the integration of different sensors
and scenarios in the environment. The environment is built with C++ libraries, while
the 3D simulation is powered by Unreal Engine (Epic Games, NC, USA), a real-time
game engine supporting Blueprint (BP) visual scripting system. BP allows program-
mers to use gameplay elements to create the virtual experience. Briefly, CARLA
provides most of the objects to create maps, spawn vehicles and pedestrians, assign
routes and autopilot to IA vehicles. Also, it offers C++ libraries to manage the vehi-
cle, estimating its properties and behavior, such as position, acceleration and traffic
violations. Moreover, CARLA offers a set of default python nodes to generate new
simulation scenarios (like an unpredicted pedestrian crossing the road), change the
weather settings and lights conditions and spawn a self-selected number of cars in
the scene.

As our goal was to develop a driving simulator, we had to implement a first-person
VR driving mode, allowing users to see the street from a driver’s perspective. This
implementation was possible thanks to the open-source nature of the software and
its modularity. We implemented the first-person view by adding a new VR camera
in the driver’s seat (Fig. 2); also, we improved the vehicle interior by adding both the
steering wheel and the adapted driving controller. Exactly as in real life, we were
able to set the movement of the steering wheel and adapted driving controller, so that



An Open-Source, Wheelchair Accessible and Immersive Driving Simulator … 479

they moved according to the signals input received from the hardware components
(i.e. the real driving controller), via BP. To increase the realism of the scenario we
also introduced a sound effect module that reproduces car and ambient sounds.

4 Conclusion

In this work, we propose an open-source first-person view driving simulator aimed
at promoting the return to driving of people with SCI. The system presented is based
on the integration of an adapted open-source simulator for autonomous driving with
a VR system and customized driving controllers. Our system responds to the initial
requests made by the physicians, physiotherapists and people with SCI who have
previously experienced the return to driving process.

We are developing a graphical user interface (GUI) that will allow SCI-users to
practice driving freely and easily and offer physiotherapists the ability to select and
customize the driving rehabilitation treatment by setting the virtual driving map,
the level of difficulty and other environmental conditions. We plan to integrate the
hardware with sensors to examine both the interaction between the user and the
driving controller, such as the pressure of the hands on the controller, and the user
itself, such as the posture.

Summing, this project started with the idea of supporting SCI patients during
their physical, mental and emotional recovery in the rehab center by specifically
focusing on helping them regain transport independence. Indeed, the literature and
the brainstorming with the medical team and professionals in the field of mobility
highlighted the need to provide an effective tool to help SCI people to return driving
and the simulator presented in this work is our solution to this issue. In the future,
the system will be easily translated and adapted to support the driving rehabilitation
of individuals with other types of motor disorders.
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A Powered Ankle Foot Orthosis Based
on Shaft Twisted String Actuation
to Assist Persons with Foot-Drop:
A Feasibility Study

Pedrin Denoth, Pascal Geitner, Lukas Krähenbühl, Konrad S. Stadler,
and Eveline S. Graf

Abstract In recent years various powered ankle foot orthoses (PAFO) have been
developed to assist disabled persons duringwalking.Different actuation technologies
have previously been used, each with their individual challenges (e.g. high weight).
As a new actuation technique, we used shaft twisted string actuation (STSA). We
tested the effect of the STSA-PAFO on the gait of five participants with a diagnosed
foot-drop. For all participants the ankle dorsiflexion has increased at initial contact
and during swing phase with the PAFO compared to no orthosis. Compared to the
prescribed AFO, two participants showed an increase in total ROM during swing-
phase with the STSA-PAFO. Further, the peak plantarflexion has increased in three
participants at push-off with the STSA-PAFO. During user testing in laboratory
setting the STSA-PAFO showed good function and is a promising approach for
further development.

1 Introduction

Foot-drop is a common gait disability. It is characterized through an inability to
dorsiflex (DF) the foot [1]. A personwith foot-drop is unable to clear the foot properly
during the swing phase of walking [1]. A standard treatment for foot-drop are ankle
foot orthoses (AFOs). In recent years, powered AFOs (PAFO) have been developed
to ensure a more dynamic gait and improve gait patterns of disabled persons [2]. Up
to date, most PAFOs are still in an early stage of development and facing different
problems.Thebiggest challenges in the development of PAFOs are the requirement of
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lightweight, small size, high efficiency and lownoise [3]. To fulfil these requirements,
a promising actuation technology is twisted string actuation (TSA) [4]. The principle
of TSA is to twist strings with a relatively low torque which leads to a contraction of
the strings and a high linear force [4]. TSA helps to reduce the weight and complexity
by not needing a transmission element and can be operated with small high-speed
motors [5]. However, the friction of the strings is highly influencing the acting torque
[6]. To reduce the friction and increase the speed of linear contraction, we layered
the strings on a steel shaft rather than on themselves. We named the principle shaft
twisted string actuation (STSA). The STSA was used in the development of a new
PAFO prototype (Fig. 1) [7]. The goal of this study is to evaluate the effect of the
STSA-PAFO on walking biomechanics of people with a diagnosed foot-drop as well
as usability.

2 Methods

2.1 PAFO

The STSA-System is mounted on a shinpad connected to the shoe with two strings.
To enable foot-clearance (DF) during swing phase, the strings get twisted around the
shaft and the shoe gets pulled toward the motor (Fig. 1). The actuation of the motor
(maxon, 120W) is based on the detection of certain gait eventswith pressure sensitive
sensors. To process the information and control the motor we used a processor board
with a Texas Instrument processor (TI F28377s). The electronic and power supply
was attached to a backpack (tethered design) [7].

2.2 Subjects and Clinical Evaluation

Five persons with foot-drop (age 34–58) were included after providing informed
consent. The drop-feet were caused by a range of neurological disorders like stroke
and iSCI. All participants were able to walk independently (FAC-Score 5) but were
allowed to use crutches/canes when needed.

A marker based VICON Motion System was used to record kinematic data
(240 Hz). A cluster marker approach was used to determine joint angles [8]. For
testing the user-friendliness of the PAFO, the participants rated the PAFO with the
systemusability scale (SUS). Further, they rated their perceived exertion and pressure
(NRS 0–10). The researchers completed a narrative report about predefined points
e.g. the battery runtime.

Each participant walked with three conditions on an even surface, in a defined
order: without AFO, with the STSA-PAFO and with their own prescribed AFO.
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Fig. 1. Illustration of the principle and the design of the STSA-PAFO.

Two participants walked with two different STSA motor torques, after feeling
uncomfortable with the first setting of the PAFO (Fig. 2a, b).

3 Results

For all participants the ankle DF has increased at initial contact and during swing
phase with the STSA-PAFO compared to no orthosis. Compared to the prescribed
AFO the total ROM during swing phase has increased for participants 02 (+24.07°)
and 03 (+8.5°) with the STSA-PAFO. For participants 04 (+0.8°) and 05 (+1°) the
changes were small. Participant 01 did not have a prescribed orthosis. A higher peak
plantarflexion at push-off can be seen with the STSA-PAFO in participants 02, 03
and 05 (Fig. 2a–e).

At initial contact, smaller knee flexion was noticed with the prescribed AFO and
the STSA-PAFO compared to no orthosis for two participants. Only slight changes
in hip kinematic occurred.

The SUS scores of the participants were ranging from 60 to 85 points. Perceived
pressure and exertion were 4 in maximum, but mainly 0–2.

The investigator report showed a good function in the laboratory. Two short
(<5min) shut down but no severe event occurred and the battery charging was
sufficient.

4 Discussion

The main goal of all (P)AFOs for patients with foot-drop is to assist the foot during
swing phase and initial contact [9]. The increase of the ankle DF at initial contact and
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Fig. 2 a–eAnkle dorsiflexion angle for all participants.Note, participantswhowalkedwith different
STSA-PAFO settings were listed as STSA-PAFO1 and STSA-PAFO2.
The vertical line indicates the start of the swing phase.

during swing phase when walking with the STSA-PAFO compared to no orthosis
shows that the STSA-PAFO works as intended. These findings are comparable to
previous work with other PAFOs [9].

Compared to the prescribed AFO, the plantarflexion angles at push-off converged
towards the average values measured from healthy subject while walking with the
STSA-PAFO in participants 02, 03 and 05. Furthermore, the total ROMduring swing
phase from participants 02 and 03 converged towards the average values, what indicat
that at least for some patients with foot-drop, a STSA-PAFO may be a benefit.

The SUS scores of 4 participants were similar, ranging from 77.5 to 85 points,
which indicates acceptable usability [10]. The value 60 from participant 02 can be



A Powered Ankle Foot Orthosis Based on Shaft … 487

interpreted as “not passable” usability [10]. For the early development stage we
assess the overall rating of the usability as good.

The idea of the STSAwas to reduce the friction between the strings. After the test
procedure, the strings still showed high abrasion. We assumed that the main reason
was the friction between the strings and the steel in the separator holes (Fig. 1).
In further development, the design of the shaft and the separator holes need to be
optimized.

Most PAFOS were tested at healthy subjects [2] or give only few information
about mean or peak values and no movement diagrams are shown [11]. Our work
provides detailed information about movement patterns of people with foot-drop and
their reaction to a PAFO.

5 Conclusions

This feasibility study showed that STSA can be used for PAFOs, at least in a labora-
tory. The PAFO improved the DF values at initial contact in all participants and the
ROM of the ankle joint during swing phase in two participants.
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Towards a Myoelectric Prosthetic Wrist
with Rigid and Compliant Behaviour

P. Capsi-Morales, C. Piazza, G. Grioli, A. Bicchi, and M. G. Catalano

Abstract The simple kinematics of commercial prosthetic wrists limits the indi-
viduals in performing a wide range of tasks and restore natural motor functions.
We propose a functional prosthesis that improves grasping capabilities through the
addition of a simple yet useful 3 DoF myoelectric wrist joint with compliant and
rigid properties. Its locking capability enables the adjustment of hand configuration
in pre-grasping phases and separates the hand motion from the wrist motion. The
proposed wrist, combined with a prosthetic hand, was tested with 8 able-bodied
subjects and 1 subject with limb loss. It was compared to a common commercial
rotational wrist and to subjects’ natural wrist. Results evidence the feasibility of
the prototype, improved performance capabilities, and the subjects’ first impression
about the proposed system. Finally, a prosthesis user tested and compared systems
during Activities of Daily Living (ADL).

1 Introduction

The human-machine interface and the mechanical features of robotic devices could
limit the performance and development of arms prostheses. The lack of compact and
reliable actuators and the difficulties to mimic human prehension capabilities result
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in a reduced set of practicable movements [1]. Prosthesis users are often forced
to alter their strategy and perform unnatural compensatory movements to increase
their range of motion [2], to apply larger forces on objects and to obtain acceptable
levels of smoothness, accuracy and energy efficiency [3]. Compensatory movements
increase the discomfort, often resulting in residual limb pain or overuse syndromes
[4].

In [5], the authors demonstrate that a single DOF hand with wrist flex/extension
allows functions comparable to a highly performing poly-articulated hand without
wrist. Moreover, [6] suggests that an adaptive wrist with both compliant and rigid
behaviours could benefit the user by alternating between its adaptative capacity for
the approach, and stability once the object is grasped.

This work presents a preliminary design of an innovative and compact 3 DOFs
prosthetic wrist. The wrist can switch behaviour between two states: compliant and
rigid, through the actuation of one motor. Taking advantage from the environment,
this prototype enables the setting up of the prosthetic hand orientation during the
pre-grasping phase, and the adjustment of its stiffness through sEMG signals. We
hypothesize that this design could reduce compensatory movements and facilitate
the reach of objects while promoting stability in the transport and holding phases.
We study the proposed system and compare it with the most common active wrist -
a prono/supination rotator - using time-based metrics and biomechanical measures
from 8 able-bodied subjects. Furthermore, one prosthesis user provides a qualitative
evaluation during the performance ofADL (see the prototype implemented in a user’s
socket in Table1).

2 Materials and Methods

We propose a prosthetic wrist based on a spherical joint that can be friction-locked
through the actuation of one motor. Moreover, a compliant stage provides adapt-
able behaviour when the joint is unlocked. 8 able-bodied subjects evaluated the
system functionality versus one of the most common active wrist on the market
(a prono/supination joint). Both robotic wrists were connected to the same under-
actuated prosthetic hand, called SoftHand Pro (SHP) [7]. The whole systemwas con-
trolled by two EMG channels, as common sockets for transradial amputees embed.
In this case, they correspond to the FDS and EDC muscles. The selection of the
actuator to command between the wrist and the hand is based on the velocity of the
user’s muscle activations through a Finite State Machine and a timer. A fast acti-
vation commands the wrist, while a slower activation commands the hand closure.
Once wrist control is elicited, while the friction-lockable wrist requires an impulse to
lock the joint, the rotational wrist requires continuous muscle activation to select the
prono/supination angle. The experimental protocol is based on functionalmovements
related to reaching, grasping and transport. It consists in the grasping and moving
action of 3 different objects from 3 shelves at different heights. An Xsens was used
to gather subjects’ motion and to analyse their body posture. Finally, a survey was
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conducted after each wrist type experiment about systems usability and satisfaction.
Furthermore, one prosthesis user performed purpose-oriented movements inspired
by ADL with the 3 systems, focusing on the reaching phase. While the control sys-
tem for unimpaired users was their left natural wrist, the prosthesis user used her
unimpaired arm (right) during the experiments.

3 Results

Xsens provides the angles between upper subject’s body segments. We select 5 dif-
ferent angles to evaluate the level of compensation when executing a task. Moreover,
we analyse the time required to perform a task successfully and the frequency of
wrists control elicitation usage. All experiments were video recorded to evaluate
which DOFs are more used, and depending on which parameter (object or height).

The percentage of active usage and time execution for all able-bodied subjects
are presented in Fig. 1. A larger frequency of activation implies a larger desired use
of the robotic device. A shorter time implies a faster execution of the task, which is
related to an easier use. Figure1c shows results from the time execution when both
prosthetic wrists are actively used.Moreover, an example of a qualitative comparison
for the prosthesis user is shown in Table1.
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Fig. 1 Frequency of activation (a) and time execution (b) for able-bodied subjects (n = 8). Panel
(c) shows the time execution when the prosthetic wrists (RW - rotational wrist, LW - lockable wrist)
has been voluntarily used for the execution of a task. CW refers to the control wrist. The p-values
from a N-way ANOVA test are detailed in their caption. Tukey-kramer test significance is detailed
with asterisks in the upper part of each graph with **** for p ≤ 0.0001. The estimated means for
each wrist of study are presented with a bar plot and the red errorbar refers to their standard error



492 P. Capsi-Morales et al.

Table 1 ADL: Grasping object from extreme height conditions

Control Wrist Rotational
wrist

Lockable
wrist

(1)

(2)

(3)

4 Discussion

Results from functional tasks proved a significantly larger frequency of active usage
of the lockable wrist compared to the rotational wrist. Moreover, although Fig. 1b
shows that the lockable wrist is 2 s slower in performance than the rotational, the
fact that users voluntary activate the lockable wrist in 20% more of the occasions
could be affecting to the total execution time. Indeed, looking at Fig. 1c, where both
robotic aids are voluntarily used, we realize that the lockable wrist use did not com-
promise the time execution of the overall prosthesis, increasing only the prosthetic
arm functionality. Furthermore, users appear to show preference and acceptance of
the proposed system, which will be evaluated though surveys results.

Regarding the completion of ADL, Table1 shows that with the lockable wrist, the
user not only presents a more natural body posture, but also a safer grasp is observed
in extreme cases, where the stability of the object can be compromised when using
the rotational wrist. Overall, ADL results of the lockable wrist suggest a decrease
in the time to complete the task (usually related to cognitive load), an increase in
intuitiveness and a softer interaction.

5 Conclusions

Results prove the interest of able-bodied subjects in active use of the proposed sys-
tem. Experiments with the prosthesis user suggest enlarged capabilities to adapt
to different requirements. Although a preliminary evaluation of Xsens data seems
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to favour the proposed system in presenting a more natural body posture, further
analysis of compensatory movements is needed. Future work points towards a more
compact and light design with a larger range of motion, and the study of a variable
stiffness system, that will allow the user to control the joint level of rigidity with a
more intuitive control strategy.
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Identification of Time-Varying Ankle
Joint Impedance During Periodic Torque
Experiments Using Kernel-Based
Regression

Gaia Cavallo, Christopher P. Cop, M. Sartori, Alfred C. Schouten,
and John Lataire

Abstract Joint impedance is a common way of representing human joint dynamics.
Since ankle joint impedance varies within the gait cycle, time-varying system iden-
tification techniques can be used to estimate it. Commonly, time-varying system
identification techniques assume repeatably of joint impedance over cyclic motions,
without taking into consideration the inherent variability of human behavior. In this
paper, a method that assumes smooth, cyclic joint impedance, yet allows for cycle-
to-cycle variability, is proposed. The method was tested on isometric, cyclic experi-
mental data from the ankle under conditions with a time variation comparable to the
expected one during the gait cycle. The estimated model could describe the data with
high accuracy (VAF of 94.96%) and retrieve realistic inertia, damping and stiffness
parameters. The results provide motivation to further apply the method on experi-
ments under dynamic conditions and to employ the proposed method as a tool for
investigating the human joint dynamics during cyclic movements.

1 Introduction

The dynamical behavior of a human joint can be described by joint impedance.
Joint impedance characterizes how much resistance a joint opposes to an angular
perturbation. During locomotion, the joint impedance of the lower limbs’ joints is
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regulated over time by the neuromuscular system. For example, the joint impedance
of the ankle is low during the swing phase, and increases during the stance phase to
allow for the generation of a net torque for push-off [1]. Knowing how the ankle joint
impedance is regulated during locomotion provides important information to design
biomimetic wearable devices that can reproduce the function of a healthy ankle joint
[1].

Joint impedance can be estimated using system identification techniques, starting
from the measurements of an angular perturbation applied to the joint and the result-
ing joint torque. Since joint impedance changes within the gait cycle, time-varying
system identification techniques are required. In literature, system identification tech-
niques that assume repeatably of the joint impedance over cyclic motions have been
proposed [2]. This assumption is not in accordance with the inherent variability
of human behavior and therefore the identification techniques might lead to biased
estimates when applied to human data.

In this article, a kernel-based regression (KBR) method is proposed. A smooth,
cyclic behavior of the joint impedance is assumed, yet a cycle-to-cycle variability
is allowed. The method is applied to the analysis of isometric experimental data,
in which the ankle torque tracks a periodic trajectory, designed to induce a time
variation of joint impedance comparable to the expected one during the gait cycle.

2 Method

2.1 Experiment

The experimental data were acquired from one healthy subject. Prior to the experi-
ment, the subject gave written informed consent. The protocol was approved by the
ethics board of the University of Twente. The right foot of the subject was attached
to the Achilles Rehabilitation Device (MOOG, Nieuw-Vennep, The Netherlands).
The apparatus is a one degree of freedom ankle manipulator which can apply angular
perturbations to the ankle joint in the sagittal plane [3]. The foot of the subject was
firmly attached to the footplate of the manipulator, such that the angle of the manip-
ulator corresponded to the angle of the ankle joint. The angle of the manipulator was
controlled. The angular displacement was designed as a 90 s multisine signal (sum
of sinusoidal waves) with RMS amplitude 0.015 rad, random phase and excitation
frequencies from 0.6 to 20 Hz.

The device measured both the angular displacement and the torque applied by the
subject with a sampling frequency of 2048 Hz. The subject was instructed to change
the ankle torque to track a predefined desired trajectory, shown in black in Fig. 1a.
The desired torque trajectory was periodic within the frequency range of normal
human walking and the amplitude was adjusted to be comfortable for the subject and
limit muscular fatigue. The subject received visual feedback on the desired torque
trajectory and on a low-passed representation the exerted ankle torque. Three trials
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were measured, each composed of 45 cycles of the torque trajectory. The signals are
considered positive in the dorsiflexion direction.

2.2 System Identification

It is assumed that the measured torque τm(t) is the superposition of voluntary
torque τext(t), i.e. the desired trajectory and uncorrelated with the perturbations,
and perturbation-induced torque τŒ(t), which can be described by an inertia-spring-
damper model:

τm(t) = τext(t)+ τŒ(t)

= τext(t)+ I φ̈m(t)+ B(t)φ̇m(t)+ K (t)φm(t)
(1)

where φm(t), φ̇m(t)and φ̈m(t) are the angular position and its first- and second-
order derivatives, respectively, I is the constant (time-invariant) inertia, and B(t) and
K (t) the time-varying damping and stiffness. B(t), K (t) and τext(t) are considered
Gaussian processes, whose statistical properties are characterized by a covariance
function, called the kernel function. A locally periodic kernel function is selected,
which imposes that the variations of the parameters are smooth and have a periodicity
of 2 s, with a cycle-to-cycle variability of 20% [5]. The unknown inertia, stiffness,
damping and external torque τ̂ext(t) are retrieved simultaneously bymeans ofKBR [4,
5], considering the angular position as input and the measured torque as output. The
estimate of themeasured torque τ̂m(t) is consequently computed. The identification is
performed in the frequency domain, at bins up to 20 Hz. The accuracy of the estimate
is expressed in terms of the variance accounted for (VAF) [5] between τm(t) – τ̂ext(t)
and τ̂m(t) – τ̂ext(t).

3 Results

The measured torque is plotted in Fig. 1b, where the abscissa was normalized to
represent the measurements with respect to the cycle percentage. The measurements
for 15 randomly selected cycles are shown. The estimated external torque τ̂ext(t)
component is represented in Fig. 1a, where each colored line represents the estimate
for one cycle. The estimate resembles the desired torque trajectory and the resulting
VAF is of 94.96%. The estimated damping and stiffness are represented in Fig. 1c,
d, respectively. For each cycle, the estimated stiffness has a peak value in correspon-
dence to themaximum plantarflexion (around 45% of the cycle), whilst the estimated
damping has a peak around 50% of the cycle. The inertia estimate is 0.019 Nms2/rad.
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Fig. 1 a Desired torque trajectory (dotted black line) and estimated voluntary torque. bMeasured
torque. c, d Estimated damping and stiffness. For all the plots, the abscissa is normalized to rep-
resent the quantities with respect to the percentage of the cycle (length 2 s), and the quantities are
represented for 15 randomly selected cycles of the torque trajectory

4 Discussion

4.1 Estimated parameters

The variability of the subject behavior is observable in Fig. 1b, in which there are
cycle-to-cycle differences in the maximum amplitude of the measured torque and
the timing of the amplitude peaks. The estimated damping and stiffness parameters
present a plausible time-varying behavior in accordance with the measured torque,
with peak values in correspondence to the maximum plantarflexion torque for each
cycle. The estimated stiffness resembles the estimate obtained in [6]. Future work
should be done to provide a physiological interpretation of the parameters, potentially
comparing the results with physiological-based models [3].

Accordingly to the experimental conditions, the inertia was set time-invariant.
However, the identification method can deal with time-varying inertia.
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4.2 Experimental Condition

With the given experimental condition, we wanted to test the proposed identification
method on human experiments with a time variation comparable to the expected one
during the gait cycle. The high VAF supports the validity of the estimated model.
Furthermore, the estimator was previously validated on a simulation study with a
comparable time variation [5].

The experiment was performed during isometric conditions, where the time vari-
ation of the joint impedance was an artifact of the experimental task. However, the
good performance of the method on the presented data provides motivation to con-
tinue testing the method on more realistic experimental conditions. Future work
should include adjusting the method to be applicable to closed-loop conditions, in
order to identify joint impedance during experiments under dynamic conditions, and
provide a human-inspired guideline for the design of actuated wearable devices [1].
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Robotic Approach to Characterize Ankle
Stiffness in Multiple Sclerosis Patients
During Standing and Walking

Varun Nalam, Ermyntrude Adjei, Joshua Russell, Megan C. Eikenberry,
Dean Wingerchuk, and Hyunglae Lee

Abstract This paper presents a pilot study evaluating the effectiveness of a new
robotic approach to characterize altered ankle stiffness in multiple sclerosis (MS)
population during standing and walking. The approach utilizing a dual-axis robotic
platform could accurately quantify ankle stiffness of the pilot MS patient, with relia-
bility as high as that observed in unimpaired individuals. Further, investigation of the
quantified ankle stiffness together with sensor measurements of ankle muscle acti-
vation and ankle torque enabled understanding of the mechanisms contributing to
ankle stiffness modulation. For the pilot MS subject, muscle contracture, weakness,
and reduced range of motion were identified as potential contributors to the modu-
lation of ankle stiffness during standing and walking. Upon successful validation of
a future study on a larger group of MS patients, this robotic approach is expected
to help clinicians better understand a patient’s altered ankle mechanics, identify the
underlying neuromuscular deficiencies, and prescribe patient-specific rehabilitation
exercises.

1 Introduction

Compromised balance during standing and walking is a major consequence of
chronic disability in multiple sclerosis (MS) patients [1]. Notably, most MS patients
have significant ankle impairments such as weakness, contractures and spasticity [2,
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3], which may lead to impairment in lower extremity function. While there has been
much effort to characterize altered ankle mechanics following MS, most of the char-
acterizations were limited to subjective clinical examinations during non-functional
(e.g., seated) tasks [4]. Little is known about how MS alters ankle mechanics during
standing and walking. In this study, we presented a novel robotic approach to char-
acterize ankle mechanics, ran a pilot study with one MS patient, and evaluated its
reliability. In particular, we quantified ankle stiffness since it is known to play a
dominant role in standing balance and locomotion.

2 Material and Methods

To quantify ankle stiffness during standing balance and walking, we used a dual-
axis robotic platform, which can apply kinematic perturbations to the ankle in the
sagittal and frontal planes andmeasure the corresponding ankle torques. The platform
was fully validated to accurately quantify 2-dimensional (2D) human ankle stiffness
during various postural balance and locomotion tasks [5].

In addition to the robotic platform, a dual-axis goniometer, an electromyography
(EMG) system, a visual feedback display, and a safety harness, were used. The
goniometer was attached to the foot-shank complex to measure 2D ankle kinematics
in the sagittal and frontal planes. To monitor muscle activity throughout the experi-
ment, surface EMG sensors were attached to the belly of four major ankle muscles:
tibialis anterior (TA), soleus (SL), medial gastrocnemius (MG), and peroneus longus
(PL). Prior to experiments, maximum voluntary contraction (MVC) of each muscle
was measured. The visual feedback display, showing center of pressure (COP) of
the foot and weight distribution between legs, was used in the standing experiment
to aid maintenance of consistent standing posture.

One subject (Age: 67, height: 162.6 cm,weight: 88.6 kg), diagnosedwith relapsing
remitting MS 4 years prior to the study, participated in the pilot study consisting
of standing and walking experiments. The subject was a community ambulator
(comfortable walking speed: 0.94 m/s) and exhibited slight spasticity in plan-
tarflexors (Modified Ashworth Scale: 1+). The participant gave informed consent
prior to participation and the studywas approved byASU Institutional ReviewBoard
(STUDY00008706).

In the standing experiment, the subject was instructed to maintain a consistent
upright standing posture (Fig. 1a). Once the target posture was maintained for a
randomized time interval of 0.5−2 s, a ramp-and-hold perturbation (amplitude: 3°,
duration: 100 ms) was applied to the ankle. In the walking experiment, the subject
was instructed to walk on the elevated walkway at a self-selected cadence rate which
was ensured by metronome-based audio feedback (Fig. 1b). The same perturbation
was applied at 50% of the stance phase. Thirty perturbations were applied in sets of
10 trials in the sagittal and frontal planes for the standing experiment and only in the
sagittal plane for the walking experiment.
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Fig. 1 The experimental setup for a standing and b walking experiments

Ankle kinematics and ankle torque data were filtered using a 2nd order Butter-
worth low-pass filter with a cut-off frequency of 20 Hz. In calculating ankle
torques, torques due to platform dynamics were first quantified under no loading
and subtracted from the measured torques.

Ankle stiffness was quantified by fitting a 2nd order model, consisting of stiff-
ness, damping, and inertia, to the measured ankle kinematics and torques over the
perturbation window. To verify the reliability of quantification, the percentage vari-
ance accounted for (%VAF) between the measured ankle torque and the estimated
ankle torque from the best fit model was calculated. Further, EMG amplitude and
COP data were averaged over 25 ms prior to the onset of perturbation. Of note, COP
displacement is highly correlated with ankle torque and thus it is an indirect measure
of ankle torque [6].

Results of the pilot MS subject were compared with results of 10 young
unimpaired individuals (controls) reported in our previous study [6].

3 Results

The high %VAF (greater than 98.7% in all experiments) confirmed the reliability of
the robotic approach to accurately quantify ankle stiffness in the tested MS patient
(Table 1).

In the standing experiment, ankle stiffness in the sagittal plane (270.3 Nm/rad)
was almost twice that of controls (143.3 (standard deviation: 41.4) Nm/rad). Ankle
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Table 1 Comparison of ankle stiffness, EMG amplitude, and COP between the pilot MS subject
and unimpaired individuals

Stiffness
(Nm/rad)

%VAF TA (%
MVC)

PL (%
MVC)

SL (%
MVC)

MG (%
MVC)

COP
(cm)

Standing
sagittal

MS subject 270.3 99.8 2.8 13.6 13.9 12.1 −0.31

Unimpaired 143.3 99.0 3.0 5.4 8.1 6.0 −0.02

Standing
frontal

MS subject 82.8 98.7 2.8 9.7 9.9 12.6 0.59

Unimpaired 29.2 96.1 2.8 4.8 7.4 5.9 0.01

Walking
50%
stance

MS subject 284.4 99.4 7.6 35.7 49.2 43.2 3.5

Unimpaired 319.4 99.1 4.9 20.2 14.5 37.4 8.6

stiffness in the frontal plane (82.8 Nm/rad) was also substantially higher than that
of controls (29.2 (10.1) Nm/rad). However, this significant difference cannot be
explained by differences in the muscle activation or COP.

In the walking experiment, ankle stiffness of the MS subject (284.4 Nm/rad) was
comparable to that of controls (319.4 (82.1) Nm/rad). It is important to note that
activation of plantarflexors of the MS subject was much higher than that of controls,
in particular SL (49.2 vs. 14.5 (7.4) %MVC). However, even with high muscle
activation, COP (i.e., ankle torque) of the MS subject (3.5 cm) was significantly
lower than that of controls (8.6 (2.8) cm).

4 Discussion and Conclusion

This pilot study confirmed that the robotic approach, which integrates the dual-axis
robotic platform and the system identification method, can accurately characterize
altered ankle stiffness followingMS.The reliability of the robotic characterization for
the pilotMS patient, quantified by%VAF, was as high as that observed in unimpaired
individuals. To the best of our knowledge, this is the first ever study to directly
quantify the MS patient’s ankle stiffness during standing and walking.

In this study, the pilot MS subject exhibited significantly higher ankle stiffness
in both the sagittal and frontal planes during quiet standing, which cannot be fully
explained by the increase in muscle activation and COP levels compared to those in
unimpaired controls. This result may be due to stiffened passive tissue and/or muscle
contracture due to MS.

During walking, even with high muscle activation in plantarflexors, ankle torque
was significantly lower than that observed in unimpaired walking, evidenced by
significantly low COP displacement. It can be inferred that plantarflexor activation
was not properly transferred to ankle torque generation in the stance phase ofwalking,
possibly due to muscle weakness and a reduced range of motion of the ankle. Low
expected ankle stiffness due to low ankle torque generation was offset by high ankle
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stiffness observed in the standing task, resulting in the overall ankle stiffness of this
subject being comparable to that of controls during walking.

While results of this pilot study suggest the potential of the presented robotic
approach to quantify altered ankle mechanics and to understand neuromuscular
mechanisms contributing to the alteration, a future validation study on a larger group
of MS patients is necessary to fully validate the presented robotic approach. Upon
successful validation, this robotic approach will help clinicians better identify the
nature of a patient’s particular neuromuscular deficiencies and allow them toprescribe
patient-specific rehabilitation exercises.
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AMuscle Model Incorporating Fiber
Architecture Features for the Estimation
of Joint Stiffness During Dynamic
Movement

Christopher P. Cop, Alfred C. Schouten, Bart F. J. M. Koopman,
and M. Sartori

Abstract Quantifying human joint stiffness in vivo during movement remains
challenging.Well established stiffness estimationmethods include system identifica-
tion and the notion of quasi-stiffness, with experimental and conceptual limitations,
respectively. Joint stiffness computation via biomechanical models is an emerging
solution to overcome such limitations. However, thesemodelsmake assumptions that
hamper their generalization across muscle architectures. Here we present a stiffness
formulation that considers themuscle’s pennation angle, and its comparison to a sim-
pler formulation that does not. Model-based stiffness estimates are evaluated against
joint-perturbation-based system identification.Results onmuscleswith different pen-
nation angle show that our formulation seamlessly adjusts the muscle-tendon units’
stiffness depending on their architecture. At the joint level, our new model improved
the stiffness estimations. Our study’s relevance is the creation and validation of a
modeling formulation that does not require joint perturbation. This will enable better
estimations and understanding of stiffness properties and human movement.

1 Introduction

JOINT stiffness is a biomechanical property that dictates how human limbs interact
with the environment. The mechanisms the neuromuscular system uses to modulate
it and to provide stability in response to perturbations are not understood yet. Hence,
over the last decades there has been a growing interest to quantify human in vivo
joint stiffness.
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Joint stiffness has been mostly studied via system identification (Sys. Id.) tech-
niques or using a surrogate concept, i.e. quasi-stiffness. Despite their numerous
advantages, both methodologies entail major limitations. On the one hand, Sys. Id.
requires an experimental setup inwhich the joint is externally perturbed. Thismakes it
an undesirablemethod to study naturalmovements. On the other hand, quasi-stiffness
does not solely represent the position-dependent component of joint impedance, i.e.
joint stiffness, as quasi-stiffness also includes velocity- and activation-dependent
components.

To overcome these limitations,we propose a stiffness formulation based on biome-
chanical modeling to estimate joint stiffness in static and dynamic tasks [1]. The idea
is to compute joint stiffness by estimating and projecting the stiffness of its constitut-
ing elements. However, assumptions and simplifications are often required to model
such elements, e.g. the muscle’s pennation angle is not considered in the stiffness
computation.

In this work we present a joint stiffness model formulation that considers the pen-
nation angle of the modeled muscle-tendon units (MTUs). Moreover, we show the
effect of including the pennation angle in the computation of MTU stiffness in mus-
cles with different pennation angle. Lastly. we compare the performance of our new
formulation to a simpler model that does not take the pennation angle into account in
the stiffness computation. Remarkably, model-based stiffness estimates are directly
compared to perturbation-based time-varying system identification values derived
from the same subjects and motor tasks. This provides a thorough validation means
for our proposed methodology.

2 Methods

2.1 Data Collection

Data from five healthy young subjects (age: 24.2 ± 1.0 years; height: 1.78 ± 0.06
m; weight: 70.0 ± 5.4 kg) were used in this study. Ethical approval was granted by
the Ethics Committee of the University of Twente and the participants gave written
informed consent.

The subjects’ right foot was attached to an admittance controlled dynamometer.
The ankle’s angle and torque were measured in dynamic movement trials in which
the subject tracked a sinusoidal plantar-dorsi flexion angle target (amplitude: 0.15
rad, frequency: 0.6 Hz). Position perturbations, with an amplitude of 0.03 rad and
a switching time of 0.15 s, were applied to the ankle in a pseudo-random manner.
Electromyography (EMG) signals fromfive lower legmuscleswere acquired: soleus,
gastrocnemius lateralis/medialis, peroneus, and tibialis anterior. More details in [2].
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2.2 Joint Stiffness Models

The EMG-driven musculoskeletal model shown in [1] was adapted to compute the
subject’s right ankle stiffness. First, a generic model was calibrated to obtain subject-
specific MTU parameters. Then, the ankle joint stiffness (K J ) was computed from
the stiffness of its constituting MTUs:

K J =
#mtu∑

i = 1

(Kmtu
i · r2i − ∂ri

∂θ A
· Fi ) (1)

where Fi, ri and Kmtu
i represent the force, moment arm and stiffness, respectively,

of the ith MTU spanning the plantar-dorsi flexion degree of freedom of the ankle,
and θ A is the ankle angle in the saggital plane.

MTU stiffness, Kmtu , equals the tendon stiffness, K t , in series with the equivalent
muscle fiber stiffness along the tendon’s line of action, Km

eq, i.e. K
mtu = (

K t−1 +
Km−1

eq

)−1

Based on the work presented in [3], the equivalent stiffness of a muscle along the
tendon’s line of action is:

Km
eq = dFm

eq

dlmeq
= d

dlmeq
(Fm cosα) = d

dlmeq

(
Fm

lmeq
lm

)
= · · ·

· · · = dFm

dlm
cos2 α + Fm

lm
sin2 α (2)

where Fm
eq and lmeq are the force and length, respectively, of the muscle fiber along

the direction of the tendon’s line of action, Fm and lm are the force and length,
respectively, of the muscle fiber along its axis, and α represents the muscle fiber’s
pennation angle. All aforementioned parameters are estimated by the EMG-driven
musculoskeletal model.

Two different models were used in this study: the model described in (1) and (2)
that takes the pennation angle into account, i.e. model A, and a simpler model, as
presented in [1], that does not account for pennation angle in the stiffness computation
and thus considers Km

eq = dFm

dlm , i.e. model B.

2.3 Data Analysis

Reference joint stiffness values were obtained using a closed-loop ensemble-based
time-varying Sys. Id. method extensively described in [4].

At the MTU level, we quantified the difference in magnitude between models
A and B by computing their root mean squared error normalized by the maximum
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stiffness value (nRMSE) for two MTUs with different pennation angle at optimal
fiber length: the tibialis anterior (α ≈ 5◦), and the soleus (α ≈ 25◦).

At the joint level, the results obtained with models A and B were compared to
the reference, both in magnitude and in shape, using the root mean squared error
(RMSE) and the coefficient of determination (R2), respectively.

3 Results

We show stiffness estimations at the MTU level for a single subject (Fig. 1a), and at
the joint level for the average across all five subjects (Fig. 1b).

At the MTU level, the nRMSEs for the soleus and the tibialis anterior were 0.03
and 0.004, respectively (Fig. 1a).

At the joint level, the stiffness estimations of models A and B were compared to
the reference (Fig. 1b). For the average across all five subjects, the R2 and RMSE
values were 0.56 and 3.48 N·m/rad, repectively, for model A, and 0.47 and 4.68
N·m/rad, repectively, for model B.

a

b

Fig. 1 a MTU stiffness of the soleus (black) and the tibialis anterior (blue) muscles computed
by models A (solid lines) and B (dotted lines). Note that this plot has two axes of ordinates:
one corresponding to the soleus (left) and one corresponding to the tibialis anterior (right).
b Joint stiffness estimates averaged across all five subjects of model A (solid line), model B (dotted
line), and the reference stiffness estimate obtained via system identification (red). The shaded area
corresponds to the standard deviation
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4 Discussion

To the best of our knowledge this work shows, for the first time, a joint stiffness
model that considers pennation angle (i.e. model A) and is directly validated against
Sys. Id..

We demonstrate that our proposed joint stiffness formulation can capture multiple
muscle architectures simultaneously (Fig. 1a), and seamlessly adjust the equivalent
muscle fiber stiffness according to time-varying changing pennation angle (2).

Figure 1b shows how model A improved joint stiffness estimation compared to
model B. Interestingly, in the proximity of the dorsiflexion peak of the task (around
50% of the cycle), models A and B compute a similar joint stiffness profile, because
most of the dorsiflexion stiffness comes from the tibialis anterior, i.e. a muscle with
small α (2).

The largest discrepancy of models A and B is found around the task’s plantarflex-
ion peak (around 0 and 100% of the cycle), because the calf muscles, which are
usually pennated, contribute to the joint’s plantarflexion stiffness (2).

Our results indicate that including the pennation angle in the joint stiffness com-
putation enables better estimations within the plantar-dorsi flexion cycle. This may
have implications for the estimation of stiffness during more advanced motor tasks
involving complex interplay between pennated and fusiform muscles, e.g. locomo-
tion, stair climbing, etc.

5 Conclusion

Here we presented the first results of an EMG-driven joint stiffness model that takes
pennation angle into account and is directly validated. Despite their preliminary
nature, our results seem to indicate that including more information on muscle archi-
tecture has an impact on joint stiffness estimation and generalization. This will bring
us one step further in the understanding of movement neuromechanics.
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Quantifying Joint Stiffness During
Movement: A Quantitative Comparison
of Time-Varying System Identification
Methods

Mark van de Ruit, Winfred Mugge, and Alfred C. Schouten

Abstract Careful control of joint impedance, or dynamic joint stiffness, is crucial
for successful performance of movement. Time-varying system identification (TV-
SysID) enables quantification of joint impedance during movement. Several TV-
SysID methods exist, but have never been systematically compared. Here, we simu-
late time-varying joint behavior and propose three performancemetrics that enable to
quantify and compare TV-SysID methods. Time-varying joint stiffness is simulated
using a square wave and subsequently estimated with three TV-SysID methods: the
ensemble, short data segment, and basis impulse response function method. These
methods were compared based on (1) bias with respect to the simulated joint stiff-
ness, (2) random error across 100 simulation trials, and (3) maximum adaptation
speed in joint stiffness that can be captured. This approach revealed that each TV-
SysID method has its own unique properties. The simulation method and perfor-
mance metrics pave the way for developing a framework to quantify the strengths
and weaknesses of TV-SysID algorithms for estimating joint impedance.

1 Introduction

Joint impedance is a dynamical property of our neuromuscular system that describes
the relationship between joint displacement and restoring torque. Joint impedance
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is determined by the inertial, viscous, and elastic properties of a joint [1]. Improper
control of joint impedance during movement has been associated with movement
disorders such as seen after stroke or in people with Parkinson’s Disease [2, 3].
Knowledge on joint impedance is not only important for better understanding of
impairments of motor control, but is also crucial for providing intuitive exoskeletons,
development of active biomimetic prosthetics and design of haptic robots that ecolog-
ically interact with humans. The challenge is to accurately identify joint impedance
during movement.

Human joint impedance, specifically joint damping and joint stiffness, have been
demonstrated to change with joint torque, joint angle, and muscle activation level,
thereby varying tremendously throughout a movement [4, 5]. Time-varying system
identification (TV-SysID) enables the identification of changing joint properties over
time. Thirty years of research have seen development of various TV-SysID methods
that are specifically suited for application to data recorded from human joints [e.g. 6–
8]. TV-SysID algorithms hugely differ with respect to a priori assumptions, amount
of data required and speed of time-varying behavior that can be captured. Yet, we lack
means to systematically compare performance of TV-SysID methods and quantify
their key properties. Here, we use a simulation of time-varying joint behavior and
three quantification metrics to construct a framework for systematic comparison of
TV-SysID methods for the identification of joint impedance.

2 Methods

2.1 Simulation Study

Time-varying joint stiffness was simulated using a model of human joint dynamics.
A simple time-varying 2nd-order mass-spring-damper model Hjoint (s) can describe
the dynamics of a joint when only small rotations are applied:

Hjoint (s, t) = I (t)s2 + b(t)s + k(t) (1)

in which s is the Laplace variable and equals j2π f (f represents the frequency).
Hjoint (s, t) represents the intrinsic joint dynamics where I is the limb inertia, b the
joint viscosity and k the joint stiffness.

An anti-causal open-loopmodelwas implemented inMATLAB2019b—Simulink
9.7 (The MathWorks, Inc., Natick, Massachusetts, United States) as:

y(t) = Hjoint (s, t)u(t) + v(t) (2)

where u(t) is the angular input perturbation signal, y(t) the measured output torque
and v(t) is the measurement noise (Fig. 1). Measurement noise v(t) was added as
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Fig. 1 The simulation model used with Hjoint(s,t) representing the time-varying joint dynamics,
u(t) the angular perturbation input signal, y(t) the measured output torque and v(t) the measurement
noise

a 40 Hz low-pass filtered (4th-order Butterworth) normally distributed noise and
scaled such to achieve a signal-to-noise ratio (SNR) of 10 dB.

The limb inertia (I ) and joint viscosity (b) in the model were taken as 0.02 kgm2

and 2.2 Nms/rad respectively, to represent the human ankle joint, and consid-
ered time-invariant. Joint stiffness (k) was considered time-varying, following a
0.5 Hz square wave, transitioning between 50 and 150 Nm/rad.

The model’s perturbation input u(t) was a 5 Hz low-pass filtered (2nd-order
Butterworth) noise signal.

Each simulation trial lasted 150 s and was repeated 100 times with a new random
input and noise realization (fs = 1000 Hz).

2.2 Data Analysis

The data from the simulations were analyzed using three TV-SysID methods:

• Ensemble Impulse Response Function (eIRF) [6]: Assumes time-invariant system
dynamics at each time point across the realizations, i.e., the ensemble. Therefore,
uses time-invariant system identification at each time point to construct a time-
varying impulse response function (TV-IRF).

• Short Data Segments (SDS) [8]: Extension of eIRF in which local time-invariant
dynamics is not only assumed across realizations but also across a short time
window, resulting in the need for less data.

• Basis impulse response function (bIRF) [7]: Extension of eIRFwhere the TV-IRFs
are approximated by a linear combination of cubic B-splines basis functions. This
method assumes system parameters to vary smoothly with time.

Three metrics were used to assess the quality of the estimate of time-varying
joint stiffness. First, the bias error describes the estimation error with respect to the
simulated simulation joint stiffness:

eB =
√
√
√
√

�t

T

T/�t
∑

i=1

(

K̂ i (i�t) − Ki (i�t)
)2

, (3)
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Fig. 2 Simulated and estimated joint stiffness. Datawas segmented in 2 s periods and aligned before
estimation by the eIRF, SDS and bIRF TV-SysID methods (mean ± 2 * S.D. of 100 trials—solid
line and shaded area). The simulated time-varying joint stiffness (Ksim—dashed line) is added for
reference

where K (t) the simulated stiffness and K̂ (t) the mean estimated stiffness across all
simulated trials. Second, the random error quantifies the variance of the estimate
across simulation trials (noise sensitivity):

eR =
√
√
√
√

�t

S�T

T/�t
∑

i=1

S
∑

s=1

(

K̂i (i�t, s) − K̂ i (i�t)
)2

, (4)

where K̂ (t, s) is the stiffness estimated at timepoint t for simulation trial s. Third,
the slope, quantified by taking the maximum of the numerical derivative of estimated
joint stiffness, provides a measure of the maximum speed in adaptation that can be
captured.

3 Results

Figure 2 shows the estimated joint stiffness using all three TV-SysID methods. Bias
error, random error and slope associated with these estimates of joint stiffness are
summarized in Fig. 3. eIRF accurately captures simulated joint stiffness including
the instantaneous change but does so with high variance. In contrast, SDS and bIRF
provide an estimate with lower variance, but greater bias and flatter transition slopes.
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Fig. 3 Estimation performance for the eIRF, SDS and bIRF method

4 Conclusion

The results demonstrate the unique properties for each TV-SysID method. The
presented simulation method and performance metrics enable researchers to system-
atically investigate the strengths andweaknesses of their newly developed algorithms
ormake a justified choicewhich TV-SysIDmethod to use depending on their applica-
tion. Further workwill have to elucidate the effect of e.g. including time-varying joint
damping, different noise types, different SNRs and different amounts of data, but also
demonstrate the methods applicability on experimental data. Our work will be used
to develop a framework for comparison of TV-SysID methods for the identification
of human joint impedance.
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Inhibition of Knee Sensory Receptors
Alters Quadriceps Muscle Coordination
in the Rat

Cristiano Alessandro and Matthew C Tresch

Abstract Internal joint structures such as ligaments are rich with sensory recep-
tors. How the central nervous system (CNS) uses the information provided by these
receptors to modify motor commands or guide rehabilitation is still poorly under-
stood. Here, we provide evidence that the sensory afferents originating from the
receptors within the knee capsule affect the coordination of the quadriceps muscles
in the rat. This result suggests the existence of control loops driven by these recep-
tors. Lesions to internal joint structures should therefore not solely be considered as
musculoskeletal injuries, but more broadly as neuromuscular injuries.

1 Introduction

Damage to internal joint structures, such as ligament ruptures and meniscal tears, are
often considered pure musculoskeletal injuries. Typical treatments for these condi-
tions aim at restoring joint biomechanics and muscle strength by surgical reconstruc-
tion and rehabilitation. However, internal joint structures are not only mechanical
stabilizers; they also provide the central nervous system (CNS) with useful infor-
mation about the movements of the limbs and the state of the joints (e.g. signaling
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potentially aberrant joint loading) thanks to the many sensory receptors within their
tissues [1]. From this perspective, lesions to the musculoskeletal system might be
considered more broadly as neuromuscular injuries.

While the existence of sensory receptors within joint structures is well-known,
how joint sensory afferents are used by the CNS to generate motor commands is
still unclear [2]. One possibility is that joint afferents are involved in control loops
that influence muscle activity on a fast time scale. We evaluate this hypothesis here
by comparing quadriceps muscle activity in rats during locomotion before and after
injection of lidocaine (a local anesthetic) into the knee capsule. This injection will
temporarily inhibit knee joint receptors; hence, acute changes of muscle activity
following this manipulation would suggest the existence of fast control loops driven
by these receptors.We characterize changes both in the activity of individual muscles
and in the coordinated activity of pairs of muscles, assessing potential neuromechan-
ical couplingsmediated by joint sensory afferents.We compare the effect of lidocaine
to that of a sham injection that does not affect joint sensory afferents.

2 Materials and Methods

We performed experiments on adult female Sprague Dawley rats (n = 12).
All procedures were approved by the Animal Care Committee of Northwestern
University.

2.1 Experimental Protocol

Bipolar electromyographic (EMG) electrodes were implanted in quadriceps muscles
(vastus medialis, VM; vastus lateralis, VL; vastus intermedius, VI; rectus femoris,
RF) as previously described [3]. EMG signals were recorded during at least 2 min
of treadmill locomotion at 15 m/min, before (baseline) and 20 min after injection of
0.05 ml of lidocaine into the knee capsule. On a different day, the same experiment
was repeatedwith a sham injection for control; i.e. a needle was inserted into the knee
capsule without injecting any anesthetic. This sham controls for any effects due to
the injection procedures or to the time for re-testing locomotor behavior. Differently
from the lidocaine injection, this sham control does not stretch the tissues due to the
absence of fluid injected into the knee capsule. However, the local anesthesia from
lidocaine should suppress any neural activity caused by this distension. The order
of these experiments was randomized. We verified in acute experiments (not shown)
that the lidocaine injection silences joint sensory afferents without affecting muscle
function.
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2.2 Data Analyses

Rectified EMGs were segmented into separate time-normalized strides, and binned
to obtain the EMG envelopes. To estimate the activation intensity of each muscle, the
EMGenvelopeswere integrated across the stance phase of locomotion for each stride.
To assess the influence of joint sensory afferents on the activity of individual muscles,
we compared the stride-averaged activation intensity of each muscle before and
after injection of lidocaine. To evaluate the role of joint sensory afferents in muscle
coordination, we calculated the Pearson correlation between the activation intensities
of each pair of muscles as a measure of muscle covariation [3], and compared the
correlation coefficients obtained before and after the injection.

2.3 Statistics

Muscle intensities were log-transformed, and correlation coefficients were Fisher-
transformed to obtain symmetric distributions. We fit Linear Mixed Effect Models
to the stride-averaged intensities of each muscle, and to the correlation coefficients
of each muscle-pair, using time-to-injection (before, after), injection type (lidocaine,
sham) and their interactions as fixed effects, and animal identifier as random effect.
Bonferroni-corrected post-hoc tests were used to compare the independent variables
obtained before and after injection, for both lidocaine and sham.

3 Results

Figure 1a depicts the group-averaged EMG envelopes of the quadriceps muscles
across the gait cycle, before and after lidocaine injection. The activation intensity

Fig. 1 a EMG envelopes of the quadriceps muscles along the gait cycle, before (black) and after
(orange) injection of lidocaine (mean±standard error across animals, N = 12). b Covariation of
the vasti muscles activation intensities for a representative animal (each circle represents a stride),
and corresponding correlation coefficients (r). c Correlation coefficients of each pair of quadriceps
muscles (mean ± standard deviations across animals, N = 12). ***p < 0.001
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of all muscles did not change significantly (ptime-to-injection > 0.05) after injection of
lidocaine or sham (interaction between time-to-injection and injection type: p>0.05).

The scatter plots in Fig. 1b illustrate the co-variation of the vasti muscle activation
intensities across strides for a representative animal, along with the associated corre-
lation coefficients. Figure 1c illustrates the correlation coefficients for each muscle
pair averaged across all animals. We found a significant decrease of VM-VI and
VL-VI correlations after lidocaine (post-hoc: p < 0.001), but not after sham injection
(post-hoc: p > 0.05; not shown). The correlations between the activation intensities
of the other muscle-pairs did not change significantly (ptime-to-injection > 0.05) after
injection of lidocaine or sham (interaction between time-to-injection and injection
type: p > 0.05).

4 Conclusions and Discussion

We analyzed the role of knee sensory afferents in quadriceps muscle activity and
coordination in rats. Inhibiting the sensory receptors within the knee capsule did
not affect individual muscle activity but it significantly reduced VM-VI and VL-VI
correlations, suggesting that knee sensory afferents mediate control loops amongst
these muscles.

Previous experiments demonstrated the existence of reflex loops between knee
ligament receptors and the hamstring muscles [4]. Similarly, our results suggest that
sensory receptors within the knee capsule drive the coordination amongst the vasti
muscles. In future studies we will identify the joint structures that encapsulate these
receptors, evaluate the influence of tendon sensory afferents potentially affected by
the lidocaine injections in these experiments, and assess whether these results are
driven by spinal reflexes.

Our results suggest that damage to structures within the knee should be considered
as neuromuscular injuries. Lesions that compromise knee joint receptors will affect
the coordination between the vasti muscles, potentially contributing to long-term
disabilities like osteoarthrosis [5]. Rehabilitation should therefore restore healthy
muscle coordination, and not only muscle strength.

The functional role of the mechanisms identified here is still unclear in the context
of current motor control theories [6]. Additional work will address whether these
mechanisms facilitate task performance [7, 8], reduce stresses and strains within the
joints [9, 10] or both.
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A Transparent Lower Limb Perturbator
to Investigate Joint Impedance
During Gait

Ronald C. van ’t Veld, S. S. Fricke, Ander Vallinas Prieto,
Arvid Q. L. Keemink, Alfred C. Schouten, H. van der Kooij,
and E. H. F. van Asseldonk

Abstract Joint impedance plays an important role in postural control andmovement.
However, current experimental knowledge on lower limb impedance during gait
is limited to the ankle joint. We designed the LOwer limb PERturbator (LOPER)
aimed to assess knee and hip joint impedance during gait. The LOPER applies force
perturbations with a 39 Hz bandwidth, tested on a free-hanging leg. In minimal
impedance mode, peak interaction forces during walking are low (<5 N). Also, this
mode has a negligible effect on the gait pattern, as it is smaller than the within-subject
variability during normal walking. In short, the LOPER is a transparent device able to
elicit a clear response at both hip and knee joints to investigate lower limb dynamics.
A second motor added to the LOPER could improve isolation of the perturbation
contribution to knee and hip dynamics. Peoplewith neurological disorders can benefit
fromknowledgeof joint impedance duringgait through improvedbiomimetic devices
and clinical decision making.

1 Introduction

Joint impedance, especially its stiffness component, plays an important role in pos-
tural control and movement. For example, humans adapt ankle, knee and hip joint
impedance during walking to enable a successful gait pattern and interaction with
their environment. Joint impedance determines the mechanical resistance to external
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perturbations and can be estimated by measuring the joint’s response to perturba-
tions. Several neurological disorders, e.g. spinal cord injury, affect joint impedance
and people’s ability to modulate it [1]. Knowledge of lower limb joint impedance
during gait could be used to support people with these neurological disorders through
the development of better biomimetic devices and improved clinical decisionmaking
[2, 3]. However, current experimental knowledge on lower limb impedance during
walking is limited to the ankle joint [2, 4].

Experimental joint impedance estimation during gait requires a device able to
apply perturbations without affecting gait when no perturbations are applied, i.e.
a transparent device. Multiple devices have been developed to determine knee or
ankle impedance during walking, e.g. [5, 6]. Unfortunately, to our knowledge, no
device currently complies with the following requirements: (1) assess knee and hip
joint impedance during gait; and (2) have a negligible effect on the unperturbed gait
pattern. This study presents the LOwer limb PERturbator (LOPER), aimed to comply
with these two requirements, and evaluates its transparency during gait.

2 Material and Methods

The LOPER consists of a motor, two carbon fiber rods, a load cell, an aluminium
frame and a brace, which is connected to the left upper leg via Velcro straps, see Fig.
1. To minimize the additional load on the user, the motor (SMH60, Parker, USA) is
bolted on a grounded, steel structure. The angular motor motion is translated into
a linear motion via the two carbon fiber rods and a ball joint linkage. To minimize
interaction forces, first the load cell (FUTEKFSH00086,USA)measuring interaction
force at 1000 Hz is implemented close to the human limb. Second, the LOPER is
controlled using an admittance control law with low virtual impedance. To prevent
human-robot interaction instability due to this low virtual impedance, indirect PI
force control with inner-loop velocity control was implemented [7].

Five people (1 female, 26.4± 1.3 yr, height 1.71± 0.09m,weight 68.4± 11.5 kg)
participated in the evaluation study. The University of Twente EWI/ET ethics com-
mittee approved the study and all participants provided written informed consent.
First, the force bandwidth was tested on a single participant in a standing posture on
a free-hanging left leg. Second, participants walked 3×4 min. on a split-belt tread-
mill (custom Y-Mill, Forcelink, The Netherlands) to assess the minimal impedance
mode and ability to apply perturbations. In order, participants walked: (1) without the
LOPER; (2) with the LOPER in minimal impedance mode (unperturbed); (3) with
pulse-shaped force perturbations (width 100ms, amplitude 40 N) applied 50ms after
toe-off. These perturbations were applied randomly after every 3–5 strides during
the swing phase of the left leg. A motion capture system (Qualysis AB, Sweden)
recorded marker positions on anatomical landmarks at 128 Hz and these were used
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Fig. 1 Overview of the
LOPER (LOwer limb
PERturbator). The rotary
actuator is placed on a steel
support frame. The rotational
actuator motion is converted
to a linear motion through
the carbon-fiber rods with a
ball joint linkage. The
motion is transferred into the
human leg through an
aluminum frame with brace
connected to the user. The
load cell measuring
interaction forces is placed
between the aluminum frame
and carbon-fiber rod

to compute knee and hip joint angles (OpenSim4.0, gait 2392 model). Ensemble
averages over strides were used to compute outcome measures: root mean square
(RMS) of interaction force, maximal absolute interaction force, RMS error (RMSE)
between joint angles of trials with and without device and intra subject variability
(ISVave) [8].

3 Results

We designed and evaluated the LOPER, which can apply force perturbations to the
left upper leg, see Fig. 2. First, a 39 Hz force bandwidth was found when tested
on a free-hanging leg. This bandwidth is higher than the 10 Hz bandwidth required
based on knee and hip joint dynamics during postural tasks [9]. Second, maximum
absolute interaction force across-subjects (4.63 ± 0.79 N) and RMS interaction
forces (2.00± 0.20 N) were lower than, respectively, 20 and 10 N required to obtain
negligible effects on a gait pattern [8]. Third, the average RMSEs for hip and knee
angle between the trial without the device and the minimal impedance trial were
0.030± 0.010 rad and 0.052± 0.026 rad respectively. Both RMSEs were lower than
the ISVave (0.047 and 0.086 rad) for walking without the device, again confirming
the negligible effect that the device, in minimal impedance mode, had on the gait
pattern.
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Fig. 2 Interaction forces (top) and hip (middle) and knee (bottom) joint angles for left leg of
representative participant during walking. The lines show averages across strides without device,
unperturbed strides with device and perturbed strides with device, as well as the differences between
these conditions. The shaded areas show the standard deviation across strides. The positive axes
show force in forward direction and a flexion angle. Start (0%) of gait cycle is at left heel strike

4 Discussion and Conclusions

This study presents the LOwer limb PERturbator (LOPER), aimed to experimen-
tally assess knee and hip joint impedance during gait. The LOPER applies force
perturbations with a 39 Hz bandwidth, when tested on a free-hanging leg. In min-
imal impedance mode, peak interaction forces during walking are low (<5 N) and
the effect on the gait pattern is smaller than within-subject variability during normal
walking. The largest differences between the trials with and without the device were
found during the beginning/mid swing, likely due to the larger interaction forces
observed, see Fig. 2. These larger interaction forces can be attributed to the virtual
mass and high accelerations at this portion of the gait cycle.

Moreover, perturbations affect both knee and hip joint simultaneously, see Fig. 2,
which makes it difficult to analyze the dynamics of a single joint. This simultaneous
excitation is due to the placement of the motor on a grounded structure to minimize
the additional load on the user. As result, the angular motor motion is translated into
a linear motion and the motor thus applies a force, not a torque, to the lower limb.
Future work may therefore include the use of a biomechanical model to analyze the
experimental data or the use of a second motor to apply perturbations to both lower
and upper leg simultaneously. Furthermore, we chose to only apply perturbations
during the swing phase. Ultimately, we will use the device to investigate knee and
hip joint impedance during the entire gait cycle. In short, the LOPER is a transparent
device able to elicit a clear response at both hip and knee joints to investigate lower
limb dynamics.
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Apparent Stiffness and Damping
as a Metric for Fall Risk

Jordan Smith, Robert Felmlee, Jozsef Laczko, Mary Crowe,
Scott Steinbrink, and Davide Piovesan

Abstract Currently, the only mechanisms in place to help people stand up require
the assistance of care staff and a strong upper body. We hypothesize that there is a
valid mathematical model to predict the optimal lower limb stiffness and damping
to predict the risk of falling. These found values can be used to create an adjustable
device that can help people stand more easily on their own.

1 Introduction

Injuries due to falling are a common problem in the elderly population [1]. As of
right now, there are few means to prevent this from happening. The current study
aims to develop tests that can be used to predict fall risk. Currently, a popular test that
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is used is the sit to stand test [2, 3]. This test includes the subjects standing up from
a seated position, then walking ten steps and turning around and returning to where
they first stood up. This test is timed, and the time is used to predict how likely they
are to fall when standing up. A different way to predict if someone is at risk of falling
would be to use a sit to stand test to characterize and give value to specific physical
properties of each person. If the human body is modeled as a simplified second-order
system as suggested by the Reference Configuration (RC) theory [4], a simulation
can be created to represent the motion of sitting to standing. Data collected from
sit to standing trials can be used to find a set of lumped parameters characterizing
the physical and physiological behavior of each participant. Assuming the system to
be second-order and neuro-mechanical in nature, the apparent damping and spring
coefficients can be used to determine how likely each subject is to fall. Furthermore,
depending on the personalized coefficients, it is possible to quantify the amount of
assistance that a potential assistive device could be adjusted to so help that person
specifically. The results thatwill be presentedwill be on the average range of damping
and spring coefficients in healthy subjects, so to determine a normative database.

2 Methods

2.1 Experimental Setup

Two AMTI AccuGait portable force platforms are used in this experiment. The soft-
ware that accompanies the forceplates is the AMTI NetForce. Each forceplate must
be calibrated for each subject. It first required to be zeroed, and then the subject must
stand still on the forceplate in order for the proprietary algorithm todetect the subject’s
true weight and thus optimize the resolution of the measurement. Once the weight of
the subject is taken, then the forceplate is calibrated and ready for testing. Position
of the subject was measured using a Codamotion System (Charnwood Dynamics),
and EMG signal was recorded for 8 major muscles of each leg. Schematic of the
experiment is shown in Fig. 1. While data was acquired for completeness, in this
work only he signal from the force platform was used.

2.2 Testing

Six subjects were tested during sit-to stand transition. Seated on an adjustable chair
without armrests, with the feet on the ground, the shanks at 90° to the thighs, and
the thighs at −90° with respect to the torso, the subjects had to stand up on top of
the forceplates.

Subjects were forbidden to use their arm to aid the transition and were asked to
cross them in front of the chest. Each subject performed 30 trials (Fig. 2a, b). The
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Fig. 1 Instrumental set-up

Fig. 2 Schematics of experiment and model A subject seated with reaction force on the chair. B
Subject standing with rection force completely on feet.CModel representing the subject according
to RC theory. D Application of a virtual step in gravity and reaction force by the apparent second-
order components

performance of each trial was timed and was required to be less than 3.5 s. This time
is very close to the self paced time to stand up for most unimpaired individuals and
allows to capture the evolution of the ground reaction force as the subject stabilizes.
During the data post-processing each subject force data was synchronized using a
cross-correlation function.

2.3 Mechanical Model

The feet of a person in the seating position apply minimal force to the ground, as
the weight of the subject is counteracted by the chair (Fig. 2a). As the person stands
up, the reaction force at the feet increases and stabilizes after a period of time to
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counteract the full weight of the person (Fig. 2b). We can model the reaction force at
the feet on the ground, as a second-order model, constituted by a spring (K), damping
(B) and mass (M), reacting to a step in gravity (Fig. 2c, d). The model also includes
a delay (d), that takes into account the reaction time of the subject, representative
of the conglomeration of neurological signal transmission and cognitive instruction
process time.

Mẍ(t)+ Bẋ(t)+ Kx(t) = F(t − d) (1)

Equation 1 represents the mechanical model where x(t) is the position of the
subject center of mass (located about at the navel) along the vertical axis with respect
to the knees. We know the mass (M) to be approximately, the mass of the person
minus themass of feet and shanks. Apparent stiffness (K), damping (B), and delay (d)
are unknown but can be estimated using an optimization algorithm that fits the force
output of the model to the force time-profile recorded for each subject via the force
platforms. We used a standard Nonlinear least-squares solver, in combination with
a Monte-Carlo method, where the initial value of the optimization was randomized
to avoid relative minima.

3 Results

Average ground reaction force during a sit-to-stand motion over time are presented
in Fig. 3 for a representative subject.

Figure 4 depicts the fitting of a model on a single trial. We found experimentally
that there is a specific range in which the damping and spring coefficient lie. This
range for the damping in healthy subjects is from 150 to 300 Ns/m. The range for
the spring coefficient in healthy subjects is from 7 to 15 N/m.

Fig. 3 Average ground reaction force during a sit-to-stand motion over time for 30 Trials (blue),
and standard deviations (red and yellow) for a representative subject
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Fig. 4 Reaction force of a representative subject (dark blue) compared to fitted output of the model
(light blue)

4 Conclusion

The number of subjects in this study is small, and the method has not being applied
to unimpaired individual, yet. On the other hand the method is simple and based on
well known physical first principle so to clearly identify biophysical parameters that
play a crucial role in the stability of a biomechanical system.We posit that if a subject
exhibits damping or stiffness coefficients outside these ranges, they are potentially
at risk for falling. For example, if the spring coefficient is too low, it suggests that
a subject cannot generate enough force in order to stand up all of the way, since
the displacement of the center of mass from sitted to standing is constrained by
his/her size. If the damping coefficient is too low or too high, the subject may not
be able to stabilize after standing up, thus keeping them off balance and potentially
contributing to a fall. Furthermore, the effect of delays in the control loop is known
to be a factor in the instability of mechanical systems. The method proposed here,
although simplistic, can provide a figure of merit of the neuro-mechanical delays
responsible for balance instabilities.

If a subject is found to be at risk of falling, devices might be tailored to their
specific needs and thus help them to stand more safely. To assist with a low spring
coefficient, a device with springs parallel with the person could be used to help pull
them up. If the damping coefficient is too low, a spring device that helps slow their
forward and upward momentum could be used to help them avoid a fall once they
are up [5].
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Feature Consistency Criterion for Motor
Imagery-Based Neuromodulation

Carlos A. Stefano Filho, J. Ignacio Serrano, Romis Attux,
Gabriela Castellano, M. Dolores del Castillo, and Eduardo Rocon

Abstract Motor imagery (MI) has been increasingly studied for neurorehabilita-
tion purposes. However, issues such as large intra- and inter-subject variability still
limit its practical, and more clinical, applications. Seeking appropriate features for
MI-neuromodulation training is thus a crucial step. This work presents a proto-
col that selects features related to the MI mental patterns maximizing consistency
(i.e., minimizing variability) across two recordings in different days. We apply our
methodology to 3 healthy adults and 3 children with cerebral palsy, illustrating its
feasibility for MI training protocols.

1 Introduction

MOTOR imagery (MI), the mental rehearsal of a movement task without its overt
execution, encompasses awide field of applications ranging frommotor performance
training to brain-computer interfaces (BCIs) [1], particularly presenting increasing
interest in neurorehabilitation [2].

In the electroencephalography (EEG) signal,MI induces event-related desynchro-
nizations (ERDs; i.e., a motor-associated power decrease in relation to baseline) on
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the contralateral motor cortex in theμ (8–13 Hz) and β (13–30 Hz) frequency ranges
[3]. Although this knowledge could base many applications, MI still remains mainly
outside clinical environments, as subjects usually experience difficulties performing
this type of task [4]. Additionally, most MI-based systems usually lack robustness
[5], which is critical to properly understand the quantities beingmeasured andmanip-
ulated during MI-based neuromodulation. This is especially true for chronic patients
whose residual function is the target of such therapies.

Furthermore, MI mental patterns suffer from large inter- and intra-subject vari-
ability [6]. Although transfer learning attempts have been proposed to cope with
this issue, they might be ineffective if subjects display unlike non-stationarities [6].
Hence, in this work, we propose a strategy to identify consistent features between
two data recordings acquired at distinct days. Our methodology should enable inves-
tigating intra- and inter-subject variability without model-bound assumptions. To
illustrate it under an MI-based neuromodulation scenario, we applied our approach
to both healthy and neurologically damaged subjects.

2 Materials and methods

2.1 Data Acquisition and Pre-processing

Data from three healthy adults (all right-handed; aged 25, 28 and 29 years old) were
acquiredwith theOpenBCICytonBoard (8 channels), at 250Hz.Moreover, data from
three children with cerebral palsy (aged 11, 13 and 15 years old) following Single-
Event Multilevel Surgery and presenting no cognitive deficits were acquired with the
31-channels ActiCap EEG cap and the BrainVision amplifier (BrainProducts GmbH,
Germany), also at 250 Hz. Two data recordings at different days were available for
each subject: the time gap for the children was of 5 days whereas, for the healthy
subjects, this time was of either 1 (subjects S01 and S03) or 5 days (subject S02).
The acquisition interface, a virtual environment designed in Unity, was displayed in
a computer screen for the healthy subjects and on virtual reality glasses (Oculus Rift)
for the children, which were sitting on a reclining pallet at a 50◦ inclination.

The interface led the participants’ first person avatar through pre-defined paths at
constant pace with a series of obstacles. At obstacles encounters, the walking stopped
and subjects were instructed to relax (baseline period; 4 s). Next, participants should
imagine the walking resuming (MI period; 4 s). The obstacle would then disappear
and the avatar would resume walking. A total of 22 and 19 obstacles were placed for
the children and healthy participants, respectively.

Data preprocessing included a common average reference filter for common arti-
facts removal and high-pass filtering with a 2 Hz stop-band frequency, 3 Hz pass-
band frequency, pass-band ripple of 0.5 and 65 dB stop-band attenuation. Each trial
(encompassing the baseline and MI periods) was divided into smaller one-second
windows for data analyses.
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2.2 ERD Computation

ERDs were investigated through the signal’s power variations (�P , computed
through Welch’s transform) between the MI (T) and baseline (B) periods, for bands
θ—4 to 7 Hz; α1—7 to 10 Hz; α2—10 to 13 Hz; β1—13 to 18 Hz; β2—18 to 25 Hz;
and β3—25 to 30 Hz. For each electrode e, one-second window k, and frequency bin
fi within these bands, then:

�Pfi ,e,k = PT ( fi , e, k)− < PB( fi , e) >

<PB( fi , e)>
. (1)

In (1), the quantity <PB( fi , e)> represents the averaged baseline power spectrum
previous to the current task windows under consideration. The power at each band,
�Pf,e,k , was taken as the sum of�Pfi ,e,k across the bins within that band. Following
themethodology introduced in [7], an ERDwas only accounted as such if it exceeded
a threshold σ f,e, established through the signals’ band power fluctuation, through its
variation coefficient at baseline blocks. To assess whether this criterion was met, we
set, for each window k:

xk( f, e) =
{
1, if |�Pf,e,k | > σ f,e

0, otherwise
. (2)

The ERD occurrence (EO) is given by averaging xk( f, e) over k. EO values fall
within [0, 1], indicating how often the expected ERD response was found for each
( f, e) pair.

2.3 Consistency Criterion

To define the optimum ( f, e) pairs, we designed a consistency index—C( f, e)—
that should be maximized considering both data recordings (superscripts) for each
subject:

C( f, e) = EO(1)
f,e + EO(2)

f,e

max[EO(r)] + |EO(1)
f,e − EO(2)

f,e|
. (3)

In (3), max[EO(r)] refers to the maximum EO f,e between the two recordings for
a given subject. Hence, C( f, e) concomitantly favors the smallest EO differences
across data recordings and the largest EO values.
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3 Results and Discussion

Figure 1 displays plots ofC( f, e) for the healthy (a) and the children (b) participants.
The brighter the tone, the higher the corresponding C( f, e).

These results illustrate that: (1) each participant displays specific frequency bands
and/or electrodes for which the consistency criterion is maximized; and (2) the most
consistent ( f, e) pairs for EO are not necessarily restricted to the primary sensorimo-
tor cortex: for example, the (α1,Fz) and (β3,Pz) pairs for S01 and P01, respectively.
The high consistency estimated in these situations is actually in accordancewithmore
recent studies that highlight involvement of frontal and parietal areas in MI (e.g., [2,
7, 8]). In fact, sinceMI also involves cognitive processes, it would be expected that its
underlying neural correlates would imply areas not necessarily restricted to the pri-
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Fig. 1 C(f,m) plots for participants in the healthy (a) and children (b) groups. The color contrasts
provide intra-subject comparisons
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mary sensorimotor cortex. Nevertheless, when activity was also highlighted in more
traditionally used electrodes for this type of study, such as the C-labeled sensors, our
methodology straightforwardly enables to verify the most suitable frequency bands
that maximize consistency for EO and, thus, account for spectral variability as well
(e.g., α2 for P02, and β3 for P03).

4 Conclusion

The proposed methodology partially reflected the traditionally expected response
over the primary sensorimotor cortex, and underlined the possible involvement of
frontal and parietal areas in the MI response. Its applicability is straightforward
and can be easily replicated for MI-training feature selection, as long as at least
two recording sessions are available. Finally, it directly highlights subjects’ indi-
vidualities, consequently providing an immediate manner for establishing optimum
individual features for training protocols under the consistency criterion. A priori
neurophysiological knowledge can also be employed to further screen the highest
consistent values according to the desired application (e.g., by restraining candidate
features to specific cortical locations or spectral ranges). Future studies may seek
whether C( f, e) correlates to the MI capability or to the severity of motor deficits
(specially observing results for P01, Fig. 1b).
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Real-Time Access to Attention
and Attention-Based Brain-Machine
Interfaces

C. Gaillard, C. De Sousa, J. Amengual, and S. Ben Hamed

Abstract We demonstrate real-time high spatial and temporal resolution access to
attention, a high-level cognitive function, from both multi-unit neuronal activity and
local field potentials. We show that this prefrontal attention spotlight is rhythmic at
multiple time scales, its location being predictive of behavior. Last, when using this
attentional tracking as a neurofeedback signal, behavioral performance is improved.
These results enhance the range of applications of cognitive BMIs.

1 Introduction

Brain-machine interfaces (BMIs) usingmotor cortical activity to drive external effec-
tors like a robotic arm have proven their great assistive potential. Indeed, tetraplegic
patients can control neuroprostheses and recover some degree of autonomy thanks to
the direct access to their motor cortical information [1]. An emerging parallel effort is
nowdirected toBMIs controlled by endogenous cognitive activity, or cognitiveBMIs.
While more challenging, this approach opens up new dimensions for both assistive
(e.g. tracking attention in locked-in patients) and rehabilitative (e.g. reversing atten-
tional deficits in neglect patients [2]) technologies [3]. In this context, explicit access
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to higher cortical cognitive functions, such as covert attention, with the same infor-
mational precision as achieved for motor signals remains a challenge. This is due to
several specific factors. Indeed, attention information, is known only to the subject.
As a result, it can solely be inferred transiently by an observer from the subject’s
overt behavior or report. In addition, recent behavioral evidence suggests that atten-
tion is extremely dynamic in both space and time. Thus, accessing this function in
real-time poses specific computational challenges. Here, we demonstrate, for the first
time, real time access to spatial attention with high temporal and spatial resolution,
independently from eye position. Indeed, while previous studies report 2 hemifield
or 4 quadrant classification of attention position [4], we achieve (x, y) continuous
decoding of attentional spotlight position and validate this decoding through behav-
ioral correlation [5–7]. This allows us to describe novel core properties of spatial
attention and report enhanced attention using attention-based neurofeedback.

2 Material and Methods

2.1 Monkey Training and Neuronal Recordings

Two male rhesus monkeys (Macaca mulatta) were trained on a spatial cued target
detection task. Specifically, 4 Gy square landmarks (LMs) were displayed, all
throughout the trial, at the four corners of a 20°× 20° hypothetical square centered
onto the fixation cross. After a variable delay from fixation onset (700–1200 ms),
a small green square was presented (350 ms), close to the fixation cross, in the
direction of one of the LM. Monkeys were rewarded for detecting a subtle change
in luminosity of this cued LM (target) as fast as possible. To make sure monkeys
oriented their attention to the cued LM, the uncued LMs could occasionally change
luminosity. Monkeys had to ignore these distractors. They had to maintain fixation
all throughout the task. Monkeys were implanted to allow for neuronal recordings
from the prefrontal cortex (frontal eye field, FEF, bilaterally), a cortical region at
the source of spatial attention signals. Neuronal recordings were performed using
two 24-contact recording probes inserted daily, collecting both spiking activity
and local field potentials. All procedures were approved in compliance with the
Directive 2010/63/UE (#C2EA42-13-02-0401-01).Detailed procedures can be found
elsewhere [5].

2.2 Neuronal Decoding

A regularized linear decoder was used to associate, on correct trials, the neuronal
activity estimated on the 48 recording channels on a given interval in the cue to target
interval (averaged onto either 150 or 50 ms for higher temporal resolution) and the
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cued location. The decoder was trained on a random set of 70% of the correct trials
at a specific time in the cue to target interval, then tested on the 30% remaining at all
time after cue presentation. The output of the classifier was read as a continuous (x,
y) estimate of attention location or as a class output, corresponding to one of the 4
possible visual quadrants attention can be cued to. Best prediction was achieved on
activities right before target onset.

3 Results

3.1 Real-Time Access to Spatial Attention from Prefrontal
Spikes and Local Field Potentials Predicts Behavior

We demonstrated direct two dimensional real-time access to where monkeys were
covertly paying attention, using machine-learning decoding methods applied to their
ongoing prefrontal cortical activity [6]. Decoded attention was highly predictive
of overt behavior in a cued target-detection task. Indeed, monkeys had a higher
probability of detecting a visual stimulus as the distance between decoded attention
and stimulus location decreased. This was true whether the visual stimulus was
presented at the cued target location or at another distractor location. In error trials,
in which the animals failed to detect the cued target stimulus, both the locations of
attention and visual cue were misencoded.

This real-time access to attention was achieved both from multi-unit neuronal
activity (MUA) and local field potentials (LFPs) [6], an intracortical proxy to sEEGor
ECoGsignals. Specifically, the locus of spatial attentionwas reliably decoded fromall
frequency bands, though low- and high-gamma band yielded highest decoding accu-
racies. In all frequency bands, decoded spatial attention information was predictive
of behavioral performance, as described for MUAs (Fig. 1).

3.2 Dynamic Attention Explores Space at an Alpha Rhythm

Recent behavioral evidence suggests that attention samples space rhythmically.
Increasing the temporal resolution of our real-time access to the attentional spot-
light, by averaging individual neuronal recordings on 50 ms windows, we showed
that attention, rather than being statically anchored at a given location, moves around
in space and continuously explores space at a 7–12 Hz rhythm [7]. Sensory encoding
and behavioral reports were increased at a specific optimal phase with respect to this
rhythm. We propose that this prefrontal neuronal rhythm reflects an alpha-clocked
sampling of visual input in the absence of eye movements. These attentional explo-
rations are highly flexible. How they spatially unfold depends both on within-trial
and across-task contingencies.
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Fig. 1 Prefrontal (FEF) neuronal activity allows efficient access to and tracking of attentional
spotlight. a Attention position classification performance as a function of FEF MUA pre-target
time window used to train a classifier (gray: 95% C.I. ± s.e., blue: mean ± s.e.). b Representation
of the dynamic attentional spotlight on a screen during a determined pre-target time interval (pink:
decoded X; blue: decoded Y components). c Displacement of attentional spotlight during the cue to
target interval (500–1250 post cue), along the x (pink) and in y (blue) dimensions for one exemplar
trial

3.3 Attentional Information Fluctuates at a Very Slow
Rhythm of 4–6 Cycles Per Hour

Oscillations in brain activity are described as a major feature supporting attentional
processes. However, this rhythmic mechanism is always described at the sub-second
time scale, in specific theta and alpha frequency ranges. In contrast, the descrip-
tion of slower oscillatory mechanisms at the minute to hour time scales is missing.
We described that the decoded spatial attention information oscillates every 10–15
min [8]. In these cycles, prefrontal attentional content alternates between distinct
states of rich and low attention information. These oscillations are both described
in the LFP and MUA signals. Importantly, these oscillations in the decoded atten-
tional information content account for variations in overt behavioral performance.
We thus demonstrate that both overt performance and prefrontal cortex attentional
mechanisms are rhythmic at multiple time-scales ranging from the fast alpha scale
to a much lower 10–15 min scale. This result participates to a new multiscale and
dynamic model of attentional processes, the understanding of which is critical to
develop and optimize attention interventions including attention driven cognitive
BMIs.
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3.4 Attention-Based Neurofeedback Modulates Behavior

We have decoded the spatial locus of attention from prefrontal neuronal activities
in real time while monkeys were engaged in a cued target detection task and we
have indicated to the monkey, with a sound of variable pitch how precisely they
were orienting their attention to the cued location. The higher the orienting accuracy,
the higher the pitch, the higher the final reward. Relative to the pre-neurofeedback
condition, after the neurofeedback intervention, subjects engaged in the task longer,
produced less conservative responses and had increased accuracies at their baseline
preferred location.

4 Conclusion

Overall, we thus demonstrate that real-time access to cognitive functions, such as
attention, with a high informational (here high spatial and temporal) resolution is not
only achievable but also provides a better description of the neuronal correlates of
the function of interest and enhances the range of applications of cognitive BMIs.
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Explicitness of Task Instructions
Supports Motor Learning and Modulates
Engagement of Attentional Brain
Networks

Joaquin Penalver-Andres, Karin A. Buetler, Thomas König, René M. Müri,
and Laura Marchal-Crespo

Abstract Motor learning is a complex cognitive and motor process underlying
neurorehabilitation. Cognitive (e.g., attentional) engagement is important for motor
learning, especially early in the learning process. In this study, we investigated if
task instructions enforcing the underlying task rule of a virtual sailing task modulate
attentional engagement and motor learning. Our results suggest that enforcing the
rule of a motor task using explicit knowledge or visual cues enhances motor learning
compared with no enforcement of task rules. Further, training with visual cues may
support early visuo-attentional engagement.

1 Introduction

Motor learning is a complex cognitive and motor process leading to behavioral and
neural changes (i.e., brain plasticity) underlying neurorehabilitation. Fitts proposed
three delimited phases of motor learning: the cognitive, associative, and autonomous
phase [1]. In the earlier cognitive and associative phases—where task rules are
discovered and appropriate sequences of actions determined and refined—attentional
engagement is essential for motor learning, e.g., to focus on relevant stimuli (selec-
tive visual attention) and to generate selective and controlled responses (executive
attention).
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Fig. 1 Experimental protocol and task instruction types used

In line with this, studies have shown that enforcing task rules during training—
e.g., using visual cues and/or explicit knowledge—is associated with increased auto-
maticity of movements, enhanced goal-action coupling [2], and inhibition of self-
related (internal) distractors [3, 4]. However, to date, less is known about the effect
of enforcing task rules on the attentional engagement during motor learning.

Yet, a better understanding of the influence of task rule enforcement on atten-
tional engagement during motor learning may help to design more efficient training
paradigms, namely for neurorehabilitation. For example, explicit knowledge about
the task rule could be provided during training, depending on the attentional deficits
after stroke, to optimally support motor recovery.

Therefore, the goal of this study was to investigate the influence of different
task instructions types that vary in the degree of explicitness of the task rules during
training onmotor learning and attentional brain networks (i.e., reflected in alpha-band
cortical activity [3, 5]) using electroencephalography (EEG).

2 Methods

2.1 Experimental Setup and Participants

Thirty-six healthy naïve volunteers (41.67% women; μage = 27.9 years, σage =
6.64 years; gender and age balanced across groups, p > 0.05) performed a virtual
sailing game developed inUnity (Unity Technologies, USA) using a Logitech joystick
(Logitech, Switzerland) (see Fig. 1). The height and position of the chin rest,
chair, joystick, and computer screen were controlled across participants and adapted
accordingly for left-handers. Participants’ neural activity was recorded using a 256-
channel Hydrogel cap and EGI Net Amps amplifier (Electric Geodesics, USA). EEG
data and Unity PC were synchronized via a parallel port.
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2.2 Virtual Sailing Task and Instructions

The task of the participants was to sail a boat on a wavy sea in a virtual environment
using the joystick (i.e., Horizon Task, HT ). Wave height, frequency, and direction
were controlled across participants. The boat would tilt forward and accelerate if two
conditions were met: (1) a wave as high as the boat height reached the back part of
the boat (i.e., sailable wave onset); and (2) the participant aligned the front of the
boat perpendicular to the wave rim (i.e., the underlying task rule). The goal was to
sail 36 sailable waves as fast as possible to a finish line. Participants performed the
HT task at baseline and retention (Fig. 1).

Participants were randomly assigned to one of three training groups that used
three different task instruction types (Fig. 1):

(1) Implicit Task Instruction (IMP): Single floating buoys appeared at random
locations over an imaginary semi-circumference of radius 25 m.u. (maritime
units) spanning from -90° to 90° relative to the advancing direction of the
wave, centred 40 m.u. ahead of the boat in the wave direction. Participants
were instructed to “Try to catch as many buoys as possible”. Thus, participants
were disclosed no explicit information about the underlying task rule; they
were just compelled to explore it.

(2) Explicit Task Instruction (EXP): Buoys were placed as in IMP. Participants
were instructed: “When you feel the wave behind you, point the boat straight
to the wave direction to keep your speed high”. Thus, the underlying task rule
to succeed was disclosed.

(3) Explicit-Implicit Task Instruction (EXP-IMP): Visual cues, i.e., green “Go”
buoys and red “No-Go” buoys, were placed ahead at 10 m.u. distance on the
perpendicular to the wave rim. Participants were explicitly instructed to “catch
the green buoys” and to “avoid the red buoys” to experience catching and
missing a wave, respectively.

2.3 Data Collection and Analysis

The distance sailed towards the finish line during the wave propulsion time (i.e.,
[+150 ms, 3.44 s] from sailable wave onset) was computed. The distance improve-
ment (Retention-Baseline) for hit waves (i.e., that resulted in a sustained speed
increase) was used to assess participants’ ability to sail longer distances on waves
as an effect of Task Instruction Type (tested using Kruskal-Wallis and corrected
Mann-Whitney tests, α < 0.05).

EEGdatawere pre-processed (i.e., artefact channel removal, 0.1–40Hz band-pass
filtering, and eye-artefact correction) using the Automagic toolbox for EEGLab,
resulting in the inclusion of a total of 186 electrodes in the analysis. Temporal-
Spectral Evolution (TSE) [6] of the alpha-band (7–15 Hz) signal reflecting alpha
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Fig. 2 Behavioral (a) and electrophysiological (b) results. Scalpmaps (b) depict retention-baseline
contrast map changes of alpha wave strength in micro-volts for each task instruction type. *(p <
0.05)

wave strength was extracted for the time window [−1 s, +1 s] from sailable wave
onset across all electrodes and averaged per participant, Trial Type (Hit/Missed
wave), andPhase (Baseline/Retention) usingEEGLab.Contrastmapswere computed
as the TSE difference between trial types, characterizing the learning of the HT
as the neural-attentional distance between hit and missed waves. To test if alpha
TSE in the contrast maps is modulated across Task Instruction Type and Phase, a
mixed-measures topographic ANOVAwas performed (TANOVA, [7]). Alpha TSE in
time intervals showing significant interactions was compared via corrected post-hoc
pairwise comparisons between Task Instruction Type and baseline-normalized (i.e.,
Retention-Baseline) contrast maps (t-maps, [7], Fig. 2b).

3 Results

3.1 Enforcing Task Rule Supports Motor Learning

Task InstructionType had a significant effect on the distance sailed (p=0.03, Fig. 2a):
Participants in the EXP-IMP (p = 0.02) group improved more than participants in
IMP group. The improvement marginally differed between the EXP and IMP groups
(p = 0.09).
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3.2 Visual Cueing Supports Attentional Engagement

Alpha TSE difference in the contrast maps −50 to 350 ms relative to sailable
wave onset evolved significantly differently depending on the Task Instruction Type
(TANOVA, Task Instruction Type × Phase, p = 0.007). Group EXP-IMP showed
more occipital and frontal alpha wave strength after training than the EXP group (p
= 0.006, Fig. 2b) and a trend for more parieto-occipital alpha wave strength than the
IMP group (p = 0.07, Fig. 2b). Participants in EXP and IMP groups only showed a
statistical trend for a significant difference (p = 0.12; IMP > EXP, Fig. 2b).

4 Conclusion

Our findings suggest superior motor learning linked to training with explicit knowl-
edge about the task rules (EXP) andwith visual cues enforcing these rules (EXP-IMP)
compared with training without any enforcement of the task rules (IMP). Our neuro-
physiological results show that training with visual cues (EXP-IMP) enhanced alpha
wave strength over parieto-occipital and frontal areas compared with the other task
instruction types. Since it is generally acknowledged that alpha wave strength is
linked with cortical inhibition [5], our finding on an enhanced alpha wave strength
in EXP-IMP versus EXP and IMP may reflect a lower engagement of attentional
brain networks after training with visual cues. Even though participants in the EXP
and EXP-IMP groups improved their motor performance, training with visual cues
(EXP-IMP) may be associated with cognitive facilitation, namely a lower engage-
ment of selective visual (occipital) and executive (frontal) attentional brain networks
after training [3–6]. Our results suggest that training parameters such as task instruc-
tions indeed modulate the attentional engagement during motor learning and may be
an important factor to consider in neurorehabilitation. Studies with larger samples
may further explore the effect of training parameters on cognitive processes during
motor learning.
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Agency and Responsibility While
Controlling Movement Through
Brain-Computer Interfaces
for Neurorehabilitation

Maria V. Sanchez-Vives, Mel Slater, and Birgit Nierula

Abstract Brain-computer interfacing (BCI) that reads brain activity and gener-
ates commands to control the movements of the body—real, virtual, prosthetic
or robotic—can be used as a means for neurorehabilitation. BCI can be used to
carry out motor actions which, being lost through the real body, bypass it and use
other effectors. However, do BCI-generated body movements result in feelings of
agency? Our findings highlight the advantages of motor-imagery-based BCI proto-
cols over steady-state visual-evoked potentials for their use in controlling surrogate
bodies. BCI paradigms that use the activation of sensorimotor areas (motor imagery)
induce greater agency and sense of responsibility, resulting in a more effective
user-experience for neurorehabilitation.
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1 Introduction

Neurorehabilitation is the rehabilitation of neural circuits, such that the neural
processing carried out by these circuits and their functional outputs are recovered.
The recovery of motor function lost after neural lesions (e.g., stroke, traumatic brain
injury) is a primary objective of neurorehabilitation. There are various approaches
inducing recovery of the damaged neural circuits, whichmay include direct action on
the nervous tissue by means of stimulation. However, a common approach is to act
on the body, with the objective of modifying sensorimotor activity to stimulate the
corresponding sensorimotor neural circuits. When doing this, we act as if the body
is an interface to the brain, and by acting on the body (moving, stimulating), we also
influence brain circuits. Another strategy is to induce activity in neural circuits and,
bymeans of brain-computer interfaces (BCI), record this activity and use it to control
the body, thus providing feedback (visual, motor, proprioceptive, tactile) that closes
the loop and contributes to neuroplasticity and recovery.

However, is it necessary that this body that moves be the real body? Over a decade
of intense research in the field of embodiment confirms that the brain identifies virtual
bodies as its own, provided that sensorimotor afferences are congruent [1–4]. Virtual
bodyownership not only impacts brain activity, but also has cognitive andbehavioural
consequences. In particular, we have demonstrated that ownership of a virtual body
can be induced and that the consequences of this ownership range from influencing
pain threshold [5, 6], to inducing brain error signals as a consequence of incorrect
movements of the virtual body [7] or to influencing racial bias depending on the skin
tone of the virtual body [8, 9].

Since the “embodiment” of a virtual body and its actions have such a large impact,
controlling the movements of a virtual body can be a useful paradigm for rehabilita-
tion. In our study [10] we described how a patient can use a head-mounted display
and enter a rehabilitation centre in immersive virtual reality, where he/she owns a
body, and this body goes through rehabilitation and realistically interacts with the
therapist. Body ownership and correct feedback (visual, tactile, force) can trick the
brain into the illusion that the actual movements are being carried out. However, the
control of the movements of the virtual body can be achieved by different means,
most commonly by tracking the real body that translates into virtual body control.
Another possibility is the use of BCI.

1.1 Brain-Computer Interface: Paradigms

A BCI records, decodes and translates the neurophysiological signal corresponding
to brain activity into electric signals [11, 12] that are used to control devices, robots,
computers, or, as in this case, the movements of a virtual body [13–15].

There are different paradigms that can be used for BCI. One is based on steady-
state visually evoked potentials (SSVEP) [12]. SSVEP-based BCI protocols exploit
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visual stimuli that flicker at a specific frequency. When centred in the fovea, such
stimuli produce oscillations at the stimulation frequency over the visual cortex that
the BCI algorithm can detect with relatively high accuracy.

Sensorimotor rhythm (SMR)-based BCI protocols rely on changes in alpha-
and/or beta-oscillations over somatosensory areas and use motor imagery to produce
changes in the SMR. These changes can be seen in a decrease in band power relative
to baseline [11] and have been observed in the alpha and/or beta-band during motor
planning, imagination, execution, and observation of a movement [16, 17]. SMR-
based BCI protocols utilize the somatotopic layout of the sensorimotor cortex, such
that the BCI algorithm can distinguish whether the participant was imagining a foot,
hand or lip movement.

1.2 Agency and Responsibility

Agency is the attribution of an action to the self and has important relevance in our
everyday lives. It implies the capability to perform and control an action that is in
accordance with objectives. It involves the subjective experience of being in control
of one’s actions [18]. This experience occurs when there is an association between
the voluntary command and its outcome. Responsibility also has a close connection
to agency [18], since when a subject has agency over an action that has an effect,
the subject should feel responsible for this effect. The question that guides the issue
being analysed here is: Do we feel agency and responsibility over actions controlled
by means of BCI?

Fig. 1 “Embodied” virtual body controlled by BCI. In four random trials of one experimental
condition an object fell off the table. In three of those trials the virtual body knocked the object off
the table (a, b) and in one trial the object fell of the table by itself (c). Participants were asked to
rate the degree of perceived responsibility for this outcome directly after the trial [14]
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1.3 Agency Over Virtual Bodies

The illusion of ownership of a virtual body [1, 2] has consequences at different levels
(physiological, behavioural, cognitive). One such consequence is that high levels of
body ownership engender an illusion of agency over the movements and actions
carried out by the virtual body [19], a strategy that can be used for neurorehabili-
tation. Ownership and agency over an embodied robotic body has been found to be
associated with guilt over an action that the robot carried out independently of the
subject, indicating a strong identification with the actions of the surrogate body. As
well as ownership being induced by the correspondence between actual and surrogate
body movements, it can also be induced through a BCI [13].

1.4 Agency and Responsibility Over
BCI-Controlled-Movements

After inducing embodiment of a virtual body in [14], subjects saw their ‘owned’
virtual arm performing a task (Fig. 1) either by means of control of the movement
through motor imagery (SMR) or control of the movement through activation of
visual areas (SSVEP) [14, 15]. Both conditions were carried out using BCI and both
shared the intention and the resulting action. BCI-control of movements engendered
a sense of agency, which was strongest for motor imagery. Interestingly, only motor
imagery-BCI induced responsibility. Furthermore, increased activity of sensorimotor
areas correlatedwith levels of agency and responsibility. BCI-performance, however,
could not explain the results as participants performed better in SSVEP than in motor
imagery BCI.

2 Conclusion

The embodiment of a virtual body can be achieved through congruent sensorimotor
inputs. The control of a virtual body by means of BCI can be used to induce neuro-
plasticity and neurorehabilitation. However, not all BCI paradigms are as effective in
inducing agency and responsibility over motor actions. Paradigms involving activity
in sensorimotor areas are more effective as measured with the subjective experience
of agency over the virtual movement, with practical and ethical implications. Activa-
tion of the sensorimotor cortex for BCI during embodiment may also have a higher
impact on neuroplasticity, although this requires further investigation.
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Adaptation to Virtual Surgeries Across
Multiple Practice Sessions
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Denise J. Berger, Demetrio Milardi, Giuseppe Acri, and Andrea D’Avella

Abstract Myoelectric control of an isometric reaching task in a virtual environ-
ment allows to investigate motor adaptation after simulating a perturbation of the
muscle pulling directions (virtual surgeries). Such perturbations can be compatible
or incompatible with the muscle synergies involved in the generation of multidirec-
tional forces. A recombination of the synergies can generate forces in all directions
after a compatible surgery but require new synergies after an incompatible surgery.
Previous work demonstrated that, in a single experimental session, subjects adapted
only to a compatible perturbation. In this study, we investigated whether extended
practice leads to adaptation also after an incompatible perturbation. After three daily
sessions, participants who practiced the incompatible surgery improved their perfor-
mance, achieving a similar performance to that of those who practiced the compat-
ible surgery. These results suggest that extended practice with incompatible virtual
surgeries allows learning how to skillfully use novel muscle patterns.
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1 Introduction

myoelectric control of a virtual end-effector during the exertion of submaximal
isometric forces has been used to investigate how the CNS adapts to simulated pertur-
bations of the muscle pulling forces and to provide direct support to muscle syner-
gies [1]. These perturbations (virtual surgeries) were designed such that participants,
in order to move the end-effector in all target directions, had to either recombine
the existing set of muscle synergies (compatible surgeries), or to use novel muscle
patterns (incompatible surgeries). As predicted by a neural organization of muscle
synergies, assuming that learning of new synergies is a slower adaptive process than
recombining existing synergies, after a single-session of practice, performance (i.e.
the fraction of trials in which the participant reached the target) increased after a
compatible surgery whereas it did not significantly increase after an incompatible
surgery. However, we hypothesize that more time available for practice would lead to
learning of new synergies and, thus, to adaptation also after an incompatible pertur-
bation. Therefore, in this study, we tested this prediction by asking participants to
practice the virtual surgeries for three daily sessions.

2 Material and Methods

2.1 Subjects

Eighteen right-handed subjects (mean age ± std: 27.2 ± 6.5) participated in the
experiments after giving written informed consent. All procedures were conducted
in conformance with the Declaration of Helsinki and were approved by the Ethical
Review Board of IRCCS Neurolesi ‘Bonino Pulejo’ (Fig. 1).

Fig. 1 a Experimental apparatus. b Sequence of blocks performed during the three sessions and
analyzed in this study. c Example of synergy pulling vectors before (top) and after (bottom) an
incompatible (left) and a compatible (right) surgery
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2.2 Setup

Participants sat in a chair with car belts immobilized the torso and shoulders and had
their hand and forearm fixed in an orthosis rigidly connected with a 6-axis force and
torque transducer (Fig. 1a). They viewed stereoscopically, through shutter glasses,
a scene with a spherical cursor and spherical targets above a desktop displayed
by a 3D monitor and reflected on a mirror occluding the real desktop. The cursor
displacement from a central rest position corresponding to the position of the palm
was proportional to the force either exerted (force control blocks) or estimated from
EMG (EMG control blocks) in real-time. Bipolar wireless surface EMG electrodes
collected the activity of 15 shoulder and elbow muscles.

2.3 Protocol

The experiment consisted of 3 daily sessions (see Fig. 1b). After two initial force
control blocks, required to estimatemaximumvoluntary force (MVF), EMG-to-force
mapping, muscle synergy matrix, and perturbation matrix, participants performed
an isometric reaching task using EMG control. In each daily session participants
then performed a sequence of 21 blocks, each composes of 24 trials, in which they
were asked to move the virtual cursor accurately and quickly from the rest position
to a target, in one of eight horizontal directions. In 18 blocks feedback from the
three-dimensional position of the cursor was available: 3 unperturbed EMG baseline
blocks, 12 perturbed blocks, 3 unperturbed washout blocks. The remaining blocks
in which the cursor position was not displayed were not analyzed.

2.4 EMG-To-Force Mapping, Synergy and Perturbation
Matrices

The EMG-to-force matrix was calculated from the regression of the EMG data on
each end-point force component. The muscle synergy matrix was identified by non-
negative matrix factorization from the EMG data. The number of synergies was
selected as the minimum number that explained at least 90% of the data variation
collected during the force baseline block.

Virtual surgeries (see Fig. 1c), which simulated a rearrangement of the tendon
positioning on the shoulder-elbow system, were performed by altering the EMG-
to-force mapping as a rotation in muscle space [1]. Participants were randomly
assigned to one of two groups: ten practiced the incompatible surgery (one of which
was excluded because of poor EMG-to-force mapping reconstruction) and eight
practiced the compatible surgery.
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The EMG-to-force mapping, the synergy matrix, and the perturbation matrix
were calculated with data collected during the force baseline. Such matrices were
consistent across the three experimental sessions [2].

2.5 Statistics

Generalized linear mixed models were used to assess the relationship between the
trial success variable (1 if the participant reached the target, 0 otherwise) and both
random (participant) and fixed (type of surgery, session number, perturbed block
number, and target) effects during each trial. P-values were obtained by likelihood
ratio tests of the full model with the type of surgery effect against the model without
it.

3 Results

Participantswere able to control the cursor and reach the target in 76.8%±9.9%of the
trials duringEMGbaseline blocks. TheR2 of the reconstruction of the tri-dimensional
force, collected during the EMG baseline blocks was 0.84± 0.05. Consistently with
previous studies [3], 6.1 ± 0.8 (mean ± std over subjects) synergies explained 0.81
± 0.06 of the variability of the EMG pattern collected during the EMG baseline
blocks.

On average performance improved over the three sessions with both types of
perturbations (Fig. 2). The effect of the type of surgery on trial success in all three
sessions was significant (p = 0.021), indicating an overall difference in the perfor-
mance of participants who practiced the incompatible or the compatible perturba-
tions. Notably, the standard deviation across subjects of the performance as a function
of block number (Fig. 2, shaded areas) was large, suggesting remarkable individual
differences in learning ability.

When considering each session separately, the effect of the type of surgery was
significant in the first (p= 0.013, in line with [1]), and second (p= 0.002) sessions,
but not in the third session (p = 0.190), suggesting that a long enough exposure to
the incompatible surgery allows participants to achieve a performance similar to the
one achieved by those who practiced the compatible surgery.

4 Conclusion

In this study, participants were given three daily sessions to practice an isometric
force reaching task, in the presence of a virtual perturbation of the mapping between
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Fig. 2 Percentage of successful trials for each block (mean ± std across subjects). Force control
blocks are not displayed

EMG and force, either compatible or incompatible withmuscle synergies. As a signi-
ficative difference in the performance with the two types of surgeries was observed
during the first and second sessions but not during the third one, this result supports
the hypothesis that with enough practice it is possible to learn new muscle syner-
gies, i.e. to generate novel muscle coordination patterns necessary to perform a
goal-oriented task with a novel mapping. It also indicates that the adaptive process
involved in the compensation of incompatible surgeries (learning new synergies) is
slower than the process involved in the compensation of compatible surgeries (recom-
bining existing synergies) but effective in improving performance already after three
sessions. Analyses will further characterize these processes by investigating savings
and retention, feedback and feedforward control, and implicit and explicit learning
strategies. Finally, as both adapting to an incompatible perturbation and learning a
new motor skill require novel muscle coordination patterns, investigating neuroplas-
ticity after extended practice with virtual surgeries may provide novel insights on
the underlying neural mechanisms. Training with myoelectric control in a virtual
environment might also be useful in neurorehabilitation.
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Brain-Computer Interface-Based
Neurorehabilitation: From the Lab
to the Users’ Home

C. Escolano, E. López-Larraz, J. Minguez, and L. Montesano

Abstract Most of the research in brain-computer interfaces (BCIs) to date is con-
ducted using stationary electroencephalogram (EEG) equipment with high density
recordings, and performed in controlled laboratory settings. Moving BCI-based neu-
rorehabilitation or motor substitution applications from the laboratory to home set-
tings will improve accessibility to these therapies while allowing a more intensive
data collection to foster the scientific progress. One of the barriers for this is the
EEG technology itself. We developed a new dry EEG system within the More-
Grasp H2020 EU project to allow BCI home use for spinal cord injury patients. This
paper describes the EEG activity measured with this new EEG system under well
known experimental protocols such as resting-state, visual evoked potentials, and
self-initiated reach-and-grasp movements.

1 Introduction

One of the aims of brain-computer interfaces (BCIs) is to improve the quality of life
of people with difficulties to perform daily life activities, such as communication or
mobility. Control of neuroprosthetics is one of the most studied BCI applications,
as it can be used for neurorehabilitation and motor substitution for people suffering
motor impairments due to a spinal cord injury (SCI) or stroke. The basic idea is
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that the modulation of brain activity can be used to control external devices that
compensate the lost function [1] or facilitate functional recovery through their use
[2].

Most of this research is done using stationary electroencephalogram (EEG) equip-
ment with high density recordings in controlled laboratory settings (e.g., electromag-
netically isolated rooms). These conditions, however, need to be reconsidered when
transitioning tomore ecological settings (such as the home of the users), which brings
other factors such as usability and user acceptance. Indeed, this is not just a barrier
for the transfer of results to real life. It also hinders the scientific progress since the
amount of data and evidence that can be collected, analyzed and shared is limited
to those that can be collected in research centers, which are usually expensive and
difficult to scale up.

Bringing the technology to the end users’ home will be a game changer for this
type of applications: it will allow to reach more people that will potentially use the
system for longer periods of time,with the potential to boost the results and the impact
in their lives. This is, however, not an easy endeavour. Designing BCIs for home-use
requires considering several usability factors to favor a frequent use (even daily), such
as short set up times, easy to handle mobile devices, and gel-less electrodes that do
not require to wash the hair and apply heavy hygienic afterwards. Notwithstanding,
the signal quality needs to be in a similar range that the research-grade counterparts.

This study presents a new dry-EEG system developed within the MoreGrasp
H2020 EU project [3], following a user-centered design methodology to be used for
motor substitution and rehabilitation of SCI survivors at home. The main charac-
teristics of the system are: (1) dry-EEG sensors that do not require any conductive
substance and improve usability; (2) layout over the sensorimotor cortex; and (3)
comfortable headset that can be set up in a few minutes without technical support.
As mentioned, it is essential to provide reliable EEG signals with sufficient quality
for the intended motor BCI applications. This paper reports the results of the wear-
able dry-EEG device (Hero, Bitbrain, Spain) used to record spontaneous activity,
visual evoked potentials, and EEG-correlates of reach-and-grasp movements.

2 Methods

We conducted two separate experiments to cover the most typical EEG patterns used
in BCI applications (right-handed able-bodied participants). The first one recorded
resting state EEG and visual evoked potentials (n = 16, 20–35 age range); the second
one, EEG correlates of self-initiated reach-and-grasp actions (n = 15, 15–30 age
range).

The two experiments were conducted in Bitbrain (Fig. 1) using the wireless dry-
EEG device (Hero, Bitbrain, Spain). The system has 11 sensors located over the
sensorimotor cortex (FC3, FCZ, FC4, C3, C1, CZ, C2, C4, CP3, CPZ, and CP4)
with the ground and reference sensors in the left earlobe, and a sampling rate of
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Fig. 1 Wireless dry-EEG device during the execution of the reach-and-grasp actions

256 Hz. The software employed for stimulus presentation and data collection was a
multimodal BCI programming platform (BCI Development Platform, Bitbrain).

1. Resting state EEG: EEG was recorded in resting state conditions (eyes closed
and eyes open, 3 min each).

2. Visual oddball P300 task: The task consisted of two blocks, where each block
had 30 target and 90 non-target stimuli (1/4 target probability). A red (target)
or blue (non-target) dot was displayed on the screen during 250 ms. The inter-
stimulus interval was random in the [1.25–1.75] s range. Total time for each
block was 3.5 min.

3. Self-initiated reach-and-grasp actions: Participants were instructed to perform
reach-and-grasp actionswith their right hand towards twoobjects: a glass (palmar
grasp) and a spoon within a jar (lateral grasp). We asked them to focus their gaze
on the object to grasp for at least 2 s before starting the movement. A total of 80
trials per condition were recorded, distributed in four runs (20 trials each). The
location of the objects were switched between runs.

3 Results

3.1 Resting State EEG

EEG data from resting state conditions were transformed to the frequency domain
using a short-term FFT transform. Figure 2a shows the group-level power spectra
in both eyes closed and open conditions for the CPz sensor (mean and standard
error of the mean), which shows the typical alpha-blocking phenomenon reported in
literature.
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Fig. 2 EEG correlates for the dry-EEG device in a resting state conditions, b a visual evoked
P300 paradigm, and c–d a motor task involving reach-and-grasp actions (MRCPs and ERD/S time-
frequency maps)

3.2 Visual Oddball P300 Task

EEG data from the P300 task was bandpass filtered in the [1–10] Hz range. Data was
epoched using a [−0.2 1] s timewindow relative to stimulus onset. For each condition
(target, non-target) the average across trials was computed, and the 95% confidence
interval of a bootstrap procedure (1000 permutations) using the mean as the statistic.
Figure 2b shows the group-level visual-evoked potential for the CPz sensor. There is
a clear difference between target and non-target conditions, depicting a visual P300
waveform in agreement with literature in this domain [5].

3.3 Self-initiated Reach-and-Grasp Actions

We analyzed low-frequency movement-related cortical potentials (MRCPs) and
event-related (de)synchronization (ERD/S) time-frequency maps. For the MRCPs,
a low-pass filter with a cut-off frequency of 3 Hz was applied. Then, EEG data was
epoched into trials with a [−2 3] s time window relative to the movement onset.
We determined a 95% confidence interval for each condition using non-parametric
t-percentile bootstrap statistics and computed the grand-average across participants.
Regarding the ERD/S time-frequency maps, we applied a [1–60] Hz bandpass filter
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and computed the ERD/S for each frequency bin (range [2–40] Hz, 1 Hz resolu-
tion) using a reference interval of [−2 −1] s with respect to the movement onset.
To obtain grand-average ERD/S maps, we computed the average and confidence
intervals (non-parametric t-percentile bootstrap statistics, alpha = 0.05), and the
non-significant time-frequency points are not shown in the maps.

Figure 2c–d shows the group-level MRCPs and ERD/S time-frequency maps in
contralateral sensors. A negative deflection can be observed in theMRCPswaveform
at movement onset that starts around 0.5 s before the movement onset. Desynchro-
nization patterns can be observed in the time-frequency ERD/S maps, with larger
values in alpha (8–12) Hz and beta (15–25) Hz frequency bands. For a detailed
comparison with other type of electrodes see [4], which also shows that, using the
same number and location of sensors, the decoding performance is not statistically
different from widely spread and standard EEG research systems.

4 Conclusion

EEG systems are the cornerstone for the effective introduction of BCIs in real-world
applications outside the lab, as well as for the effective adoption in user-centered
fields. In recent years, there have been strong R&D efforts in developing new EEG
technologies with enhanced usability and comfort, without sacrificing reliability and
accuracy. This paper briefly described how one of these new dry-EEG devices was
able to reliably measure the most typical brain patterns used for BCIs in practical
scenarios.

Acknowledgements We thank Andreas Schwarz and Gernot Müller-Putz for their support with
the MRCP and ERD analysis.
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Healing the Virtualizing Brain Using
Virtual Reality: How Goal-Oriented,
Embodied, Immersive VR Training
Works

Paul F. M. J. Verschure

Abstract This paper analyzes the questionwhat the principles are behind the success
of the Rehabilitation Gaming System in the treatment of functional deficits post
stroke. The hypothesis is that by projecting the recovering brain in a virtual task
space adhering to basic ecological parameters such as embodiment, the forward
models underlying voluntary action are optimally driven to functionally reorganize.
This virtualization hypothesis is further linked to the Distributed Adaptive Control
theory of mind and brain and specific results obtained with intracranial epilepsy
patients and the detailed study of motor control.

1 Stroke and the Rehabilitation Gaming System

Stroke is the leading burden of disease for neurological disorders accounting for
about 5% of global disability adjusted life years [1]. It is predicted that by 2025,
1.5 million European people will suffer a stroke annually. In addition to primary
effects, these patients face additional poor outcomes including re-hospitalisation
(33%), recurrent events (7–13%), dementia (7–23%) mild cognitive disorder (35–
47%), depression (30–50%), and fatigue (35–92%) [2]. This rapid growth in the
number of patients needing care and rehabilitation requires an urgent response that
is both scientifically grounded and scalable. We have realized such a solution called
the Rehabilitation Gaming System (RGS) which combines theoretical neuroscience
grounded, Virtual Reality based, and AI enhanced intervention protocols (Fig. 1).
The core concept behind RGS is that the recovering brain is to establish new path-
ways to organize voluntary goal-oriented action which has to couple the different
layers of control. In other words, rehabilitation starts with the modulation of goal
setting and stimulation of the forward models that guide voluntary action. This is in
contrast to the standard approach of neurorehabilitation which strongly focuses on
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Fig. 1 The RGS setup illustrating its different components and underlying hypothises

peripheral manipulation and repetitive movement as for instance captured in occu-
pational therapy and constraint induced movement therapy. However, both of these
well-established methods have also become under some scrutiny due to a lack of
impact [3]. In comparison, RGS has shown impact in a range of domains including:
motor, affective, cognitive [4] and language [5] and over a broad range of chronicity
[6]. RGS has shown that only the passive observation of its VR training protocols
leads to strong activation of fronto-parietal cortical networks [7]. More surprisingly
it was demonstrated using a guided transcranial magnetic stimulation protocol that
in chronic stroke patients who train with RGS, also the innervation of distal hand
muscles, i.e. the abductor pollicis brevis, improves as a function of training, even
when the associated hand functions are not explicitly targeted in the training protocol
beyond the imagining and animation of grasp movements [8]. Another illustration of
the benefits of RGS rehabilitation is that the intention compatible augmentation of
actions in a virtual environment leads to rapid restoration of symmetry in hand use
lost due to acquired non-use [9]. Hence, these observations raise the fundamental
question why the engagement in task oriented, embodied training is effective? All
these RGS examples share an important feature: the training protocols modulate the
internal models underlying action, rather than forcing or driving explicit execution
and repetition. I will further investigate this hypothesis.

2 Distributed Adaptive Control and Virtualization

RGS is based on the Distributed Adaptive Control theory of mind and brain which
proposes that the brain is a multi-layered control architecture from the predefined
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reactive control loops of the brain stem to immediate adaptive shaping of action
by the cerebellum and the learned cognitive control provided by forebrain systems
such as the neocortex, hippocampus and basal ganglia [10]. Moving up this hier-
archy means that control strategies switch from predefined fast feedback loops to
memory dependent forward models at varying spatio-temporal scales. This shift can
be characterized as an incremental virtualization of the task space and the self that
operates in it [11]. In other words, instead of operating directly on actual sensory
signals, the forebrain operates on internal models of what these signals represent. We
have found a dramatic illustration of this virtualization process in the recordings of
human pharmaco-resistant epilepsy patients who were asked to perform a memory
recall task [12]. Using reinstatement analysis, wewere able to show that item specific
neural responses showed a distinct time warping between encoding and recall in the
hippocampus, the latter appearing much earlier after stimulus onset as compared to
their occurrence during encoding. This shows that the analog event of the stimulus
onset is not dominating the neuronal response in the hippocampal-cortical system,
but rather the internal representations it has formed.

We have also found evidence for a forward model dependent virtualization in
motor learning. The dominant model of motor control relies on the notion of an, so
called, inverse model that by learning from errors acquires corrective responses that
replace reflexive feedback control [13]. However, these models have difficulties in
realistic task environments where an agent encounters an unpredictable and variable
world because they replace feedback by feedforward control creating a brittleness
to exceptions. In contrast, adaptive motor control can also be obtained by relying
on a cascade of purely forward sensory predictions that drive feedback control via,
so called, counterfactual errors [14]. In other words, primitive and fast brain control
systems are driven into action via top-down virtual error control signals that are
shaped through learning to drive feedback control in an anticipatorymanner. Surpris-
ingly this concept explains a number of physiological results that thus far appeared
elusive in particular with respect to the significant recurrent coupling between the
adaptive motor control circuits of the cerebellum and the forward models of the
frontal cortex [15].

3 Conclusions

In conclusion, the RGS system has shown that projecting a recovering brain into a
virtual task space with a distinct embodiment, ecological validity and goal setting
is effective. This has led to the prediction that neurorehabilitation should target
the internal models that drive goal-oriented action rather than explicitly controlling
movement.Adetailed exploration of this notion has shown that it can be interpreted as
amanifestationof the virtualization that occurswhen frontalmemorydependent brain
processes engage with action control. Stroke patients that survive most frequently
display lesions in the neocortex and white matter tracts [16]. Given the virtualization
hypothesis, this implies that deficits will be largely dependent on the disruption of



578 P. F. M. J. Verschure

the internal models of perception, cognition and action control rather than the direct
control of the skeletal-muscle system. RGS induces the significant impact that has
been reported in all domains of stroke symptomatology by virtue of modulating and
driving the cortical systems underlying voluntary action.

Acknowledgments Supported by the European Commission via the ERC project cRGS and EIT
Health project RGS@Home.
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The Application of Sensory Error
Manipulations to Motor Rehabilitation
and Diagnostics After Brain Damage

Ballester R. Belén and Verschure F. M. J. Paul

Abstract The recovery of motor function after suffering a brain injury is still
poorly understood. There are complex interactions betweenmotor learning andmotor
recovery principles, which guide neural reorganization and allow the reacquisition
and restitution of goal-oriented motor patterns (Maier et al. in Front. Syst. Neurosci.
13:74 (2019) [1]). This paper, reviews several studies and applications for rehabil-
itation and impairment assessment. Were we capitalize on the interaction between
motor learning and motor recovery principles and investigate the manipulation of
visuomotor feedback for the delivery of optimal neurorehabilitation and diagnostics
for motor deficits after stroke and cannabis addiction.

1 The Reduction in the Magnitude of Sensory Errors
Promotes the Use of the Affected Arm in Stroke Patients

1.1 Evidence from an Observational Study

Twenty hemiparetic stroke patients underwent a test with reduced visual error feed-
back while performing a bimanual reaching movement task in a non-immersive
Virtual Reality (VR) setup (Fig. 1) [2]. We found that in patients experiencing visual
amplification of goal-oriented reaching movements in VR, the probability of spon-
taneously using the paretic limb increased significantly (p < 0.01, Wilcoxon signed-
rank test). This effect was attenuated during the washout phase but remained signifi-
cantly different from baseline (p = 0.04, Wilcoxon signed-rank test). Interestingly, a
sequential analysis revealed that the selection of the paretic limb was strongly biased
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by the performance outcome (success or failure) experienced during the previous trial
(p < 0.05, repeated-measures ANOVA).We could not detect a comparable sensitivity
to failure when using the non-paretic limb.

1.2 Evidence from Longitudinal Randomized Controlled
Trial

In a double-blind, controlled clinical trial we examined the long-term effects of
exposing individualswith hemiparesis to diminished error feedback during the execu-
tion of goal-oriented movements [3]. Twenty-three hemiparetic stroke patients were
recruited and were assigned to an experimental or a control group. Both groups
underwent 6 weeks of therapy using the Rehabilitation Gaming System [4], 5 days
a week, for 30 min a day. The experimental group experienced augmented goal-
oriented movements of the virtual representation of the paretic limb (RIMT). Our
results showed that after six weeks of daily training with RIMT, chronic stroke
patients experienced superior gains at 6 weeks after the intervention has ended in
comparison to Occupational Therapy (F(1, 16) = 5.85, p < 0.05, r = 0.52). This
finding was supported by a significant increase in the paretic arm use during training
(p = 0.02, Wilcoxon Signed-rank). Patients in the CG, who did not experience the
visual amplification of goal-oriented reaching movements in VR, did not show any
significant improvements in arm use (p > 0.05, Wilcoxon Signed-rank).

2 Low Variable Error Feedback Facilitates Implicit
Adaptation

Several human and animal studies suggest that motor adaptation is strongly driven by
the history of visual errors [5]. A better understanding of the mechanisms supporting
motor adaptation could provide guidelines for the optimal design of effective reha-
bilitation protocols that capitalize on error feedback manipulation. In this context,
we have used the task described earlier to explore the effects of building a history of
errors. For this, we conducted an experiment in which 18 subjects with no neurolog-
ical damageused a chair-mounted armsupport to performplanar reachingmovements
towards a target while learning to compensate for visuomotor rotations [6]. Subjects
performed 450 reaches grouped into 3 blocks assigned to conditions M+, NM, and
M−. During M+, visual directional errors were reduced, therefore increasing the
probability of exposure to small error magnitudes. In theM− condition, visual direc-
tional errors were enlarged, thus exposing the subject to larger and more variable
errors. In the NM condition, we did not manipulate the feedback. Group 2 experi-
enced these conditions in reversed order. We observed that when frequently exposed
to small visual serrors (M+), subjects increased their adaptation rates (p < 0.01,
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Fig. 1 Amplification of goal-oriented reaching movements in VR. The trajectory of the movement
executed (red shadow) is amplified both in extent and accuracy (green shadow) towards the target
position, deriving from the start position (X0, Y0) and current position (Xn, Yn) of the actual
movement. Themovement amplification vector is aweighted combination of two terms: an accuracy
amplification vector and an extent amplification vector. The ratio between the executed range and
the distance to the target systematically determines the contribution of each of these two components
and will cancel the amount of amplification of the movement extent when the patient exceeds in the
distance the desired movement. However, if the direction of the executed movement matches the
target direction, this ratio will approach 0, thus decreasing the amount of accuracy amplification.
Figure adapted from Ballester et al. [2]

Wilcoxon signed-rank) (Fig. 2a). This effect remained significant during the first
half of the NM block (p < 0.05, Wilcoxon signed-rank) when there was no manip-
ulation of the visual feedback (Fig. 2b). These observations support the hypothesis
that the motor system may have access to a history of errors and exposure to a distri-
bution of visual motor errors with low variability and centered around task-relevant
error values accelerates motor adaptation.

3 Implicit Motor Adaptation is Impaired in Chronic
Cannabis Users

Functional cerebellar alterations are frequently studied with visuomotor rotation
(VMR) paradigms. In this context, Subjects are exposed to sequences of visual
prediction errors caused by an imposed mismatch between the performed motor
action and its outcome. It has been shown that Individuals with cerebellar struc-
tural damage show impaired adaptation performance [8]. Further, individuals with no
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Fig. 2 a Mean error sensitivity [5] for all subjects through blocks, in order of presentation for
Group 1 (first exposed to low variable small errors) and Group 2 (firstly exposed to highly variable
errors). bMean adaptation by group during the first and the second half of the NM block for small
errors (12 ± 6) and large errors (24 ± 6). Figure adapted from Ballester et al. [6]

Fig. 3 Motor adaptation in chronic cannabis users (CCUs) and control participants (Conts).aEvolu-
tion of the directional error across the different phases of the experiment. Notice the increasing
adaptation values accumulating differently for both groups during the visuomotor rotation phase
(RS). bAverage adaptation rates in the visuomotor rotation phase (RS). Error bars indicate the 95%
confidence intervals. Figure from Herreros et al. [7]

specific structural brain abnormalities may also show an impaired implicit adaptation
behaviour in implicit adaptation tasks, probably related to misdiagnosed cerebellar
functional deficits [9]. For instance, in the case of cannabis addicts, the cerebellum
may be highly affected by prolonged exposure to cannabis, due to its high density
in endocannabinoid receptors. To explore this hypothesis, we recruited 18 chronic
cannabis users and 18 age-matched controls. Cannabis users were diagnosed with
severe cannabis use disorder (≥ 6 criteria), and 75%weremarijuana smokers. In these
subjects we have observed an impaired implicit motor adaptation in cannabis users
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(drift rate: 19.3+ /−6.8° versus 27.4+/−11.6°; t(26) = −2.1, p = 0.048, Cohen’s d
= −0.8, 95% CI = (−1.7, −0.15) (Fig. 3). These results emphasize the potential of
visuomotor rotation tasks for clinical diagnosis and assessment.

4 Conclusion

In this brief review, we have highlighted three experimental paradigms based on the
manipulation of error feedback. These paradigms are tested with stroke and cannabis
user via an interactive Virtual Reality setup, and have clinical relevance. We show
that the benefits of reducing visual error feedback during the execution of goal-
oriented movements are two-fold: (1) it promotes de spontaneous use of the affected
arm in stroke patients with hemiparesis, and (2) it boosts implicit motor adaptation.
Finally, in the cannabis addiction domain, we show the potential of visuomotor
rotation paradigms as a clinical tool for the diagnosis and assessment of undiagnosed
cerebellar alterations. Future studies should explore the reliability of this paradigm
as a potential tool for assessing recovery, as well as diagnosing cerebellar alterations
in other addiction-induced conditions, such as alcohol use disorders.
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Investigation of Vibrotactile Transducers
for a Bone Conduction Sensory
Feedback System

Raphael M. Mayer, Siyuan Chen, Zhuo Li, Alireza Mohammadi, Ying Tan,
Gursel Alici, Peter Choong, and Denny Oetomo

Abstract Bone conduction as sensory feedback interface has shown promising
properties in upper limb prostheses. Longitudinal studies are essential for the
enhancement of sensory feedback in upper limb prostheses and require a deploy-
able (compact size and low cost) wearable system. This paper compares three low
cost transducers to one of the current state of the art transducers utilized in audiol-
ogy. The force output and total harmonic distortion of all transducers are compared.
One transducer, whilst being small in size and costing a fraction of other available
transducers, showed good performance.

1 Introduction

Effective and practical sensory feedback within prosthetic applications is a desired
goal that has been investigated over the past decade and has shown promising results
for effective closed-loop control of grasping [1]. Recent studies have investigated
vibrotactile feedback on the bone as a sensory feedback interface due to its advan-
tageous properties (e.g. larger bandwidth and having no static force dependency)
[2–5], yet longitudinal studies of such an interface have yet to be conducted.

This project is funded by the Valma Angliss Trust and the University of Melbourne.

R. M. Mayer (B) · S. Chen · Z. Li · A. Mohammadi · Y. Tan · D. Oetomo
Human Robotics Laboratory, Department of Mechanical Engineering, The University of
Melbourne, Melbourne, VIC, Australia
e-mail: r.mayer@student.unimelb.edu.au

P. Choong
Department of Surgery, St Vincent’s Hospital, The University of Melbourne, Melbourne, VIC,
Australia

G. Alici
School of MMMB, University of Wollongong, Wollongong, NSW, Australia

G. Alici · P. Choong · D. Oetomo
ARC Centre of Excellence for Electromaterials Science, Wollongong, NSW, Australia

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
D. Torricelli et al. (eds.), Converging Clinical and Engineering Research
on Neurorehabilitation IV, Biosystems & Biorobotics 28,
https://doi.org/10.1007/978-3-030-70316-5_94

587

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-70316-5_94&domain=pdf
mailto:r.mayer@student.unimelb.edu.au
https://doi.org/10.1007/978-3-030-70316-5_94


588 R. M. Mayer et al.

A recent review [1] summarized that previously published longitudinal studies
of sensory feedback have: (1) performed repeated testing over few days/weeks, yet
a consistent use throughout the day over weeks has only been shown in [6]; (2)
investigated impact of training/adaption due to sensory feedback [7], which showed
increased performance over an 8-day period [8]; (3) shown benefits in the learning
of prosthetic use for grasp force manipulation via EMG [9]. The impact of long
term sensory feedback on the performance of grasping and object manipulation has
yet to be determined. In order to conduct further longitudinal studies by the authors,
utilizing bone conduction, a wearable systemwhich can be integrated into the current
prosthetic of the user in a practical manner is necessary.

A sensory feedback system includes three main components: (1) Sensory Input:
sensors deployed onto the prosthetic hand; (2)Micro-Controller: computational unit;
(3) Sensory Feedback Interface: stimulation unit to generate sensory feedback. In this
paper, we focus on the third component to investigate the performance of different
transducers in providing sensory feedback via bone conduction.

This paper compares three low cost transducers to the current gold standard in
audiology for bone conduction (B81—Radioear) [10]. There are two important mea-
sures for transducers used in sensory feedback: force output and total harmonic distor-
tion. The frequency dependent force output needs to surpass the frequency dependent
perception threshold to provide feedback [4] to the user. The total harmonic distortion
needs to be within limits to not cause misperception between different frequencies
[3].

2 Methods

The force output Fout and total harmonic distortion THD are measured in the fol-
lowing for four different transducers and the manufacturer specifications given in
Table 1.

2.1 Test Setup

A personal computer PC (Intel Core i7-8, 16GB RAM,Windows 10™) is connected
to a frequency generator FG (USB-6343, National Instruments) and an amplifier
A (A4017, Redback Inc., Australia). The vibrotactile transducers VT are mounted
onto the Artificial Mastoid AM (4930, Brüel & Kjære, Denmark) with a static force
of Fs = 5.4 N to evaluate the frequency dependent force output Fout and the total
harmonic distortion THD using the Sound Level Meter SLM (2250, Brüel & Kjære,
Denmark).
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Table 1 Manufacturer specifications for the 3 transducers compared to the gold standard B81:
Dimension (L × W × D), output force (Fout ), total harmonic distortion (THD),minimum frequency
(F0) and resistance (R).

Type L × W × D Fout THD F0 R

(mm) (dB re.1μN ) (%) (Hz) (�)

B81
(Radioear,
USA)

31.7 × 18.2 ×
16

119* 1.1* 100 12.5*

BC-10
(Ortofon,
Denmark)

13.5x29.5x18 118* 1.5* – 15*

RC-BC10
(Recon, HK)

18.5 × 18.5 ×
7.5

86* 5* 240 ±20% 8*

RC-BC51 d = 16.6 × 5.3 84** 5*** 220 8*

(Recon, HK) ±3 ±20% ±15%

*at 1Vrms and 1kHz; **mean force at [500, 2k, 4k, 10k]Hz; at 2.53V from 0.01m; ***at 1W/1m and 1kHz

2.2 Performance Measure

The frequency dependent force output Fout ( f ) is calculated from the output voltage
Vout ( f ) measured via SLM from the AM output: Fout( f ) = Vout ( f )/S( f ), where
S( f ) is the frequency dependent mastoid sensitivity. THD is calculated from the
measured power spectral density (1/3-octave). Measures have been obtained for f ∈
[100, 200, 400, 750, 1500, 3000, 6000] Hz at an amplitude of a = 1 Vrms. For each
transducer three samples are tested.

3 Results

Figure 1 shows the B81 achieves the highest force output (gold standard). Foutmean

and Fout1 kHz are shown in Table 2.
Figure 1b shows the THD of BC-10 is similar to B81 above 300 Hz, below

300 Hz the BC-10 has a higher THD. The THD results of RC-BC10 are similar to
the B81 whilst the obtained results for the RC-BC51 show the highest overall THD.
The higher THDs compared to the manufacturer specifications are likely due to the
utilization of the setup in the laboratory instead of an audiology booth.

4 Discussion

The obtained Fout for B81 and BC-10 is higher than the necessary perception thresh-
old [4]. BC-10 shows a 11.4 dB lower mean force output compared to the B81. The
RC-BC10 and RC-BC51 achieved 27.7dB and 52.3dB lower force outputs respec-
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Fig. 1 The performance of the 4 transducers: a force output Fout ; b total harmonic distortion THD.
Mean is shown as solid line and one standard deviation as shaded area. The plotted perception
threshold is from [4]
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Table 2 Comparison of force output Fout and THD

Type Fout1 kHz (dB) Foutmean (dB) T HD1 kHz (%) T HDmean (%)

B81 123.4 114.5 24.2 32

BC-10 112.4 103.1 22.8 42.5

RC-BC10 95.7 80.1 18.6 37.3

RC-BC51 71.2 64.7 46.2 58.7

tively, compared to the B81 and are therefore not achieving the necessary perception
threshold. The achieved THD of the BC-10 is similar to that of the B81 (above
300 Hz). The RC-BC10 achieves a similar THD, whilst the RC-BC51 achieves a
higher THD compared to the B81. F0 of the BC-10 is not given but it shows good
performance for the obtainedTHDand Fout . ForRC-BC10andRC-BC51 F0 is higher
than the reported lowest perceivable limit in bone conduction (100 Hz), limiting the
possible bandwidth.

5 Conclusion

The BC-10 achieves slightly less force output and a similar THD at a fraction of the
costs of the B81 (100AUD while B81 costs 735AUD). It is smaller in size making
it easier to integrate and surpasses the necessary perception threshold. The BC-10
is suitable as a vibrotactile transducer in applications of bone conduction as sensory
feedback.
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Multi-frequency Stimulation: Spatial
Differentiation of Bone-Conducted
Tactile Stimulation on the Elbow
Bony Landmarks

Raphael M. Mayer, Alireza Mohammadi, Ying Tan, Gursel Alici,
Peter Choong, and Denny Oetomo

Abstract Sensory feedback in upper limb prostheses is a highly desirable feature
and bone conduction as one of the feedback methods has shown promising char-
acteristics. Multiple feedback information is required simultaneously for effective
grasping and manipulation and has been recently studied in conjunction with bone
conduction. The user’s ability to identify the stimulation in the case of simultaneous
stimulation of the same frequency on multiple sites via bone conduction has shown
a low performance. However, simultaneous stimulation on multiple sites using dif-
ferent frequencies per site has not been studied yet. In this paper, the psychometric
evaluation of multiple frequencies on the multiple physiological bony landmarks on
the elbow is investigated. The proposed approach is evaluated on a human-subject
experiment with ten able-bodied subjects. The vibrotactile transducers are placed on
the bony landmarks of the elbow and the identification rate of the number of active
stimulation points determined. The outcomes show an increased identification rate
for one and three simultaneous stimulation sites.
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1 Introduction

Supplying sensory feedback via non-invasive interfaces has been studied and devel-
oped in the past decade [1, 2]. Recent studies have investigated the use of vibrotactile
stimulation on the bone as a sensory feedback interface due to its advantageous prop-
erties of a larger bandwidth and showing no static force dependency [3–5].

The use of multiple bone conduction stimulation sites simultaneously was studied
in [3]. This is required to provide multiple feedback information simultaneously dur-
ing prosthetic grasping [6, 7] and to increase the overall bandwidth for the feedback
information to the human user.

In the exercise of human user identifying which of the bony sites is being stimu-
lated, vibrotactile stimulation through bone conduction showed a high performance
when stimulated one site at a time, with frequency below 750 Hz [3]. However, a low
performance was reported when the multiple sites were stimulated simultaneously
[3]. It must be noted that in that study, all sites were stimulated with the same fre-
quency and amplitude. The objective of this paper is to investigate the efficacy of the
interface, in other words, the ability of the subjects in discriminating simultaneous
stimulation on multiple sites, when each site is stimulated with a different frequency.

The following hypothesis is therefore investigated.
Utilizing different stimulation frequencies will increase the detection rate of mul-

tiple simultaneous stimulation sites.
To this end, the experiments determine the capability of human subjects in iden-

tifying the number of simultaneously activated stimulation sites when each of them
is stimulated with a different frequency. The experiment is carried out similar as in
[3], to further investigate the human ability to discriminate simultaneously applied
bone-conducted vibrotactile stimulation using similar frequencies versus different
frequencies on multiple stimulation sites.

2 Methods

The experiment was conducted with 10 able-bodied subjects (1 female, 9 male; age
28.3 ± 4.3 years). The subjects read the plain language statement and signed the
consent form approved by the Ethics Committee of the University of Melbourne
(Ethics Id 1852875.1).

2.1 Setup

A personal computer PC (Intel Core i7-8, 16GB RAM,Windows 10™) is connected
to a frequency generator FG (USB-6343, National Instruments) and an amplifier
A (A4017, Redback Inc., Australia) and three vibrotactile transducers VT (B81,
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Fig. 1 The a transducers are fixed to the b bony landmarks (Pictures from [3]), and the c NPIR
confusion matrix of the detected number of stimulation sites is obtained

RadioEar Corporation). VT’s are mounted on the bony landmarks of the dominant
hand (medical grade double-sided tape; strapping tape): epicondylus medialis (L1),
ulnar olecranon (L2) and epicondylus lateralis (L3), see Fig. 1. A customMATLAB®

GUI guides the user through the experiment and controls the stimulation parameters.

2.2 Protocol and Performance Measure

Subjects are asked whether one, two or three stimulation sites are active simultane-
ously. Each stimulation site L1–L3 is stimulatedwith a different frequency fL1 = 100
Hz, fL2 = 400 Hz, fL3 = 750 Hz at amplitude a = 0.57 V. The number of active
sites are one, two (all permutations) or three and each repeated 10 times, resulting in
a total of 90 stimulations presented in a randomized order to the user. The N-Point
Identification Rate (NPIR) is the success rate that a subject correctly identifies the
number of active stimulation sites [3]. A non-parametric statistic analysis, a Fried-
man test [8] is applied followed by a post-hoc analysis via Wilcoxon signed rank test
[9] and to interpret the magnitude of difference the effect size calculated via Cohen’s
d value using a pooled standard deviation [10]. The comparison to previous results
is shown as mean difference.

3 Results

The mean NPIR of the ten different subjects and standard deviation are shown in
Fig. 1c as the diagonal elements and the misclassification rate as the off-diagonal
entries.
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Table 1 The p values of the post-hoc Wilcoxon signed rank. Significance level is p < 0.05

N = 1 versus 2 N = 1 versus 3 N = 2 versus 3

p-value 0.007 0.012 0.208

Cohen’s d 2.23 2.07 0.47

Table 2 Comparison of themeanNPIRwith different frequencies obtained in this study to themean
NPIR with stimulated with the same frequency. The mean NPIR is given as well as the standard
deviation calculated for six subjects in [3] and ten subjects in this study

N = 1 N = 2 N = 3

NPIRmean from [3] 76.3± 7.9% 53.7± 10.8% 28.9± 13.5%

NPIRmean 87.7± 19.8% 51.0± 12.2% 42.0± 24.2%

Mean difference +11.4% −2.7% +13.1%

A Friedman test indicates a statistically significant difference in performance
p = 0.004 (significance level p < 0.05) for the NPIR achieved for the three different
numbers of active stimulation sites.

A post-hoc test, shown in Table 1 indicates statistically significant difference in
performance for 1 versus 2 and 1 versus 3 sites, yet no statistical significant difference
between 2 and 3 stimulation sites.

The comparison of the mean NPIR stimulation results of this study (different
frequencies) with previous study (same frequency) at different locations is shown in
Table 2.

4 Discussion

Stimulation on a single site significantly outperforms two and three sites, which is a
large effect size (according toCohen’s d > 0.8), seeTable 1.No significant difference
was found between two and three sites. Relatively small misclassification rates are
obtained for one stimulation site (row N = 1 in Figure 1) whereas higher rates were
found between two and three stimulated and perceived sites. Two stimulation sites
are misclassified as one site, whilst three stimulation sites are misclassified as two
sites, indicating that the highest errors occur at N = 2, 3 simultaneous stimulation
sites, being perceived as N − 1 sites. This coincides with subjects reporting that
turning on L2/L3 (higher frequencies) simultaneously with L1 (lowest frequency)
suppresses the sensation of the lower frequency on L1 and therefore is difficult to
perceive.

A comparison to the results obtained in [3], where all sites were stimulated with
the same frequency, shows an improvement of 11.4 and 13.1% for N = 1 and N = 3,
respectively, although a small reduction of 2.7% was observed for N = 2, see Table
2.
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5 Conclusion

The obtained results show an increased NPIR when different simultaneous stim-
ulation frequencies are applied to different sites. Subjects are able to differentiate
between different stimulation’s easier when they are separated in frequency domain.
This is observed in the cases of one and three sites compared to previous reported
results [3] where the same frequencies where applied to each site. The presented
study investigated three static frequencies with a large interval in between them,
smaller intervals might be possible. Future studies should investigate the minimum
distance between the frequency applied on different stimulation sites necessary to
improve the NPIR as well as a systematic way of choosing the frequency for each
stimulation site.
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A User-Centered Approach to Artificial
Sensory Substitution for Blind People
Assistance

Federica Barontini, Gemma Carolina Bettelani, Barbara Leporini,
Giuseppe Averta, and Matteo Bianchi

Abstract Artificial sensory substitution plays a crucial role in different domains,
including prosthetics, rehabilitation and assistive technologies. The sense of touch
has historically represented the ideal candidate to convey information on the exter-
nal environment, both contact-related and visual, when the natural action-perception
loop is broken or not available. This is particularly true for blind people assistance, in
which touch elicitation has been used to make content perceivable (e.g. Braille text
or graphical reproduction), or to deliver informative cues for navigation. However,
despite the significant technological advancements for what concerns both devices
for touch-mediated access to alphanumeric stimuli, and technology-enabled hap-
tic navigation supports, the majority of the proposed solutions has met with scarce
acceptance in end users community. Main reason for this, in our opinion, is the poor
involvement of the blind people in the design process. In this work, we report on
a user-centric approach that we successfully applied for haptics-enabled systems
for blind people assistance, whose engineering and validation have received signifi-
cant inputs from the visually-impaired people. We also present an application of our
approach to the design of a single-cell refreshable Braille device and to the devel-
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opment of a wearable haptic system for indoor navigation. After a summary of our
previous results, we critically discuss next avenues and propose novel solutions for
touch-mediated delivery of information for navigation, whose implementation has
been totally driven by the feedback collected from real end-users.

1 Introduction

According to Rita and Kercel [1], “”Persons who become blind do not lose the
capacity to see”. This sentence well explains the concept of Sensory Substitution for
blind people assistance, i.e. the possibility to deliver information commonly acquired
through vision, relying on another channel, usually touch. Vision and touch are,
indeed, highly intertwined for perception generation, synergistically working toward
a multi-sensory representation [2]. In [3], it was also reported that a supramodal
representation of objects exists in the ventral extrastriate pathway of sighted and
congenitally blind individuals. Furthermore, the usage of the haptics channel to
deliver vision-related information is preferable to the auditory one—which is usu-
ally augmented in blind people, whose elicitation could disturb posture and equi-
librium control and severely affect social interactions [4]. For these reasons, a lot
of effort has been devoted to develop haptic interfaces that mainly target navigation
assistance—Electronic Travel Aids (ETAs)—which can surrogate spatial informa-
tion on position and obstacle location and deliver it to the users via tactile sensory
substitution [5]; and the accessibility of textual content through touch-related elic-
itation, commonly through refreshable Braille devices—whose raised dots change
dynamically, enabling the representation of different texts with the same device [6].
Despite the significant technological advancements, the majority of these solutions
have met with scarce acceptance in end users, due to the lack of intuitiveness and
comfort of usage or because of the high costs. Main cause for this, in our opinion,
can be ascribed to a non-perfect work-flow design: blind people have beenminimally
involved in the design and the validation phases of these prototypes. We propose a
user-centered approach for the development of haptic interfaces for sensory substitu-
tion, presenting a single-cell refreshable Braille device Readable [7], and a wearable
haptics-based navigation system for indoor guidance [4], see Fig. 1. We report on the
developmental phases and novel solutions for navigation information touch-mediated
delivery, which have been identified moving from the feedback collected from real
end-users.

2 Readable Device

In [7], we presented Readable (see Fig. 1a), a new electromagnetic refreshable single
Braille cell. The system allows for the independent control of six dots and a spacing
between the contact points comparable with the standard Braille coding. For more
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(a) (b) (c)

Fig. 1 A participant “reading” through the Readable device (a) presented in [7]; Working modes
of the wearable haptic device for the delivery of navigation cues in the system reported in [4] (b)
and overview of the interface worn on the subject’s arm (c)

details please refer to [7]. The prototypewas testedwith eight blind people, whowere
expert Braille code readers. The evaluation phase was of paramount importance not
only to show the capabilities of our system to correctly reproduce alphanumeric
stimuli (no statistical differences in the recognition of the coded stimuli when the
subjects used the Readable with respect to the interaction with traditional paper
letters), but also to open to newapplication scenarioswhere our device could offer real
benefits to real end-users, in every-day life. Indeed, blind participants (2 female, 56±
20 y.o) evaluated the interface as intuitive, cost-aware, useful and well-accepted and
identified the following areas where the usage of the Readable would be preferable
with respect to the complete multi-cell Braille display or audio feedback: displaying
the status of the household appliances; displaying the current floor of an elevator;
integration in a cordless phone for a first call notification; showing the temperature
measured via the thermometer; showing the light status on/off. This information will
guide our future developments and a more in depth analysis of the applicability of
Readable in every-day life, also for navigation applications.

3 Wearable Haptics for Indoor Navigation

In [4], we presented an indoor navigation system, which was composed of a RGB-D
camera (to acquire the visual information on the environment and the obstacles), a
processing unit - laptop (which used such information to implement obstacle avoid-
ance strategies) and finally a wearable haptic interfaces (to deliver tangential stimuli
to guide the user in an unknown environment). The development of the system was
entirely driven by the requirements and the feedback provided by blind people. More
details can be found in [4]. For the reasons above, the first step of our work was to
interview four blind people to identifywhich features and functionalities a navigation
system should ideally have. For the sake of space, we report only the main features
related to the ideal interface, whose aim should be to intutively and effectively deliver
the navigation information to the user: (1)Haptic InformationTactile stimulationwas
preferable to the auditory cues, as also reported in [5]. (2) Simplicity and intuitive-
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ness of the delivered navigation commands Clear and unequivocal instructions were
evaluated as crucial for important communications. For instance, a clear and single
strong pressure to indicate a change of direction (instead of constant stimulation) or
obstacle detection are preferable. (3) Wearable and hands-free system The arm was
considered as a good body location for haptic communication. We translated these
requirements under a design point of view in the CUFF device (see Fig. 1b, c), a
wearable haptic interface that consists of a belt attached to two motors that can rotate
counterclockwise from a reference position (i.e. “turn left” information), clockwise
(“turn right”), or squeeze the users’ arm (single strong squeezing corresponding to
“stop” command; two light squeezing stimuli corresponding to “go” instruction).
The results of the experiments with blind people showed that our system could be an
effective support during indoor navigation with the white cane, and a viable tool for
training blind people to the usage of travel aids. However, after the delivery of turn
right/left commands, the CUFFmotors returned to the reference position. This some-
times caused a misleading perception in users. Furthermore, the sliding stimulus for
implementing a turning command was always constant and set to the maximum; this
enabled a more clear stimulus detection, but did not allow to graduate the informa-
tion delivery based on the presence of obstacles. For these reasons, after the work
presented in [4], we decided to integrate vibrotactile information in the CUFF, to
help to disambiguate these types of stimuli and provide a gradient in the stimulus
delivery (to communicate a more or less intense turning action, and/or the location
of the obstacles). The first step was the engineering of an elastic bend—see Fig. 2,
with six cylindrical vibrating motors [8], positioned at a distance of 3.5 mm between
each other [9]. The motors, powered with 3 V provided by the USB connection with
the laptop, can vibrate at a frequency of 250 Hz [10].

We asked four naive sighted, blindfolded volunteers (30.4 ± 3.2, 2 Female) to
understand which was the amplitude of the stimulus (based on the number of the
motors that were vibrating) and in which direction (left or right) they were vibrating.
The different randomized stimuli (15 rep. for each modality) were the following,
both starting from the right and the left of Fig. 2b; (1) small stimulus amplitude
(vibration of the first two motors); (2) mid stimulus amplitude (vibration of the first
four motors); (3) large stimulus amplitude (vibration of all motors). We found that

Fig. 2 On the left: the device worn by a participant. On the right: the six motors glued in the inner
part of the bend
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only one participant gave a wrong answer for the stimulus “starting from right:
mid stimulus amplitude”. These results are encouraging, and push us to pursue the
integration of the vibrotactile belt in the CUFF and its testing with blind users.
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Post-stroke Voluntary Movements
Improve When Combined
with Vibration-Induced Illusion
of Movement

Francesca Ferrari, Courtney E. Shell, Zachary C. Thumser,
Francesco Clemente, Ela B. Plow, Christian Cipriani, and Paul D. Marasco

Abstract Improving upper limb motor recovery is a major goal of stroke rehabili-
tation. However, after rehabilitation, stroke patients often still experience difficulty
completing motor tasks. Sensory feedback can be impaired by stroke damage, and
inadequate feedback and integration with motor control may prevent these patients
from achieving smoothmotor coordination.Here,we tested the effects of augmenting
natural movement proprioception with vibration-induced illusions of movement
during a reaching task. When participants reached for a target with the affected
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arm (stroke patients) or dominant arm (able-bodied participants), 90 Hz vibration on
either the biceps brachii or triceps brachii induced the illusion of movement. Partici-
pants also completed control trials where sham (25 Hz) or no vibration were applied.
Fitts’ Law and kinematic analyses revealed that vibration-induced movement illu-
sions delivered to the primary agonist muscle involved in active movement improved
stroke patients’ reachingmotions. Incorporating this technique in rehabilitation could
promote functional motor recovery.

1 Introduction

STROKE is a leading cause of long-term disability [1]. Several rehabilitation thera-
pies, using approaches such as electrostimulation, repetitive task training and robot-
mediated therapies, have been used to recover motor performance after stroke [2].
However, 78% of patients still exhibit persistent motor impairments [3]. Somatosen-
sory deficits also occur after stroke in about 11–85% of patients [4]. Despite this
high incidence, therapies specifically designed to restore sensory inputs are rarely
employed in rehabilitation following stroke [5]. If proprioception is completely
absent, movements are slow, clumsy, poorly coordinated and inadequately adapted
to complex tasks [6].

In this study, we investigate whether augmenting native proprioceptive feedback
improves motor task performance with the affected arm in stroke patients. The
augmented proprioceptive feedback was delivered using vibration-induced move-
ment illusions (i.e., kinaesthetic feedback, KF), generally perceived as the joint
movement associated with elongation of the vibrated muscle [7]. Participants, stroke
patients and able-bodied, were instructed to perform a reaching task while either

Table 1 Experimental
conditions. The order of the
experimental conditions was
randomized for each
participant. Each condition
was repeated three times and
included reaches to 9
different targets

Experimental
condition

Vibration frequency
(Hz)

Stimulated muscle

NO VIB 0 None

TRI 90 90 Triceps Brachii

BI 90 25 Biceps Brachii

TRI 25 90 Triceps Brachii

BI 25 25 Biceps Brachii
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an agonist and antagonist muscle received vibration to evaluate how augmenting
feedback affects movement.

2 Material and Methods

Twelve able-bodied (8 female, 29 ± 8.7 years old, age range 19–48 years) and
6 stroke patients (1 female, 3 left-side affected, 4 ischemic, 57± 11.4 years old, age
range 33–66 years) completed the study. Each participant sat in an adjustable chair
in front of a touch screen laid flat on a table (Cintiq 27QHD,Wacom Co., Ltd., Kazo,
Japan). Participants were instructed to perform a reaching task from a fixed starting
position at the bottom of the screen to a target of random size and position (target
width 2, 3, or 6 cm and distance from the starting position equal to 20, 40, or 80%
of the participant’s maximum reach). An opaque vertical panel was arranged in the
middle of the touch screen, hiding from view the arm that performed the reaching
task. Target and start bars extended across both halves of the screen so that they
remained visible (Fig. 1).

A wearable vibration tactor (custom-made, HDT Global, Solon, OH, United
States) was placed on the stimulated muscle over the point at which the participant
reported sensations of movement about the elbow or forearm movement. To assess
the effects of KF on movement, five different experimental conditions were repeated
three times (Table 1). In each condition, only one muscle was stimulated, biceps
brachii or triceps brachii, using a specific vibration frequency (illusion-inducing
(90 Hz), sham (25 Hz), and no vibration). In all cases, vibration was applied only
during elbow extension. Marker clusters were placed on the forearm and upper arm
while a single marker was placed on the elbow and either the index or middle finger
so that a motion capture system (Optitrack V120: Trio, Natural Point, Inc., Corvallis,
OR, United States) could track the upper limb movements (Fig. 1).

A kinematic analysis of arm movements was performed using custom-written
MATLAB analysis code (R2011a, Mathworks, Natick, MA, United States). Fitts’
Law, which characterizes the relationship between movement time and accuracy [8],
was also used to quantify motor performance.

Kinematic measurements (trajectory smoothness and directness, elbow angle
extension, velocity and time to peak) and Fitts’ Law parameters (time to reach,
index of difficulty, traveled distance) describing movements during the different
experimental conditions were compared by fitting linear mixed models to each indi-
vidual measure. Models included fixed effects for vibration condition (5 levels),
target distance (3 levels), and an interaction effect for vibration condition * target
distance. Fitts’ Law throughput was compared using one-way repeated measures
ANOVA.
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Fig. 1 Experimental setup. Participants were instructed to touch the start button (green) then, as
fast and precisely as possible, reach to touch the target button (yellow). A vertical panel blocked
view of arm activity. A trunk belt and wrist brace limited extraneous movements. Markers on the
arm and hand were used to track upper limb kinematics. Kinaesthetic tactors provided vibration to
the biceps brachii or triceps brachii when dictated by the experimental condition

3 Results

While able-bodied participants were largely unresponsive to vibration, 90Hz illusory
KF injected into the actively contracting (agonist) tricepsmuscle increasedmovement
smoothness (Fig. 2a), elbow extension (Fig. 2b) and movement directness in stroke
patients. Conversely, injecting 90 Hz illusory KF into the passively-stretched (antag-
onist) biceps during reaching negatively impacted those same parameters. The Fitts’
Law analyses reflected similar effects, with a trend towards increased throughput
with 90 Hz triceps vibration and decreased throughput with 90 Hz biceps vibration,
driven by changes in distance reached and, for the biceps, increased movement time.

4 Discussion

Illusory KF providing augmented proprioceptive feedback to the agonist muscle in
a voluntary movement improved performance in stroke patients. Interestingly, while
able-bodied participants showed few significant changes inmotor performance under
different vibration conditions, slight trends similar to significant changes observed in
stroke patients were present. The sensory system weights and integrates information
from multiple sources [9]. Able-bodied participants likely weighted their intact and
fully functioning sensory feedback higher than the illusions induced by vibration,
which diminished the effects of the feedback augmentation. Stroke patients, with
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Fig. 2 (a) Trajectory smoothness and (b) normalized elbow angle. For both graphs, medians and
interquartile ranges with whiskers encompassing the range of non-outlier values for able-bodied
participants’ (left) and stroke patients’ (right) responses to no (white), 90 Hz vibration on the triceps
(orange) and biceps (dark blue), and 25 Hz vibration on the triceps (yellow) and biceps (light blue)
are shown (*p < 0.05, **p < 0.001)

impaired and limited native sensory feedback, were more influenced by the illusions
induced by vibration. Future work will evaluate whether extended exposure to thera-
pies integrating KF will promote long-lasting motor recovery. Moreover, fMRI will
identify areas of the brain influenced by KF.

5 Conclusion

Stroke patients moved to a target in a reaching task more smoothly and directly,
with greater elbow extension, when they received illusion-inducing vibration to the
agonist muscle. Therapies including such augmented proprioceptive feedback could
promote better motor recovery.

Acknowledgements Work by F. F., F. C., and C. C. was funded by the European Research Council
under the MYKI project (ERC-2015-StG, Grant no. 679820).
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Effects of Non-in Situ Vibrations
on Hand Sensations: A Pilot Study

Anke Fischer, Leonardo Cappello, Leonard F. Engels,
and Christian Cipriani

Abstract The use of hand prostheses implies manipulating objects without tactile
information. Although prosthetic users might benefit from supplementary sensory
feedback, its advantages might be hindered by unreliable feedforward control of
the prosthetic devices. The ideal tool to study supplementary sensory feedback with
healthy participants is the sensory deprived human hand. In this work, we propose
the use of a technique to reduce tactile sensation of the fingertips without the need for
local anesthesia, based on the application of a continuous vibrational stimulus to the
wrist. We quantitatively investigated its effects with established clinical tests, and we
obtained encouraging yet preliminary results. The extent of this sensory reduction
should be explored in further experiments with larger pools of participants.

1 Introduction

To evaluate supplementary sensory feedback techniques for prosthetics, any
confounding factors and constraints that might mask the potential benefits of the
feedback should be removed. The weight of the prosthesis, its limited dexterity, and
the difficulty in controlling it are examples of these factors. Therefore, the ideal
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feed-forward tool is undoubtedly the sensory-deprived human hand [1]. However,
local anesthesia is not seamless to apply outside of a clinical environment to block
sensory receptors and may carry some risk, especially for extended investigations
[2]. Alternative ways to tackle this problem consist of physically separating the user
from the manipulated object, i.e., employing augmented reality or remote robotic
arms [3]. These systems too are not ideal, since they can be difficult to control, may
lead to fatigue due to the weight of the control interfaces, and the accuracy of the
motion tracking systems might be detrimental to the performances. In this work, we
propose a novel noninvasive approach based on intense vibrations to attenuate the
sensation of the hand. This approach leverages the sensory adaptation mechanism
of the mechanoreceptors of the hand [4, 5]: when intense vibrations are applied, the
mechanoreceptors tend to adapt to the stimulus, making the hand less sensitive to
other mechanical events such as pressure or vibrations [6, 7].

2 Materials and Methods

2.1 Participants

We recruited 23 healthy participants (age range: 23–41), each of them was enrolled
in up to three experimental groups in order to have three groups populated with
10 participants each. The participants who were enrolled in more than one group
underwent the procedure only once per day to avoid aftereffects. The study was
conducted according to the Declaration of Helsinki and was approved by the Ethical
Committee of Scuola Superiore Sant’Anna (approval number 2/2017). All subjects
gave written informed consent before participating in the study.

2.2 Experimental Set-up and Procedure

To assess the effects of sensory attenuation due to vibrations, we employed three
clinical tests widely used to assess perception in upper and lower extremities. They
are: (i) the Semmes-Weinsteinmonofilament (MF) test, which allows to estimate skin
sensitivity to pressure; (ii) the two-point discrimination (TPD) test, which allows to
measure the spatial acuity of the skin area examined; and (iii) the vibration sensation
(VS) test, which is commonly used to measure the sensitivity to vibration [8]. In the
MF test, we selected six different locations of the hand and we tapped each with three
different filaments, respectively of 0.02 g, 0.04 g and 0.07 g (Tactile Monofilaments,
Baseline®). The participants were asked to report whether they perceived the contact
with the filament, and we counted the number of unperceived taps. For the TPD
test, we employed a common caliper to assess the minimum perceivable distance of
two separate contact points on the index fingertip pad. In this test, the participants
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Fig. 1 The experimental
set-up. A vibrational motor
applied a prolonged
vibration to the wrist. In this
figure, the actuator for the
VS test is shown, applied to
the index finger

were asked to report whether they perceived the contact as two distinct points or
only one. Finally, the VS test involved the use of a piezoelectric actuator (PC4QR,
Thorlabs) to apply a vibration to the index fingertip pad with an initial amplitude of
3.13 µm (easily perceivable by all the participants) and a frequency of 59 kHz (i.e.,
the resonance frequency of the actuator). The initial amplitude of the vibration was
gradually reduced over a time of 90 s to zero or until the participants signalled that
they could not perceive the vibration anymore.

Our experiment consisted of a baseline assessment with the three clinical tests
(MF, TPD, VS) prior the beginning of the stimulation, followed by a prolonged
application of vibratory stimulus for 15 min (amplitude of 0.25 mm, frequency of
110 Hz, verified to be safe for the participants [9]) by means of an electrodynamic
actuator (Mini shaker 4810, Brüel & Kjaer) applied to the volar surface of the wrist
with a custom support structure (Fig. 1). Depending on the experimental group, each
participant underwent only one of the three clinical tests according to the experi-
mental group, which was administered at the beginning of the stimulation and after
5, 10, and 15 min. Subsequently, the stimulation was interrupted, and the partici-
pant underwent other two assessments: one immediately after the termination of the
stimulus, and the last one after 5 min.

The experimental data were recorded for subsequent offline analysis. Statistical
analysis was performed to capture significant differences in the data. We tested
normality with Shapiro Wilk test, and since the data were not normally distributed,
used the Friedman test, followed by Bonferroni-corrected Wilcoxon tests.

3 Results

The results of the MF test and the VS test showed significantly reduced sensitivity
after the application of the vibration, while the outcomes of the TPD test were
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Fig. 2 Experimental results:
in orange, the MF test (lines
A, B, and C respectively for
the 0.02 g, 0.04 g and 0.07 g
filaments); in purple, the
TPD test (line D); and in
green, the VS test (line E).
Thick lines represent
significant differences
between measurements. The
grey area represents the
application of the vibrational
stimulus

not significantly affected (Fig. 2). In particular, significant changes can be noticed
immediately after switching the stimulus on and off.

Notably, some participants reported the sensation of kinesthetic illusion during
the application of the stimulus [10].

4 Discussion

With the proposed stimulation method, we demonstrated that it is possible to signif-
icantly reduce tactile sensitivity, except for spatial resolution, without the need for
local anesthesia. Nevertheless, a larger pool of participants should be tested to draw
significative conclusions on its effectiveness.We cannot concludewhether this reduc-
tion is comparable to the use of gloves or to topic anesthesia due to the lack of quan-
titative outcomes in the literature. For example, the studies of Bensmaia et al. and
Hollins et al. [6, 7] focused on qualitative outcomes of reducing sensations, rather
than on quantitative measurements.

To improve system usability, a smaller actuator can be employed, such as a tactor
(e.g., C-2, Engineering Acoustics Inc.). Finally, particular attention should be paid to
containing the kinesthetic illusion effect, possibly caused by the activation of muscle
spindles by the vibration [10]. Applying the stimulation in frequency ranges different
from those that elicit this effect could prevent this side effect.
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HaptiTrack: A Novel Device for
the Evaluation of Tactile Sensitivity
in Active and in Passive Tasks

Simone Ciotti, Matteo Bianchi, Davide Doria, Francesco Lacquaniti,
and Alessandro Moscatelli

Abstract Several neurological, metabolic and psychological conditions may lead
to tactile dysfunctions. Quantitative Sensation Tests (QST) are currently available
for the assessment of tactile sensitivity, including light touch testing, monofilament
tests, and vibration-based tests. However, standard QSTs display a high intra- and
inter-individual variability. To this end, we developed new interface that generates
2Dmotion of a contact plate, provides hand and finger tracking, andmeasures contact
force and torque. Due to these multiple features, the device can be a powerful tool
for the evaluation of touch in both, active and passive tasks.

1 Introduction

The sense of touch allows us to perceive the mechanical properties of the objects
through the contact with the skin [1]. Several neurological, metabolic and psycho-
logical conditions may lead to tactile dysfunctions, such as paresthesia (abnormal
sensation such as tingling or tickling) and hypoesthesia (reduced tactile sensitivity)
[2]. Quantitative Sensation Tests (QST) are currently available for the assessment of
tactile dysfunction, including light touch testing, monofilament tests, and vibration-
based tests. However, standard QSTs display a high intra- and inter-individual vari-
ability. In a preliminary study (currently ongoing) we developed a novel protocol to
evaluate tactile sensitivity in type 1 diabetes mellitus by using a custom-made hap-
tic interface delivering passive stimuli, i.e. with the hand stationary. Recent studies
highlighted the importance of touch in motor control [3]. Therefore, it may be impor-
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tant to evaluate touch also in active task (e.g., surface exploration and reaching). To
this end, we developed new interface that generates 2D motion of a contact plate,
provides hand and finger tracking, and measures contact force and torque. Due to
these multiple features, the device can be a powerful tool for the evaluation of touch
in both, active and passive tasks. The novel haptic interface, the HaptiTrack device,
will be used for the evaluation of tactile sensitivity diabetes mellitus in future work.

2 Material and Methods

2.1 Hardware Description

The HaptiTrack device is shown in Fig. 1. The device is similar to a pantograph
with two orthogonal axes mounted on top of each other for the displacement of
the contact surface on a horizontal plane. Each axis consist of a compact single-
axis actuator (MISUMI LX3005CP-MX-B1-N-600-FA2), endowed with a precision
grade ball screw. The device is endowed with two proximity sensors that switch off
the power-supply in case the device position would exceed the allowed range. Each
of the two axis is driven by Maxon motor (DCX26L GB KL 24V with planetary
gearhead GPX26 C 3.9:1). A control board (SoftHand Board v1.0 by qbrobotics)
combined with a 16-bit resolution encoder are used to control the angular position
and speed of each motor. Each ball screw is connected to the motor by a rubber-type
shaft coupling (Nabeya Bi-tech XGS-25CS-6-6), ensuring high damping capacity.
The device is equipped with a sensorized surface with a 3D printed textured plate on
top (100× 100× 3 mm). Four damping components (TAICA Gel Bush A-1) placed

Fig. 1 The HaptiTrack device fixed inside a safety cage with mounted OptiTrack Flex13 cameras
in each corner
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between the contact surface and the movable axis reduce high-frequency vibrations
generated by the motors. A 6-axis force/torque sensor (ATI Mini45) is placed below
the contact plate. Sensing range and resolution are suitable for force/torquemeasuring
within the typical human range [4]. OptiTrack system is used to track the fingertip
of the user. Four OptiTrack Flex13 cameras are firmly attached to the metal frame
of the device. A rigid body made of a 3D-printed thimble with 4 passive markers
(3 mm of diameter) ensured a reliable tracking.

2.2 Control Algorithm

We tested the capacity of the device to update the position of the plate to follow
the finger movement of a participant. A single participant moved her fingertip back
and forth on the contact plate (1D motion). The position of the contact surface was
updated every 2 ms, according to Eq. 1:

x̄new = x̄old + γ (X̄new − X̄old) (1)

where x̄new and x̄old are the x and y position of the contact surface in the previous
and in the current step, X̄new and X̄old are the current and the previous position of
the fingertip measured from the OptiTrack, and γ is the position gain between the
user’s finger and the contact surface. In different trials, we set the values of gain γ

to one of the following values:±1,±0.8,±0.5,±0.4, 0.0. At the beginning of each
trial, the initial position of the contact surface was always set to zero. As a contact
was detected, X̄new and X̄old were initialized at the current finger position. If the
measured force module was <0.1 N the contact surface position was not updated.

We used a custom-made software written in C++ and libraries Eigen, Boost,
and OptiTrack NatNet to control the apparatus and for the synchronization of the
OptiTrack, the ATI Mini45, and the motor encoders.

3 Results

3.1 Vibrations

The vibration along the three axes were recorded with an acceleromenter attached to
the contact plate andmeasured at the twomotion speed of 20 and 100mm/s (Fig. 2a).
The peak vibrations along the y axis is likely due to the change in motion direction
of the plate at the end of each swept.



620 S. Ciotti et al.

a b

Fig. 2 aMeasured vibration along the three axes (x, y, z) for a synusoid movement along the y axis
at two target speed and for the maximummovement width (stroke). b The back and forth movement
of the fingertip (one participant)

3.2 Pursuit Gain

Figure 2b illustrates the back-and-forth displacement of the participant’s fingertip.
The amplitude of movement was larger for positive gains, where the plate was fol-
lowing. Instead, this was restricted to half of the plate’s width for γ = −1.

By changing the value of γ , it was possible to disentangle tactile and handmotion.
If γ = 0 the contact surface was stationary, if γ = 1 the contact surface follows
the user’s finger on the y-axis (zero tactile motion), and if γ = −1 the y-axis is
in counterphase respect to the user’s finger movement direction. We compared the
actual and the target position of the plate for different finger movements and values
of gain. As illustrated in Figure 3 the actual position of the plate closely matches the
target position (we removed a small offset between the two due to the inertia of the
apparatus). The correlation between the target and the actual value of plate position
was 0.99 (p < 0.001).

4 Discussion

Here, we presented a novel haptic device for the study of tactile motion in active
and passive tasks. In the preliminary evaluation, the device was able to produce the
requested displacement to pursue the finger movement. In future work, this device
will be used in behavioral experiment in healthy volunteers and people affected by
neurological diseases for the evaluation of tactile sensitivity.
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Fig. 3 Finger and Plate
position for different values
of gain, γ . The label above
each panel is the value of
gain. Target and actual
values are represented in red
and blue, respectively
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A Parallel Actuated Haptic Device
for De-localized Tactile Feedback
in Prosthetics

Daniele Leonardis, Leonardo Cappello, Christian Cipriani,
and Antonio Frisoli

Abstract This work presents a parallel actuated haptic device designed for deliv-
ering de-localized tactile feedback in prosthetics. Its peculiar design seeks to improve
balance between static and slowoutput forces, such as grip force, andwide bandwidth
tactile signals, such as vibrations, textures and fast contact transients. To this aim the
device implements two actuators coupled in parallel with different mechanical trans-
missions. A cantilever mechanism obtains a compact arrangement of the moving
parts and improves wearability of the device. We present results of the preliminary
tests of the device using a force sensor: they show the enhanced capabilities of the
device in modulation of the output force from static to high frequency components.

Keywords Tactile feedback · Haptics · Prosthetics · Parallel actuator · Twisted
string

1 Introduction

Tactile feedback is a fundamental sensory pathway in manipulation: it is constantly
integrated with other senses, such as proprioception, vision and auditory signals, to
provide a rich set of informationwhich are critical in accomplishingfinemanipulation
tasks.

In the field of haptics, a variety of different wearable devices have been devel-
oped to artificially render specific tactile features [1] directly at the level of fingertips.
Conversely in the field of prosthetics, the problem is how to provide similar cues,
acquired by prosthetic hand’s sensor, to the user. A viable solution is to apply supple-
mentary tactile feedback to more proximal segments of the body with respect to the
amputation (e.g., the forearm, the chest, etc.), in a de-localized fashion. Vibro-tactile
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feedback has been used to this purpose as source of discrete events (DESC), resulting
very effective in improving grasping performance of the user [2, 3]. Going beyond the
rendering of discrete tactile events, a richer and informative tactile feedback can be
achieved by modulating the force signal provided by the haptic actuator on the user’s
skin [4]. Rendering of grasping force modulation, contact transients, vibrations of
the grasped object and even textures [5] could be experimented also for de-localized
tactile feedback.

Wearable haptic devices designed for modulating the contact force of a plate in
contact with the user’s skin have been developed with various size and features. A
common design problem is to find a convenient trade-off between size, maximum
force and output bandwidth of the device.

Direct electromagnetic actuators (i.e. voice coils) allow for wide bandwidth haptic
rendering [6], with the drawback of a limited maximum output force compared to
actuator’s mass. Small actuators provided with mechanical reduction can be used to
amplify the output force [7], yet at the cost of reduced output bandwidth and lower
quality of the haptic feedback in terms of noise.

In this work we explore a novel approach to obtain a compact and wearable
haptic device with both good performances in maximum static force rendering and
wide modulation bandwidth: we use two actuators coupled in parallel by different
wire transmissions: a direct drive transmission, to obtain wide bandwidth frequency
response, and a twisted string transmission [8], to amplify static and low-dynamics

Fig. 1 Prototype of the
developed parallel actuated
haptic device (held in a hand
for size comparison)

Fig. 2 Scheme of the
parallel actuation mechanism
implemented in the haptic
device
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force components. A cantilever mechanism allows for a low-friction, compact device
design.

2 Methods

2.1 The Parallel Actuated Haptic Device

The developed haptic device (Fig. 1) implements two identical DC motors (Minebea
type FF-050-SH) arranged in parallel in a compact mechanism (dimensions are 36×
24 × 16 mm, total mass 38 g). A cantilever mechanism connects the body of the
device with an output moving plate placed below the mechanism, in contact with the
user’s skin. Two different mechanical transmissions were implemented, as shown
in Fig. 2: a direct drive transmission connecting the output pulley of the first motor
to the cantilever mechanism of the moving plate. The direct wire transmission is
highly efficient and obtains wide output bandwidth, although with low reduction
rate and thus limited output force. The second actuator implements a twisted string
transmission, obtaining a mechanical reduction with higher output force at the cost
of limited bandwidth. Importantly, the typology of the implemented transmissions
was selected avoiding those introducing noise and vibration in the rendered signals
(i.e. gear reduction).

2.2 Experimental Setup

In this work we present a preliminary test of the parallel haptic device at the bench,
aimed at measuring its effective force modulation capabilities. We used a miniatur-
ized force sensor (Optoforce 10N, tri-axial force sensor, resolution 1 mN) fixed on a
support in contact with the moving plate of the device. Then, we connected the two
DC actuators of the device to a DRV8835 h-bridge. The h-bridge was driven by a
Teensy 3.6 microcontroller board. We explored the frequency response of the device
by separately driving the two actuators with a chirp voltage reference signal. The
signal had an amplitude of 2.5 V (offset 2.5 V).

3 Results

Figure 3 shows the frequency response of the two actuators. Curves are expressed in
Db and normalized with respect to the static gain (measured at the lowest stimulation
frequency of 1 Hz). It highlights the expected behavior of the system: the twisted
string actuator, capable of higher output force in static and low dynamics condition,
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Fig. 3 Frequency response
of the two actuators with
different transmission and
reduction

presents a limited frequency bandwidth (20 Hz cutoff) which can be effectively
compensated by the direct drive actuator (150 Hz cutoff). Maximummeasured force
at the contact plate was 2.3 N for the twisted actuator, and 0.44 N for the direct-drive
actuator. Additional experiments will be targeted to optimize the different reduction
ratio of the actuators, taking into account the spectral energy distribution of tactile
signals in typical manipulation tasks.

4 Conclusion

This work presented a compact wearable haptic device designed for application
in prosthetics and tactile feedback in general. The novel approach uses coupled
parallel actuators, in order to improve bandwidth and maximum output force in the
haptic rendering. The obtained frequency distribution between the coupled actu-
ators particularly fits haptic rendering, where high amplitude, slow force compo-
nents (i.e. grasping force) are coupled with fast transients and high frequency tactile
signals (i.e. vibrations, textures). The proposeddevicewill be leveraged to deliver rich
tactile feedback to prosthetic users, in the attempt of improving their manipulation
performances, and ultimately their quality of life.
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A Compact Soft Exoskeleton for Haptic
Feedback in Rehabilitation and for Hand
Closing Assistance

Tommaso Bagneschi, Daniele Leonardis, Domenico Chiaradia,
and Antonio Frisoli

Abstract In this work we present a novel soft exoskeleton providing active support
of the hand closing: it implements a particular design of the tendon routing and
of the actuator arrangement with the purpose of a compact and more comfortable
system. Differently than other soft hand exoskeletons, the whole actuating system is
embedded at the hand dorsum, resulting in shorter tendon routing, more comfortable
pulling force distribution, and more practical use of the device. An additional feature
of the proposed design is the increased adaptability to different hand sizes, thanks
to the modular design of the soft polymer rings. Envisaged applications of the soft
exoskeleton are in neurorehabilitation, to provide haptic feedback coupled to motor
intention of the user, and for assistance in hand grasping.

1 Intoduction

To convey haptic feedback ormotor assistance at the level of the hand is a challenging
objective for robotic device design, due to the complexity of the hand kinematics,
limited available workspace, and high forces involved. Many hand exoskeleton that
have been developed are based on rigid kinematics with links and joints positioned in
series, aligned to the bones and joints of the fingers [1]. Other solutions show adaptive
capabilities by including user’s fingers in the parallel kinematic of the system [2].
Recently soft exoskeletons have been developed to overcome the limits of rigid
robots: actuated gloves for assistance and rehabilitation that assist the movement
of the fingers through the traction of cables, which mimic the functioning of the
biological tendons [3–5]. The number and placement of the cables can vary from
one cable per finger to help flexion and an elastic for extension [6], up to four cables
per finger that mimic the geometry of the four major finger muscle–tendon units
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[7]. A critical point of soft exoskeleton devices is the tendon routing and its fixing
points to the device itself and in turn to the user’s hand. Distribution of the exerted
pulling forces can greatly vary effectiveness of the actuation and comfort of the
device. In this work we propose a novel design of the tendon routing and of the
actuator placement that obtains shorter tendon routing, a more compact device with
the actuator embedded at the hand dorsum, and a more stable fixing on the user’s
hand when tendons are pulled.

2 Methods

The main structure of the soft exoskeleton consists of a laterally open leather glove,
supporting bolted and sewed soft-polymer (Thermoplastic Polyurethane) parts. Fin-
ger units consist of a series of TPU rings and of a thimble. The number of rings
can be varied to better fit phalanges of different sizes. The open ring approach, with
two parallel tendons per finger has been chosen [8] due to its improved stability and
comfort in wearing.

The actuator (LewanSoul LX-16A Servo) consists of a gear reduced DC motor
with embedded drive electronics and position sensor. It is positioned directly at the
hand dorsum in order to make the exoskeleton compact, thus leaving the wrist free
(Fig. 1). The cables are laterally folded around the palm and actuated by a small
radius pulley connected to the servomotor shaft. In this preliminary prototype, the
extension is passive by means of elastic elements placed on the finger dorsum (black

Fig. 1 Preliminary prototype of the compact soft exoskeleton. Actuator and tendon transmission
are arranged around palm and hand dorsum, with no remote mechanical parts
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Fig. 2 Scheme of the tendon routing and actuator arrangement obtaining a compact actuated hand
exoskeleton with no remote parts

elastic ribbon shown in figures) and fixed to the thimbles with adjustable buckles.
The total mass of the prototype was 173 g. The dimensions of the actuator module
(hand dorsum) was 45.7× 30.4× 40.6 mm.

2.1 Preliminary Experimental Results

To estimate the grasping pressure for the exoskeleton-assisted hand a pressure sen-
sorized plastic bottle was used (Bosch BMP280 pressure sensor). The bottle was
filled with water to increase its stiffness. A healthy subject was enrolled for this
preliminary study. The subject wore the exoskeleton which was adjusted to the size
of his hand. A voltage reference was applied to the motor to obtain a closing and
opening sequence. The stall output torque at 2.5V corresponds to 19 N pulling force
applied to the tendon transmission. In Fig. 3a, the measured pressure averaged over
ten repetitions is shown. The same experiment was repeated with a rigid plastic
handle including a force sensor (Futek LSB200) to measure a grasping force for
comparison. Results of the force measurement are shown in Fig. 3b. Fig. 3 show the
measured pressure as a function of the output shaft position.
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3 Discussion and Conclusions

Figure 3a shows a short time during which no pressure is applied, while the extended
hand must come into contact with the surface of the bottle, and an interval of time
during which with a positive voltage a gradual increase in pressure up to a peak
is observed. Immediately afterwards with the inversion of voltage the hand relaxes
and the pressure drops. Figure 4 highlights the compliance introduced in the system
by the soft parts, by the fixing interface of the exoskeleton to the hand, and by soft
tissues of the hand itself. Compliance of the system can be modeled with a quadratic
model, obtained performing a quadratic regression to fit the measured data.

Regarding functionality of the prototype, the developed compact device design
resulted capable ofmobilizing the passive handwith considerablemaximumgrasping
force (12.8 N ). Themodular ring systemwas easily adaptable to the finger joints, and
the open structure with parallel tendons resulted in a simple donning of the finger
modules. It also allows to relax pulling and tightening forces when the grasping

Fig. 3 Measured grasping pressure and grasping force with passive user, averaged over ten trials.
Orange line represents the voltage reference applied to the servomotor

Fig. 4 Measured grasping pressure as a function of position in degrees (solid line) and quadratic
model fit to the measured data (dotted line)
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assistance is released. Importantly, the developed tendon routing folded around the
user’s palm permits to apply relatively high pulling forces with a stable wearability
of the device on the user hand.

For this prototype tested on passive hands, elastic elements for finger extension
were sufficient, although barely capable of recovering the passive fingers to full
extension. Increasing the preload of the elastic bands had negative effects on user’s
comfort. Therefore, the passive hand opening method appears suitable on patients
with flaccid hand only. Another critical aspect to improve is the thickness of the palm
plate supporting the tendon routing. We fabricated it in soft TPU polymer, however,
thickness of the assembly has to be further reduced to improve grasping capabilities.
One last problem to examine is the thumb. Having a different articulation from the
remaining fingers, a special support (i.e. with a compliant semi-rigid structure) has to
be developed for supporting its correct movement in opposition to the other fingers.
Rings, thimble and buckles have been produced with an FDMprinter in TPU tomake
these parts adaptable to the patient.

Overall, functionality of the prototype is promising. Its main advantages in terms
of compactness and adaptability to different hands make the device suitable for hand
mobilization in neurorheabilitation settings, where haptic feedback congruent with
motor intention is already a crucial objective. At a later stage of development, the
device can be considered to provide hand grasping assistance in real everyday tasks.
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Human Neuromarkers of Tactile
Perception: State of the Art in Methods
and Findings

Gianna Adalia Cannestro, Moaed A. Abd, Erik D. Engeberg,
and Emmanuelle Tognoli

Abstract Tactile perception is a multifaceted sense with complicated conver-
gent/divergent peripheral pathways. Its neuromarkers remain poorly understood, due
to the sense’s inherent complexity and the confounding factor of intricate motor,
cognitive and affective correlates. This gap hinders research evaluating interventions
to restore touch in artificial hands. We inventorize state-of-the-art and recent inno-
vations in control systems with soft and hard robotics that are poised to unlock more
targeted non-invasive stimulations. We review neuromarkers observed for pressure,
vibration, brushing, texture discrimination, pain, heat and cold, complemented with
the covariates from movement, attention, working memory, multisensory and senso-
rimotor integration or competition (audition, vision) and affect. We analyze neural
oscillations during sensory and (peripheral and central) electro-magnetic stimula-
tion. This review matures a framework of reverse prediction, in which non-invasive
observation of neural activity robustly and unobtrusively quantifies tactile perception.

Keywords Haptics · Afferent pathway · Somatosensation · Artificial sensory
feedback · Robotic hand · Non-invasive · Tactile perception

1 Introduction

Several research groups, including our own, are working toward the development of
artificial hands that restore the sense of touch, in an effort to facilitate dexterity and

This work was supported by the National Institute of Health (NIH) [R01, EB 025819] and FAU’s
Brain Institute.

G. A. Cannestro (B) · E. D. Engeberg · E. Tognoli (B)
Center for Complex Systems and Brain Sciences, Florida Atlantic University, Boca Raton, USA
e-mail: gcannestro2015@fau.edu

E. Tognoli
e-mail: etognoli@fau.edu

M. A. Abd · E. D. Engeberg
Ocean and Mechanical Engineering, Florida Atlantic University, Boca Raton, USA

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
D. Torricelli et al. (eds.), Converging Clinical and Engineering Research
on Neurorehabilitation IV, Biosystems & Biorobotics 28,
https://doi.org/10.1007/978-3-030-70316-5_102

635

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-70316-5_102&domain=pdf
mailto:gcannestro2015@fau.edu
mailto:etognoli@fau.edu
https://doi.org/10.1007/978-3-030-70316-5_102


636 G. A. Cannestro et al.

fluidity of dailymanual actions for amputees and limb absent users of prosthetic arms,
and to support remotemanual control in teleoperation. The development of technolo-
gies to restore afferent pathways calls for tools to monitor tactile perception continu-
ously, unobtrusively, and non-invasively. A preferred site to achieve this monitoring
lies with the brain: it is the destination of afferent tactile signals, with slightly better
spatial separation of somatosensory and motor activities than what is achievable
noninvasively in the peripheral nervous system, where both afferent (sensory) and
efferent (motor) pathways are blended in shared nerves. To monitor tactile percep-
tion unobtrusively via non-invasive recording of brain activity (e.g. electro- and
magneto-encephalography, EEG and MEG [1]), it is necessary to understand which
neurophysiological activities correlate with qualitative and quantitative variations of
tactile sensations. The non-invasive neuroscience of touch, however, remains less
well understood than other senses, for a plurality of reasons. First, instrumentation
to stimulate the various tactile experiences with temporal, spatial and functional
precision remains a work-in-progress. Second, the sense of touch possesses a large
and diverse array of receptors working synergistically. Those receptors’ complicated
convergent and divergent connectivity to the brain compounds the usual difficul-
ties with teasing apart perception from its cognitive, behavioral, and environmental
modulators.Andfinally, naming of electrophysiological activities confuses syntheses
(viz. Identical names to activities from distinct brain networks, and distinct names for
activities that pertain together). In the following presentation, we aim to accomplish
four goals: (1) review technological developments supporting the disentanglement
of tactile perception’s multiple facets, leading to breakthrough neurophysiological
studies; (2) identify neuromarkers of somatosensation and (3) their cognitive, affec-
tive, motor and environmental covariates; and (4) list bottlenecks to resolve in order
to establish robust neuromarkers of tactile perception.

2 Technology Review: Tactile Stimulation Paradigms

A variety of techniques has been used to apply tactile stimulations and quantify
associated brain responses. Studies span the simplest approaches (e.g. brush strokes
applied onto a subject’s arm) into engineered control systems that leverage mechan-
ical, thermal, optical, acoustic, or electrical stimulations to improve temporal, spatial
and functional precision. All sites along the pathways from sensory receptor to brain
have been targeted: stimuli applied to the skin to recruit tactile receptors; electrical
or ultrasonic stimulation applied to afferent nerves to induce peripheral activities
mimicking the response to natural stimuli (directly or with co-optation of muscles);
electrical or magnetic stimulations directly aimed at somatosensory brain areas to
confirm elicitation of tactile experiences.
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Fig. 1 Overview of EEG/MEG neuromarkers examined in this work

3 Neuromarkers of Somatosensation

With the aforementioned tools, considerable evidence implicates 6 oscillatory activ-
ities of the brain in somatosensation (Fig. 1). Mu (also called Rolandic alpha, a
8–12 Hz activity over somatosensory/motor cortex) and Beta (13–30 Hz, a slightly
more anterior activity toward motor cortex and putatively involved in sensorimotor
integration) undergo suppression and rebound during and after somatosensory stim-
ulation and the direct electrical stimulation of peripheral nerve. Their sources were
tied to somatosensory cortices, and reciprocally, stimulation of somatosensory areas
with Mu frequencies elicited tactile percept [2]. Prestimulus Mu also modulated
perception of faint tactile stimuli [3]. Theta (4–7Hz, fronto-central) andGamma (30–
100 Hz, central regions of the brain) increased during somatosensory events [4, 5],
and electrical stimulation of the somatosensory cortex at Gamma frequency elicited
tactile sensations [2]. Finally, transient ultra-fast activities, Sigma (450–750 Hz) and
Kappa bursts (850–1200 Hz), were discovered with Median Nerve Stimulation and
seemed specific of afferent tactile information [6, 7], though few studies aid their
functional understanding due to the great technical challenge of their recording.

4 Cognitive, Behavioral, Affective and Environmental
Covariates

To reverse inferences and unobtrusively monitor the quality of artificially-restored
somatosensory feedback with neuromarkers, a solid understanding of somatosen-
sory covariates is needed. Beta and Theta activities were modulated by affective
contexts and pain [4, 8]. Attention modulated the dynamics of Mu and Beta [3, 9].
Increased Gamma activity in the somatosensory cortex was also tied to attention



638 G. A. Cannestro et al.

[9]. Lastly, a tremendous overlap exists between somatosensory and motor func-
tions that intimately co-evolved. Movement modulates most of the same activities as
somatosensation, namely Mu (and its variant Sigma), Beta, Theta and Gamma [10].
Current theoretical models suggest that Gamma might be related to spatial attention,
sensory gating and inhibition, whereas theta has been proposed for sensorimotor
integration, novelty and change detection.

5 Discussion

We asked if the neuroscience of touch had achieved maturity to quantitatively assess
somatosensory experience from non-invasive monitoring of the brain. The answer to
this question is not yet. There are six candidate neuromarkers of tactile perception,
but four of them are confounded with other mental activities as well as environ-
mental modulation [11]. The other two [6, 7], albeit challenging to record, bear some
promise but will need increased vetting of their modulators. We also raised the func-
tional heterogeneity of Beta (an endogenous rhythm of sensorimotor cortex possibly
distinct from entrained rhythm with vibrotactile stimulation). It would further be
desirable to disentangle the different facets of somatosensory experiencewith respect
to specialized receptors pathways, (e.g., high frequency vibration signaling a slipping
object or sustained modulation of pressure signaling force control). Except for Beta
entrainment, the current literature on oscillations does not offer unambiguous speci-
ficity of its oscillations with respect to different facets of somatosensation (the timing
of evoked potentials might help, since receptor types are wired with sharply distinct
conduction velocities, but this lies beyond the scope of the present work). Insight
into specific receptor pathways will require newwell-integrated electrophysiological
studies generalizing the approach undertaken in [4], complemented with better stim-
ulation devices leveraging progress in soft and hard robotics [12]. Those advances
in tactile neuroscience, combined with the application of bidirectional prosthetics,
will open the path tomuch-needed neuro-rehabilitation studies comparing behavioral
and neurophysiological characteristics of somatosensation in traumatic or congenital
amputees and limb-intact populations using haptically-augmented prosthetic hands.
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Wearable Neurofeedback Training
for Boosting Attention Regulation
at the Wheel

Davide Crivelli, Laura Angioletti, and Michela Balconi

Abstract We tested the effects of a three-week neurofeedback (NF) empowerment
protocol on drivers’ cognitive performance by looking at both behavioural and elec-
trophysiological (Event-Related Potentials, ERPs) markers of attention regulation
skills. Results highlighted higher task-related ERP marking attention orientation
and cognitive control processes (the N2 ERP component) in the experimental group
receiving NF training compared to control subjects. Present findings suggest that
intensive NF-based training might be a valuable way to improve drivers focused and
sustained attention mechanisms, with practical implications for the development of
proactive prevention protocols for driving performance.

Keywords Wearable devices · Neurofeedback · Distracted driving · Attention
Regulation · Neurocognitive Empowerment · Proactive prevention

1 Introduction

In past years, most of solutions proposed to cope with the highly-relevant issue
of distracted driving have focused on the development of driving monitoring and
assistance systems (DMAS)—i.e. non-invasive technological aids installed on the
vehicle able to collect data on driving performance and provide feedbacks on the
alteration of driver’s states such as drowsiness and distraction [1]. As an alternative
to such forms of reactive preventionmeasures, a proactive prevention approachwould
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focus on reducing the impact of human factors on distracted driving by working on
the driver itself via empowerment and optimization of attention regulation, stress
management, and self-regulation skills.

A recent series of applied studies showed that supportingmental training programs
with neurocognitive empowerment methods, such as wearable neurofeedback (NF)
devices, can enhance neurocognitive empowerment effects in terms of regulation of
attention resources and adaptive stress coping both in experimental settings and in
real-life contexts [2–4], such as at the workplace [5] or in sports [6].

2 Material and Methods

2.1 Sample

Fifty adults (38 females; Mage = 22.96, SDage = 2.48) without clinically relevant
signs of stress or anxiety were included in the study and randomly divided into an
experimental (EXP) and an active control (CNT) group. The study was approved by
the competent Ethics Committee and followed the principles of the Declaration of
Helsinki.

2.2 Study Design and Training Procedure

The study design included pre-/post-training assessment phases applied to the
experimental/control groups, to investigate training effects on drivers’ attention
performance, distractibility, and ERP markers of cognitive control.

EXPparticipants completed a combinedNFandmental training protocol, inwhich
they had to perform breathing-awareness practices with the support of a wearable
NF device—i.e. the LowDown Focus glasses (Smith Optics Inc., Clearfield, UT).
CONT participants were, instead, asked to perform breathing practices without the
support of the NF device. Therefore, their training could not benefit from external
feedbacks on their mindset and its modulations.

Both EXP and CONT interventions lasted 21 days and included daily sessions of
practice (gradually incremented duration: from 10 min a day to 20 min a day).

2.3 Pre-/Post-training Assessment

Assessment of higher attention and interference control skills were tested via a chal-
lenging computerized Stroop like task (Stim2 software, Compumedics Neuroscan,
Charlotte, NC) during EEG acquisition. For task description see [7].
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2.4 EEG Recording and Reduction

Central electrophysiological responseswere collected and amplified via a 16-channel
V-Amps system (Brain ProductsGmbH,Gilching,Germany). The electrodemontage
included a vertical EOG derivation and 15 sintered Ag/AgCl sensors referenced to
linked earlobes and placed according the 10–10 International System—F7, F3, Fz,
F4, F8, T7, C3, Cz, C4, T8, P3, Pz, P4, O1, and O2. Impedance values were reduced
below 5 k� and checked during data collection. EOG and EEG data were sampled
at 1000 Hz, using a bandpass (0.01–250 Hz) and a notch (50 Hz) input filter.

EEG data were then processed offline via Vision Analyzer2 software (Brain Prod-
ucts GmbH, Gilching, Germany). Firstly, EEG signals were filtered offline using
specific IIR bandpass filters (0.1–30 Hz bandpass filter, 24 db/octave). They were
then corrected by using a semi-automated ICA-based artefact detection and correc-
tion algorithm. Following visual inspection of EEG tracks and manual rejection
of residual movement, muscle or ocular artefacts (rejection rate: <8%), they were
segmented based on experimental conditions and related markers.

Task-related EEG activity collected during the Stroop like task was segmented
from 200 ms before to 800 ms after Congruent versus Incongruent stimuli onset.
Event-relatedwaveformswere then baseline-corrected, and artefact-free epochswere
averaged to enhance systematic electrophysiological responses to the experimental
conditions. A preliminary morphological analysis of individual average waveforms
highlighted the presence of a potentially relevant modulation of the N2 component.
Peak amplitude and latency data for such component have finally been extracted
thanks to a semi-automated weighted peak detection algorithm.

2.5 Data Analysis

Performance and electrophysiological data collected pre-/post-training in EXP and
CNT groups were compared via independent-samples t-tests (PASW Statistics 18,
SPSS Inc., Quarry Bay, HK). False Discovery Rate was controlled by applying the
Benjamini-Hochberg procedure. Threshold for statistical significance was set to α

= 0.05. Equality of variances between groups was checked by Levene’s test, so to
verify the assumption of homoscedasticity and to accordingly compute subsequent
inferential tests. As a measure of between-group effect size, we have computed
Cohen’s d values [8].
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3 Results

As for the analysis of performance data, comparison of post-training behavioural
measures at the Stroop task (response times and accuracy) did not highlight
statistically significant differences between the groups (all p > 0.05).

As for electrophysiological data, we applied focused between-group statistical
comparison to the N2 latency and peak amplitude data collected at left, midline, and
right frontal (F3, Fz, F4), central (C3, Cz, C4), and parietal (P3, Pz, P4) electrode
sites. Between-group comparisons of post-training peak amplitude data for the N2
component in response to congruent stimuli highlighted a statistically significant
difference between EXP and CNT, with higher N2 amplitude in the former with
respect to the latter at Fz electrode site (t(48) = 2.106, p = 0.040, d = 0.632;MEXP

=−8.42, SDEXP = 5.90;MCNT =−5.27, SDCNT = 3.85). No significant effects were
found for N2 latency data (all p > 0.05).

4 Discussion and Conclusions

After NF training, EXP drivers showed ampler N2 ERP components than CNT in
response to target stimuli of the computerized Stroop task. Such improved ERP
marker—in agreement with the nature of the eliciting task, localization of the ERP,
and its functional role [9]—suggests that the EXP group displayed heightened acti-
vation of prefrontal attention and cognitive control mechanisms with respect to CNT
participants, which could act as a facilitating factor for effective and safe driving
especially in case of complex situations connoted by perceptual and sensory interfer-
ences. The fact that training effect reflected into ERPmarkers but did not significantly
affect behavioural performance at the Stroop task might be justified by postulating
either that training effects was beginning to consolidate but neededmore time to fully
express or that the width of empowerment effects was limited by ceiling effect.While
those alternative interpretations are worth further investigation, previous evidence tip
the scale in favour of the former.

Present findings suggest that an intensive neurofeedback-based training might
represent a potentially-valuablemean to improve not only drivers’ self-regulation and
stress management skills, but also their focused and sustained attention regulation
mechanisms, with practical implications for the development of proactive prevention
protocols for distracted driving. Indeed, interventions aimed at reducing the impact
of human factors such as distractibility and attention fatigue both in everyday and
professional drivers hold a remarkable potential for containing social-economical
costs of road accidents.

Yet, we acknowledge that present empirical observationswould benefit from repli-
cationwith different and larger samples of drivers (e.g. haulage professionals or coach
drivers), so to increase their generalizability.Moreover, future researchwould benefit
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from correlating behavioural and neurophysiological measures with real-life driving
performance so to properly test their predictive potential.
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Wearable Neurotechnologies
for Neurocognitive Empowerment
in Applied Contexts

Davide Crivelli, Giulia Fronda, Laura Angioletti, Claudia Spinosa,
and Michela Balconi

Abstract Recently, the use of wearable devices and neurotechnologies for well-
being and neurocognitive empowerment has increased, allowing users to achieve
better awareness and control of their mindset and mood states. We present an
overview of main results from a research line on the effectiveness of an inten-
sive training protocol supported by wearable neurofeedback devices in the field
of neurocognitive empowerment and stress management. Specifically, the potential
of such neurotechnology-supported training was tested by collecting behavioural,
psychometric, neuropsychological, and physiological outcomes and comparing
experimental and active control groups. The protocol was tested in different experi-
mental and applied contexts—including sports, workplace, and healthy aging. Based
on the multi-level assessment of training outcomes, results highlighted the effective-
ness of using intensive neurotechnology-mediated protocols to enhance focusing
and attention regulation skills and to reduce anxiety/stress levels while increasing
mental vigour, hinting at the potential of such new technologies for neurocognitive
empowerment.

Keywords Wearable devices · Neurocognitive empowerment · Neurofeedback ·
Stress management · Peak performance · Self-regulation · Self-awareness
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1 Introduction

Recent years have been connoted by a clear increase of the availability and use
of brain-sensing devices designed to foster health awareness, improve subjective
well-being, and promote cognitive empowerment [1, 2]. Wearable devices that non-
invasively and easily track users’ neural and physiological activity may help users to
become aware and to consciously process information on implicit markers of their
body states [3]. Namely, by applying the principle of operating conditioning and
promoting implicit learning, those devices allow individuals to gain active control of
their cortical activity and foster cognitive plasticity and empowerment, with positive
effects on their emotion and attention regulation skills [1].

The interest in practical implications of such neurotechnologies has now moved
from clinical settings to different applied research contexts, such as stress manage-
ment, sports, and workplace [4–6]. In particular, technological progresses lead to the
miniaturization and increase of usability of neurofeedback systems—i.e. hardware-
software systems that allow users to train and improve their awareness of mindsets
and to implicitly learn to control their neural correlates by visualizing in real-time
the modulation of their brain signals [7].

In this paper,we report an overviewofmain outcomes of a research line onpossible
effects of a neurotechnology-supported mental training protocol, which combined
mindfulness-based practices aimed at improving cognitive control and emotional
regulation with wearable devices designed to foster and ease such form of mental
training.

2 Materials and Methods

2.1 Sample

A total of 100 participants were enrolled in the various studies included in the
research line. Studies focused on different age ranges (from 20 to 75 years old)
and application settings (higher education, sports, workplace, healthy aging). All
enrolled participants had no history of psychiatric or neurological diseases, cogni-
tive deficits, clinically relevant level of stress, nor reported significant stressful life
events during the last sixmonths before recruitment.All experimental procedures and
techniques followed the principles of the Declaration of Helsinki and were reviewed
and approved by the competent Ethics Committee. Each participant signed a written
informed consent to take part in the project.
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2.2 Procedure

The experimental design used in each study commonly included three phases: pre-
intervention assessment phase, intervention phase, and post-intervention assessment
phase. Participants were divided into experimental and active control groups. For the
experimental groups, daily sessions of mindfulness-based practices were supported
by the use of a wearable device, consisting in a head-band or a pair of glasses with
an in-built wearable neurofeedback system connected to a dedicated smartphone
app designed to support mental training practices. Differently, for the active control
groups, daily sessions were based on breathing techniques not supported by the
wearable devices. The intervention phase lasted for 14-to-28 daily sessions. During
such phase, participants practiced with an incremental time commitment—namely,
from 10 to 20 min a day.

During the assessment phases, three main orders of outcome measures were
collected: psychometric, neuropsychological, and psychophysiological. Psychome-
tric measures focused on mood states, perceived stress, and anxiety levels, including
the Perceived Stress Scale (PSS), the State-Trait Anxiety Inventory (STAI), Geri-
atric Depression Scale (GDS), and the Profile of Mood States inventory (POMS).
Neuropsychological measures focused on executive control skills, attention regula-
tion, and focusing, including even computerized cognitive tests such as a challenging
version of a Stroop-like task and standardized reaction times batteries. Finally,
psychophysiological measurements focused on electrophysiological and autonomic
markers of cognitive efficiency and regulation of the stress response at rest and
during exposure to stressors, including both frequency-domain and time-domain
EEG measures (metrics based on alpha and beta EEG oscillations and event-related
potentials, ERPs, related to the orientation of attention resources—i.e. the N2 deflec-
tion) and heart rate variability (HRV)measure. For further information on the assess-
ment procedures and experimental design, please refer to Balconi et al. [4] and
Crivelli et al. [8].

Besides peculiar differences in data analysis across different studies (specifi-
cations can be found in [1, 4–6, 8]), the data analysis pipeline included: scoring
and quantification of psychometric, neuropsychological, and psychophysiological
measures; inferential statistics (t-test and/or ANOVA models); and computation
of effect size to estimate the strength and robustness of observed training-related
differences.

3 Results

As reported by Balconi and colleagues [3, 8], a four-week neurotechnology-
supported protocol was able to induce, in samples of mildly-stressed young adults,
a statistically significant improvement of attention performance, as measured by
reduced response times at challenging computerized tasks tapping on inhibition
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control and attention regulation (i.e. Stroop-like task and standardized reaction times
battery). Notably, such behavioural outcomes were mirrored even by electrophysio-
logical measures. Namely, resting-state correlates of relaxation and EEG reactivity
indices as well as task-related event-related markers of attention orientation (i.e.
the frontal N2 ERP) were positively modulated by the intensive training. Again,
the wearable neurofeedback protocol also proved to be able to induce a statistically
significant reduction of perceived stress and anxiety, reduced mental fatigue, and
increased mental vigour [1, 4], as measures by psychometric tests standardized on
the reference population (PSS, STAI, and POMS). Such reported changes in mood
and psychological factors were also associated with a remarkable improvement of
autonomic markers of vagal tone—i.e. HRV—both at rest and during exposure to
stressors.

Relevantly, even latest studies that focused on elderly users, sportspeople, and top-
level professionals exposed to work-related stressors highlighted a comparable set of
outcomes, with additional and specific improvements concerning: reduced subclin-
ical depression signs as well as reduced frontal alpha asymmetry in the aging sample;
greater behavioural and EEG/ERP markers of neurocognitive efficiency, improved
cardiovascular responses to stress, and reduced perceived anger in the professionals
sample [6]; early training effects over both performance and electrophysiological
markers of focusing and attention regulation, and a general reduction of stress and
anxiety levels in a sample of sportspeople [5].

4 Discussion and Conclusions

The present overview reports outcome data on the effectiveness of combining
neurotechnologies with traditional intervention methods for the empowerment of
cognitive-affective skills. Indeed, current results concerning cognitive performance at
computerized tasks, subjective levels of stress/anxiety andmood states, and improved
physiological markers of neurocognitive efficiency and stress regulation suggest that
supporting mental training with wearable neurofeedback devices can be useful to
further optimize cognitive processes (such as focusing and executive control) across
the lifespan and in different application contexts. According to recent accounts on the
role of cognitive control and neurovisceral integration processes, training with the
support of devices providing feedbacks on endogenous bodily reactions would help
practicers learn to self-regulate their cortical activity, achieve an increased state of
neurocognitive efficiency, and develop better self-regulation skills. We suggest that
such outcomesmight be fostered by training cognitive control mechanisms, strength-
ening prefrontal regulatory system exerting control on autonomic activity, and better
information-exchange in the frontal-parietal network that mediates the processes
of vigilance, attention, and monitoring [1, 9]. Although present findings already
outline a quite robust background on effectiveness of the contribution of wearable
devices to make traditional empowerment protocols more efficient, further studies
and novel technological advancement are still needed to further extend available
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observations and define newperspectives in the flourishing field of neurotechnologies
for self-enhancement.
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Simultaneous and Proportional
Myocontrol of a Hand Exoskeleton for
Spinal Muscular Atrophy: A Preliminary
Evaluation

Marco Ricciardi, Alberto Topini, Nicola Secciani, Alessandro Ridolfi,
and Claudio Castellini

Abstract Spinal Muscular Atrophy (SMA) is a neuromuscular disease character-
ized by the degeneration of the α-motor neurons in the spinal cord, resulting in
progressive proximal muscle weakness and paralysis. It is the second most common
fatal autosomal recessive disorder after cystic fibrosis in the world. In the context of
assistive robotics for SMA, in this work the authors have preliminarily assessed the
feasibility of using low-cost electromyography pattern recognition and simultane-
ous/proportional myocontrol to enforce smooth, intuitive control of an assistive hand
exoskeleton system. A target achievement control test has involved ten healthy sub-
jects. Synthetic noise has been added to their surface ElectroMyoGraphic (sEMG)
signals in order to reach a signal-to-noise ratio similar to that of sEMG signals gath-
ered from a SMA patient. The results indicate that, even neglecting any learning
effect, an SMA patient could reach an average success rate of up to 82% through the
proposed approach.

1 Introduction

Spinal Muscular Atrophy (SMA) is a severe neuromuscular disease characterized
by the degeneration of α-motor neurons in the spinal cord, resulting in a progressive
proximalmuscleweakness and paralysis [1]. Although there currently is no treatment
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for SMA,much can be done in the context of Assistive Robotics to assist the patient’s
loss of motor functions. In particular, given the type of SMA and its stage, the patient
can still be able to produce significant voluntary muscular activity. Indeed, as long
as the patient can produce reasonably distinct and repeatable sEMG signal patterns,
Machine Learning (ML) can be used to control an assistive device. Given the nature
of the interaction between the devices and their users, it is desirable to let the patient
take full, proportional, smooth and intuitive control [2].

Two different ML approaches [3, 4] are currently being tested by the authors to
assess the control experience on an assistive Hand Exoskeleton System (HES) [5].
In this work, the feasibility of applying simultaneous, proportional and incremental
myocontrol to the device has been evaluated through a Target Achievement Control
(TAC) test [6], simulated by means of a Blender model of the HES. At this point of
the experimentation, the HES has no other purpose than to visually familiarize the
user with the final system.

2 Materials and Methods

In this study, ten healthy participants (aged between 24 and 61years)—voluntarily
enrolled—have been asked to control a virtual avatar of the exoskeleton using their
own voluntarymuscle activity, recorded in real-time using aMyo armband. Synthetic
noise (Gaussian noise with variable variance) has been added to the sEMG signals
in order to progressively reach the Signal-to-Noise Ratio (SNR) that characterized
those collected from SMA patients. It is worth noting that, although there are no
specific references in the literature, this approach has been considered sufficiently
reliable since SMA is known to weaken the muscle activity (thus lowering the SNR)
without altering neuromuscular patterns. The target SNR (SNR4 = 15.97) has been
identified through previous recordings from a patient affected by SMA type II, and
other three different SNR levels have been defined (SNR3 = 52.80; SNR2 = 125.11;
SNR1 = 211.82); where a higher SNR corresponds to a better signal.

2.1 Experimental Setup

As can be seen from Fig. 1, the experimental setup relies on the wearing of the Myo
armband that transmits the sEMG signal, bymeans of Bluetooth communication, to a
laptop running the intent detection system. The sEMG signal is acquired, processed
and labeled by a custom software suite written in the C# and Python languages.
Finally, the HES configuration, reference and prediction, are provided to two dis-
tinct Blender digital twins through a User Datagram Protocol (UDP) message-based
system.
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Fig. 1 The exploited
experimental setup. On the
gray background the
employed hardware, while
below the virtual models of
the HES

2.2 Experimental Protocol

The test participants have been asked to wear the Myo armband in a preliminary
stage of the experiment as well as to avoid sensor doffing or displacements; as a
matter of fact, this procedure apriostically reduces the presence of undesired effects,
such as electrode shifts, and allows for coherent results over the whole experimen-
tal campaign. The procedural architecture comprises of two primary hierarchical
stages: firstly, during the so-called “training phase”, the myoelectric control devel-
ops and learns a regression model that deals with the prediction of the hand con-
figurations starting from the sEMG signals; subsequently, the TAC test evaluates
the performance of the learned model to generalize over several, distinct tasks. For
what concerns the data acquisition and training process, the subjects, after having
received a comprehensive description of the routines, carry out three different hand
gestures (complete closure, complete extension, and resting) in a double-repetition
sequence. The whole procedure exploits a straightforward Graphical User Interface
(GUI) which, by guiding the test contributors, uniforms the test architecture over the
whole set of participants.

Conversely, the TAC test has been structured so as to achieve four actions (com-
plete closure, semi-closure, semi-extension, complete extension) alongside four
incremental SNR levels, for a total of sixteen different combinations. The partic-
ipants have been then asked to fulfill five unordered repetitions of each of the afore-
mentioned combinations: the whole test was hence composed of series of 80 tasks.

As far as the specific protocol is concerned, the participants have been requested
to reproduce and hold for 1.5 s the hand configuration displayed by the “reference



658 M. Ricciardi et al.

model” within a maximum time interval of 20 s. Since the predicted hand motion
is also shown by the “controlled model”, matching the positions of the two virtual
avatars emerges as the actual aim for the user during the test.

3 Results

The above-described procedure has been quantitatively evaluated by means of two
major metrics: the Success Rate (SR), defined as the percentage of correctly per-
formed tasks with respect to the total number of achievable tasks, and the Time to
Complete the Task (TCT), which outlines the time required to successfully fulfill a
task. As illustrated in Fig. 2, the SR average value decreases, within a range 82–96%,
as the noise level rises; additionally, the TCT outcomes do confirm this performance-
worsening pattern (Table1) by highlighting larger TCT for noisier sEMG signals.

Fig. 2 Boxplot reporting the success rate for SNR level. The numerical index of the SR on the
x-axis indicates the corresponding SNR level

Table 1 TCT over decreasing SNR levels

SNR level TCT [s]

SNR1 4.217± 1.535

SNR2 4.414± 1.924

SNR3 5.597± 2.256

SNR4 5.614± 2.367
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4 Discussion and Conclusions

On average, our participants have reached a TAC test SR ranging from 82 to 96%,
depending on the SNR level. An SR of 82% corresponds to the lowest SNR, which
was akin to that found on the signals generated by the reference SMA patient. With
all due caution, this could possibly indicate that a patient of a similar type and stage
of SMA could achieve similar results, using the same myocontrol system while
controlling the HES. Notice, moreover, that the tests were quite short (about 20min
per participant), so no learning effect whatsoever has been observable either in their
SRs or in their TCTs. It seems reasonable to claim that, if a patient were allowed
to wear and control the exoskeleton for a longer time and across multiple sessions,
he/she would display a definite learning curve, thereby further improving the results.
Finally it is important to notice that, even if the model training has been performed
over just three different gestures, the regression algorithm allows for the continuous
discrimination of all the intermediate positions.
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Study of the ERD Induced by Different
Motor Tasks Through Non-invasive EEG
Analysis to Improve Stroke
Rehabilitation Outcomes

S. Ezquerro, A. Bertomeu-Motos, J. Barios, J. M. Catalan, J. Diez,
and N. Garcia-Aracil

Abstract Several studies have shown that active, passive and imagery motor
activities in healthy participants produce similar changes in the cortical activity over
sensorimotor areas (sm). In this study, 26 stroke patients were recruited. They per-
formed three different motor activities, according to the literature, with the paretic
hand: active handmovement, passive handmovement with an exoskeleton andmotor
imagery. The results shown an erd phenomenon over contralesional sm in two of the
three tasks, being negligible in the motor imagery. These results suggest that reha-
bilitation based on passive hand mobilization could improve the recovery outcomes
in patient with no active hand movements.

1 Introduction

It is well known that stroke produces changes in motor cortex activation during the
execution of movements. These changes during active or passive movements and
motor imagery have been widely investigated [1].

On the other hand, brain activation related with movement execution is associated
with event-related changes in EEG spectrum. EEG oscillatory between 10 and 20 Hz
over sensorimotor areas (sm) decrease the power in motor tasks, this phenomenon is
known as event-related desynchronization (erd) [2].

Studies with EEG-fMRI showed that active movement implies changes in the
activity of the central areas [3]. In addition, the erd in the beta band is shown in
several studies during induced motor movement in healthy volunteers [4]. Finally,
the erd in motor imagery tasks are described in foot or tongue imagery movements
in healthy volunteers [5, 6]. However, it is unclear the erd phenomenon duringmotor
imagery related to hand movements [7].
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The aim of our research is to study the differences between three similar tasks,
based on previous studies, passive hand movement, produced by a hand exoskeleton,
active hand movement and motor imagery in chronic stroke patients.

2 Materials and Methods

2.1 Participants

Twenty six stroke patients participated in this study. They had an unique stroke
episode with unilateral motor affectation, that had to be severe after two weeks of the
episode. The protocol was approved by ethics committee of the Miguel Hernandez
University of Elche, Spain. All participants gave written informed consent before
the session.

2.2 Setup

The participants sat in a silent room with a table and a computer screen. The setup
was formed by a modular hand exoskeleton, developed at the Miguel Hernandez
University [8], used to perform the passive hand movements. The commercial eeg
amplifier, from BrainVision®, was used to acquire the eeg signals configured to
record 24 electrodes placed according to 10/20 International System. Finally, for the
eeg recordings, the bci2000, a freely distributed software for multipurpose standard
bci platform [9], was used.

2.3 Description of the Task

Participants were instructed in three different activities presented in the same order.
First, passive task, the hand exoskeleton closed and opened the hand simulating
grasp movements. In the second activity, active task, the participants performed
continuous graspmovements. Finally, imagine task, where the participants imagined
the grasping movements. All the activities where performed with the paretic hand.
Each activity had two different cues, one regarding with the current activity, and the
other was a relax cue, where the participants had to relax.
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3 Results

The results were obtained after the eeg post-processing analysis, using in-house
scripts and eeglab toolbox, and excluding the noisy portions of the eeg signal from
paroxysmal and muscular artifacts.

Figure1 shows the topographical analysis of all the patients, between 800 and
1500 ms from the onset, regarding the current movement task (A), and regarding the
relax task (B). In Fig. 1a, the passive task, an erd dipole is lateralized over the
contralesional sm area, and not over the ipsilesional sm area. Regarding the active
task, the power decrease dipole is distributed over central and lateral areas, with a
hyperactivation with respect to the relax task. Finally, imagine task did not present
any erd dipole at any sm areas.

On the other hand, Fig. 1b did not show any erd dipole, as was expected, due to
the stroke patient were instructed to not imagine or move the hand, and to stay in a
state of relaxation.

Figure2 shows the sensorimotor activity during the three activities in beta band
and it is presented in both hemispheres (C3 and C4) during the handmovement tasks.
Ipsilesional hemisphere (C3) results show a similar power decrease in passive and
active tasks. However, the erd in the imagine task is lower than in the other two
tasks, as was expected from the results presented in Fig. 1a. However, no significant
differences were found in terms of erd power between the three groups, Kruskal-

(a)

(b)

Fig. 1 Figure represents the topographic scalp of stroke patients in the three different tasks. It is
presented in the beta band (16–22 Hz), between 800 and 1500 ms from the onset of the task
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Fig. 2 Sensorimotor activity in beta band (16–22 Hz) when the participants performed the three
tasks (left). Boxplot with statistical analysis between the three tasks regarding the erd power (right)

Wallis test with a p-value = 0.2131. On the other hand, the sensorimotor activity
in the contralesional hemisphere (C4) between the three tasks presents statistical
differences regarding the erd power, Kruskal-Wallis with p-value = 0.005062. It is
observed that the erd power in the active task is higher than in the passive task,
but remains negligible in the imagine task.

4 Discussion

The presented study evaluates, using non-invasive eeg, the erd activation in beta
band during three motor tasks using the paretic hand. The results shows, regarding
the topographical analysis, that the lesional sm area did not produce an erd dipole in
any task, despite the bilateral dipole that is shown in healthy subjects [10]. However,
this dipole is unilateral over the healthy sm area, but it is only presented in the
proprioceptive tasks, active and passive, and not in the imagine tasks.

On the other hand, if we observe the sensorimotor activity at beta band, a decrease
of the eeg power, related to the erd, is shown in the lesional sm area, very similar in
active and passive tasks, and negligible in imagine task. This result suggest that
a better recovery outcomes in the injured sm area could be obtained using a passive
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mobilization of the affected hand for those patients who cannot move the hand.
However, the healthy sm area shows a hyperactivation, regarding the erd power, in
the active task, as was observed in previous studies, compared with the passive
and imagine task.

5 Conclusion

Motor impairment after stroke is one of the goals of the rehabilitation where different
tasks and techniques are employed during this process. After our study, the results
obtained suggest that passive hand movement using an exoskeleton induce similar
cortical activation over the lesional hemisphere than active hand movement. Fur-
thermore, this passive movement also produced erd over contralesional hemisphere
since motor imagery the erd is negligible. In conclusion, motor rehabilitation based
in passive movements, for stroke patients, could increase the recovery outcomes for
those with severe motor disabilities.
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Real-Time Cycling Cadence Estimation
Using an Inertial Sensor for Gamified
Pedaling Therapy

Ana Rojo, Rafael Raya, and J. C. Moreno

Abstract In an increasingly aging population, impaired motor control and loss of
balance and lower limb muscle strength are triggering an increased risk of falls
and hip fractures. With the intention of preventing them, are enforced intervention
programs based on pedaling exercises to improve physical conditioning of the elderly.
To achieve physical results adherence to cycling exercises must be promoted. For this
reason, providing a compact and portable sensing solution to record pedaling param-
eters and offer visual real-time feedback would become very valuable. Therefore,
obtaining pedaling information from the rotation measurements of an inertial sensor
placed on the thigh, requires firstly the recognition of flexion/extension angle. Then,
different processing steps are performed on the data consisting of a Kalman filter for
smooth estimation of the angles, a peak detection consisting of the sliding window
application and symmetry threshold of the angle curve. Finally, the performance of
the cadence estimation method corroborates the suitability of its usage in cycling
training feedback.

Keywords Inertial sensors ·Motion tracking · Pedaling · Rehabilitation ·
Therapy · Lower limb · Videogames · Serious games
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1 Introduction

Functional impairment of the lower limb is one of the most common consequences
of the ageing process [1]. New training interventions based on pedaling activity have
been developed to promote the improvement of functional gait in elders. Recent
studies reported that cycling training has positive effects on muscle strength, bone
density, spasticity, cardiopulmonary function and many other physiological and
psychological benefits in stroke patients [2]. All the factors are directly related to
improvement of functional abilities in postural control and gait.

Providing patient feedback has been shown to enhance patient cortical activity,
functional performance, muscle control and fatigue [3, 4]. Among the possible
modalities of extrinsic biofeedback adopted for stroke patients, visual input is the
most widely used [5]. Visual feedback during cycling could improve neuromuscular
control and the overall training performance [6], which is generally based on cadence
and load.

The generation of cycling training home-based exercises requires the employ-
ment of user-friendly and low-cost pedaling systems that perform the estimation
of pedaling cadence. Wireless inertial sensors are small, lightweight, and do not
interfere with the execution of movements during measurements [7, 8]. Therefore,
in order to generate fusion-sensor algorithms to measure cycling movement, the
state-of-the-art methodologies focused in two different strategies: (1) estimation of
segment orientation and 3D joint angles using sets of inertial measurement unit based
[9]. (2) Cycling pose estimation with force and inertial sensors [10].

This paper proposes a cadence estimation strategy based on inertial sensor-based
knee joint kinematics analysis during cycling. Thanks to this approach, cycling
performance parameters correlated with the cadence could be obtained to provide
extrinsic feedback to patient.

2 Methods

2.1 Cycling Analysis

Wedetermined that the cadence estimation algorithmshould bebasedon the detection
of cycle initiation phase. The biomechanical model of the pedal crank for each cycle
has two peaks at 90° and 270° and two dead spots. Although the angles of the gear
crank are unknown, each pedaling phase sets a rigid transformation between body
segments involved in pedaling movement.

Usually, the problemwith providing a three-dimensional kinematicsmeasurement
based on IMUs in cycling is that false kinematic measurements due to the gyroscope
drifting caused by data integration and the magnetic interference arising from prox-
imity to pedals and handlebars. This problem is tackled by taking few approaches.
The first, by performing calibration procedures for the calculation of the relative
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orientation between IMU frames and body segment frames, which relationship is
assumed to be invariant.

The second one,mounting the sensor on the tight instead of foot or pedal. Aligning
the axes of a fixed mounted IMUwith the anatomical directions enables to assess the
body segment orientation. Then, the calculation of the Euler angles from the rotation
matrix returns the orientation of the thigh decomposed in the 3 axes:

θz = a sin(−r01); knee- joint tilt angle
θx = a tan 2(r21, r11); knee- joint rotation angle

θy = a tan 2(r02, r00); knee- joint f lexion/extension angle

Within this segment frame reference, the estimation of the flexion/extension angle
of the knee-joint corresponds to Y-rotation of Euler angles.

2.2 Knee-Joint Angle Processing

The wireless inertial sensor used for data transmission has a sampling frequency of
50 Hz. Consequently, the calculated angles are released as discreet data. Therefore,
in order to draw the movement curve described by the pedaling we must estimate
an interpolation between these data. To this end, we seek to obtain this angle curve
estimation by applying Kalman filter to angles, regarding the cycling motion could
be described by sinusoidal function.

Next step addresses cycling phase detection, here formulated as an issue to peak
detection of the oscillation. The peak detection step consists of data section into
80 ms sliding window with 60 ms overlap. For each sectioned data, a symmetry axis
value threshold is applied to classify the data into maxima or minima, and among
the maxima a search is made for the higher value for that segment. To avoid peak
detection failures due to baseline changes, the symmetry axis threshold is adjusted
from the average of the amplitude values of the last 1000 ms with a 20 ms refresh
rate.

2.3 Cycling Cadence Estimation

Each cycle detection time is buffered when user is pedaling. As a result, parameters
of interest can be extracted from the pedaling dynamics. The pedaling cadence is
obtained based on the time deltas and the distance traveled, it is calculated from the
estimation of the cadence estimation and taking a standard wheel radius.
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Fig. 1 Sample data collected during a test cycling using an IMU. Cycle-peak detection measured
right knee flexion/extension angles andKalman estimation are plotted in blue and green, respectively

3 Results

In this way, to provide extrinsic real-time feedback on the pedaling cadence, collected
data from cycle peak detections, measured angles and Kalman estimated angles have
been plotted to check on cadence estimation algorithm performance. The dataset
highlighted in Fig. 1 shows sample data from the test.

4 Discussion

A single IMU is easily configurable to any static bicycle system, without hindering
cycling motion. The conjunction of the use of these inertial sensors with motion
parameters estimation algorithms can lead to an improvement in the assessment and
practice of exercise. Therefore, the proposed estimation method can facilitate the
collection of cycling cadence parameter, regardless of differences between users and
bicycle equipment.

Themain differential contribution of this system lies in the generation of amethod
of precise estimation of the pedaling dynamics from a single sensor placed on the
thigh. This solution frees the user from the use of special pedaling equipment, such
as electronic goniometry systems, does not use cables and is easily implanted on the
user. In addition, detection of pedaling not based on analysis of the pedal axle allows
studies of each limb independently, as would be required in trials with patients with
partial injuries.

The obtained method provides consistent, reliable and real-time detection with
a maximum delay of 5 ms. In a further step, it allows the estimation of other kine-
matic parameters such as instantaneous speed or distance ridden. In this direction,
future work will employ the system to develop pedaling virtual reality platform with
extrinsic feedback to promote adherence to home-based exercise.
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Development of an Interface for
the Control of Robotic Exoskeletons
Based on Stroke Rehabilitation
Techniques

P. Barría, R. Aguilar, D. Unquen, A. Moris, A. Andrade, A. Biskupovic,
and J. M. Azorín

Abstract This work presents the development and implementation of an interface
to control a robotic exoskeleton for gait rehabilitation in patients with stroke through
exercises based on conventional neuro-rehabilitation therapies. Movement patterns
of each exercise were acquired using an optoelectronic ten-camera system in a group
of subjects without pathology. An interface for robotic control was developed in the
LABVIEW environment that allows kinematics of each exercise to be reproduced in
a robotic exoskeleton. The interface allows us to control: the assistance percentage,
movement patterns, movement speed, number of repetitions, and resting time. The
software presents plot panels for each joint that shows programmed kinematic and
executed curves in real-time as a feedback tool for therapist. Finally, the kinematic
data is stored in a directory with the patient’s name and session date for post-analysis.
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1 Introduction

Stroke is one of the leading causes of morbidity and mortality in adults in the devel-
oped world and the leading cause of disability in all industrialized countries [1].
Hemiplegia is one of the most common deficiencies after stroke, causing a signif-
icant reduction in gait performance [2]. Gait recovery is an important goal in the
stroke rehabilitation program. Currently, available treatment methods include classi-
cal gait rehabilitation techniques, functional electrical stimulation, robotic devices,
and brain-computer interfaces. Technology-based rehabilitation techniques such as
robotic devices need more research to demonstrate their suitability for gait training
[3]. The objective of the present research was to develop an interface to control a
motorized exoskeleton of the lower extremities focused on the gait rehabilitation of
people with stroke based on movement sequences used in classical therapies.

2 Materials and Methods

2.1 Subjects

The study included 3 volunteers without pathologies from Punta Arenas, Chile, who
were evaluated in the movement analysis laboratory in the Rehabilitation Center
“Club de Leones Cruz del Sur” using photogrammetry during May 2019. All partic-
ipants signed informed consent.

2.2 Motion Sequences Acquisition

Instrumented motion analysis was developed using a VICON ten-camera optoelec-
tronic system (VICON Oxford Metrics, Oxford, UK). The data acquisition proce-
dure was developed using the conventional dynamic VICON NEXUS 2.9 pipeline
by the laboratory operator, according to the Plug-in-Gait biomechanical model [4].
For data acquisition, passive reflective markers were fixed to the subjects’ skin with
adhesive tape on the anatomical reference structures of each leg. All the kinematic
data was collected with a sampling rate 120Hz. Subjects were evaluated while exe-
cuting neurodevelopmental-based rehabilitation sequences, whichwere selected by a
Certified IBITA Bobath Concept Therapist. Table1 describes movement sequences
selected for the study. In each evaluation session, 10 repetitions of each exercise
were recorded at a self-determined speed. The kinematic data was processed and fil-
tered with a 4th order, zero-delay, Butterworth low-pass filter 6Hz and subsequently
exported in c3d format for implementation in the exoskeleton control interface.
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Table 1 Exercises acquired by photogrammetry

Movement Description

Step without discharge Placing the foot on a stair without weight
discharge

Step with discharge Placing the foot on a stair with weight
discharge

Pre-gait Stance and swing alternating movement

Sit-to-stand Changing position from sitting to standing
position

Stand-to-sit Changing position from standing to sitting
position

Normal gait Symmetric gait at self-determined speed

The first exercise (step on the stepper without weight discharge) involves lifting
one leg to place the foot on a stepper without weight discharge in a standing position.
The second exercise (placing one foot on the stepper with weight discharge) consists
on performing the samemovement as the previous exercise, but this timewith weight
discharge. The third exercise (pre-gait) starts with a standing position with parallel
feet, followed by the movement of one foot forward, which then is moved backwards
before returning to the baseline, mimicking a normal walking sequence. The fourth
exercise (sit-to-stand transfer) consists of changing position from sitting in a chair
to a standing position. The fifth exercise (stand-to-sit transfer) consists of changing
position from a standing position to a sitting position in a chair. The last exercise
involves walking in a normal movement pattern on a treadmill.

2.3 Robotic Rehabilitation Platform

A rehabilitation platform consisting of software, a robotic lower-limb exoskeleton
(H3, Technaid, Spain), and an anti-gravitational support harness (Fig. 1) was imple-
mented. A control software for the devices was developed, allowing selective move-
ment of the joints and recording data from each rehabilitation session. The software
executes in the exoskeleton a set of normal movement profiles extracted from people
without pathology, which are adapted to the conditions of each patient by customiz-
ing different control variables (minimum and maximum angles, degrees of mobility,
percentage of joint assistance).

The exoskeleton helps the movement of the lower extremities through electric
motors aligned with the articular axes of the users [5]. It also detects the movements
performed by the patient (hip, knee, and ankle flexors and extensors) through sensors
in the articular axes and force sensors located in the sole of the exoskeleton and
allows to control the range of motion with robotic assistance in each motor. The
support of the electric motor in the joints can be gradually adjusted according to the
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Fig. 1 Robotic gait training platform. The figure shows the “step with discharge” exercise with
weight support and exoskeleton in stroke patients

movement and remaining functions of the patient’s lower extremities muscles. As a
consequence of the independent movement assistance of each joint, it is possible to
synchronize the devices with the voluntarymovement of the patients, and in this way,
an individualized and adjustable locomotion training was designed for the bilateral
hip, knee, and ankle flexors and extensors.

3 Results and Discussion

3.1 Results

The exoskeleton-control interface allows customization of movement sequences
(Table1) for rehabilitation, importing joint kinematic information from lower extrem-
ities generated from the photogrammetry system. Figure2 shows the graphical inter-
face of the application, with the kinematic curves of the hip, knee, and ankle joints of
the sagittal plane for the normal gait movement sequence displayed in the LabView
software which are sent to the exoskeleton via CAN bus.

3.2 Discussion

The developed interface allows controlling all the variables of the robotic device,
allowing adjustments to be made in each joint to customize therapy for each patient,
a feature that not all commercial robotic platforms have. This feature could be used
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Fig. 2 Kinematics of normal gait imported through the graphical interface for exoskeleton control

for improving the design of clinical trials for gait rehabilitation post-stroke [6]. Addi-
tionally, the system can incorporate new movement patterns, being compatible with
one of the main movement analysis systems in the area of biomechanics.

4 Conclusion

This work presented a control interface for exoskeletons of lower extremities, which
incorporates the classic techniques used in gait rehabilitation after stroke. The use-
fulness of photogrammetric systems for the personalized design of therapies with
robotic devices was demonstrated, which can be used to complement the rehabilita-
tion process of stroke and other health conditions.
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KNN Learning Techniques for
Proportional Myocontrol in Prosthetics

Tim Sziburis, Markus Nowak, and Davide Brunelli

Abstract This work has been conducted in the context of pattern-recognition-
based control for electromyographic prostheses. It presents a k-nearest neighbour
(kNN) classification technique for gesture recognition, extended by a proportionality
scheme. The methods proposed are practically implemented and validated. Datasets
are captured bymeans of a state-of-the-art 8-channel electromyography (EMG) arm-
band positioned on the forearm.Based on this data, the influence of kNN’s parameters
is analyzed in pilot experiments. Moreover, the effect of proportionality scaling and
rest thresholding schemes is investigated. A randomized, double-blind user study is
conducted to compare the implemented method with the state-of-research algorithm
Ridge Regression with Random Fourier Features (RR-RFF) for different levels of
gesture exertion. The results from these experiments show a statistically significant
improvement in favour of the kNN-based algorithm.

1 Motivation and Related Work

The kNN learning scheme has been applied for myoelectric control of prosthetic
devices several times [1–4]. So far, kNN was utilized for sole classification as an
intention detection method based on EMG signals. In preliminary experiments, kNN
showed promising results in gesture detection referring to success rate (SR) as well
as generalizability. It is considered as robust (i.e., against electrode shift [5] and
sampling frequency variation [6]). Further benefits are the algorithm’s incrementality
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and low level of implementation complexity. As kNN is an instance-based machine
learning algorithm, training of an explicit model is not necessary.

Since proportionality is a key feature in myocontrol, regression algorithms gain
more popularity [7, 8]; moreover several attempts were made to combine classifica-
tion concepts with proportional scaling in EMG-based intention detection: LDA [9,
10], neural networks [11, 12] and common spatial patterns [13] have been used to
control the velocity based on the signal intensity. To the authors’ knowledge, kNN
was not adapted as a proportional scheme so far. In this study, we developed such a
scheme investigating several modalities to include proportionality.

2 Conceptual Approach

It is assumed that the intensity of an exerted gesture is approximately proportional
to the amplitude of the signal (mean of all channels of the 8-channel EMG signal).
We intend to use this property for proportional scaling of gestures classified by
kNN. The rectified sensor reading is divided into a normalized signal and the signal
strength (normalization factor), while the former is used for gesture prediction, and
the latter for scaling under the assumption of linear correlation of signal strength and
proportional intent for the particular gesture. The rest gesture is treated independently.
The mean magnitude of the rest samples gathered during training (t0) is taken as
baseline for rest. If the threshold t = g · t0 (gain g) is exceeded, a gesture is not
classified as rest anymore. An increase in t reduces unwanted activations.

However, a higher level of t requires the user to exert higher forces to activate
a gesture and therefore also leads to a lower resolution of proportionality. There is
a trade-off between suppressing unwanted activations and providing a high level of
resolution (maintaining the maximum). We therefore introduce a divisor d which
scales the proportionality function offset m0 = t

d ; but not the threshold for rest t
itself. Different configurations are tested in pilot tests.

3 Control Method Adaptation

The training process comprises: (1) capturing training data, (2) calculating class
magnitudemeans for proportionality scaling, (3) normalization of this data, (4) block-
wise cross-validation for obtaining the optimal k in terms of accuracy.

The prediction process is structured as follows: (1) rest thresholding, (2) normal-
ization of new sample, (3) calculating k nearest neighbours of the new sample, (4)
applying distance weighting on the k selected neighbouring samples, (5) executing
kNN classification by majority voting, and (6) signal magnitude analysis and scaling
the prediction proportionally.

For the preparation of the user study, we conducted a two-step method adaptation
(analyzing seven actions: rest, power grasp, point, wrist flexion/extension, prona-
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tion/supination). First, we performed offline cross-validation to determine the most
suited kNN parameters (k, distance metric and weighting factor). This was followed
by a single-subject pilot to evaluate different ways of introducing proportionality.

3.1 Cross-Validation

The accuracy of kNN with varying parameter sets in block-wise cross-validation
was determined in an offline study on different datasets from a single subject. In
the case of low k (k relative to the total numbers of training samples until 5–10%),
neither the metric nor the weighting was of high importance as long as applying a
Minkowski-based distance, yielding 98–100% correct classifications. Results were
consistently worse with Mahalanobis distance. For higher ks the Euclidean norm
turned out to be the best choice, together with a weighting of 1

d2 . This configuration
is chosen in the subsequent sections, with k = 1.

3.2 Pilot Tests on One Subject

Rest thresholding (introduction of t) increased the SR for non-overlapping classes,
as misclassifications with rest could be reduced. Maxima were achieved for g = 2.5.

For by trend overlapping classes applying a divisor d enabled low-intensity ges-
tures to be more easily exerted and increased the performance. Together with nor-
malization, higher ds guaranteed that the necessary force effort to exert a full gesture
does not noticeably exceed the particular training magnitudes. The originally dis-
covered problem that with a higher d low-intensity gestures got less reachable was
effaced with normalization. Averaged over all datasets, the maximum SR (93± 6%)

was achieved for d = 5.

3.3 User Study

Auser study with 12 subjects was conducted for evaluating the suitability in practical
scenarios (using t = 2.5 · t0 and d = 5). After signing consent forms, the participants
sat in front of a screen in a standardized pose. For the training process they followed a
visual stimulus, performing a repetitive series of actions, comprising the four gestures
power grasp, point, wrist flexion/extension. In the prediction/test phase they were
asked to follow the stimulus again, viewing a visual feedback. The goals were not
only at full activation (as during training), but at levels of 33 and 67% as well. They
were also randomized between subjects. We compared the performance in terms of
SR for kNN with a regression algorithm, namely RR-RFF [8], followed up by a
statistical analysis using a one-way ANOVA on SR.
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Fig. 1 User study SR results, comparing kNN and RR-RFF

4 Results

ANOVA (level of significance 5%) reveals a stochastic significant difference in favor
of kNN compared to RR-RFF, see Fig. 1a. The achieved SRs for different intensity
levels of gesture exertion in Fig. 1b shows no level where RR-RFF would have
outperformed kNN in median or mean of SR.

RR-RFF seems to perform well only on the intensity level it was trained with.
At lower levels the performance drops drastically. This drop is less severe for kNN,
where it is potentially due to training on full intensity level, and a high rest threshold
causing movements with low signal amplitudes being classified as rest. The effect
might be curtailed by user-specific parameter adjustments, and a learning process
with subjects getting used to the algorithm’s specific behaviour.

5 Conclusions and Outlook

This paper evaluated the extension of kNN classification by proportionality scal-
ing for intent detection by using a state-of-the-art 8-channel myocontrol armband.
kNN can be a means towards better generalization capabilities to improve user sat-
isfaction in prosthetics. In comparison to state-of-the-art RR-RFF, the algorithm
does not involve complex numeric operations, particularly during training, and has
few parameters to be tuned. An appropriate parameterization was validated in a user
study. Besides higher SR, the overall result of kNNshowed a lower standard deviation
than in RR-RFF, which leads to the assumption that kNN performs more stable and
robust with less nondeterminism in the algorithm’s behaviour. Other classification
techniques may also benefit from the presented proportionality scheme. In contrast
to kNN, RR-RFF allows the simultaneous detection of mixed gestures, though. The
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low complexity of kNN can be of high importance for embedded system imple-
mentations. In this context, special attention must be paid to the prediction phase of
standard kNN where each sample has to be related to each single other sample. This
will be treated in further work.
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Controlling an Assistive Robotic
Manipulator via a Non-linear
Body-Machine Interface

Marco Giordano, Fabio Rizzoglio, G. Ballardini,
Ferdinando A. Mussa-Ivaldi, and M. Casadio

Abstract Controlling an assistive robotic manipulator can play a crucial role in
improving lives of individuals with motor impairments. Here, we propose the use
of state-of-the-art machine learning techniques for dimensionality reduction—non-
linear autoencoder (AE) networks—within aBody-Machine Interface (BoMI) frame-
work for controlling a 4D virtual manipulator. Compared to their linear counterparts,
non-linear AEs allow retaining more of the original variance and spreading it more
uniformly along the latent dimensions. This advantage has the potential to facilitate
an effective control of devices with multiple degrees of freedom (DoFs). We tested
the approach on a cohort of unimpaired participants practicing a reaching task in 3D
space. As a result, all participants were able to reach a high level of control skills
after training with the interface. Such findings highlight the potential of BoMIs based
on non-linear AEs as a control platform for assistive manipulators.

Keyword Autoencoders · Robot manipulator · Body Machine interface
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1 Introduction

Individuals with severe motor impairments, such as after a spinal cord injury, lack
the ability to independently perform activities of daily living. Common activities,
including grooming and object manipulation, could be facilitated through the use
of assistive devices, such as robotic manipulators. The intrinsic limit in the use of
devices with many degrees of freedom (DoFs), is that their kinematic complexity
might place a high cognitive burden on the users. Here, we propose an approach
based on the framework of Body-Machine Interfaces (BoMIs) [1]. BoMIs capture
residual movements and map them into commands that can empower individuals
with motor impairments to control assistive devices [2, 3]. To do so, BoMIs typically
rely on a linear dimensionality reduction technique—Principal Component Analysis
(PCA) [4]. PCA identifies a lower dimensional, linear latent space by maximizing
the covariance of the input signals. Despite its widespread use in BoMIs, PCAmight
not be suited for controlling devices with a large number of DoFs, as the variance
explained by its latent dimensions significantly drops after the first couple of them.
Here, we propose the use of autoencoder (AE) networks [5] to overcome this diffi-
culty. AEs are artificial neural networks that compress data into a latent code via
non-linear dimensionality reduction. Not only non-linear AEs are able to estimate
the dimensionality of their input more parsimoniously than PCA [6], but their struc-
ture can also be customized to obtain a variance that is more uniformly distributed
across its latent dimensions. This study serves as a first proof-of-concept for the use
of an AE-based BoMI for controlling a robotic manipulator.

2 Methods

For this preliminary study, we recruited four unimpaired participants (age 25.8± 2.2,
3 females). They signed a consent form approved by the institutional review board
(n. registro CE DIBRIS: 009/2020). We recorded their upper body movements with
two Inertial Measurement Unit (IMU) sensors (BNO055 Sensors, Bosch, Gerlingen-
Schillerhöhe, Germany) placed bilaterally on participants’ arms.

We used an AE to map the 8D body movements—quaternions from the IMUs—
into angular movements of the joints of a 4D virtual robotic manipulator. The map
for controlling the manipulator was the same for all participants and was obtained
after a calibration procedure. In this phase, a subject (age 25, male) that did not
participate in the following study was asked to freely move his arms for 60 s. The
kinematic data recorded in this phase were used to train an AE with four codes via
a validation procedure that aimed at choosing the AE structure with (i) maximum
variance explained and (ii) a variance uniformly distributed across the codes. Then,
we set the encoder sub-network of such AE in the BoMI scheme (see Fig. 1) to
convert the 8D kinematic-vector into a 4D signal for controlling the joints of a
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Fig. 1 Setup of the
experiment. Quaternions
from two IMUs (red boxes)
were mapped via the AE
encoder to the four joints
(green dots) of the virtual
MICO. The participant
received visual feedback on a
PC monitor

virtual manipulator. The manipulator was designed in Gazebo [7] and resembled the
MICO robotic arm (Kinova Robotics, Canada).

We mapped the first code of the AE to control the movements of the wrist angle
of the manipulator—the most distal joint—and proceeding in order toward the base
so that the fourth code mapped the robot’s base-joint angle, as illustrated in Fig. 1.
Each code was re-scaled to fit the maximum extension of each joint angle (360° for
the base-joint angle, 180° for the others).

The protocol consisted of a 3D center-out reaching task. We collected data from
participants as they practiced with the interface over two non-consecutive days.
Participants were asked to reach six targets placed uniformly along a circle, at
different heights, with the end-effector of the robot. A total of 144 targets were
presented. The position of the robot—based at the center of the workspace—and
targets were displayed on a computer monitor. A trial was considered successful if
the target remained between the fingers of the gripper of the manipulator for 500 ms.
Repeated measures ANOVA was used to test the effect of training time.

3 Results

Figure 2a shows the time participants took to reach the targets after leaving the
central position. Figure 2b shows an index of straightness of movements, defined
as the path length of the end effector divided by nominal distance. After the first
day of training, participants were able to move the robot faster (p < 0.001) and the
end effector straighter, (p < 0.001) towards the targets. In the second day of training,
participantswere able to retain performances acquired during day 1 and their learning
curve converged towards a stable level by the end of the session.
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Fig. 2 Reaching time (Panel A) and normalized path length of the robot end effector (Panel B)
throughout various epochs of training. Mean and standard deviation across participants are shown
every 12 trials. Day 1 and day 2 performance are divided by a horizontal dashed line

4 Discussion

Controlling a device with multiple DoFs is a challenging task. Whereas a discrete
control would allow users to control an n-dimensional device with a one-dimensional
interface by manually switching between n modes, continuous control is a more
natural and effective operation that can be obtained by sharing the computational
burden between human and computer [3] However, as pointed out in a recent study
by Javaremi and Argall, “there is no one-size-fits-all method for control sharing as
each person is unique in their desired control preference” [8]. In this sense, our
approach based solely on the use of BoMI stands out, as it allows direct and contin-
uous operation by the user. Moreover, the unsupervised nature of the BoMI allows
for adaptability of the interface—via the calibration procedure—to its users’ residual
movements, which is of primary importance in the presence of motor impairments.
Additionally, we believe that this instance of BoMI, based on non-linear AEs, over-
comes the limitations that would be encountered using PCA.AEs are less constrained
than PCA, as they can capture non-linear features embedded in the input signal,
while concurrently distributing the original variancemore uniformly into their codes.
Therefore, they establish as a platform that is better suited for the control of devices
with multiple DoFs. This first proof of concept demonstrates that naïve unimpaired
users can learn to efficiently operate the manipulator. They were able to significantly
decrease the time to reach targets and increase the straightness of the trajectories
made with the robot end effector within a single session of training. Interestingly,
performance levels were retained at the beginning of day 2, even if the two sessions
were performed during non-consecutive days. Also, the two-day sessions highlight
convergence towards a stable level of performance. We consider these findings as
supportive of a future implementation of our interface as assistive tool for people
with motor impairments.
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5 Conclusion

We presented a method based on the use of a non-linear autoencoder for controlling
assistive robot manipulators with multiple degrees of freedom. This first proof of
concept successfully proved the feasibility of the approach and set the basis for
future tests on a population with motor impairments.
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Offline Repeatability Correlates with
Real-Time Performance of Pattern
Recognition Controllers

Yuni Teh and Levi J. Hargrove

Abstract Previous studies have shown that offline classification accuracy does not
always correlate with real-time performance. However, the relationships between
real-time performance and other offline measures, such as feature space metrics, are
not clearly understood.We evaluated controller performance in intact limb (ITL) and
amputee (AMP) subjects using online and offline tests in four limb positions andwith
three limb loads. We quantified the Pearson correlation coefficients between three
offline metrics (offline accuracy, repeatability index, separability index) and four
real-time metrics (completion rate, remaining time, movement efficacy, stopping
efficacy). Our results showed that repeatability index had the strongest correlations
with all real-time metrics (ITL: r ≥ 0.91, AMP: r ≥ 0.68). This suggests that pat-
tern recognition control algorithms and training protocols should aim to optimize
repeatability as opposed to accuracy or separability.
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1 Introduction

Although online testing is the most realistic way to evaluate prosthesis controllers,
it can be time consuming and fatiguing. Thus, experimenters often initially rely on
offline analyses to assess new algorithms. For pattern recognition (PR) controllers,
classification accuracy is the most commonly reported offline metric even though it
does not always correlate with real-time performance [1, 2].

However, PR controllers can also be characterized by offline feature spacemetrics,
such as the repeatability index (RI) and separability index (SI) [3]. It is unclear
whether these metrics can relate to real-time performance more accurately. To our
knowledge, only one study has quantified the relationship between feature space and
online metrics [4]. However, the experiment did not include amputee subjects and
had limited test conditions.

In this study, we quantified the correlations between three offline (two feature
space) and four online metrics in subjects with intact limbs (ITL) and subjects with
below-elbow amputations (AMP). To increase the variance of data collected, tests
were conducted in different limb positions and with different limb loads. We com-
pared the correlation coefficients of each offline metric to determine which was the
best estimate of real-time performance.

2 Methods

This experiment was approved by Northwestern University’s Institutional Review
Board. Fourteen ITL subjects and five AMP subjects participated after giving
informed consent. Each subject usedEMGsignals from their right forearmor residual
limb to use linear discriminant analysis controllers trained with four time domain-
features (mean absolute value, waveform length, zero crossings, and slope sign
changes) and six autoregressive coefficients. Offline and online tests were completed
in four limb positions (Fig. 1) and with three external limb loads (0g, 400g, 600g).

2.1 Classifier Training Protocols

All ITL subjects and two AMP subjects trained 3 degrees of freedom (hand
open/close, wrist pronation/supination, wrist flexion/extension). The remaining three
AMP subjects did not trainwrist flexion due to time constraints and lack of PR control
experience. There were two training protocols:

1. Static Subjects held their arm in P1 while performing contractions. The limb was
not loaded in this condition.

2. Dynamic Subjects moved their arm around in their workspace while performing
contractions. A 400g load was attached to the limb.
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Fig. 1 Limb positions used during data collection

2.2 Offline Data Collection

To collect offline testing data, subjects held each trained movement in each limb
position and with each load for 2.5 s. No feedback about their contractions was
provided. We calculated three offline metrics for each test condition:

1. Offline Accuracy (OA) The percentage of correct predictions in each class, aver-
aged across all classes.

2. Repeatability Index (RI)ThemodifiedMahalanobis distance between training and
testing distributions of the same class, averaged across all classes. In this paper,
we inverted the sign of this metric, such that a more positive number represents
better repeatability within classes.

3. Separability Index (SI) The shortest interclass modified Mahalanobis distance
between training and testing datasets, averaged across all classes. A larger SI
denotes better separability between classes.

2.3 Online Target Acquisition Control (TAC) Tests

Subjects completed 3DTAC tests in a virtual reality environment, as described in [5].
We calculated four metrics: completion rate (CR), remaining time (RT), movement
efficacy (ME), stopping efficacy (SE) as defined in [5]. Remaining time is the inverse
of completion time; a larger RT means that the trial was completed faster.
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2.4 Correlation Analysis

We calculated the Pearson correlation coefficient (r) between each offline and online
metric.Allmetricswere chosen such that larger positive correlationsweremore desir-
able. To determine significant differences between the strength of these correlations,
we compared their 95% confidence intervals (CI).

3 Results

For ITL subjects (Fig. 2), RI had the strongest positive correlations (r ≥ 0.91) with
all real-time metrics, followed by OA (r ≥ 0.45). All RI and OA correlations were
statistically significant. In contrast, all SI correlations were negative and only one
(SE)was statistically significant. The confidence intervals showed that the correlation
coefficients were significantly more positive for RI than for OA and SI.

Fig. 2 Intact limb subject results. Hollow and filled circles represent trials using static and dynamic
training, respectively. *: p < 0.05, **: p < 0.01, ***: p < 0.001
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Fig. 3 Amputee subject results. Hollow and filled circles represent trials using static and dynamic
training, respectively. *: p < 0.05, **: p < 0.01, ***: p < 0.001

For AMP subjects (Fig. 3), RI also strongly correlated (r ≥ 0.68) with real-time
metrics. This was not significantly different from OA (r ≥ 0.43). All SI correlations
were negative and only the correlation with SE was statistically significant. Both RI
and OA correlations were significantly different from SI correlations.

4 Discussion

Previous publications showed an inconsistent relationship between offline accuracy
and real-time metrics, leading researchers to discount the use of offline accuracy to
infer actual performance. We investigated how other offline metrics correlated with
real-time metrics and showed that repeatability, or the distance between training and
testing sets, has a stronger correlation with real-time metrics compared to offline
accuracy and separability.

Our results suggest that real-time performance is more dependent on how con-
sistent the contractions are rather than how distinct they are. In fact, the correlations
between SI and real-time metrics were negative because dynamic training improved
online control despite reducing separability. Thus, future development of controllers
could err on the side of increasing repeatability at the potential expense of separability
or accuracy and still improve performance.
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5 Conclusion

In this study, we quantified and compared the extent to which offline accuracy,
repeatability, and separability correlatedwith online performancemetrics.Our results
showed that repeatability had the strongest correlations, suggesting that it is a better
measure for inferring real-time performance.
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Understanding Human-Prosthesis
Interaction via Reinforcement
Learning-Based Echo Control:
A Case Study

Ruofan Wu, Minhan Li, Jennie Si, and He (Helen) Huang

Abstract This case study aimed to understand human-prosthesis interaction while
the impedance control of a robotic prosthesis was tuned in order to echo the knee
kinematics on the intact joint. Echo control derives from a common belief that if
the prosthesis joint mechanics meet those of the intact joint, more symmetrical and
normal gait should be reached in the prosthesis user. In this study, our previous devel-
oped reinforcement learning (RL) control was used to tune impedance of a power
knee prosthesis in walking to achieve echo control. It was tested on one able-bodied
human subject walking with the robotic knee. The results showed that the prosthesis
control parameter tuning was coupled with changes in intact knee mechanics. Nev-
ertheless, regardless such neuromechanic coupling between the two lower limbs, RL
was robust to tune prosthesis control andmeet the intact knee kinematics. Finally, the
RL echo control enabled us to examine gait symmetry. Additional research efforts
are still needed to identify the influence of echo control of prosthetic knee on gait
tempospatial symmetry.

1 Introduction

Powered lower limb prosthesis provides great promise for amputees to restore basic
activities in daily life. However, the performance of transfemoral amputees using
these powered devices have not shown consistent improvement [1, 2]. This may be
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due to a lack of cohesion between the human and the computer controlled prosthe-
sis. Unfortunately, little is known about how the human and the prosthesis interact
even though the prosthesis can be physically attached to its human user to enable
walking. It has long been hypothesized that mirroring the intact knee kinematic joint
trajectory by the prosthetic knee can improve gait symmetry. Yet, controlling the
prosthetic knee to mimic or echo the intact knee has not been achieved to enable the
test of this hypothesis.

Echo control ideas have long existed for decades. Grimes et al. developed an echo
control scheme for the stance phase of a gait cycle to track a modified trajectory
from the sound limb [3]. Joshi et al. developed a control strategy based on echoing
the stride duration of the intact side [4]. However, both approaches of echo control
only manipulated a fraction of a gait cycle. Few results have been reported in recent
years.

Previously, we have successfully tested a new class of control approaches, namely
reinforcement learning (RL) control, to automatically tune the impedance parameters
to enable level ground walking [5–7]. A key characteristic of the RL control is its
ability to direct learn a parameter tuning policy during the interaction between the
human user and the prosthesis. Even though our previous RL control designs were
for the prosthetic knee to meet a prescribed knee profile, it is expected to be able to
learn a new control policy for the prosthetic knee to echo the intact knee. It is also
expected to provide an opportunity to study the human-prosthesis interaction and
symmetry during the entire control tuning process.

Therefore, the goal of this study is to study human-prosthesis interaction while
achieving echo control by using our previously developed RL-based prosthesis tun-
ing method. Specifically we were interested in understanding (1) whether human
and prosthesis knee can co-adapt to achieve echoed motion, and (2) whether echoed
motion can improve gait temporal symmetry. The results will contribute important
knowledge in human-prosthesis interaction and inform future control of robotic pros-
thesis for optimal gait performance of individuals with lower limb amputations.

2 Methods

In this study, we deployed a previously developed reinforcement learning controller
[5], which acted as a supplementary impedance parameter tuner for the the powered
knee prosthesis control in order to echo the features of intact side knee kinemat-
ics. As previously reported, the reinforcement learning controller was implemented
within the well-established finite state machine and impedance control (FSM-IC)
framework. The intact side knee kinematics was obtained through measurements
of the knee angle by a goniometer provided by Biometrics Ltd. [8]. The features
such as peak angle and phase duration were extracted from both limbs as inputs
to the RL controller. The RL enabled parameter tuning process involved two types
of updates: the impedance values were updated based on measured knee angle and
angular velocity given a control policy for the FSM-IC; whereas the control policy
was updated by the policy iteration algorithm developed in [5]. Policy evaluation and
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policy improvement were alternately performed until meeting tuning performance
conditions.

With IRBapproval,we recruited one able-bodied subject to perform a level ground
treadmill walking task at the speed of 0.6m/s.Wemeasured bilateral knee kinematics
and stance time symmetry during the prosthesis tuning procedure. The procedure
terminated when the differences of knee kinematics between two limbs was smaller
than a predefined threshold.

3 Results and Discussions

Figure 1 shows the changes of knee profiles of the intact side and the prosthesis
side during the prosthesis tuning iterations. The gait trajectories were averaged over
a batch of 15 policy updates. Significant adaptation of both knee trajectories were
observed as prosthetic knee parameters updated and the two knee profiles move into
each other. It indicated the preservation of neuromechanic coupling between lower
limbs even though one side of the limb was replaced by a robotic device.

Through RL-based prosthesis control tuning, the peak error reduced from 10◦ to
0◦ in the Stance Flexion Phase, from 7◦ to 0.2◦ for the Stance Extension Phase, and
from 21◦ to 0◦ for the swing extension phase. For the swing flexion phase, the peak
error remained same in the desired bound. This result implied that RL was robust to
tune the prosthesis control to meet the desired gait pattern, even though the desired
kinematics features changed. More interestingly, both biological knee and robotic
knee could essential co-adapt with each other to achieve similar trajectory.

The symmetry index was calculated by the difference of two limbs, divided by
the sum of them. Figure2 shows the stance time symmetry index at the beginning
and the end of the tuning process, which was 0.23 and 0.20, respectively. But such
slight improvement should not be considered statistically significant yet as we only
tested a single subject. However, it is apparent that the echo control of knee motion
cannot achieve complete gait symmetry. This is not surprising since the mechanics of
the prosthesis (which lacks a powered ankle) are different from those of a biological
limb. Putting all these together, under the current experimental condition, our results
indicated that using echo control to restore gait temporal symmetry may be ques-
tionable even though the common perception expects to see improved gait temporal
symmetry based on echoed motion between the two limbs. Further study involving
more individuals with lower limb amputations are needed to provide statistically
significant test results on temporal symmetry under echo control.

4 Conclusion

In this case study, we investigated human-prosthesis interaction when the prosthesis
knee control was tuned by RL to match the kinematics of intact knee. Inter-limb
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Fig. 2 Comparison of stance
time symmetry between the
beginning (first 15 samples, k
= 1–15) and the end period
(last 15 samples, k =
135–150) of a complete
learning update session. The
bars represent the mean SI
with the lines indicate the
standard deviation Begin 
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coupling was observed. That is to say, when prosthesis mechanics changed, the
intact limb also modified the movement pattern. Our designed RL-based prosthesis
tuning was robust and can co-adapt to the changing targeted knee profile from the
intact knee and essentially accomplished echo control. Furthermore, achieving knee
motion symmetry did not significantly improve the gait temporal symmetry, which
was different from the common perception. Additional research is still needed to
validate our observation in this case study.
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Comparison of Configuration Postures
for a Foot Drop Multi-field FES Device

Aitor Martín, Cristina Rodriguez-de-Pablo, Haritz Zabaleta,
Eukene Imatz-Ojanguren, and Thierry Keller

Abstract Functional electrical stimulation (FES) is a popular technique to treat
foot drop, a common gait impairment caused by inadequate dorsiflexion of the ankle.
Multi-field surface electrodes provide easier and faster electrode donning and doffing
and higher selectivity of stimulation, solving the problems of traditional FES devices.
It also allows an automatic configuration of the device. This pilot study analyses the
effectivity of different postures for the automatic configuration of the Fesia Walk
system, a commercial multifield technology-based FES device. 5 healthy subjects
participated in the study, and 5 configurations where held at 3 body postures within
5 days. The analysis focused on the ability of the system to classify the movements
(dorsiflexion, plantarflexion, eversion and inversion) of the ankle in the 3 configu-
ration postures. Results show that sitting on top of a table with both knees extended
and ankle and foot hanging freely is the most appropriate posture for configuration
as it only presents limitations to generate inversion.

Keywords Functional electrical stimulation · FES ·Multi-field electrode ·
Postures · Foot drop
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1 Introduction

Neurologic patients often show “foot drop”, a common gait impairment caused by
inadequate dorsal flexion [1]. Considering that it results in the inability to perform
meaningful daily life activities, promoting motor recovery is essential [2].

Functional electrical stimulation (FES) consists of artificially stimulating motor
nerves to elicit muscle contractions and thus, restore motor function. It is one of the
options for treating foot drop by stimulating the common peroneal nerve to generate
the dorsiflexion [2, 3].

The correct placement and configuration of FES devices based on conventional
electrodes is a manual process, which can be time-consuming or limited in term
of movement selectivity. However, the use of multi-field surface electrodes, which
comprise several small stimulation fields, can solve these problems, providing easier
and faster electrode donning and doffing and higher selectivity of stimulation. In
addition, the inclusion of inertial sensors in this type of multi-field FES devices
bring the possibility of performing an automatic motor-point search [4].

In this pilot studywepresent an analysis that compares the automatic configuration
effectivity for different postures and repeated configurations using a commercial
multi-field technology-based FES device.

2 Material and Methods

2.1 Material

For this study, the Fesia Walk system (Fesia Technology, Donostia-San Sebastián,
Spain) (Fig. 1) was used. Fesia Walk is a multi-field FES system for foot drop
compensation, which consists of a stimulator, a garment, a multi-field electrode, a
wireless inertial sensor and a software application. It delivers a train of biphasic
pulses of different widths and amplitudes in an asynchronous manner.

During the automatic configuration, the 16 electrode fields are activated indi-
vidually at different amplitudes, and the sensor, placed on the foot, measures the
resulting foot movements. The resulting movements are then assigned by a clas-
sification algorithm to one of the 4 movement groups: dorsiflexion, plantarflexion,
eversion or inversion and the fields that produce optimally these movements are
selected [5].

2.2 Experimental Protocol

This pilot studywas heldwith 5 healthy subjects (age 30.4± 4.9). All the participants
signed an informed consent.
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Fig. 1 Fesia walk (Fesia Technology, Donostia-San Sebastián, Spain)

Three configuration postures were studied during 5 days: posture 1, sitting on top
of a stretcher with knee at 90 ° and foot hanging freely; posture 2, sitting on top of a
stretcher with knee extended and ankle and foot hanging freely; and posture 3, sitting
in a chair with both knees extended and crossing the legs with the affected ankle on
top of the healthy ankle.

5 configuration iterations were carried out daily for each of the configuration
postures with the following resting times between them: no rest, 1 min of passive
rest, 2 min of active rest (moving/walking), 5 min of active rest (moving/walking).
Then, a minimum of 10 min of rest between postures was ensured.

The stimulation waveform was biphasic compensated. Parameters were set to
frequency 25 Hz and pulse width 250 µs. The amplitude was set for each day and
posture at 10 mA above motor threshold or above motor threshold at subject’s toler-
ance. The motor threshold was defined as the minimum amplitude at which foot
movement was visually appreciated. Anodes were fixed and set as B&C in Fig. 1.

2.3 Analysis

The analysis focused on the fields selected by the classification algorithm as optimal
for performing each of the four movements. The aim was to find differences in terms
of selected fields between different postures.
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3 Results

In Fig. 2 we can see the fields selected by the classification algorithm for each
movement and posture. Each subplot includes the results from configurations carried
out during different days and with different subjects (100 configurations).

When configuration was carried out in posture 1, in most of the cases, no fields
were found for generating plantarflexion (83%), inversion (62%) or, less frequently,
eversion (31%). Regarding posture 2, it failed to findfields that generated an inversion
(40%). Finally, during posture 3, the configuration failed to find fields that generated
plantarflexion (33%), eversion (34%), and in a lower extent, inversion (12%). It is
important to note that all the postures seemed to be good for detecting dorsiflexion.

Fig. 2 Fields selected for each movement and each posture



Comparison of Configuration Postures for a Foot Drop … 709

4 Discussion

The aim of the study was to determine the optimal posture for the automatic
configuration of the FES system.

If we analyze the effect of the different postures, we can see that in posture 1 it
was difficult to detect plantarflexion, inversion and eversion; whereas in posture 2
problems were only found for detecting inversion; and in posture 3 both eversion and
plantarflexion detection failed frequently. This fact could be due to the constraints of
the postures themself, as in posture 1 the ankle was in a plantarflexion position due
to gravity, and in posture 3 the affected ankle was resting on top of the non-affected
limb, which could limit its range of movement.

For foot drop application, themost important movement is the dorsiflexion, which
was properly detected during configurations held in all postures and all subjects. The
second most important movement is the plantarflexion, which supports the take-off
phase. And finally, among eversion and inversion, it is usually more important to
achieve an eversion, because most hemiplegic patients have the ankle joint in an
inverted position, which is important to compensate during swing phase to reduce
the falling risk caused by tripping over the non-affected foot [6].

5 Conclusions

We conclude that posture 2, where patients are sitting on top of a stretcher with the
knee extended and the foot hanging freely, is the most appropriate posture for the
automatic configuration as it only presented limitations detecting inversion.Although
the study was carried out with healthy people, these results can be extrapolated to
patients with neurological pathology, since it has been studied a characteristic that
does not vary if there is a neurological disorder. Further research with people with
neurological disorders is necessary to confirm these conclusions.
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Pathways of Hemodynamic Response
During Anodal Transcranial Direct
Current Stimulation: A Computational
Approach

Yashika Arora, Anirban Dutta, and Shubhajit Roy Chowdhury

Abstract Transcranial direct current stimulation (tDCS) has been a popular way of
modulating brain activity in a non-invasive manner and has shown to affect neural
plasticity and cerebrovascular response in humans. It is important to analyze how
transcranial direct current stimulation-generated electric fields can induce effects
on hemodynamic response. The paper presents a computational model to evaluate
vessel volume response under anodal transcranial direct current stimulation. The
study considers a basic systemof neurovascular unit (NVU) consisting of the vascular
smoothmuscle, perivascular space, synaptic space and, astrocyte glial cell. The paper
analyzes the effect of tDCS on neurovascular dynamics considering near-infrared
spectroscopy (NIRS) data. The proposed model based on neurovascular dynamics
tracked vascular response elicited through neuronal activity via various signaling
pathways during anodal tDCS. The results suggest that the stimulation can perturb
the vessel response via both neuronal and non-neuronal pathways.

Keywords Hemodynamic response · Near-Infrared spectroscopy · Neurovascular
unit · Transcranial direct current stimulation
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1 Introduction

Transcranial direct current stimulation (tDCS) is known to produce neuro-
modulatory effects through generation of induced electric field (EF) in the cortex
through the application of weak direct current using scalp electrodes [1]. It is evident
from various studies that tDCS influences the neural activity and vascular changes.
Experimental studies have shown that tDCS tend to modulate neuronal activity
through modulation of cortical neurotransmitters during tDCS [2, 3]. Furthermore,
there is evidence of studies on cerebral blood flow (CBF) modulation through tDCS
[4].

The exact mechanisms of signaling pathways in humans causing modulation of
cortical excitability and cerebrovascular response are not clear. Evidences point to
signaling pathway from neurons mediated via glia cells in which neuronal activity
elicits a local change in cerebral blood flow (CBF) through the phenomenon of
neurovascular coupling (NVC) [5]. At the cellular level, the neurovascular coupling
leads to the notion of neurovascular unit (NVU) which is an integrated system of
neurons, astrocytes, and vascular cells that facilitate brain homeostasis [6]. Other
than neurons, recent in-vitro studies have demonstrated the influence of tDCS on
non-neuronal targets like: axons, dendrites, astrocytes and vascular cells [7]. The
study presents a physiologically constrained computational model to evaluate vessel
volume response to tDCS considering NVU dynamics.

2 Methods

2.1 Hemodynamic Responses During tDCS

Using near-infrared spectroscopic (NIRS) technique, a proxy measure of cerebral
blood flow is obtained by measuring oxy-and deoxy hemoglobin concentrations. It
is a popular technique of measuring hemodynamic changes during tDCS stimulation
in humans. From our previous study in healthy volunteers, it has been observed that
there was inter-subject variability in NIRS data during tDCS stimulation [8]. The
normalized values of total-hemoglobin for three healthy volunteers during tDCS
stimulation are shown in Fig. 1. The tDCS input was a trapezoidal wave of 2 mA
current for 10 min with ramp up and ramp down period of 30 s [8].

2.2 Proposed Model

In this work, a model based on compartments of neurovascular unit is proposed to
evaluate the pathways of hemodynamic response during tDCS. The block diagram
of the model is given in Fig. 2. The NVU model presented by Witthoft and Karni-
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Fig. 1 Normalized total hemoglobin changes during tDCS [8]

Fig. 2 Block diagram of the proposed model

adakis [9] has been used for analyzing the neurovascular compartment dynamics.
The equations governing the pathway from synaptic potassium to vessel circumfer-
ence has been used for the implementation in MATLAB-Simulink environment. The
cell model had 4 compartments: synaptic space, astrocytic space, perivascular space
and smooth muscle cell (SMC).

The first order transfer function models the effect of tDCS on vasoactive signal
in various compartments of NVU. The vessel volume function assumes the lumped
response of vessel circumference and was considered as normalized response for the
model. For analyzing the role of tDCSonvessel response, four caseswere considered.
First, synaptic potassium driven pathway was considered which assumes effect of
tDCS on synaptic potassium and equations were solved. Similarly, the model was
solved considering the effect of tDCS on astrocytic membrane potential, perivascular
potassium and membrane potential of smooth muscle cell.

Additional current term corresponding to tDCS (IT) has been assumed which
is a function of applied tDCS pulse for the astrocytic membrane potential (Vk)

[9]. For third pathway, additional potassium concentration in perivascular space
corresponding to tDCS

([
K+]

T

)
has been assumed which is a function of applied

tDCS pulse. For fourth pathway, additional voltage gated current channel (IKV ) that
gets affected by tDCS is taken in consideration for equation for SMC’s membrane
potential (Vm) [9].



714 Y. Arora et al.

Fig. 3 Vessel response driven through synaptic, astrocytic, perivascular and smooth muscle cell
pathways

3 Results

The vessel circumference obtained by solving the model with various pathways
considering an input of tDCS wave as trapezoidal wave starting at 5 s (30 s ramp-up
and ramp down period) is given in Fig. 3.

4 Discussion

The simulated results in Fig. 3 show the vessel response driven through different
compartments of NVU. The response time of the pathways varies with respect to
input pulse and first order filter function parameters. The response time (time when
steady state oscillations are reached) for different pathways extracted from the plots
is given in Table 1. The response time can be an important metric to investigate

Table 1 Response time for
different pathways

Pathway Response time (s)

1. Synaptic potassium to vessel response 48

2. Astrocytic membrane potential to vessel
response

44

3. Perivascular potassium to vessel
response

41

4. SMC’s membrane potential to vessel
response

39
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the NVU pathways related to the cerebrovascular reactivity to tDCS in health and
disease [10]. Due to the complexity of the NVU system, computational modeling
informed animal studies will be necessary. This can also establish the safety of tDCS
in cerebrovascular diseases which is relevant due to a longer initial dip [11].

5 Conclusion

This study presented a physiologically constrained model to assess various pathways
contributing to hemodynamic response considering the influence of anodal tDCS on
various cell components of NVU. To the best of our knowledge, this study is the first
one to analyze the effects of tDCS at cellular level considering the compartmental
dynamics of neurovascular unit. This would further help in analyzing the vascular
basis of the brain functions affected by tDCS.
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Effect of Transcutaneous
High-Frequency Alternating Current
Over Handgrip Muscle Strength

D. Serrano-Muñoz, J. Gómez-Soriano, D. Martín-Caro, R. López-Peco,
J. Taylor, and J. Avendaño-Coy

Abstract High frequency alternating current (HFAC) stimulation has been shown
to produce a peripheral nerve conduction block. Currently, all the studies applying
HFAC stimulation in clinical studies have employed frequencies below 20 kHz. The
main aim of this study was to investigate the neuromodulatory effect of transcuta-
neous HFAC applied at higher than 20 kHz on maximal handgrip strength (MHS).
A randomized, crossover, double-blinded, placebo-controlled trial was conducted
in eight healthy volunteers. Transcutaneous stimulation at 30–40–50 kHz and sham
stimulation were applied over the ulnar and median nerves for 20 min. MHS was
registered prior to, during, immediately after, and 10 min following stimulation.
The 30 and 40 kHz HFAC stimulation reduced MHS during the stimulation when
compared to baseline, suggesting a partial block of nerve activity. These results open
potential development of this non-invasive stimulation technique as a therapy in
subjects with motor nerve hyperactivity.

Keywords High-frequency alternating current · Neuromodulation · Handgrip
strength · Transcutaneous electric stimulation ·Motor nerve block

1 Introduction

In recent years, there have been numerous animal experimentation studies that have
investigated the effect of alternating currents using a unmodulated frequency greater
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than 1 kHz, on rapid reversible peripheral nerve block without causing damage to
the nerve [1].

In humans, there is evidence that unmodulated alternating current applied transcu-
taneously over the peripheral nervous system up to 20 kHz produces a partial block of
the nerve fibers, since it produces a decrease in the grip force [2]. Currently, all clin-
ical studies applyingHFAC stimulation [3–6], using either invasive or transcutaneous
techniques, have employed frequencies below 20 kHz. However, a study performed
by Ackerman et al. [7] in non-human primates has shown that the most effective
stimulation frequency to perform a nerve block was in the range of 20–40 kHz.

Thepurpose of this studywas to determine the effect onmaximal handgrip strength
(MHS) of a non-invasive HFAC stimulus applied at 30, 40 and 50 kHz to the ulnar
and median nerves in healthy subjects, compared to sham stimulation.

2 Material and Methods

A randomized, crossover, double-blinded, placebo-controlled trial was conducted in
8 healthy volunteers after signing the informed consent form approved by the Local
Ethics Committee.

All interventionswere applied for 20min. Surface electrodes (6 cm× 4 cm, Enraf-
Nonius, Netherlands), were placed on the anterior face of the dominant forearm, over
the ulnar andmedian nerves. Participants received four interventions (30–40–50 kHz
and sham stimulation), and the order of these interventions was randomized using
a web page tool (www.randomizer.org). An electrical stimulator device delivered a
biphasic square unmodulated electrical current, at a frequency of 30, 40 and 50 kHz.
Intensity was determined by the subjective perception of a “strong but comfortable
tingling” sensation reported by the subject, and it was adjusted every two minutes to
avoid habituation.

The sham stimulation session was applied using the same stimulation device
and electrodes but increasing the intensity during the first 30 s and then decreasing
it to zero. A minimal washout period of 24 h was observed. Handgrip strength
was measured with a dynamometer (Grip Strength Dynamometer, Tokyo). Three
repetitions were registered, and the mean value calculated as the average of the
MHS. MHS was measured before, during, immediately after, and 10 min after the
end of intervention. The setup is illustrated in Fig. 1.

Statistical analysis was performed with software (SPSS Statistics version 24.0).
Two-way repeated ANOVA (time and intervention factors) was performed with a
Bonferroni post-hoc test. Values of p < 0.05 were considered significant.

http://www.randomizer.org
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Fig. 1 HFAC electrode placement and handgrip dynamometry assessment

3 Results

Eight subjects (6 females, 75%) with a mean age of 22.5 years (SD 2.5) completed
the study. The final current intensity for 50 kHz intervention was 236.1 mA, SD 56.2,
for the 40 kHz intervention (207.8 mA, SD 39.9) and for the 30 kHz intervention
(159.8 mA, SD 53.4). Stimulation was well tolerated by all subjects and no adverse
events related to HFAC stimulation were observed. No differences were reported
for MHS between groups before the assigned interventions. Significant differences
in the “time” factor (F = 12.04; p = 0.001) were detected. Specifically, HFAC
applied at 30kHz significantly decreased MHS at 15 min during the intervention
(22.9 kg, SEM 2.99 p = 0.001) when compared to baseline (30.1 kg, SEM 2.5).
HFAC applied at 40 kHz, also decreased MHS at 15 min (27.0 kg, SEM 2.99 p
= 0.03) when compared to baseline (32.1 kg, SEM 2.5). Neither sham stimulation
nor 50 kHz HFAC changed MHS. Between-group comparisons did not show any
statistical differences. See Fig. 2.

Fig. 2 Effect of high
frequency alternating current
stimulation on maximal
handgrip strength. Sham
stimulation (grey), 30 kHz
(circle), 40 kHz (triangle),
and 50 kHz (square). Data
are represented as mean and
standard error. * Indicates
significant difference when
compared to baseline (Pre,
p < 0.05)
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4 Discussion

This is the first study that has applied transcutaneousHFACat frequencies higher than
20 kHz over the human peripheral nerve with a decrease in MSH with frequencies
of 30 and 40 kHz. These results suggest that 30 and 40 kHz HFAC stimulation could
evoke a partial nerve conduction block, which has been previously demonstrated
using 10 and 20 kHz stimulus [2, 8, 9]. However, stimulation at 50 kHz did not
show any effect. Due to the limited number of recruited subjects it is difficult to
know if a possible effect of 50 kHz stimulation was not detected because of a type II
error. Future studies with a more adequate sample size should highlight the optimal
stimulation frequency required to perform the most effective nerve block.

This study also showed that the functional effects of the stimulation were reverted
immediately after the end of the stimulation, which supports previous preclinical
and clinical studies [10]. These findings could have relevant clinical applications to
reduce specific motor activity during stimulation. Furthermore, none of the partic-
ipants reported adverse effects when HFAC was applied, suggesting that the tran-
scutaneous HFAC stimulation protocol was safe. Temporary nerve block mediated
by transcutaneous HFAC could be applied to reduce aberrant nerve activity that
leads to specific symptoms of spasticity such as hypertonia, spasms, tremors and
chronic pain, although the optimal stimulation frequency remains unknown. HFAC
stimulation could have a great potential as a therapeutic tool to treat pathologies
characterized by a hyperactivity of the nervous system.

5 Conclusion

Transcutaneous high frequency alternating current stimulation applied at a frequency
of 30 and 40 kHz, over the ulnar and median nerves in healthy volunteers reduces
muscle handgrip strength during stimulation. HFAC has potential for clinical appli-
cations, such as the treatment of spasms, hypertonia or tremors, where a selective
stimulation protocol could be effective in partially blocking motor nerve fibers.

Acknowledgements Weare grateful for the cooperation of the students of the physiotherapy degree
with this project.
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AMusic Therapy Serious Game with
Dynamic Difficulty Adjustment for
Stimulating Short-Term Memory

María A. Gutiérrez, Juan J. Rosero, Diego E. Guzmán, and Carlos F. Rengifo

Abstract This paper presents a serious game, called Music Therapy Brain Train-
ing (MTBT), intended for stimulating short-term memory. Its main contribution is
an algorithm for dynamic difficulty adjustment (DDA) that adapts the challenge to
the user’s ability to avoid anxiety and boredom. The app was tested on 15 healthy
people without medical records of cognitive decline, and on a 76-years-old woman
in an early stage of Alzheimer’s disease. Nine of the 15 healthy participants and the
woman increased their performance session by session, and for the others the data
were inconclusive. In addition, for 12 of the healthy participants and the Alzheimer’s
patient, the level of difficulty established by the DDA, and the user’s ability, showed
a strong positive linear correlation. This fact, together with self-reported user expe-
rience lead us to conclude that DDA kept these 15 participants in Csikszentmihalyi’s
flow state.

1 Introduction

Serious games are apps that aims at teaching or learning. They provide motivating
environments to players, who learn through their mistakes and constant feedback [1].
These type of games are gaining increasing acceptance because of their simplicity
and because most people prefer to learn by playing [1]. Although serious games are
widely used for education, there are other important areas such as military, research,
and health in which these have been successfully used [2].
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Mobile apps lead to different health benefits, which is why their usage has been
constantly growing in recent years. It is also hoped that, in the near future, such
technologywill lower the cost of health care [3] byusing apps tomonitor health status,
support rehabilitation, encourage healthy habit and promote illness self-management
and recovery [4]. Despite the above, statistics indicate that only 35% of current
mobile health applications are targeted at disease management and treatment, and
within this subset, only 29% care formental health [5] (Autism, Anxiety, Depression,
Alzheimer’s, etc.).

In relation to mental health, short-term memory loss is one of the cognitive dis-
orders that affects much of the world’s population. Epidemiological data for short-
term memory loss are directly related to the different conditions that induce memory
impairment [6]. For example, with regard to neurodegenerative diseases, it is esti-
mated that there are about 50 million people in the world who have dementia and that
about 10 million new cases are reported each year [7]. In Latin America, dementia
in the adult population over the age of 65 was 11% [8].

A deteriorated short-term memory causes isolation, inability to remember when
they last fed, and difficulty recognizing their loved ones [9]. In addition, these people
show problems with the temporal memorization and reproduction of newly acquired
verbal, visual, and spatial information [10].

The rate at which short-term memory impairment increases can be reduced by
conventional cognitive rehabilitation [11], which, despite offering favorable results,
is exhausting for the patient in the long term [12]. Through music, cognitive reha-
bilitation can be carried out, as it reduces behavioral problems caused mainly by
stress [13]. However, music therapy taught by therapists can be expensive [3]; there-
fore, it is necessary to propose more affordable options [14].

1.1 Related Work

Information and communication technologies have enabled rehabilitation alterna-
tives for short-term memory loss [15]. These alternatives use serious games to
improve cognitive abilities such asmemory, attention, and visuo-spatial dexterity [12,
16–18]. In this regard, applications, such as MyDailyRoutine, can schedule the user
daily tasks in which an avatar must move through different spaces of a house and then
perform a sequence of steps in the correct order, such as preparing coffee or washing
clothes. The physiotherapists who participated in this research concluded that this
serious game has great potential for cognitive rehabilitation of older adults [12].

Lumosity is an application that assesses two important aspects related to short-
termmemory loss, the visual-spatial part and the ability to remember previously seen
elements [16]. Authors of [16] concluded that serious games are more accessible,
usable, and challenging for people with short-term memory loss, if such games: (i)
are related to the daily life of patients through the use of real images or music, (ii)
provide auditory instructions in the native language of the user, and (iii) generate
motivating messages when scores are low. Samarasinghe et al. [16] and Vallejo et al.
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[17] highlight that there are serious and recreational games for cognitive stimulation,
but they do not focus on short-term memory loss.

Navarro et al. [19] presents an application for cognitive stimulation based on fuzzy
logic rules, where the therapists redefine, evaluate and adjust the rules that govern
the difficulty of the game according to patient’s response. The results on patients
indicated that the system adapts therapy plans in response to changes in the memory
deterioration in an effective manner [19].

Dynamic difficulty adjustment (DDA) make games more enjoyable modifying
parameters, scenarios or behaviors [20]. To this end, DDA adapts the game to players
abilities to provide a constant challenge. An example of DDA is BACh, a piano
learning interface that adjusts challenge according to the brain state of the pianists. As
theirworkload falls belowa threshold, the difficulty is automatically increased since it
is assumed that the pianist have mastered the material and can handle more cognitive
information. Yuksel et al. [21] concludes that the apprentices significantly increased
their precision and speed in comparison with the control group; furthermore, the
users expressed having learned better with BACh and being satisfied with the times
and the dynamic level changes.

In this work, we describe an app named Music Therapy Brain Training (MTBT)
for short-termmemory stimulation throughmusic therapy.MTBTuses aDDAwhose
objective is to avoid anxiety and boredom. The first occurs when the user’s ability is
below the challenge of the game, and the second in the opposite case.

2 Materials and Methods

2.1 Populations

Our study involved three populations. The first comprised by 59 people (30.01±
16.56) who used the app one time to assess the difficulty of the questions based on the
number of incorrect answers. The second population consisted of 15 people (35.28±
11.42) without medical records of cognitive impairment (Memory Alteration Test
> 35), who played MTBT twice a day during eight days. The last population was a
woman 76years old in an initial stage of Alzheimer disease, who used the app three
times a day during 16 days.

2.2 Software Description

MTBT comprises the 4 modules presented in Fig. 1.

1. APk MTBT is a mobile application developed in Android Studio under Java lan-
guage. Apk MTBT must be installed on a device with Android 5.1 (LOLLIPOP
or higher) whose API level must be equal to or higher than 21. To designMTBT,
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Fig. 1 Interaction between the YouTube API, theMTBT user’s interface, firebase and admin Trivia

we followed the guidelines presented in [16], which states that a serious game
aimed at people over 60years should make use of: real images or music, written
or auditory instructions, and motivating messages when scores are low.

2. Firebase module stores musical genres, singers, songs, and a set of questions and
answers related tomusic videos, personal data of the user and the scores obtained
in each therapeutic rehabilitation session, a NoSQL Firebase database known as
Firebase Real time Database was selected. Firebase enables user registration and
authentication through Firebase Authentication, and additionally saves data to
the cloud.

3. Apk Admin Trivia was developed in Java. Its purpose is to communicate Apk
MTBT with the Firebase module, to create, read, update and delete (CRUD)
elements of the database.

4. Youtube API is a library for Android whose purpose is to control the user’s
interaction with the selected music video. In this development, this API was
used to create an interface in which the selected video can only be stopped
or played, but not forwarded or rolled back. Additionally, the API was used
to always view the video in full screen mode to prevent the user from being
distracted by other apps.

2.3 The Game

MTBT uses the YouTube API module to play, for one minute, a video of the singer
chosen by the user. The video can be paused and played; however, as previouslymen-
tioned, it cannot bemoved forward or backward. The user answers 12 questions about
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Fig. 2 User interfaces for: a video reproduction, b questions, c score display

the video. These question are classified into four categories [22]: physical appearance
of the singer (PA), details of the video (VD), colors and accessories (CA), and the
lyrics of the song (SL). These categories allow the brain to use different functions for
intermediate level information processing [23, 24]. InMTBT, the user is instructed to
change the video every four days, because repetition leads to acoustic coding, which
improves the storage of information [25]. According to [26], the compressibility in
the information, that is, the encoding in a more compact representation, simplifies
the memorization and increase the amount of information retained in the short-term
memory (Fig. 2).

2.4 Dynamic Difficulty Adjustment Algorithm

The DDAwas parameterized using the scores and average time to answer a question.
This data was collected from a population of 59 people who used the app one time.
The scoreswere used to assess the difficulty of each of the four categories of questions
previously mentioned. The resulting categories from the easiest to the hardest were
SL, VD, CA and PA. The easiest questions were assigned to the lowest levels, and the
number of questions from one level to the next was increased by two. The resulting
distribution of questions per level are presented inTable1. The required score to pass a
level is defined as 1× nSL + 2× nV D + 3× nCA + 4× nPA, where nSL , nV D , nCA,
and nPA are the number of questions of a given level that belong to the categories
SL, VD, CA, and PA, respectively.
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Table 1 Number of questions and score for each game level

Level Questions per category Score

nSL nV D nCA nPA

1 2 0 0 0 2

2 1 2 1 0 8

3 2 2 1 1 13

4 3 2 2 1 17

5 3 3 2 2 23

6 3 3 3 4 30

Table 2 Maximal time to answer the questions of each level

Level ni ti ni × ti

1 2 15.606 31.212

2 4 7.550 30.200

3 6 6.578 39.468

4 8 5.869 46.952

5 10 5.463 54.630

6 12 4.613 55.356

The average time to answer a question, obtained by the 59 participantswere ranked
from lowest to highest and stored in an array. Positions 10, 20, 30, 40, 50, and 59 of
the array defined the parameters t6, t5, t4, t3, t2, and t1, respectively. ni × ti defines
the maximal time to answer the questions of the level i , where ni is the number of
questions of the level i (Table 2).

The DDA includes two reward system to avoid frustration:More Time and Bonus.
The first is activated when the player has remained in the same level for two con-
secutive sessions. In such a case, the time allotted to answer a question is that of
the previous level. Bonus applies only when More Time is active and the user has
increased his score, but this new score is not enough to pass the current level. In this
scenario, if the user correctly answers an additional question, he is promoted to the
next level.

3 Results and Discussion

3.1 Performance Versus Time

The user’s scores obtained each day were averaged and then linear regression was
applied. For the second and third populations, linear regression was made using 8
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Table 3 Users’ performance

User Pearson p-value

1 0.689 0.029

2 0.635 0.045

3 0.815 0.007

4 0.852 0.004

5 0.433 0.142

6 0.874 0.002

7 0.761 0.014

8 0.346 0.201

9 0.398 0.164

10 0.353 0.196

11 0.741 0.018

12 0.811 0.007

13 0.151 0.361

14 −0.010 0.510

15 0.567 0.072

Alz. 0.897 < 0.001

and 16 days respectively. Columns two and three of Table3 present the Pearson’s
coefficients (right tail test) and the corresponding p-values. Participants 1, 2, 3, 4, 6,
7, 11, 12, andAlzheimer exhibited positive correlationwith p-values lower than 0.05,
indicating that their performance increased session by session. For the other users
no statistical evidence of correlation between user’s performance and the number of
training sessions was found.

Figure3 shows that median scores (horizontal red line), of the 15 healthy partici-
pants, increased during the first four days. In day five, however, all the median score
decreased because the singer appearing on the videos changed. As a consequence, the
users required to store and retrieve new information from their memories to answer
the questions. The interquartile ranges (height of the blue boxes) decreased with
time, which indicates that training tends to equal the performance of the players.

Figure4 indicates that the score of the Alzheimer’s woman increased linearly
with time. For this participant, the Pearson’s correlation coefficient was 0.897 (p <

0.001).

3.2 Flow State Assessment

To assess the balance between game’s challenge and user’s ability, a new linear
regression was made, this time involving the difficulty level and the inverse of the
average time employed to answer the questions of a given session − the shorter
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Fig. 3 Score versus day for
the healthy participants
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Fig. 4 Score versus day for
the participant with
Alzheimer
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this average time the greater the ability. The columns two and three of the Table4
present the Pearson’s coefficients and the corresponding p-values. All participants,
except the 4, 14, and 15 presented positive correlations with p < 0.05, which suggest
the proposed DDA increased difficulty level in proportion to user’s ability. Column
four presents user’s self-perception of gaming experience on the scale: high anxiety
(HA), moderate anxiety (MA), little anxiety (LA), comfort (C), little boredom (LB),
moderate boredom (MB), and high boredom (HB). According to the flow theory of
Csikszentmihalyi [27], the linearity between challenge and ability for users 1, 2, 3, 5
to 13, and Alzheimer, and their gaming experience, suggest that the DDA kept them
in the flow state [28].
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Table 4 Users’ performance

User Pearson p−value Experience

1 0.893 0.001 C

2 0.976 < 0.001 C

3 0.876 0.002 C

4 0.409 0.157 C

5 0.973 < 0.001 C

6 0.880 0.002 LA

7 0.817 0.007 C

8 0.891 0.001 C

9 0.799 0.009 C

10 0.765 0.013 C

11 0.797 0.009 HB

12 0.755 0.015 C

13 0.882 0.002 LA

14 0.618 0.051 C

15 0.480 0.114 C

Alz. 0.981 < 0.001 C

Fig. 5 Score versus
performance for the
participant with Alzheimer
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Figure5 indicates a linear relationship between score and performance of the
Alzheimer’s woman. For this participant, the Pearson’s correlation coefficient was
0.981 (p < 0.001).

Table3 shows that participants 1 to 7, 11, 12 and Alzheimer increased their score
as the number of sessions increased. The excellent results obtained by the participant
with Alzheimer’s were mainly due to the fact that she strictly followed the training
schedule, which resulted in a greater ability to remember; supporting the theory
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of [29]. The author of [29] states that in order to achieve efficient memorization, it is
advisable to repeatedly review the information to be remembered at an established
time. Participants 9, 10, and 13 declare that they did not follow the rule to change the
video every four days, and they decided to change the video every day. This explains
their poor performance, given that the questions and answers for each video were
different. Additionally, users 8 and 14 expressed that external factors prevented them
from concentrating while using MTBT, and consequently, their performance did not
increase significantly from one session to another. Participant 15 presented a modest
correlation (0.567) with a p-value equal to 0.072, which is small but greater than the
threshold of 0.05.

In addition to the performance analysis described in the above paragraph, we ana-
lyzed the relationship between score and the inverse of the average time required to
answer a question. Table4 shows that the proposed DDA led 12 of 15 participants to
a linear relationship between score and ability, and furthermore, most of these partic-
ipants expressed that they did not experience anxiety or boredom. We highlight that
for the Alzheimer participant, in addition to her self-reported comfortable experience
with TMBT, her caregiver mentioned that at the end of the different sessions, she
expressed happiness and satisfactionwhen evoking the rhythm and lyrics of the song.

4 Conclusion

Despite the fact that only one participant with cognitive impairment participated
in the present study, we concluded that music therapy through mobile applications
could be a viable option for short-term memory therapy. A key factor in developing
these type of applications is to include a DDA. This is because by preventing anxiety
and boredom, the chances of maintaining patient adherence to therapy are increased.
In subsequent works, we plan to increase the population with impaired short-term
memory and, especially, to evaluate, through standardized tests, the effect of the
proposed music therapy approach.
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Feasibility of Transcutaneous Spinal
Cord Stimulation Combined
with Robotic-Assisted Gait Training
(Lokomat) for Gait Rehabilitation
of an Incomplete Spinal Cord Injury
Subject

N. Comino-Suárez, J. Gómez-Soriano, D. Serrano-Muñoz, A. Megía-García,
A. J. del Ama, A. Gil-Agudo, and J. C. Moreno

Abstract The aim of this study was to analyze the feasibility and safety of tran-
scutaneous spinal cord stimulation (tSCS), applied over T11–T12 vertebral level
combined with robotic-assisted gait training in a volunteer with incomplete spinal
cord injury (SCI). We performed 20 sessions, with 30 min in Lokomat, which first
20 min tSCS was applied. The outcomes measured were the lower extremity motor
score (LEMS), modified Ashworth scale (MAS), the lower limbs strength by a hand
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dynamometer, functional outcomes using 10 m walk test (10MWT), timed up and
go test (TUG), Walking index of spinal cord injury (WISCI-II), the spinal cord inde-
pendence measure (SCIM-III) and pain perceived during treatment. The assessment
was done at baseline, after and follow-up at 4 weeks post-treatment. The preliminary
results support that the tSCS combined with Lokomat seems to be a safety therapy
and there was not a relationship between the level of stimulation intensity and pain
perceived.

Keywords Neuromodulation · Spinal cord injury · Robotics · tSCS · Gait

1 Introduction

Spinal cord injury (SCI) often results in complete or partial paralysis, having
a profound physical, psychological and socioeconomic impact on the affected
person’s life [1]. Robot-assisted gait training has emerged as a promising therapy for
improving walking ability, balance and motor function in neurological patients. The
mechanism of this approach is due to the execution of repetitive and task-specific
training able to generate appropriate afferent input, activating the central pattern
generators (CPG) in the lumbosacral spinal cord and inducing plastic changes [2].
An additional non-invasive approach for the stimulation of spinal locomotor circuits
is the transcutaneous spinal cord stimulation (tSCS), which applied below the level
of lesion in SCI patients allows the activation of rhythmic, flexo-extension move-
ments in the paralyzed lower limbs [3]. The aim of the present study was to analyze
the feasibility and safety of a program of 20 sessions of 30 Hz tSCS combined with
Lokomat in an individual with incomplete SCI.

2 Material and Methods

2.1 Subject and Clinical Data

The participant was a 56 year-old man (from the National Hospital for Spinal Cord
Injury, Toledo, Spain)who suffered a postsurgical, incompleteSCI twomonths before
the enrollment. The level of injurywas T10 and classified as gradeD on theAmerican
Spinal InjuryAssociation Impairment Scale (AIS). The subject was a clinically stable
adult, without concomitant pathologies, metallic implant or electronic devices in the
area of stimulation. A mild grade of spasticity (grade 1 on MAS) and inability to
stand or walk with or without technical aids (WISCI-II level was 0 and SCIM-III
score was 67 points). The study was approved by the local ethics committee and met
the requirements of the Helsinki declaration. The subject signed the written informed
consent form to participate in the experiment.
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2.2 Intervention

The patient received twenty sessions, 5 sessions per week, of 30 min with Lokomat
(Hocoma AG, Volketswil, Switzerland) and 20 min of tSCS was applied at the
beginning of each session. During Lokomat training, the patient was fitted with a
harness and was unloaded by 50% of his body weight. The parameters were adjusted
according to the physical characteristics of the patient. The training speed varied
between 1 and 2 km/h, being slow at the beginning of session and progressively
increased while maintaining gait quality. tSCS was delivered using self-adhesive
electrodes (ValuTrode, Axelgaard Manufacturing Co, LTD, Fallbrook, USA), the
anode electrode (9 cm × 5 cm) was placed over the T11–T12 intervertebral space
and two interconnected reference electrodes (9 cm × 5 cm) were placed symmet-
rically at both sides of the umbilicus. A biphasic square current was applied using
an electro-stimulator (DS8R, Digitimer, UK) with a frequency of 30 Hz and a pulse
duration of 1 ms. The electrode placement and current parameters has been used in
previous studies [3, 4]. For the stimulation intensity, we used the maximum intensity
tolerated by the patient.

2.3 Outcome Measures

Two blinded therapists performed the assessment before, after and a follow-up at
4 weeks post-intervention. As primary outcome, the LEMS was obtained by a
trained doctor. As secondary outcomes, the spasticity using MAS, gait function
with 10MWT, TUG, WISCI-II scale, grade of disability with SCIM-III, and level
of perceived pain during the intervention was measured after each session using the
visual analogue scale (VAS). The strength in the lower limbs was calculated by the
average of three maximal voluntary isometric contractions of quadriceps (Q) and
tibialis anterior (TA) with a hand dynamometer (Micro fet 2TM).

3 Results

The patient completed the twenty-programmed sessions. The intensity of the tSCS
intervention varied over sessions, with a range of 13–35 mA. The pain perceived
during the program was 2.16 ± 1.29 points (mean ± standard deviation) in VAS.
The correlation between the intensity of current applied and perceived pain during
the intervention was analyzed (Pearson’ r) with no significant results (−0.21 p =
0,374) (see Fig. 1).

All functional outcomes compared with baseline results experienced improve-
ments post-treatment and at follow-up at 4 weeks (see Tables 1 and 2).
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Fig. 1 Bar and line chart.
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level of pain (left axis) and
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Table 1 Clinical outcomes Outcome Baseline Post-treatment Follow-up

LEMS (total) 24 30 34

10MWT (s) NA 31 22

TUG (s) NA 38 30

WISCI-II 0 8 16

SCIM-III 67 69 78

MAS (left) 1 1 1

MAS (right) 1 1 1

Note Lower extermity motor score (LEMS), 10 m walk test
(10MWT), seconds (s), Not available (NA), Timed up and go test
(TUG), Walking index of spinal cord injury (WISCI-II), Spinal
cord independence measure version III (SCIM-III), Modified
Ashworth scale (MAS)

Table 2 Lower limbs muscle
strength (kilograms)

Muscle Baseline Post-treatment Follow-up

Q (left) 29.93 42 56.63

Q (right) 16.07 24.40 27.6

TA (left) 20.17 29.30 29.73

TA (right) 0 0 0

Note Quadriceps (Q), tibialis anterior (TA)

Regarding adverse effects, the patient reported more discomfort, itching and
reddens skin in the area of spinal electrode in six of twenty sessions (6th–8th, 11th,
12th and 19th sessions).

4 Discussion

tSCS limitations are the uncomfortable side effects described as pain, paresthesias or
motor contraction in the area of stimulation. The results obtained in this incomplete
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SCI subject suggest that the application of 30 Hz of tSCS seems to be safety, gener-
ating slight discomfort or pain, which is not associated with higher or lower levels of
current intensities. The present results showed positive effects in clinical outcomes
assessed. After the intervention, the strength in the lower limbs was increased 10
points in the total LEMS score. The patient was able to walk using a walker, reducing
9 s the time in 10MWT and 8 s in TUG. As well as in the functional independence,
with an increase of 16 points in WISCI-II and 11 points in SCIM-III. However,
compared with the results obtained in the study of Hofstoetter et al. 2014 [5] no
change was found in the grade of spasticity in this subject. Despite the positive
effects on clinical outcomes, functional improvements cannot being attributed to the
tSCS as an adjunct to the robotic therapy. Further studies counting with a control
group and larger subject population are required to analyze the effectiveness of this
therapy.

5 Conclusion

tSCS is a new therapy with minimal side effects, which combined with robotic-
assisted therapy, has a great potential for recovery of motor function and walking
ability after SCI.
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On Spatial Whitening of High-Density
Surface Electromyograms in Compound
Muscle Action Potential Decomposition
by Differential Evolution

Matej Kramberger and A. Holobar

Abstract We propose a differential evolution based decomposition of Compound
Muscle Action Potential (CMAP), recorded by high-density surface electromyo-
grams (HDEMG) and test it on spatially whitened and non-whitened synthetic
HDEMG signals. We simulated three different levels of muscle stimulation with
136, 168 and 200 activated motor units (MUs), five different levels of MU synchro-
nization and two different noise levels. We show that spatial whitening of HDEMG
improves the decomposition of CMAP but in low MU synchronization levels only.
In noiseless signals and 10% MU synchronization the number of identified MUs
increased from 3.4± 2.3 to 10.8± 2.8MUs, from 5.8± 2.3 to 12.0± 0.0 MUs and
from 5.8± 0.8 to 12.4± 1.7 MUs when spatial whitening was applied to HDEMG
signals with 136, 168 and 200 active MUs. At 20%MU synchronization, the number
of identified MUs increased from 7.6± 2.9 to 12.2± 3.6 MUs, from 10.2± 2.8
to 12.6± 3.8 MUs and from 8.6± 3.0 to 14.4± 3.3 MUs. Similar results were
observed for signals with SNR of 20 dB.

1 Introduction

In the last two decades, motor unit (MU) firing identification from high-density
surface electromyograms (HDEMG) has gained considerable research interest [3, 7].
However, this MU identification was mainly limited to isometric voluntary muscle
contractions where MU fire asynchronously. Therefore, Independent Component
Analysis (ICA) approaches were used to decompose HDEMG into contributions of
individual MUs [7].
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In this study, we propose an alternative approach towards CMAP decomposition
that is based on improved differential evolution (DE) algorithm [2]. This method
requires a priory knowledge ofMU action potential (MUAP) shapes and uses them to
decompose CMAP into contributions of different MUs. The required MUAP shapes
can be estimated from voluntary contractions by previously introduced ICA algo-
rithms [8].We test theCMAPdecomposition on spatiallywhitened and non-whitened
synthetic HDEMG signals, as spatial whitening has been demonstrated to facilitate
MU firing identification in voluntary contractions [8].

2 CMAPs Simulation

We used volume conductor model in [4] to simulate skeletal muscle with 130mm
long fibers, distributed in elliptical cross-section of 30× 15 mm, with the average
fiber density of 20 fibres/mm2 [1]. In total, 200MUswere simulated, withmany small
and exponentially fewer large MUs [6]. The number of fibers per MU ranged from
24 for the smallest MU to 2408 for the largest MU. The skin and the subcutaneous
fat layer were 1mm and 4mm thick, respectively.

The simulated array of 10× 9 circular surface electrodes with 1mm diameter
and interelectrode distance of 5mm was centered above the innervation zone. Three
different stimulation levels were simulated, resulting in 136, 168 and all 200 MUs
activated per stimulus. Sampling frequencywas set to 2048 samples/s andMUfirings
were normally distributed around the stimulus time with the standard deviation set
to 13, 7, 3, 1 and 0 ms, resulting in 10, 20, 40, 80 and 100% synchronization of
MU firings. Five different simulation runs were conducted, each having randomly
distributedMUswithin the simulatedmuscle tissue.GeneratedCMAPswith different
synchronization of MUs are exemplified in Fig. 1.

Fig. 1 Decomposed and simulated CMAPwith 168 activeMUs on non-whitenedHDEMGchannel
(1, 4) for 100% (left) and 40% (right) MU synchronization
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3 The Proposed Method

CMAP decomposition was based on an improved version of jDErpo algorithm [2],
modified by changing the data representation, mutation and crossover operators to
binary form [5]. The population individual was represented as a sequence of binary
genes where each gene comprised ten bits, with the first two bits encoding MU
inclusion and the remaining eight bits encoding MU firing time within the CMAP.
In the fitness function, binary gene sequence was converted to decimal form and
estimated CMAP was composed from selected MUAPs at selected positions. Esti-
mated CMAP was then compared against the measured one by using Normalized
Root Mean Square Error (NRMSE) estimator.

In order to speed up the CMAP decomposition, the NRMSE value was computed
on 16 HDEMG channels positioned on the crossings of the 1st, 4th, 7th and 10th row
with the 1st, 3th, 7th and 9th column. Control parameters of the jDErpo algorithm
[2] were set to: population size NP = 100, initial crossover rate CR = 0.4, initial
scale factor F = 0.05, τ1 = 0.1, τ2 = 0.1, Fupp = 1.0, CRupp = 1.0, p = 0.4 and the
number of generations G= 3500. The population was randomly initialized for all
MUs inclusions and firing times.

Wehavepre-processed all simulatedCMAPsandMUAPsby spatialwhitening [7].
For this purpose, the HDEMG signals were extended by adding 9 delayed repetitions
of each HDEMG channel and whitened. MU firing identification tolerance was set
to 1ms.

4 Results

When averaged across all the simulation runs and MU synchronization levels in
noiseless signals, 19.9± 15.5 MUs, 19.5± 14.3 MUs and 19.0± 12.9 MUs were
accurately identified from CMAPs with 136, 168 and 200 active MUs, respectively.
With 20 dB Gaussian noise, the method identified 19.8± 13.4 MUs, 19.1± 14.1
MUs and 19.4± 13.8 MUs. The number of identified MU firings increased with
MU synchronization (Figs. 2, 3 and 4).

Spatial whitening [7, 8] has improved decomposition of CMAPs but on low MU
synchronization levels only. At MU synchronization level greater than 40%, decom-
position with spatial whitening proved to be less successful that the decomposition
of the non-whitened HDEMG signals (Figs. 2, 3 and 4).
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Fig. 2 Number of accurately identified MU firings, averaged across all the simulation runs with
136 active MUs

Fig. 3 Number of accurately identified MU firings averaged across all the simulation runs with
168 active MUs

5 Conclusion

We demonstrated the efficiency of the modified jDErpo algorithm [2, 5] for CMAP
decomposition at differentMUsynchronization levels and different numbers of active
MUs. We also showed that spatial whitening of HDEMG improves CMAP decom-
position on low MU synchronization levels.
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Fig. 4 Number of accurately identified MU firings averaged across all the simulation runs with
200 active MUs

The proposed algorithmwas tested on synthetic CMAPs only, where all of theMU
firing times and all the MUAPs are known. Before using this CMAP decomposition
in experimental conditions, we should first estimate MUAPs of MUs, active in the
investigated muscle. This can be performed by using the pre-existing decomposition
methods, such as [7, 8]. However, it remains to be tested how much the errors
in MUAP estimation affect the proposed CMAP decomposition in experimental
conditions.
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A Phenomenon of Self-support Exercise
in Severe Stroke Patients

F. Alnajjar, S. Shimoda, and Alistair A. Vogan

Abstract Unilateral arm paralysis is a common outcome of stroke and can have
a devastating impact on its victims. In this study, we attempt to determine the
impact of recruiting a post-stroke patient’s contralesional nervous system with the
aim to reactivate the ipsilesional neural circuits and, ultimately, stimulate functional
motor recovery. We establish such a phenomenon to be possible when a patient
utilizes a non-paretic arm to support the movement/training of the paretic arm. In
10 subacute severe post-stroke patients, it was observed that a self-support exercise
(SSE)—defined here as the self-guided biomechanical support provided by a non-
paretic arm—unexpectedly triggered muscle activities in the supported paretic arm
similar in intensity to the healthy activities of the non-paretic limb. Additionally,
bilateral normalization of neural activation in the sensorimotor cortex between the
stroke-affected and unaffected hemispheres during SSE was discovered during brain
imaging. This strongly suggests the facilitation of interhemispheric communication
in post-stroke motor recovery. We propose this finding may lead to a new era of
available rehabilitation techniques.

Keywords Post-stroke rehabilitation ·Muscle synergy · Biological control
system ·Muscles · Brain activities
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1 Introduction

Stroke is the leading cause of long-term disability worldwide. Approximately two-
thirds of all stroke survivors require immediate rehabilitation for the hoped-for
recovery of lost motor function [1]. Unfortunately, conventional rehabilitation tech-
niques are limited and can pose a financial burden for both patients and their families
in the long run. Because of this, the development of novel rehabilitation strategies
that not only promote rapid and complete motor function recovery but also a better
understanding of the mechanisms of recovery for neural circuits are needed.

Traditional stroke rehabilitation strategies have mainly focused on paretic limb
rehabilitation interventions [2, 3], non-paretic limb interventions [4], or bilateral
training [5]. However, few studies have investigated how the use of a patient’s unaf-
fected neural circuits in the healthy cortical hemisphere affect the impaired limb in
terms of functional rehabilitation of the bilateral cortical sensorimotor network.

In this study, we investigated the muscle/brain activities of the stroke survivors
when they utilized the non-paretic arm to support the move of the paretic arm. In
addition,we discussed the significance of our findings for the design of a biologically-
based stroke rehabilitation system.

2 Methods

2.1 Study and Task Design

This study aimed to highlight the immediate effect of SSE on severe stroke survivors.
Ten subacute severe post-stroke patients participated (mean age 62 ± 7).

During this study, patients were directed to perform elbow exercise tasks under
four scenarios: (1) single paretic arm exercise (moving the paretic arm only), (2)
bimanual exercise (moving both the paretic and non-paretic arms with no direct
contact), (3) externally support exercise (moving the paretic arm with the support of
a therapist), and (4) the SSE (moving the paretic arm with the support of the non-
paretic arm of the patient). These scenarios were performed in three randomized sets,
with each set consisting of ten trials per exercise.

2.2 Measuring Muscle and Brain Activities

Electromyography (EMG) was used to measure the activity in both the paretic and
non-paretic arms of four major muscles associated with the movements of these four
scenarios. The muscles recorded were the pectoralis-major (PMM), biceps-brachii
(BM), brachioradialis (BRM), and anterior deltoid (AD).
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A continuouswave functional near-infrared spectroscopy (fNIRS) system (OMM-
3000; Shimadzu Corp.) was used to monitor brain hemodynamic changes in stroke
patients. Changes in oxyhemoglobin, deoxyhemoglobin, and total hemoglobin levels
as a function of light absorbance and path length were calculated in 48 channels. We
used a fixed task cycle (resting-state, task-state, and resting-state) of 20 s for each
motion type. Each task cycle contained 10 trials, and each cycle was performed
four times. To reduce the possibility of creating processing artifacts, the sequence
of motion types was randomized. The final evaluation was determined by the load
average of the four cycles.

Utilizing fNIRS, we investigated the contralateral and ipsilateral hemodynamic
response of the primary sensorimotor cortex M1/S1 during the performance of the
four scenarios and calculated the Laterality Index (LI). LI is a measure to compare
the neural activity between hemispheres. It can quantify left and right hemispheric
contributions and connectivity depending on conditions [6]. LI values range between
+1 and−1, where all activation has occurred in the ipsilesional/contralesional hemi-
sphere, respectively.Zero indicates that balanced activation has occurred across hemi-
spheres. A balance in hemispheric activation occurs naturally in a healthy individual
when performing a bimanual task [6].

3 Results

3.1 Muscles Activities in the Paretic Arm

To determine the immediate effect of SSE, metrics were gathered from the major
muscles of the arms of stroke-paretic and non-paretic individuals using EMG while
these individuals performed elbow flexion exercises following the four mentioned
scenarios. These metrics indicated that patients performing the SSE—but not the
other three types of motions—possessed remarkable muscle activations in the paretic
arm (see Fig. 1 for an example of the BM muscle.) Self-support exercise (SSE)
appeared to be unique among physiotherapeutic strategies due to the significant
EMG activations observed exclusively during their execution.

3.2 Sensorimotor Interhemispheric Connectivity

While executing the four scenarios, we measured the sensorimotor cortical activity
using fNIRS. Patients performing single, bimanual and externally supported exer-
cises had weak ipsilesional sensorimotor cortex activity compared with the contrale-
sional sensorimotor cortex, Fig. 1a. In contrast, when performing the SSE, ipsile-
sional sensorimotor cortex activitywas (significantly) increased to a level comparable
to that of the contralesional sensorimotor cortex, Fig. 1b. The value of LI, therefore,
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Fig. 1 Visualization of fNIRS and EMG of a patient with severe impairment during the elbow
flexion task. a Single paretic arm exercise.bSelf-support exercise. No brain activitieswere observed
in the single paretic arm exercise in the affected hemisphere, resulting in no muscle activity. (Note
during these exercises patients attempted to move their paretic limb.) During the self-supported
exercise, the affected hemisphere was better activated, generating levels comparable to the intact
hemisphere

was relatively large in all motion scenarios (LI > 0.5), with the exception of the SSE
(LI < 0.25). A large LI value indicates an imbalance of brain activity on the affected
side, relative to the unaffected side. Conversely, a small LI value indicates sensori-
motor cortex activity in both hemispheres is relatively equal. Fromour previous study
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in the age-matched healthy individuals, both bimanual and SSE showed LI values
closer to 0 [6], suggesting both hemispheres are activated equally in the healthy case.

Due to the concordant increase in EMG signals and the comparable activity levels
reached in the right and left hemispheres (see Fig. 1), it appears SSE activates dormant
cortical neural circuits for self-repair.

4 Conclusion

In this paper, we have reported our observations on the phenomenon of Self-Support
Exercise (SSE). In particular, we have shown that SSE can trigger an immediate and
unexpected upsurge of EMG-identified muscle activity in the paretic arm. Our find-
ings suggest that when guided by appropriate contralesional circuits, SSE facilitates
the crucial development in connectivity of damaged neural pathways.

We hypothesize that with proper biofeedback the concurrent activation of self-
support-driven neural circuits can be coupled with top-down engagement of motor
intention signals from higher executive areas, (i.e., closing the loop), to restore the
function of sensorimotor pathways and lead to functional motor recovery.

The paradigm of self-support may be generalizable beyond arm movement and
could, in fact, extend to other stroke-related areas, such as gait rehabilitation. It
is possible that SSE may facilitate the restoration of local neural circuits in the
impaired leg through the guidance or ‘supervision’ of the healthy leg, and this may,
in turn, produce the development of rudimentary walking patterns. We are presently
envisioning an application of this scenario for future research.
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Human Brain Organoid Platform
for Neuroengineering Optical
Theranostics in Neonatal Sepsis

Sneha S. Karanth, Radhika Mujumdar, Jagdish P. Sahoo, Abhijit Das,
Michal K. Stachowiak, and Anirban Dutta

Abstract Early-onset neonatal sepsis can increase the risk of hypoxic-ischemic
encephalopathy (HIE) that can worsen the patient’s prognosis. We investigated
neurometabolic coupling (NMC) in five full-term neonates with HIE and sepsis that
was found lower than the other five with HIE only. We hypothesized that transcra-
nial photobiomodulation might upregulate cerebral oxygen metabolism, which may
restore NMC.We developed a human brain organoid platform to evaluate the effects
of photobiomodulation around 810 nmon theCytochrome-COxidase (CCO) activity
and electrophysiology. We found that 10 min of photobiomodulation increased CCO
activity, pH, and temperature while decreased the spectral exponent in 1–40 Hz from
electrophysiology data. For future work, it is postulated that photobiomodulation at
~810 nm may ameliorate metabolic acidosis and dysfunctional NMC in neonatal
sepsis, thereby reducing the risk of HIE transition.

1 Introduction

neonatal sepsis due to systemic infection in the newborn is themost common cause
of neonatal mortality in India that is highest in the world [1]. The development of
mitochondrial dysfunction and ineffective oxygen utilization is indicated in sepsis
[2]. Here, the measurement of oxygen extraction fraction requires measurements
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of cerebral blood flow; however, the mitochondrial dysfunction may be detected
using inexpensive near-infrared spectroscopy. Specifically, studies have indicated
abnormalities in the function of complex IV (cytochrome oxidase), the final electron
acceptor in the electron transport chain that can be monitored in sepsis using non-
invasive broadband near-infrared spectroscopy (bbNIRS) [3]. Sepsis is also one of the
main risk factors for the development of hypoxic-ischemic encephalopathy (HIE).
Therefore, bbNIRS can be combined with electroencephalography (EEG) to detect
seizures and the state of the neurovascular coupling (NVC) [4] for HIE diagnostics in
neonatal sepsis. Recently, transcranial photobiomodulation has been shown to locally
upregulate cerebral oxygenmetabolism [5]; however, its photothermal effects [6] can
be detrimental in HIE [7]. Here, ‘phase zero’ brain organoid model-based studies
can provide a fundamental understanding [8] of such theranostics [9].

2 Methods

2.1 Mini-Brain Computer Interface (mBCI)

Three-month-old cerebral organoids were generated using healthy control cell
lines following previously established protocol [10]. A 32-channel tetrode (eight
polyimide-coated nickel-chrome tetrode wire of diameter ~50 µm arranged in a
circular grid of ~2mmdiameter)microdrive [11]was interfacedwith IntanRHD2132
amplifier (Intan Technologies, USA) for recordingwith theOpen Ephys data acquisi-
tion system for sampling at 30 kSamples/sec each. Broadband Vis-NIR spectroscopy
was performed with SILVER-Nova spectrometer (Stellarnet, U.S.A.) over the 190–
1110 nm wavelength range with 200um slit for high sensitivity using SL1 high
stability Tungsten Halogen light (350–2500 nm) source (Stellarnet, U.S.A.), and
R600-8-VisNIR Reflectance Probe (Stellarnet, U.S.A.). SpectraWiz spectrometer
software (Stellarnet, U.S.A.) recorded the Broadband Vis-NIR spectroscopy data in
conjunction with Open Ephys GUI for the electrophysiological recordings [8].

2.2 Calibration of Cytochrome-C Oxidase Activity

We calibrated the Broadband Vis-NIR spectroscopy system (490–900 nm) using a
colorimetric assay kit (CYTOCOX1, Sigma-Aldrich, USA) for the determination of
CCO activity in the standard 2 ml sample at various concentrations as well as in
the buffer solution. Partial least square (PLS) processing of the Vis-NIR spectra was
investigated to develop a multivariate regression model for the determination of the
CCO activity in the organoid model. We then determined the PLS loadings on the
Vis-NIR spectra to identify the four best wavelengths in NIR for a multi-wavelength
CCO sensor.
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2.3 Vis-NIR Spectroscopy with Electrophysiology During
Photobiomodulation

We recorded spontaneous neuronal activity (LFP) for a total of 10 min from 32-
channel tetrode alongwith Vis-NIR spectroscopywhen the organoid was illuminated
at 20mW/cm2 with 810 nm based on our prior work [6]. pH and temperature changes
frombaseline (pH7) after 10min of photobiomodulationwas alsomeasured.A three-
step fitting procedure [8] discarded oscillatory peaks in LFP prior to estimating the
background slope of power spectral density.

2.4 Neonatal Study on HIE With and Without Sepsis

Full-term neonates (>36 weeks of gestation) at Sarnat Grade II, five with
and five without sepsis, were selected from our clinical trial (trial registration:
CTRI/2020/02/023190) at the Institute of Medical Sciences and Sum Hospital,
Bhubaneswar, India. EEG electrodes were placed at the standard F3/P3-F4/P4
along with the overlapping multi-wavelength (~780 nm, ~810 nm, ~820 nm,
~840 nm) NIRS (mwNIRS) to assess neurovascular (NVC) and neurometabolic
(NMC) coupling. This montage was selected to cover the brain area representative
of the global watershed region. Amplitude-integrated EEG (aEEG) was computed,
and wavelet coherence analysis was performed with the tissue oxygen index (NVC)
and CCO changes (NMC). mwNIRS used a low-power 5 mW LED that could be
increased up to 25 mW for local photobiomodulation in the neonates.

3 Results

Multivariate regression modeling using partial least square regression (PLSR)
provided an R-squared goodness-of-fit of 0.99 for the PLSR model. Four NIR wave-
lengths (~780 nm, ~810 nm, ~820 nm, ~840 nm) with the best PLSR loading and
available in LED chips were selected for mwNIRS. In the healthy brain organoid,
10 min of photobiomodulation (~810 nm) changed the pH from 7 to 9, and the
temperature increased by ~0.6 °C (Fig. 1). Also, the spectral exponent in 1–40 Hz
frequency band decreased from −0.8 ± 0.2 to −1.2 ± 0.5 while the CCO activity
increased from 53± 2 to 68± 5 nM. The NVC (<0.001 Hz) in neonates was compa-
rable across HIE and HIE+ sepsis conditions; however, NMCwas found to be lower
in HIE + sepsis than the HIE group (Table 1).
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Fig. 1. Top left shows EEG-mwNIRS monitoring in the neonatal intensive care unit. The top
right shows the brain organoid platform [8]. The bottom panel shows pH change, illuminance, and
temperature from left to right.

Table 1. Neonatal study Full-term neonates NVC (mean ±
standard deviation)

NMC (mean ±
standard deviation)

HIE (N = 5) 0.52 ± 0.27 0.41 ± 0.18

HIE + Sepsis (N =
5)

0.45 ± 0.36 0.22 ± 0.15

4 Conclusion

Our brain organoid platform showed an increase inCCOactivity, pH, and temperature
while a decrease in the spectral exponent in 1–40 Hz due to 10 min of photobiomod-
ulation at ~810 nm. Also, NMC (<0.001 Hz) was found lower in the HIE + sepsis
condition that needs further investigation.
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Grey-Box Model-Based Analysis
of the Effects of Anodal Transcranial
Direct Current Stimulation
on the Reaction Time in Healthy Human

Namrata Sridhar Kadambi, Shilpa Ramanarayanan, Filip Stefanovic,
and Anirban Dutta

Abstract Transcranial direct current stimulation (tDCS) can modulate corticomus-
cular coherence and reaction time of the targeted muscle during a single-muscle
ballistic myoelectric control where anodal tDCS of the primary motor cortex (M1)
leg representation decreased the reaction time while the cerebellar tDCS (ctDCS)
increased the same. In this study, we present corticomuscular coherence changes due
to anodal leg M1 tDCS and ctDCS. We also present a grey-box model that explained
the tDCS effects on the reaction time in healthy humans where tDCS effects were
captured by a Boltzmann function.

Keywords Transcranial direct current stimulation ·Myoelectric control ·
Corticomuscular coherence · Grey-box model · Cerebellum

1 Introduction

Transcranial direct current stimulation (tDCS) has been shown to modulate brain
connectivity that may play a facilitatory role in the brain-computer interfaces (BCIs)
[1]. Our prior work showed that the neuromodulatory effects on the reaction time of
anodal tDCS at the primary motor cortex (M1) could be explained by a Simpli-
fied Spinal-Like Controller (SSLC) model [2]. Specifically, the corticomuscular
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coherence (CMC), modulated by anodal tDCS of the leg representations in the M1
(leg M1), was found to be related to the reaction time. Our prior work also found
that leg M1 anodal tDCS decreased the reaction time while anodal cerebellar tDCS
(ctDCS) increased the samewhen compared to sham tDCS [3]; however, the grey-box
model was not investigated. Therefore, we investigate the effects of anodal ctDCS
by augmenting the SSLC model [2].

2 Methods

2.1 Corticomuscular Coherence and Reaction Time

Eleven healthy right-leg dominant male volunteers (age: 24–36 years) provided
informed consent for this study. All the experiments were approved by the local
ethics committee of the University Medicine Goettingen, Germany. The visuomotor
task consisted of four states, focus, relax, ready, and activation of the right tibialis
anterior (TA) muscle as quickly as possible in response to a visual cue when the
TARGET jumped to a randomized value between 40 and 80% of maximum volun-
tary contraction (MVC). For each volunteer, the visuomotor task consisted of 15
trials before and after tDCS intervention (details in Dutta et al. [3])—see left panel
of Fig. 1. Electroencephalogram (EEG) and electromyogram (EMG) data from the
muscle activation part was analyzed for corticomuscular coherence (CMC)—details
in Kha et al. [4]. Briefly, EMG was amplified and band-pass filtered (anti-aliasing,
frequency band = 10–500 Hz) before being sampled at 2000 Hz by a 12-bit data
acquisition system (NI USB-6009, National Instruments, USA). Eyes-open resting-
state EEG was recorded at 500 Hz from the central site Cz (10–20 montage) as
well as the nearby electrodes F3, F4, P3, P4 (international 10–20 system) before
(pre-tDCS) and after (post-tDCS) anodal ctDCS. Morlet wavelet coherence plots
between EMG and EEG signals from bilateral TA muscles and Cz (10–20 EEG
system) were obtained using Grinsted’s toolbox [5]—details in Kha et al. [4].

2.2 Computational Modification of SSLC Model

The human neuromuscular systemwas simulated using a grey-box simplified spinal-
like topology that included cortical areas—cerebellum (CB), basal ganglia (BG),
collicular maps (SC)—as well as signal conduction delays (δ), interneurons (IN),
Renshaw cells (RC), motoneurons (Mn) and non-linear muscle models [2, 4]—see
right panel of Fig. 1. Visual feedback includes data from subject recorded CURSOR
and TARGET positions and is used by the SC to calculate an error signal that is
projected downstream. The INs act as summation blocks that integrated signals from
cortical and spinal areas such as the RC. The RC provided efferent copies of motor
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Fig. 1 The left panel shows the ctDCS montage (from [3]). The right panel shows the SSLC for
an antagonist muscle pair

activation back to the spinal-level circuits, while muscles included proprioceptive
mechanisms that define muscle stretch length and stretch rate to the circuit. The INs
then modulate the motor signal into a resultant muscle activation ranging from 0 to
1. The Mn innervate Virtual Muscles (VM) that generate force output to drive the
system biomechanics and neuromuscular response.

The cortico-cerebellar-spinal (CCS) pathway is represented by a Boltzmann
function:

S = a

1+ e−b(x−c) + z
(1)

where a encodes the height of the sigmoid function, b represents the slope of the
function, c determines the point of the deflection of the curve, and z sets the scale
of the curve. Each parameter (a, b, c, and z) is sequentially increased during the
visuomotor taskwhile the remaining parameters are held at pre-determined constants.
By modifying these variables, we can emulate changes to the CCS based on the
recruitment curve [4, 6] found using Transcranial Magnetic Stimulation (TMS) that
describes the input-output properties [2]. In this study, we performed an exploratory
analysis by varying the parameters of the sigmoid to observe the causal changes.

3 Results

Cross wavelet transform plots before and after anodal tDCS are shown in Fig. 2. The
root mean square (RMS) of the wavelet coherence in the EEG beta band (12–30 Hz)
was computed to find the CMC delay and peak before and after anodal tDCS, as
illustrated in Fig. 2 for pre-tDCS. One-way ANOVA test on the normalized change
in the CMC delay, i.e., (post-pre)/(post + pre), showed a significant (p < 0.05)
effect of the anodal tDCS montages (leg M1, cerebellum). Also, leg M1 tDCS had
a significant (p < 0.05) effect on the normalized change in the CMC peak. Post hoc
analysis confirmed that the CMC delay was decreased by leg M1 tDCS for the right
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Fig. 2 Top panel: Example of the Cross wavelet transform (CWT). Top left: CWT plot for Cz EEG
and right TA muscle pre-tDCS. Top right: CWT plot for Cz EEG and right TA muscle post-tDCS.
The X-axis is the time axis in seconds (max. 300 s). Bottom panel: Example of the root mean square
(RMS) of the wavelet coherence (waveCOH). Bottom left: RMS waveCOH (12-30Hz) for Cz EEG
and right TA muscle pre-tDCS. Bottom right: RMS waveCOH (12-30Hz) for Cz EEG and right TA
muscle post-tDCS. The x-axis in seconds (max. 20 s)

leg (that performed visuomotor task) while ctDCS increased the same. CMC peak
was increased by the leg M1 tDCS for the right leg. Here, tDCS effects on the CMC
peak and delay showed modulation of the CCS pathway.

Figure 3 shows the rise times to peak muscle force generation (y-axis) by the
controller with respect to the specific Boltzmann parameters a, b, c, and z, respec-
tively. In addition, plots are overlaid based on different muscle lengths shown in
different colors. We observed that the response time showed a Gaussian type curve
for the majority of muscle length positions and that the response time varies between
110.4 and 244.4 ms. Although parameters ‘b’ and ‘c’ (Fig. 3b, c, respectively) follow
a similar trend as shown, for ‘a’ the curve exhibits a greater slope—Fig. 3a.Whereas,
‘z’ presents a more gradual slope than ‘a’ (see Fig. 3d). These graphs indicate that the
response time of the modulated CCS system exhibited a mixed response depending
on the muscle length and that shorter muscle lengths provide faster response times
when compared to longer muscle lengths.
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Fig. 3 The plot of Boltzmann parameters and their corresponding response time. a Boltzmann
parameter ‘a’, b Boltzmann parameter ‘b’, c Boltzmann parameter ‘c’, d Boltzmann parameter ‘z’

4 Conclusion

The Boltzmann function is a good representation of the recruitment curve [2], that
can be found using TMS, and can capture modulation of excitability alterations
by leg M1 tDCS and ctDCS [4, 6]. Therefore, grey-box modeling using Boltzmann
function as a representation of the state of theCCSpathway can provide a relationship
between the neurophysiological aspects of the behavioral results. Such an approach
can provide further insights into the tDCS effects in health and disease, including
post-stroke spasticity.
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Different Stimuli Configuration in Paired
Associative Stimulation Protocol: A Pilot
Study

A. San Agustín, José L. Pons, A. Oliviero, and J. C. Moreno

Abstract Paired Associative Stimulation (PAS) application is a neuromodulation
strategy for the promotion of plastic changes and motor rehabilitation. Different
stimuli configuration has been applied following a PAS protocol, although using
same technical parameters. In this pilot study,we compared three different PAScondi-
tions with a control group. Movement task involved PAS resulted to be less specific
although induced excitability potentiation to adjacent muscles. A further method-
ological research in favour of plastic mechanism understanding and optimization of
PAS application will be developed.

1 Introduction

PAS paradigm is a neuromodulation methodology based on two nervous stimuli
synchronized in time to converge in the same cortical localization. Its repetitive
application triggers excitability enhancement and plastic changes on the targeted
cortical localization [1].

In the beginning, PAS was conducted pairing a single TMS pulse with low
frequency peripheral nervous stimulation (PNS) in motor cortex. PNS was applied
in median nerve 25 ms before TMS pulse was administer in the contralateral primary
motor cortex (M1), in order to both activations meet (PNS + TMS) [2].
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PAS paradigm has been proved to be effective with other stimuli configuration [3].
Electrical nerve stimulation in common peroneal nerve combined with a voluntary
dorsiflexion exercise task (PNS + Task) likewise modulated neural excitability,
produced long-lasting facilitatory effects and enhanced sensorimotor reorganization
[4]. On the other hand, TMS pulse over M1 50 ms before contralateral voluntary
thumb abduction movement produced changes in motor behavior and enhanced the
corticospinal excitability (TMS+ Task) [5, 6]. However, the extent of effectiveness
of each PAS variation, regarding an approach that encompasses all configurations,
is unknown due to the differences in the studies’ parameters, which does not allow
the comparison between them.

The goal of the present pilot study is tomeasure the changes in excitability derived
from different PAS conditions (PNS+ TMS, PNS+ Task and TMS+ Task) with the
samemethodology parameters (samemotor pathway, pair repetitions and assessment
protocol) to compare the different stimuli combination effects.

2 Material and Methods

2.1 Experimental Conditions and Procedures

This study is structured in three assessment times and one experimental phase (TMS
+ PNS, PNS + Task, TMS + Task or Task Control).

The assessment phases are conducted before (PRE), immediately after (POST)
and 30 min after (POST30) the experimental phase. During PRE assessment times,
TMS was applied in the scalp above motor cortex that elicits a higher Motor Evoked
Potential (MEP) in contralateral Abductor Pollicis Brevis (APB) muscle (APB hot-
spot). Then, 20 single pulses were applied at an intensity that elicited 1 mV of
MEP. The TMS localization was non-invasively marked in subject’s scalp for further
placement. During POST and POST30 assessment times, the previous intensity was
set to trigger 20 TMS single pulses at the same scalp localization.

Regarding the experimental phases, each subject (ages 28± 7, 2 female, 2 male)
experienced a different PAS configuration, however, they shared the same stimulated
nervous pathway (APBmotor pathway), same PAS repetitions in the application (200
pairs) and same nervous excitability assessment (20Motor Evoked Potentials (MEP)
at 1 mV of rMT as explained above.

Firstly, in TMS + PNS configuration, the synchronized stimulation maintain an
ISI of 5 s (0.2 Hz), TMS was placed at APB hot-spot and set in 1 mV intensity,
PNS was placed in the median nerve and set in three times the perceptual threshold
intensity and 0.2 ms of duration. The time synchronization between the stimuli
corresponded to the application of PNS 25 ms before TMS. In PNS+ Task group, a
simple reaction time (RT) task was performed (explanation below) paired with a PNS
pulse that was applied with the same parameters as the PNS of the first condition. The
individual RT was measured before the experimental phase in order to synchronize
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it with PNS at the same time. In TMS + Task group, the RT task was performed
paired with TMS single pulse in APB hot-spot. TMS was applied 25 ms before the
previously measured mean RT. Finally, the control group’s (Task group) subject
performed the simple RT task 200 times without any stimulation, in order to show
in comparison the effectiveness of PAS methodology not derived from the execution
of the movement itself.

2.2 Simple Reaction Time Task

The task goal was to click the right button of the mouse with the dominant thumb
finger as fast as possible when the cue (a white cross) appeared on the screen (grey
background). A black dot was shown on the screen during randomly 5–8 s while the
subject was preparing for the cross visualization.

2.3 Transcranial Magnetic Stimulation (TMS)

TMS was applied using a figure-of-eight double 70 mm remote control coil and a
single pulse, monophasic stimulator (Magstim 2002 stimulator). Every TMS pulse
was applied in a posterior to anterior current direction.

2.4 Electromyography (EMG) Recordings

We recorded theMEPs generated by TMS on APB, Abductor Digiti Minimi (ADM),
First Dorsal Interosseous (FDI), Flexor Carpi Radialis (FLX) and Extensor Carpi
Radialis (EXT) muscles of the dominant hand and arm during assessment phases.
The reference and the ground electrodes were placed on the dominant hand wrist.
EMG data were collected using g.USBamp biosignal amplifier (g.tec) and digitized
at a rate of 2400 Hz. An electronical notch filter was used at 50 Hz and raw EMG
data was stored for offline analysis.

2.5 Data Analysis

Our goalwas to compare the different PASapproaches and their effectivity to enhance
nervous system excitability. Thus, we divided POST and POST30 times separately
with their correspondent PRE time, in order to compare this proportion between the
groups. We analyzed MEP amplitudes with Student T test for repeated measures.
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3 Results

WecomparedMEP’s amplitude across different PAS configurations in order to assess
excitability changes of the cortico-spinal pathway derived from different stimuli
(Fig. 1).

We will describe the T test comparison regarding APB and ADM results between
configurations. In APB, in POST time, PNS + TMS (Mean = 2.08 SE = .27) was
significantly enhanced compared to TMS+ T (Mean= .84 SE= .28, t(19)= 3,708,
p = .008). In POST30 time PNS + TMS (Mean = 5.26 SE = .59) was significantly
enhanced compared to each other configurations (PNS+ T: Mean= 1.68 SE= .59,
t(19) = 3,015, p = .007; TMS + T: Mean = 1.29 SE = 0.28, t(19) = 3,551, p =
.002; T: Mean = .94 SE = .59, t(19) = 3,719, p = .001).

In ADMmuscle, at POST and POST30 times PNS+ T (POST: Mean= 1.87 SE
= .16;POST30: Mean = 1.66 SE = .15) and TMS + T (POST: Mean = 2.04 SE =
.16; POST30: Mean= 2.05 SE.15) were significantly potentiated compared to TMS
+ PNS (POST: Mean = .94 SE = .16, t(19) = -3.708, p = .000 and t(19) = 5.842,
p = .000; POST30: Mean = .80 SE = .15, t(19) = −3.492, p = .002 and t(19) =
4.296, p= .000) and T (POST: Mean= .91 SE= .16, t(19)=−4.879, p= .000 and
t(19) = 4.312, p = .000; POST30: Mean = .77 SE = .15, t(19) = −6.896, p = .000
and t(19) = 6.058, p = .000 respectively).

4 Conclusion and Discussion

The results herein presented pointed that the configuration of PAS which does not
imply a motor task (TMS + PNS), is likely more specific in affecting the stimu-
lated motor pathway and, on the contrary, PAS therapies activating the cortex by a
movement task (PNS + T and TMS + T), showed to reach the potentiation to an
adjacent muscle, likely due to APB fatigue. We demonstrated the study feasibility to
compare different PAS configurations and future work will evaluate the efficacy of
this experimental approach.

The methodological research in PAS are of great importance to help us in the
development of optimal use of these techniques, supporting a better PAS therapy
application in the patients’ rehabilitation.
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Fig. 1 The mean ± SD of MEPs for APB and ADM muscles normalized to Pre 1 mV intensity in
different experimental PAS configurations
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Intensity Dependent Long-Term
Potentiation and Inhibition in Paired
Associated Stimulation by Transcranial
Magnetic Stimulation: A Pilot Study

A. San Agustín, D. Crevillén, A. Oliviero, José L. Pons, and J. C. Moreno

Abstract The Paired Associated Stimulation (PAS) protocol has been probed to
successfully induce motor cortico-spinal plasticity. However, there is not an official
consensus for the optimal TranscranialMagnetic Stimulation (TMS) intensity in PAS
applications. The aim of this pilot study is to research the implication of intensity
factor during the plasticity induction by PAS in later excitability assessment through
eachmeasurable intensity (90, 100, 110, 120 and 130%of the rMT). The results point
to a conditioning of the intensity on the Motor Evoked Potentials (MEPs) towards
a polarized outcome between high and low frequencies. Regardless, a complete
research would be necessary to determine the impact extent of the PAS intensity
factor.

1 Introduction

our knowledge about synaptic plasticity has greatly progressed during the last
decades. The Hebb’s postulation regarding the correlation of the synaptic modifi-
cation with the activity performed [1], together with the process of long-term poten-
tiation (LTP) and long-term depression (LTD) [2], have become some of the main
cornerstones in the neural plasticity field.

The work of Stefan et al. was a step forward to induce synaptic plasticity in the
human primary motor cortex (M1) by PAS of the M1 with transcranial magnetic
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stimulation (TMS) and contralateral low frequency peripheral nerve stimulation [3].
In this line, Thabit et al. proved the induction of LTP based on the synchronization of
voluntary thumbabduction andTMSat the 120%of the rMT inM1 [4].However, not
every PAS application is set in the same intensity induction, neither the same intensity
is applied to assess excitability changes before and after the plasticity induction (for
short PAS protocol review see [5]).

In order to determine the impact of the intensity applied in the excitability modu-
lation during the PAS, in the present study we paired a voluntary abduction of the
thumb with contralateral M1 TMS at two different intensities: 110 and 130% of rMT
and we assessed the MEP induced at 90, 100, 110, 120 and 130% of the rMT to
compare the differences between the two subjects.

2 Materials and Methods

2.1 Subjects

Experiments were performed on 2 healthy female volunteers aged 22 years, none of
them presenting a history of neurological disorders neither being under any kind of
drug treatment. Theprotocolwas approvedby theEthicsCommittee ofConsejoSupe-
rior de Investigaciones Científicas (CSIC), and both subjects gave written informed
consent before the experimental procedures.

2.2 EMG Recordings

During the experiments, surface electromyogram (EMG) of Abductor Pollicis Brevis
(APB) and Abductor Digiti Minimi (ADM) muscles of the dominant hand were
recorded. The EMG signals were amplified, bandpass filtered (5–2000 Hz) and
digitized at 10 kHz during the performance of the task for the posterior analysis.

2.3 TMS

TMSwas applied using a figure-of-eight coil connected to aMagstim 2000 stimulator
(Magstim Company). The optimal motor point for eliciting MEP for APB muscle
(hot-spot) was established and the optimal positionwasmarked on the scalp to ensure
identical placement of the coil throughout all the experimental procedures.
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2.4 MEP Measurements

The rMT for theAPBmusclewas defined as the lowest stimulus intensity required for
eliciting aMEPwith peak to peak range of±50mV in 5 of 10 trials. For evaluating the
changes in the corticospinal excitability, we applied 2 times 5 pulses of an intensity
range from 90 to 130% of the rMT randomly ordered. The cortical excitability was
obtained by measuring the amplitude of the MEPs at each intensity value.

2.5 Simple Reaction Time (RT) Task

The task consisted in a grey background with a simple visual clue (a black dot) that
when changed to a white cross, the subjects had to click as fast as possible. The cue
refresh rate was randomly set for each trial between 5 and 8 s.

2.6 Experimental Procedure

The experimental structure is based on three MEP assessment times: before (PRE),
immediately after (POST) and 30 min after (POST30) PAS intervention, and two
PAS intervention times of 60 trials each.

Before PRE assessment, the individual RMT was determined and mean RT of
the simple RT task was measured by 30 evaluation trials. PAS protocol was applied
combining TMS in contralateral M1 25 ms before the individual mean RT while the
subject was performing the task.

2.7 Data Analysis

We analyzed the MEP amplitudes with a Student T test for repeated measures. There
were two PAS types in this study, one per subject: the one applied at 110% and the
other at 130% of rMT.

3 Results

The Student test for average comparison for repeated measures revealed that,
concerning Time pairwise comparison (Fig. 1) in the 110% PAS type, comparing
with PRE time (APB-90%: Mean = 30.10 SE = 9.25; 100%: Mean = 97.26 SE =
19.76; 110%: Mean= 507.38 SE= 94.74), MEP amplitude was significantly higher
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Fig. 1 The mean ± SD of MEPs for APB and ADM muscles at 90, 100, 110, 120 and 130% of
rMT for 110 PAS type and 130 PAS type in different experimental phases: PRE, POST and POST30

in APB, in POST time at 100% (Mean = 374.32 SE = 77.99, p = 0.011) and in
POST30 time at 90% (Mean = 241.56 SE = 76.48, p = 0.030), 100% (Mean =
667.34 SE = 243.389, p = 0.039) and 110% (Mean = 1110.97 SE = 249.60, p =
0.033) of rMT.

Concerning ADM, the MEP amplitude compared with PRE (100%: Mean =
107.28 SE = 26.59; 120% Mean = 375.68 SE = 42.22), was significantly higher
in POST30 time at 100% (Mean = 296.14 SE = 48.09, p = 0.001) of rMT and
significantly lower in POST30 time at 120% (Mean = 253.24 SE = 10.45, p =
0.012).

In 130% PAS type, the MEP amplitude in APB muscle compared to PRE time
(100%: Mean = 116.69 SE = 47.61, 120%: Mean = 886.51 SE = 159.41; 130%:
Mean= 1530.49 SE= 160.45)was significantly lower in POST time, at 120% (Mean
= 338.62 SE = 39.45; p = 0.005) and 130% (Mean = 1029.36 SE = 93.62; p =
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0.001) of rMT. In POST30 time, the MEP amplitude significantly increased at 100%
(Mean = 303.36 SE = 76.75; p = 0.009) and decreased at 120% (Mean = 371.03
SE = 104.99; p = 0.010).

Regarding ADMmuscle, compared to PRE time (90%Mean= 23.77 SE= 6.10,
110% Mean = 234.16 SE = 33.56, 130% Mean = 585.47 SE = 43.37) there is a
MEP amplitude increment in POST time (110% Mean = 517.29 SE = 100.19, p =
0.038 and 130%Mean= 789.36 SE= 61.00, p= 0.017) and in POST30 time (90%
Mean = 152.64 SE = 50.24, p = 0.035).

4 Discussion

The results of the 110% PAS presented a significant increase at low intensities for
the APB. This outcome appears to indicate that the PAS protocol at a low intensity
increases the cortical excitability of the main muscle involved in the task at lower
intensities.

Simultaneously, the data for the 130% PAS showed a significant decrease for the
APB muscle at higher intensities. However, it triggered a generalized increase in
ADM muscle.

5 Conclusion

Our study likely indicates that the intensity factor is potentially a crucial variable
in PAS neuromodulation outcome. However, it is not possible yet to describe its
influence in the process of neural plasticity. For that purpose, it will be necessary to
expand the sample, besides the performance of other complementary tests to better
define such mechanisms.

We demonstrated the study feasibility to research the PAS protocol technique in
relation to applied intensity factor and future studies will evaluate the efficacy of this
experimental approach.
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Abstract Pathological tremor can be a disabling condition that affects millions of
people worldwide. Tremor reduction strategies based on peripheral electrical stimu-
lation of afferent pathways are a promising alternativeminimizing the adverse effects
of traditional solutions, although a better understanding of the targeted mechanisms
is required. Here, we performed a pilot study with two stimulation strategies based
on bilateral and multi-joint stimulation below motor threshold, which were tested in
two patients with Essential Tremor.

1 Introduction

Essential Tremor (ET), which is one of main disorders leading to pathological tremor
and the most prevalent movement disorder in the world, may hamper the execution
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of activities of daily living [1]. A large population of ET patients does not benefit
from medication, deep brain stimulation (DBS), or neurosurgery, which are among
the main tremor treatments [1]. In the last years, electrical stimulation of afferent
pathways has been explored as promising line to modulate tremor with minimal
adverse effects [2]. However, results so far have been variable across patients and
the underlying mechanisms are still poorly understood [2]. Electrical stimulation of
Ia afferent pathways has been proved to modulate inhibition of muscular activity
through the reciprocal inhibition pathway [3] and this approach has already been
applied to reduce tremor in ET patients through the out-of-phase stimulation of
wrist flexor and extensor muscles [4]. Most of studies using electrical stimulation of
afferent pathways only targeted wrist tremor, although tremor is known to mechani-
cally propagate from proximal to distal joints [5]. Additionally, tremor might mani-
fest bilaterally. Consequently, other neural circuitries converging into the contralat-
eral side are not considered when applying electrical stimulation to target only one
upper limb. Here, we propose and test in two ET patients two novel stimulation
approaches: bilateral stimulation of both upper limbs, and combined stimulation of
flexor and extensor muscles of wrist and elbow. On one hand, bilateral stimulation
seeks to counterbalance the possible excitation and inhibition mechanisms activated
in the contralateral limb through crossed reflexes. On the other hand, multi-joint
electrical stimulation aims to activate homonymous projections between agonists to
elicit inhibition mechanisms in the antagonist tremorgenic muscles.

2 Material and Methods

2.1 Patients

Two ET patients (female aged 73, male aged 62) were recruited from Hospital
Universitario Gregorio Marañón (Madrid, Spain). All procedures were conducted
in accordance with the Declaration of Helsinki and approved by the hospital ethical
committee.

2.2 Experimental Procedure

For the bilateral stimulation experiment, surface electromyography (sEMG) elec-
trodeswere placed over themuscle belly of FlexorCarpiRadialis (FCR) andExtensor
CarpiRadialis (ECR) of both arms, and stimulation electrodeswere placed over radial
and medial nerves at the arm level of both sides [3]. For the multi-joint stimulation
experiment, both sEMGand stimulation electrodeswere placed over themuscle belly
of FCR, ECR, biceps brachii (BB) and triceps brachii (TB) of the arm inwhich tremor
wasmore predominant. Seven InertialMeasurement Sensors (IMUs) (Technaid S.L.,
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Spain) were placed on both sides of the upper limb to objectively quantify tremor
kinematics. An embedded control unit including a voltage-based electrical stimu-
lator and an EMG amplifier (OT Bioelettronica, Italy) was used to acquire the sEMG
signals at 1,000 kHz and to operate the control algorithm driving the stimulation.

A neurologist assessed the tremor condition of each patient, whowas sat on a chair
during the experimental session. After instrumenting the patient with the IMUs and
the electrodes, stimulation parameters were calibrated. Pulse width and stimulation
frequency was set to 400 µs and 100 Hz, respectively. Stimulation amplitude was
calibrated for each muscle above sensation threshold and below motor threshold
(maximum current was 5 mA).

The experimental session consisted on ten stimulation trials in which the subjects
were asked to hold their arms outstretched and pronated for 60 s. Each trial was
divided in two 30 s windows in which the stimulation system was turned ON or OFF
randomly. During the bilateral stimulation experiment, three stimulation conditions
were tested during the ON windows: (1a) Bilateral stimulation of both arms; (1b)
Stimulation of the dominant tremorgenic arm; (1c) Stimulation of the non-dominant
tremorgenic arm. During the multi-joint stimulation experiment, three conditions
were tested: (2a)Combined stimulation of bothwrist and elbowflexors and extensors;
(2b) Stimulation of elbow flexors and extensors; (2c) Stimulation of wrist flexors and
extensors.

Selective and adaptive timely stimulation (SATS) strategy was applied during the
ON windows in alternating 1s recording and 2s stimulation windows (see Pascual-
Valdunciel et al. [6]). Patients were able to rest the time needed between trials.

2.3 Data and Statistical Analysis

Rawquaternions recordedwith the IMUswere transformed to joint angles andfiltered
in the tremor band (3–9 Hz) [4]. Then, the power spectral density was computed and
integrated to compute the tremor power. A tremor score was created to normalize
data from each joint accordingly to Eq. (1) [6].

Tremorscore = 0.5+ 0.5× (systemOFF − systemON )

max(systemOFF; systemON )
(1)

Tremor score equal to 0.5 represents no change in tremor amplitude between the
OFF and ON windows, while 1 represents 100% tremor reduction, or 0 represents
100% tremor aggravation. In order to compare the phase difference between the two
arms, the filtered angles were segmented in tremor cycles and the phase difference
was computed considering the nearest peaks between the two signals.

Since this contribution describes a pilot study, descriptive statistics were used to
analyze the data from the two patients.
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3 Results

Both patients completed the experimentswithout any adverse effects. Figure 1a repre-
sents the tremor scores for the bilateral stimulation experiment. Bilateral stimulation
reduced wrist flexion-extension tremor in both tremorgenic predominant arm (0.58
± 0.22) and non-tremorgenic predominant arm (0.54 ± 0.36) in 4 out of 6 trials.
The single stimulation of the non-predominant tremorgenic arm or the predomi-
nant tremorgenic arm reduced tremor in the ipsilateral stimulated wrists in all the
performed trials. The effect was quite variable on the contralateral side (tremor
increased in half of the trials and decreased in the other half of the trials). Main
tremor frequencies in the predominant and non-predominant tremorgenic arm were
5.3 and 5.8 Hz, respectively. Tremor was out-of-phase between both wrists (tremor
phase shifted >70º) 67.7% of the time.

Figure 1b represents the tremor scores for the multi-joint tremor reduction exper-
iment. Single stimulation of BB and TB and single stimulation of FCR and ECR did
not achieved tremor reduction neither in the elbow nor the wrist. Combined stimula-
tion of flexor and extensor muscles of both wrist and elbow reduced tremor in both
wrist (0.60 ± 17) and elbow joints (0.56 ± 30).

Fig. 1 Tremor scores between the 30 s OFF period and 30 s ON period for each stimulation
condition. a Bilateral stimulation experiment. b Multi-joint stimulation experiment.
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4 Discussion

This contribution presents two tremor reduction approaches based on the stimulation
of afferent pathways drawing from the shortcomings of previous studies. The vari-
ability in the tremor reduction results here presented may be explained through the
concomitant variability to case studies and the capability of the stimulator, limited
to 5 V power. The prevailing phase shift between both sides and the bilateral tremor
reduction scores reported suggest that the stimulation of both affected limbs and
the exploration of other spinal circuitries rather than reciprocal inhibition should be
considered to refine tremor reduction strategies.Moreover, the stimulation ofmultiple
muscles controlling the elbow alongside the wrist relies on the need of addressing
the different sources of mechanical tremor, proved to propagate from proximal to
distal joints and vice versa. Forthcoming works should be steered towards testing
these approaches in larger ET populations.
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Feasibility Assessment of Muscle Force
Estimation Using the Myo Armband
During Arm Curl Training
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A. de los Reyes-Guzmán, A. Gil-Agudo, and Álvaro Bertelsen

Abstract As the life expectancy is increasing, the preservation of the autonomy
and quality of life of the elderly is becoming a critical socio-economic issue. To
prevent conditions such as the frailty, new devices that help the elderly to exercise
safely are being investigated (e.g. robotic-based systems). Within such a framework,
this work explores the use of inexpensive and easy to use electromyographs (i.e.
Myo armband) for the rough estimation of muscle forces from training sessions
captures of the arm curl with various loads, such that this information can be used
later for the monitoring of the subject physical condition. To assess the quality of
the estimations based on the Myo armband, we compared them to those obtained
from a professional electromyograph. Preliminary results suggest that the obtained
estimations are reasonable for the intended use.

1 Introduction

Frailty is an age-related decline state of nutrition, cognitive, emotional and physical
capability, leading to serious impairments or death. As predictions say that in year
2050, 20% of the population will be composed of elders [1], the prevention and
treatment of frailty is critical. Early detection and treatment of the frailty based on
exercise routines that improve the force, resistance, and equilibrium are key factors
to accomplish these goals.
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Fig. 1 Data collection: a initial and final position of the arm curl movement and b motion and
EMG recording setup

New devices are being investigated to provide the elderly with safer ways to
exercise, such as robotic-based systems that monitor the subject movement to avoid
compensatorymovements and regulate the load to avoid injuries. Findingways to use
the data captured from the training sessions with those systems to track the subjects
evolution also needs to be researched.

This work explores the use of a low-cost electromyograph (Myo armband) to
estimate the biceps and triceps muscle forces during the arm curl training (Fig. 1a),
which is a relevant exercise in clinical tests for frailty [2, 3]. In this way, we expect
to obtain rough force estimations that could be part of an objective metric set that
helps therapists to assess and plan the interventions.

Although the Myo armband has been used for clinical applications such as pros-
theses control [4, 5] or arm fatigue detection [6], to the best of our knowledge, the
assessment of the muscle force estimations in the mentioned scenario has not been
conducted.

2 Materials and Methods

2.1 Data Collection

Two healthy subjects executed: (a) 5 trials of the arm curl movement with 4 load
conditions (no load, low, medium, and high loads), (b) one elbow extension and (c)
one elbow flexion with maximum load. The definition of the load levels depended
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on the subject physical capability, using dumbbells with weights ranging from 1 to
7kg. Kinematics were captured using a Codamotion system (200Hz) with 28 active
markers placed on the shoulders, trunk, arm, forearm, and hand. The complete move-
ment protocol was recorded twice per subject with: (a) the surface EMG recording
system (Noraxon, Scottdale, Arizona, USA) (N_EMG) 1500Hz (16-bit sampling
resolution) with one channel per muscle (following SENIAM protocol) and (b) the
Myo 200Hz (8-bit sampling resolution), with its 8-channels around the upper arm
(4th channel centered around the biceps).

2.2 Data Processing

A personalized musculoskeletal (MS) upper limbmodel was created for each subject
using the recorded markers. Next, inverse kinematics and dynamics were estimated
and a muscle analysis was executed to obtain muscle lengths and muscle moment
arms (applied on the elbow joint) for each of the recordings (all of them using
OpenSim).

Both N_EMG and MYO armband electromyography (EMG) signals were fil-
tered to obtain their envelopes and then normalized based on the highest activation
value recorded among each subject trials. N_EMG recordings were already synchro-
nized with the motion captures. Myo armband recordings were synchronized with
the motion by correlating its angular signals in the antero-posterior plane with the
shoulder flexion obtained from the inverse kinematics.

2.3 Force Estimation

In order to estimate muscle forces that were consistent with the EMG and the
inverse dynamics, we used the Calibrated EMG-Informed NMS Modelling Tool-
box (CEINMS) [7], which estimates adjusted muscle excitations that resemble the
recorded EMG envelopes while producing muscle forces that generate net moments
at a joint close to the estimated joint moment obtained from the inverse dynamics.

CEINMS requires definition of a mapping between the EMG envelopes and the
musculo-tendon units (MTU) of the MS model. In the case of the Myo armband, a
manual weighted mapping of its EMG channels was made to feed the Biceps long
(BLong), Biceps Short (BShort), Triceps short (TShort), and Triceps long (Tlong)
MTUs. In the case of the N_EMG signals, the biceps channel was assigned to feed
BShort and BLong MTUs, and the triceps channel to feed the TShort and Tlong
MTUs.

CEINMS requires a calibration of theMTU parameters of the model. We used the
no load, medium and maximum load trials for this. The low and high load trials were
used for the validation of the models by computing an error function that assesses the
difference between the muscle excitations and joint moments estimated by CEINMS
and the experimentally measured ones.
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Table 1 Relative error [%] between the muscle force estimations obtained from the N_EMG and
Myo armband recordings

Trial TLong TLat BLong BShort

S1 low 63.92 87.65 2.54 33.28

S1 high 59.63 59.07 33.59 29.83

S2 low 35.56 12.52 53.57 26.47

S2 high 37.30 37.88 10.83 6.49

Mean 49.10 49.28 25.13 24.02

3 Results

Table1 shows the relative errors between the mean force estimations for each MTU
obtained from the N_EMG and Myo armband derived signals. In general, it can be
observed that the estimation errors are lower for the muscles that contribute the most
to the arm curl: BLong and Bshort.

4 Discussion

The results suggest that, in spite of the large differences in the quality of the acquisi-
tion of EMG signals (e.g. sampling rates, bit sampling resolutions, etc.) between the
EMG recording devices, the Myo armband data can be post-processed effectively to
obtain coarse muscle force estimations (mean relative error≈ 25% for the main con-
tributing muscles). We believe that such accuracy is enough to conduct follow-ups of
the subject force generation capability with a very simple setup for EMG recording.
Notice that this work focuses on the differences in the estimations obtained from
the EMG systems but does not address the accuracy of the force magnitudes, which
would require to record reaction forces on the floor and a study of the MS model
residual forces. In addition to this, other limitations that need to be addressed to
generate stronger evidence on this research question are: (a) involve more subjects
(including pre-frail and frail subjects) in the study, (b) evaluate the long-term validity
of the subjects MTU parameters and the necessity of recalibration, and (c) take into
account the effect of muscle fatigue in the estimations.

5 Conclusion

This work presented a preliminary assessment of the feasibility to use the Myo
armband EMG recordings to estimate the biceps and triceps muscle forces during the
arm curl exercise with various load conditions. The force estimations were compared
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to those obtained from a professional EMG recording device. The results suggested
that coarse force estimations can be obtained from the Myo armband for the follow-
up of the force generation capability of a subject. Although more evidence needs to
be generated in future studies to corroborate this, devices like theMyo armband seem
promising and attractive due to their low-cost and ease of use for patient monitoring.
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The Influence of Harmonics Filtering
for Weak EMG Analysis

R. Aydın, F. Alnajjar, M. Sonoo, A. Costa Garcia, K. Takatsune,
and S. Shimoda

Abstract Cerebral palsy is a neurological disorder which caused by a brain injury
or developmental malfunction of the brain. Cerebral palsy may cause many adverse
results such as movement and postural stability problems. One of the medical condi-
tions thatmay occur with such problems is scoliosis. There are few treatment options,
one of the commonmethods is the use of a back brace. The patients can bemore active
when they wear the brace. The purpose of our research is to clarify the difference
between the conditions with and without brace focusing on the difference of surface
electromyography (s- EMG) activities. In many cases, however, s-EMG signal is too
weak to analyse in typical way. In this paper, we discuss the filtering method of the
weak s-EMG signals. We use a notch filter whose cut-off frequencies are determined
by fast Fourier transform of the raw signals. We show that the filter does not make
strong influence for the features of s-EMG signals to be able to discuss the differences
between the conditions which are with and without wearing a back brace.

1 Introduction

Cerebral palsy is a neurodevelopmental disorder that is prevalent amongst children
and adolescents and it caused by a brain injury or brain malfunctioning during its
development. Cerebral plays mainly effects movement and posture [1]. One of the
major problems regarding movement and the posture that had been affected is scol-
iosis. Scoliosismanifests itself as sidewise incurvation of the spine. Depending on the
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age at which the progression has started and the extent of the impairment, the condi-
tion may vary. There are few treatment options medications, therapies and surgery.
Moreover, the use of a rigid back brace has been favoured in the literature for such
patient populations. A considerable amount of studies have presented evidence for
effectiveness of brace on scoliosis patients. There are studies in which the findings
demonstrated that the prevalence of the surgery might have decreased by the brace
usage [2], especially when combined with physical treatment [3]. The improvement
in the pulmonary function [4] and the prevention of the increase in the curvature
rate have been found as well [5]. However, such researches have the disadvantage of
studying weak EMG signals. s-EMG signal may be very weak or at low level when
the movement ability is limited. Especially in such patients muscle weakness and
contraction generally lead such problem with s-EMG recording. Therefore, filtering
is very essential and crucial step before any further classification or analysis steps.
The notch filter is a very common tool to filter data from power line noise.

In this pilot study, the main goal was to see the effectiveness of the notch filtering
with 3 cut-off points on s-EMG data that is taken from a patient whose s-EMG data
contains very low information and high noise which is difficult to use and to observe
if there any differences in EMG frequency spectrums of the signal in a patient with
scoliosis condition with and without a back brace. We use notch filters which cut-off
frequencies are determined by fast Fourier transform of the raw signals.

2 Material and Methods

2.1 s-EMG Recordings

Lab made s-EMG sensors mainly used over frontal and back lower abdominal
muscles. The backmuscleswere recordedwith 16-channels whereas front abdominal
muscles were recorded with 20-channels EMG. Sampling rate was set to 2000 Hz.

2.2 Study Protocol

The study had carried out in an hospital with therapist and medical professionals.
Patient asked to perform some daily life tasks such as eating, drinking, standing
up and walking with and without a brace brace. Firstly, patient followed guide-
lines of medical professional then only s-EMG sensors placed and recording started.
Recordings were taken while she performed tasks until otherwise instructed. After
tasks completed with only s-EMG sensors, patient stopped and had a brace on and
s-EMG sensors. Then the patient performed same tasks (Fig. 1).
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Fig. 1 The left image displays patient while wearing only s-EMG whereas the right image
demonstrates when the patient wearing s- EMG and brace

2.3 Data Filtering

s-EMGdata has been collected and simply filteredwith a notch filtering. Three cut off
points at 60, 120, and 240Hz. This step had completed to correct the harmonics of the
power line noise in the data. The filtering of the data has proven to be acceptable for
this dataset well and the main investigation of the current study has been successfully
employed and showed good results (Fig. 2).

As it can be observed from the images that the noise has been successfully
unmasked from the data without changing the data characteristics. Therefore, the
filtering has been proven to be acceptable for this data type. Filtering in the frequency
domain has shown the same level of the effectiveness which can be observed from
the below image (Fig. 3).

3 Results

The main goal of this paper has been achieved by showing the effectiveness of the
applied filter with 4 cut-off points on raw s-EMG signals. The data was filtered
out from the power line noise and its harmonics without interfering the actual data
characteristics. Therefore, we can confidently declare our filter as an acceptable filter
for such raw s-EMG signals.

In addition to results of ourmain goalwith filtering,we observed somebehavioural
changes with regard to patient performance while s-EMG and brace were on. The
preliminary results from the pilot study have shown positive effects of wearing a
back brace on a scoliosis patient. The results are divided into two main categories
as observational behavioural results and the EMG analysis of the recorded muscle
signals. The results from the observational bodily and behavioural changes have
shown that the posture after wearing the back brace has been improved and espe-
cially contralateral hand moved more freely compared to the non- brace condition



794 R. Aydın et al.

FFT After Filter

FFT Before Filtera

b

Fig. 2 a The left image displays the raw EMG signal and the right image represents its FFT result
before filtering in which the harmonics manifested by peaks at 60, 120, and 240 Hz. b The left
image shows the same EMG signal after the filter applied while the right image demonstrates the
FFT results of the EMG data after filter

Fig. 3 The left image shows the EMG frequency spectrum before the filter is applied to the data
while the right image shows the EMG frequency spectrum of the same data after the filter is applied
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under the same daily tasks. The position of the body parts such as shoulders and
arm seems to be more natural with the brace use. By natural positioning we refer
this from subjects’ behavior of keep shoulder more upright and keeping the arm
contralateral arm closer to the trunk. Also, these mechanical bodily changes have
been observed by medical professionals. Moreover, keeping standing up motion and
walking were possible only with the brace wearing condition which clearly shows
effectiveness of the brace. Further results also can be interpreted as a change in the
neural pathway and the results from the s-EMG have suggested evidence for the
viability of median frequency method to measure muscle fibre types which are very
important to screen the progression of the curve and the correct classification of the
diagnosis subsequently to its treatment.

4 Conclusion

In this paper, we have discussed the influence of harmonics filtering for weak EMG
signal analysis. The nature of the EMG signals are different from other bio-signals
such as EEG. EMG signals, in general, are very clear and harmonic noise does not
pose a big problem in many cases. When the motions are small like the patients
with movement difficulties, however, the measured EMG signals will be too weak
to analyze with the conventional approach.

The current paper has examined the signal analysis for weak EMG data which
contained harmonic noise. We have shown that the combination of notch filtering
and frequency domain analysis can clarify the EMG signal to detect the feature of
muscle activities embedded in the raw-EMG signals.
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Co. LTD to whom we would like to thank for their supports.
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Online Continuous Detection
of Time-Varying Muscle Synergies

Simone Ranaldi, Claudio Castellini, Andrea D’Avella, and Silvia Conforto

Abstract Muscle synergies have been widely used as a compact description of the
neuromuscular motor control strategies. The online detection of synergistic activa-
tions might therefore improve the feasibility of sEMG-based control algorithms.
In this study, a simple online detector of time-varying muscle synergies activation
timings is proposed, and its performance is evaluated in a simulated online scenario
on a small sample of experimental signals.

1 Introduction

The surface electromyography signal (sEMG) has been widely used to charac-
terize the neural strategies underlying human motor control. The direct relationship
between sEMG signals and neuromuscular control strategies has been often taken as
a motivation to exploit those signals for improve the control of prostheses or virtual
reality avatars [1].Moreover, it is well known that the humanmusculoskeletal system
has a redundant nature and that different muscles must be coordinated to achieve
a variety of biomechanical functions. Thus, a physiologically inspired dimension-
ality reduction technique may significantly improve the outcomes of any real-time
decision algorithm using the sEMG signal.

The coordination of different muscles is typically represented under the muscle
synergy model; regardless of the physiological interpretation and mathematical
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implementation, the general feature of this model is that different muscles are acting
in a patterned or grouped manner, i.e. as a synergy, to generate complex move-
ments. Among the different muscle synergy models, the time-varying model is the
one that describes muscle coordination in the most compact way [2]. Moreover,
the combination of spatial and temporal information in the same synergy makes
this description the most suitable for investigating the sEMG signal in a windowed
way, potentially improving reliability of any sEMG-based decision algorithm.While
the online processing of muscle synergies has been shown to be relatively straight-
forward when a synchronous model is exploited [3], the real-time detection of the
time-varying synergistic structure is more complex and requires the optimization of
different processing blocks.

In this work, a simple, projection-based method to identify the activation of time-
varying synergies starting from a pre-existent dictionary is presented and tested, with
focus on its implications for online sEMG processing.

2 Methods

2.1 Time-Varying Muscle Synergies

The time-varying synergy model describes the coordination of several different
muscles as the combination of the activity of a set of patterned muscle activations. In
this description, a muscle synergy or motor module is defined as the potentially asyn-
chronous activation, within a fixed time frame, of different muscles [2]. Considering
this, any complex muscle activation pattern can be generated by the linear combi-
nation of a small number of synergies, optimally scaled in amplitude and shifted in
time.

In themodel of the time varyingmuscle synergy, eachmotormodule is represented
by a Nm × L matrix, where Nm is the number of muscles and L is the length of the
synergies. If the muscle coordination is well represented by Ns synergies, the sEMG
envelope during a biomechanical event is then described by Ns matrices determining
the dictionary of synergies and two vectors of length Ns, C and τ, indicating the
scaling and timing coefficients.

2.2 Experimental Protocol

The online synergy detector has been tested on upper limb reaching data coming
from three subjects among those enrolled in [2]. All the details on the experimental
protocol can be found in the referenced study. For this work, the kinematics of the
movementwasusedonly as a reference for the segmentationof the electromyographic
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signal. The sEMG envelopes, originally recorded at 1 kHz, have been down sampled
at 100 Hz.

2.3 Data Analysis

The tonic component of the sEMG amplitude was estimated and removed from the
signal, and time-varying synergies were then extracted following the same procedure
adopted in [2]. To be coherent with the previous results on the same data, 5 synergies
were extracted from all the subjects and the length of each module has been set to
500 ms. The R2 value coming from the synergy approximation has been evaluated,
and the W matrices were used as a dictionary for the online detector.

2.4 Online Detector

The online detector works by projecting the first 200 ms of each synergy on the
sEMG envelopes. At each time sample, all the synergies are projected onto the multi-
muscle signal and the synergy with the greatest projection value after normalization
is selected as a candidate for being active. The scalar product for that synergy is then
evaluated for the subsequent windows until its maximum is reached; the beginning
sample of this window is then fixed as the onset of the synergy and the scaling
coefficient is set to the corresponding scalar product value. The synergy profile
is then scaled by the amplitude coefficient and subtracted from the corresponding
samples of the sEMG signal, similarly to what is done in the extraction algorithm
[2]; moreover, when a synergy is found to be active it undergoes a refractory period
for its entire duration. If at any time instant a different synergy has a higher scalar
product with respect to the current candidate, that synergy is selected as the new
candidate without defining any activation of the previous one; this criterion has been
inserted to ensure that no spurious activations can be detected when no synergy is
present, given that in presence of zero activity the projection values are randomly
fluctuating.

The quality of the online detection has been quantified by using the estimated C
and τ to reconstruct the original data and comparing the R2 coming from this approxi-
mation to the one foundwith the original synergy extraction algorithm.Moreover, the
errors in the identification of the C and τ values have been computed as an additional
metric.
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Fig. 1 An example of the reconstruction of the original data (black) coming from the synergy
extraction (blue) and from the online detector (red)

3 Results

In order to ensure the validity of the results regardless of convergence to localminima,
all the synergy estimation and subsequent projections have been replicated 30 times.
R2 values coming from the original synergy extraction algorithm have been found
to be 0.80 ± 0.01, while for the reconstructed data the quality of the reconstruction
drops to 0.77± 0.02.On average, the online detector has an error of 5%of the original
value for the amplitude coefficients and of 15 ms on the timing instants. From Fig. 1
an example of the comparison between the original data and the two reconstruction
is shown on randomly selected subset of muscles for a 10 s time interval.

4 Discussion

The presented results show that it is, in general, possible to build an algorithm for
the online detection of the onset of the time-varying synergy from a multi-muscle
sEMG recording. The small drop between the quality of the reconstruction from
the optimization algorithm for synergy extraction and the one from the projection
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algorithm suggests that the performance of this kind of detector depends strongly
on the quality of the synergy dictionary, that must be built on a subject-specific
basis before the application of the controller. In this sense, future studies will have
to investigate whether the dictionary built upon a relatively small portion of the
time series is able to describe longer sequences of activations. In an ideal stationary
model, if the calibration signal spans the entire movement space the synergymatrices
are a complete basis for the sEMG space; however, several factors might affect the
signal, potentially requiring a re-calibration of the dictionary. Among those factors,
the co-adaptation mechanisms between the user and the controlled device might play
a significant role and must be accurately characterized in a real life scenario.

A potential limitation of this online detector is the impossibility to account for
activation of variable length; while in the literature some attempts to identify muscle
synergieswith a dynamic timewarping approach have been proposed [4], the solution
to the problem requires complex and computationally expensive algorithm that will
detrimentally affect the real-time performance of the detector.

5 Conclusions

In this study, a projection algorithm for the online identification of time-varying
synergies has been proposed. The results have shown that, if the synergy dictionary
is well defined, it is possible to identify the onsets and the amplitude coefficients
of the time-varying synergy starting from a window smaller than the length of the
synergy itself.While some optimization procedures might be needed for a real-world
implementation of this method, the results are promising in the framework of using
these modular motor control concepts in myoelectric control algorithms.
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Approximate Credibility Intervals for
Independent Component Analysis

Olivier Thill and Luca Citi

Abstract Independent component analysis (ICA) is often used to retrieve the acti-
vation patterns of motor units (MUs) from electromyographic (EMG) data. This
chapter uses a Bayesian approach to look at the uncertainties around the ICA results.
This is done both in regards to the amount of training data provided and in regard to
how the certainty differs for each MU source recovered by ICA.

1 The Electromyographic Inverse Problem

1.1 Problem Description

Raw electromyographic data X as recorded by an array of electrodes on the skin
surface is a mixture of the electric potentialsY caused by the activations of the motor
units (MUs) within the muscle. Each of the n rows in Y is a trace of a MU activation
pattern which will be refereed to as a source in the following. Assuming a simple
linear generative model and additive noise, the relationship between X and Y can be
written as:

X = MY + N (1)

where N represents noise due to the recording process but also to the presence of
any background physiological signals beyond those of interest; M is the unknown
mixing matrix linking Y to X. In the noiseless mixture approximation, this can be
restated as:

Y = WX (2)
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whereW, called the un-mixing matrix, is the inverse ofM. For a complete overview
of the general problem see [1].

1.2 Aims

This chapter presents amethod tomeasure the uncertainties of each signal in estimates
of Y. These measurements could be of use to quantify the quality of the algorithm
used to derive the estimates given X or as input to a feature selection algorithm.

This work uses EMG data solely as example, the method presented here ought to
be applicable in a straightforward manner to any inverse problem as defined in (1)
and (2) such as when dealing with electroencephalogram (EEG) data but also for
datasets outside the brain computer interface domain.

2 Methods

2.1 Parameter Inference

Our algorithm starts by finding estimates Ŵ and Ŷ of the un-mixingmatrix and of the
sources using the reloaded fast ICA algorithm [2] in the noiseless case corresponding
to (2).

The estimate Ŵ of the un-mixing matrix can be interpreted as the maximum-a-
posteriori (MAP) solution of the likelihood formulation of the ICA:

L(W|X ) =
∏

i

∏

t

(1 − tanh(W[i, :]X [:, t])2)||W|| (3)

where t is an index for the samples in time and i indexes rows of W which themselves
produce the i th source in Y.

Then, under the assumption of a flat prior, the Laplace approximation [3] around
the MAP Ŵ was derived for each row ofW. Let the matrix Ĥi be the Hessian of the
log-likelihood with respect to row i ofW, then the posterior ofW can be expressed
as follows:

�̂i = (−Ĥi )
−1,

W[i, :] |X ∼ N (Ŵ[i, :], �̂i ).
(4)
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2.2 Posterior Predictive Distribution

Given new EMG data X̃ assumed to be generated by some unknown sources Ỹ
through the same mixing process that generated X (i.e. with an un-mixing matrix
distributed according to (4)), the posterior predictive distribution of Ỹ can be calcu-
lated as follows:

Ỹ [i, t] |X , X̃ ∼ N (Ŵ[i, :]X̃ [:, t], X̃ [:, t]′�̂i X̃ [:, t]). (5)

In particular the mean and standard deviation of the i th source at sample t of the test
signal Ỹ can be found as:

μi t = Ŵ[i, :]X̃ [:, t]
σi t =

√
X̃ [:, t]′�̂i X̃ [:, t] .

(6)

A normalised score which can be understood as a signal to noise ratio of the posterior
predictive distribution is calculated for each source in Ỹ :

SNRi =
∑

t μ
2
i t∑

t σ
2
i t

. (7)

This SNR is calculated as the ratio of the total power of the mean (interpreted as
an approximation of the true signal) and the total power of the deviations from that
signal.

3 Experimental Setup

3.1 The SEEDS Datasets

Our method was tested on the datasets described in [4], which is a collection of EMG
recordings. The data were downsampled from 2048 to 256Hz using a digital filter.

3.2 Preprocessing

There are often periods of inactivity at the beginning and end of each recording.
Thus, from each recording only the continuous blocks of 1280 samples (5 s) with the
highest mean absolute magnitude were taken. Each block was visually inspected to
ascertain that the selection was not caused by artefacts.
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Each block was split into a training and a test set. As the effect of different training
set sizes is of interest, the experiment was rerun for each block with a number of
different training set sizes.

The different sizes for a training set where: 256, 385, 512, 640, 768, 896, 1024.
The training data was always the centremost while the test set was composed on the
data remaining before and after the training data.

4 Results

A visual representation of the Ỹ s corresponding to (6) is shown in Fig. 1. Note
how a larger training set (red lines) leads to a smaller uncertainty in the estimation
of the sources corresponding to the test set. Figures2 and 3 show the signal to noise
ratios as a function of the rank of the source, ordered either as returned by reloaded
fast ICA or by the signal to noise ratio itself.

The experiment has been run over multiple recordings and the results from each
run were qualitatively similar across all of them to the small subset shown in this
section.

4.1 SNR Given Training Size

As expected, the signal to noise ratio shown in Figs. 2 and 3 degrades steadily as the
training size decreases. This is because shorter training sets lead to larger uncertain-
ties in the estimation of W (i.e. larger �i ) which translates into larger uncertainties
in the reconstructed Ỹ s.

Fig. 1 Two example Ỹ traces of, most likely, the same source. Shown is the mean and the mean
± the standard deviation over time for each trace. The red trace was obtained from a model trained
with 1024 data samples and the blue trace from one trained with 256 data samples
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Fig. 2 Signal to noise ratio calculated over the test data ordered according to ICA source rank

Fig. 3 Signal to noise ratio calculated over the test data ordered according to decreasing SNR

4.2 SNR Given Source Rank

The reloaded fast ICA algorithms returns the unmixed features in order of best to
worst according to its own heuristic, see [2]. As can be seen from Fig. 2 this heuristic
gives a similar ordering than ordering by SNRwould give. However visual inspection
of the actual predictive posterior traces of the sources (Ỹ ) reveals SNR to be a far
better predictor as most of the strong negative peeks found in Fig. 2, correspond to
“noise” sources and not to unmixed motor unit action potential signals while the
other sources are actual unmixed signals.

For comparison Fig. 3 shows how SNR changes with the sources ordered from
highest to lowest SNR. Here the dip towards the end corresponds to “noise” sources.

5 Conclusion

The results show that the signal to noise ratio can give insight on the quality of
unmixed signals. One possible use case might be feature selection since “noise”
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channels showed, in the data sets explored, visible different SNR than other sources
reconstructed by the same un-mixing matrix. Further research could look into using
the benefits of using a informative prior rather than the flat prior used so far.
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Muscle Tension Analysis in Stroke
Patient Sit-to-Stand Motion by Joint
Torque-Based Normalization

Ruoxi Wang, Qi An, Ningjia Yang, Hiroki Kogami, Kazunori Yoshida,
Hiroyuki Hamada, S. Shimoda, Hiroshi Yamasaki, M. Sonoo, F. Alnajjar,
Noriaki Hattori, Kouji Takahashi, Takanori Fujii, Hironori Otomune,
Ichiro Miyai, Atsushi Yamashita, and Hajime Asama

Abstract Patients with stroke exhibit distinct muscle activation features in sit-to-
stand motion due to motor deficiency. Muscle activation amplitude is an important
feature but has not been clarified due to the lack of a valid normalization method
to enable intra-subject comparisons. This study, focusing on the paretic side, exam-
ines the change in muscle tension manifested in activation amplitude for a patient
with stroke in serial measurements by a novel method based on joint torques. We
constructed a musculoskeletal model, calculated joint torques by inverse dynamics,
and solved muscle activation by forward dynamics simulation. Results showed that
tibialis anterior, gastrocnemius, vastus lateralis, rectus abdominis, and erector spinae
muscles on the paretic side showed significant improvement in generating maximum
muscle tension after a rehabilitation training for 120days.

1 Introduction

The global population is aging rapidly, accompanied by a steep increase in the
prevalence of stroke disease [1]. Today, stroke is a leading cause of disability and
death. Patients with stroke suffer motor deficiency in sit-to-stand (STS) motion. For
instance, they are prone to falling, which is a common cause of hospitalization [2].
STS is thus a rehabilitation focus for training to improve stroke patients’ indepen-
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dence and life qualities. To facilitate diagnoses and develop effective rehabilitation
strategies, it is essential to understand the mechanism in STS in which patients suffer
substantially.

Patients suffering stroke show distinct muscle activation temporal features in
STS [2]. Besides muscle activation time, activation amplitude is also an important
feature for interpreting the contribution of muscle strength in motions and evaluating
motor performance [3]. However, activation amplitude features, especially amplitude
changes in rehabilitation, remain unclear due to the lack of a feasible normalization
method for stroke subjects.

Both muscle activation time and amplitude measured by surface electromyogra-
phy (sEMG) on different days during rehabilitation may differ. sEMG normalization
is necessary for comparing activation amplitudes due to different human skin condi-
tions and slight inconsistencies in manual placements of sEMG sensors on different
days, even if it is with the same subject. If changes in activation amplitude could
be clarified for patients in stroke rehabilitation, it would unveil how patients’ mus-
cle tension improvements reflect motor recovery, thus suggesting effective training
strategies. Therefore, this study, first focused on the paretic side, aims to clarify
muscle tension improvements manifested in muscle activation amplitude increases
in stroke rehabilitation by normalizing muscle activation based on joint torques, con-
sidering that activated muscle forces generate joint torques. Both muscle activities
and joint torques were thus examined in this study.

2 Methods

2.1 Musculoskeletal Model

A skeletal model with segments of shank, thigh, pelvis, and HAT (head, arm, and
trunk) is constructed to calculate joint torque Tjnt at the ankle, knee, hip, and lumbar
joints from body kinematics [4], as in Fig. 1a. Tjnt is solved given joint angles,
segment inertia, viscous resistance forces, gravitational forces, and non-linear forces,
by inverse dynamics.

A muscle model in Fig. 1b is constructed for forward dynamics simulation to map
joint torque τk at the ankle, knee, hip, and lumbar joints tomotion [4]. Elevenmuscles
are considered: tibialis anterior (TA), soleus (SOL), gastrocnemius (GAS), rectus
femoris (RF), vastus lateralis (VAS), biceps femoris long head (BFL), biceps femoris
short head (BFS), gluteus maximus (GMAX), rectus abdominis (RA), erector spinae
(ES), and iliopsoas (IL). τk is generated bymuscle forces Fi exerted atmusclemoment
arms rki , as in (1). Hill Typemusclemodel is applied to calculate Fi , which equals the
sum of actively generated tension FCE

i by the contractile element (CE) and passively
generated tension by the parallel element (PE) [5]. FCE

i is calculated from (2), where
ffl and ffv indicatemuscle force-length and force-velocity relationships, respectively;
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Fig. 1 Musculoskeletal
model. a Skeletal model for
joint torques calculation by
inverse dynamics. b Hill
Type muscle model for
forward dynamics simulation

Fmax
i is maximum muscle contraction force; m̂i is the normalized muscle activation

amplitude. The passively generated tension presents when a muscle extends beyond
its optimal length.

Due tomuscle redundancy induced by bi-articularmuscles, the normalizedmuscle
activation amplitude m̂i in (2) is solved by optimization. Under the constraint that
τk in (1) equals Tjnt obtained from body kinematics, Tjnt is thereupon decomposed
to the desired muscle activation m̂i by minimizing the error between simulated m̂i

and measured muscle activation mi , as in (3), to let the model generate a motion
resembling the motion performed.

τk =
4∑

k=1

11∑

i=1

rki Fi , (1)

FCE
i = ffl ffvF

max
i m̂i , (2)

Z =
11∑

i=1

1

2
||m̂i − mi ||2. (3)

2.2 Measurement Experiment

Measurement experiments were conducted with one patient with stroke for serial
assessments of motor recovery using the proposed models. The participant is male,
56years old, and sustains motor impairment on his left side due to putaminal hem-
orrhage. Four measurements (on day 25, 95, 116, 144 after stroke onset) were done
when the patient was receiving rehabilitation training in the hospital. The patient was
invited to repeat 10 trials of sit-to-stand without external assistance at a self-paced
speed.

Body kinematics, feet and hip reaction forces, andmuscle activities were recorded
100Hz, 2000Hz, and 2000Hz, respectively, using optical motion capture system
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(Motion Analysis Corp.), force plates (TechGihan Corp.), and Wireless sEMG sen-
sors (Cometa Corp.). sEMG sensors were placed at the same muscles considered
in the musculoskeletal model (in Fig. 1b), except for iliopsoas (IL) since IL is an
inner hip joint flexion muscle that cannot be measured with sEMG. Each muscle is
either uniarticular or bi-articular and contributes to STS by flexing or extending the
ankle, knee, hip, and lumbar joints. Measured muscle activation (mi ) signals were
band-pass filtered with a zero-lag fourth-order Butterworth filter of 40–400Hz and
rectified with a fourth-order low-pass Butterworth filter 4Hz. The reaction force data
was low-pass filtered 20Hz. Each STS trial, consisting of 1 s before and 2s after the
seat-off moment, was extracted from the whole process for data synchronization.

Informed consent was obtained from the patient. Experiments were approved by
the Morinomiya Hospital, Japan.

3 Results and Discussion

Maximummuscle tension andpeak joint torque generation of the paretic side between
the first (day 25) and last (day 144) measurements were examined by paired t-
tests [6]. The patient’s TA, GAS, VAS, RA, and ES muscles showed significant
increases (P < 0.05) in maximum muscle tension and activation amplitude. Since
stroke patients with no or low-amplitude activation in their TAmuscles were prone to
falling [2], the significant increases in activating the TAmuscle may explain why our
patient became less likely to fall as he recovered.Additionally, significant increases in
maximum joint torque generation were found at the knee and lumbar joints, whereas
the hip joint showed a significant decrease in torque generation. It may suggest that
the patient relied less on the hip joint and adopted a different strategy in activating
muscles associated with the hip joint to stand up as motor abilities recovered.

4 Conclusion

This study compared and clarified muscle tension improvements reflected in motor
recovery of the paretic side for a patient in serial measurements during stroke reha-
bilitation, using the proposed joint torque-based normalization method. Our results
may assist in suggesting effective rehabilitation strategies for stroke survivors. For
future work, we aim to explore a better optimization algorithm to minimize errors
and consider more stroke and healthy subjects to better understand patients’ motor
recovery processes.

Acknowledgements This work was supported by JSPS KAKENHI Grant Number 19H05729,
19K22799 and 18H01405.
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An Embedded Implementation
of EMG-Driven Control for Assisted
Bilateral Therapy

A. Cisnal, V. Moreno-SanJuan, D. Sierra, J. P. Turiel, and J. C. Fraile

Abstract The RobHand (Robot for Hand Rehabilitation) platform supports EMG-
driven assisted bilateral therapy enabling active-assistive training. The robotic reha-
bilitation platform incorporates a custom-made EMG embedded solution for real-
time gesture recognition whose output is used in the exoskeleton bio-cooperative
controller. The recorded EMG signals are processed creating two biofeedback paths
(a force source and a visual one) to help the user in developing awareness of and
confidence in voluntary control of the system while performing rehabilitation tasks.

1 Introduction

The availability of robotic rehabilitation systems has enabled patients to perform
bilateral assisted training, which follows the same principles of the traditional mirror
therapy; the only difference is that the illusion provided by the mirror is replaced
by the real motion of the paretic limb because of the assistance of the robot. Mirror
therapy has been widely used for many years because of its usefulness in motor
recovery [1, 2]. In the past years, bilateral assisted therapy, which is based on repli-
cating the referencemotion that produces the healthy hand in the exoskeleton attached
to the impaired hand, has achieved wide dissemination [3–5].

A real-time embedded implementation of EMG-driven control for RobHand
(Robot for Hand Rehabilitation), a robotic rehabilitation system that supports
bilateral assisted training for hand rehabilitation is presented.

Electromyography (EMG)enables the detectionof themuscular activity and there-
fore, the user intention of movement and gesture recognition. EMG-driven control
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Fig. 1 Auser performing an EMG-driven bilateral assisted therapy with RobHand robotic platform

enables the user to train in an active-assistive way, which has been found more effec-
tive on motor skills improvement than the passive control. However, the number
of embedded implementations of EMG are relatively limited [6–9]. The RobHand
platform incorporates an embedded solution for real-time EMG-based hand gesture
recognition for the exoskeleton control. It also incorporates an innovative EMG-
based visual biofeedback environment, which shows the recorded normalized EMG
signals value on a graphic interface using dynamic size bars.

2 Materials and Methods

2.1 Robotic Hand Module

The RobHand exoskeleton is based on a 4-bar linkage underactuated mechanism that
assists the hand on performing grasping and releasing movements. It has 5-finger
independent modules, each one is powered by a linear motor and has one active and
one passive rotation DoF for flexion and extension of the MCP and PIP joint angles,
respectively (Fig. 1).

2.2 Electronic System

The resulting electrical activity (raw EMG signals) can be acquired by surface elec-
trodes and appropriate conditioning circuitry. A custom-made application-specific
integrated circuit is designed to acquire and perform the analog conditioning of the
sEMGsignals and to transmit them to a real-timemicrocontroller. TheMCUperforms
the digital treatment of the signals to calculate the input of the EMG-driven control
(based on no-pattern recognition algorithm) and apply the appropriate control signals
to the actuators to move the hand exoskeleton according to the user’s intention.

The real-time MCU used is the TMS320F28069M (Texas Instruments), which
is based on the Harvard architecture and has a 32-bit CPU and a clock speed up to
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90 MHz. A custom 2-channel electromyographic data acquisition ASIC, character-
ized by a 24-bit resolution differential channels and 112 DB of dynamic range (DR)
has been designed and developed. Each channel consists of an instrument ampli-
fier followed by a RC low-pass filter (150 Hz cut-off frequency) and is designed
to compensate the differential input offset. Analog electromyographic signals are
converted to digital signals using an integrated ADC Front End.

2.3 EMG-Driven Assisted Bilateral Training

For detection of hand opening and closingmovements, two pairs of surface electrodes
(Lessa—ABMedicaGroup,with a contact area of 30× 30mm) are placed on the skin
surface of the belly of the target muscles (Extensor Digitorum and Flexor Digitorum
Superficialis) with a center distance of 3 cm, while the reference electrode is attached
to the skin surface of the olecranon.

The signals, recorded by the custom-made EMG acquisition system with a
sampling frequency of 200 Hz, are filtered to remove the offset and eliminate elec-
tromagnetics interferences. The filtered signals are rectified by calculating their
envelopes using the Hilbert transform in the time domain. Then, the signals are
down-sampled with a 15-points FIR decimation and applied to a 20-points Parks-
McClellan low-pass FIR filter (linear minimum-phase, low-pass filter) for producing
a smother representation. The resulting rectified signals have a period of 75 ms and
are normalized with respect to the previousmeasuredMVC values of the patient. The
normalized signals are used as the input of the bio-cooperative controller to detect
the user’s intention.

The control is based on a threshold-algorithm and it allows to recognize the actual
pose of the hand, only considering three predefined poses (rest, open and close hand),
and to replicate that pose on the exoskeleton (Fig. 2).

Fig. 2 Threshold based EMG-driven control for gesture detection



820 A. Cisnal et al.

Fig. 3 Control loop for threshold based EMG-driven control

A calibration procedure should be done before starting a new training session to
determinate the necessary thresholds for the EMG-driven control and the MVC,
which is necessary for normalizing the EMG signals. The thresholds are the
maximum limit value corresponding to the muscular deactivation: µ1 for Flexor
Digitorum Superficialis (FDS) muscle and E1 for Extensor Digitorum (ED) muscle.
The gesture recognitionmodule progresses the normalized signals to verify the condi-
tion of the state transitions each 75 ms to determine the three predefined conditions
and to move the actuators according the recognized gesture (Fig. 3).

3 Results and Discussion

Bilateral assisted therapy encourages the active participation of the patients even if
the patients can not move the paretic hand independently, which specially takes a
great importance at early stages of rehabilitation.

Clinical trials have been conductedwith six chronic stroke patientswith the collab-
oration of the “Hospital Clínico Universitario de Valladolid”. Preliminary results
have indicated that the EMG-driven bilateral assisted therapy based on virtual envi-
ronments provides more motivation in comparison with previous trials conducted
with RobHand using passive training paradigms. Patients claims to feel they have
an active role in the rehabilitation and a challenging goal, encouraging to continue
rehabilitation.

Future studies should be carried out to indicate whether the EMG-based visual
biofeedback leads to improvements in rehabilitation outcomes.
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4 Conclusion

A robotic rehabilitation platform for performing bilateral assisted training is
presented. The robotic platform incorporates an embedded solution for real-time
EMG-based hand gesture recognition: a device capable of recording EMG signals in
real-time in combination with the high performance of the TMS320F28069MMCU
used for on-board processing.

RobHand implements a biofeedback, which involvesmeasuring the sEMGsignals
of the forearm and revealing them to the human in real-time to raise awareness of or
to control those events. The sEMG is simultaneously used as visual feedback and as
a force feedback source.
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MERLIN: Upper-Limb Rehabilitation
Robot System for Home Environment

Ainara Garzo, Javier Arcas-Ruiz-Ruano, Iñigo Dorronsoro,
Gabriel Gaminde, Je Hyung Jung, Javier Téllez, and Thierry Keller

Abstract ArmAssist is a cost-effective robotic system for post-stroke upper-limb
rehabilitation. The system incorporates the ArmAssist Assessment platform based
on serious games that enables fast, quantitative and automatic evaluation of the
arm functions. The aim of the MERLIN European project is to bring this system
to the patients’ homes to personalize the therapy with reduced supervision while
increasing the number of movement repetitions to improve the effectiveness. To
this end, the ArmAssist system developed by TECNALIA, has been integrated with
GMV’sAntariHomeCare platform, to customize and supervise the training remotely.
Additionally, several technical improvements have been done to enhance the usability
and functionality of the system according to the patients and therapists’ feedback. In
this paper, the technical progress of the MERLIN system is presented.

1 Introduction

it is estimated that the 75% of people who suffered a stroke have remaining upper
limb deficits [1] and no more than the 20% of them recover the complete functional
mobility in the first 6 months [2]. Several studies showed that intense and task-
oriented rehabilitation improves functional outcomes [3]. However, increasing the
intensity of rehabilitation is difficult due to the high number of affected people and
the limited healthcare resources.
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In the last decades, robot-based systems have been considered a solution to
increase the number of movement repetitions at reduced costs. Safe and intensive
rehabilitation exercises can be done thanks to the precision of movements that the
robots could provide [4]. Moreover, game-based telerehabilitation combined with
robotic systems have created a motivating environment [5] and can increase the
quality and quantity of the therapy due to an enjoyable environment [6].

2 Background

The ArmAssist (AA) system is a modular solution that combines a portable robotic
device and a software platform based on serious games for upper-limb rehabilitation.
The AA can measure the patient’s active arm movements in terms of parameters
such as position, orientation, forearm angle and arm support/lifting or vertical force.
Prono-supination and graspingmovements are also trained andmeasured [7]. Games
have been designed with the aim of training the different movements that could be
carried-out with the device.

Previous studies showed that the use of AA in clinical setting was well accepted
by therapists and patients, andmakes the therapymore enjoyable andmotivating thus
engage patients carrying out the therapy voluntarily [8, 9]. Further, improvements in
the motor function of the patients after using the AA have been demonstrated [10].

Some robotic products can be found in the market for arm rehabilitation for clinic
set-up use as Armeo Power by Hocoma, InMotion Arm/Hand by Bionik or Amadeo
by Tyromotion. For home use Pablo by Tyromotion, Rapael by Neofect, or Armeo
Spring byHocoma can be found. However, AA ismore affordable and provides more
functionalities comparing to the cheapest solutions.

This paper presents the technical progress of the MERLIN project where the AA
has been adapted to be used by patients at home to provide daily, intensive, patient
tailored and motivating rehabilitation [11].

3 Methods

A multidisciplinary team including neuroengineers, physiotherapists and experts in
medical devices participated in a co-design workshop with the aim of defining the
MERLIN system requirements to bring it to patients’ homes. These requirements
are shown in Table 1.
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Table 1 Requirements

System component Requirement

Hardware Cover springs, make smooth edges, etc. to protect the patient hand

Hardware Look for a solution to make the system portable: mat, computer, transport

Software Clear written and auditive instructions to the patient

Software Include an asynchronous communication between patients and therapists
using written messages

Software Therapy evolution information must be available for therapists and patients

Software Patients need to receive the therapy scheduling daily

Software The therapy assessment and results must be stored in a safe and secure
database

Software Therapists need tools for designing and customizing the patients’ therapy
easily. The information to be defined must be: affected limb, game level
and duration, component to train (grasp, prono-supination, lifting, etc.),
and days to repeat the game

Software Patient privacy and safety must be guaranteed anytime

4 Results

According to the defined requirements a new set-upwas designed, including aflexible
mat that can be rolled-up and easily stored when not being used, and a portable
suitcase for the system transport. The software has been adapted to work on a tablet
instead of an All-in-One PCs with the aim of making a portable system. In addition,
pre-series of an industrialized version of the AA including the mechanical proposed
improvements were manufactured. Figure 1 shows the previous version of the AA
(a) used in clinical settings and (b) the new design for home use.

Fig. 1 a ArmAssist system in clinical setting and bMERLIN system adapted for home set-up
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The Antari Home Care platform [12], was integrated with the original rehabil-
itation AA platform to provide to clinicians an efficient way to design the therapy
and personalize it (set of games, frequency, scheduling). The integration of both
platforms allows therapists to visually monitor the performance and evolution of the
patient and adapt the therapy plan according to it.

Voice and written instructions were also included in the software to guide patients
through the tasks to be performed in each game. Themessagesweremade available in
Spanish, English and Dutch, as the clinical evaluation has been done in Spain and the
Netherlands. The patients have the option of cancelling the voice messages to avoid
disturbances. A messaging system between clinicians and patients was also added,
as well as authentication system for any user. Additionally, a section to monitor
patients’ evolution was developed for therapists and patients. In case that patients
are willing to train more than the planed therapy, a free zone could be activated by
the therapist where the patients can select their preferred games.

5 Conclusions

The MERLIN system has been designed to bring robotic assisted rehabilitation to
patients’ homes with the objective of allowing the patients to improve the effective-
ness on the therapy increasing the intensity and duration of the training. The AA has
been redesigned and improved for home setting in terms of hardware and software.
The enhanced AA system has been positively evaluated by the patients and therapists
in two different studies organized in Spain and the Netherlands using the evaluation
procedure of similar studies [13]. Currently, the outcomes of the studies have been
being analyzed quantitatively in terms of usability and effectiveness and the process
will be finished after publication process.
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AWearable Sensorised Thimble for
Assessment and Rehabilitation
of Grasping

P. Maiolino, L. Ottoveggio, E. Montalesi, S. Denei, F. Mastrogiovanni,
M. Casadio, and G. Cannata

Abstract This paper presents the design and preliminary evaluation of a wearable
sensorised thimble based on CySkin Technology. It can be used to monitor grasping
pressures and contact area during assessment and rehabilitationof peoplewith deficits
in the neural control of movements and/or neurological diseases. The design of
the wearable thimble has been thought to minimally constrain the hand movement
and to provide seven distributed pressure measurements. A preliminary evaluation
experiment using three wearable thimbles to grasp an object with different weight is
also presented.

Keywords Wearable glove · Tactile sensing · Grasping

1 Introduction

People with neurological diseases or injury such as multiple sclerosis and stroke, are
required to perform physical therapy to improve hand function through repetitive task
practice rehabilitation [1]. A device which can provide information about grasping
pressure and contact area has the potential to increase the benefits of rehabilitative
therapy by informing the therapist which can monitor patient’s progress and drive
his/her task practice. Such a system could also be used with healthy patients to
understand human grasp for the design of robotic hands and prostheses. This paper
presents the design and preliminary experimental assessment of a wearable tactile
sensor fingertips which provide distributed pressure measurements. The design is
based on CySkin technology [2] and has been thought to minimally constrain the
hand movement and to provide a comfortable fit to preserve cutaneous feedback of
patients. Tactile sensors’ responses has been calibrated with respect to the applied
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pressure. To assess the validity of the design a preliminary experiments involving
the grasping and holding of a bottle with different weight is presented.

2 Reference Technology

CySkin [2] is a large-area capacitive pressure sensor that consists in interconnected
FPCB triangular modules hosting each 11 capacitive transducers (i.e. taxels) that
can be conformed to 3-dimensional (3D) shape. A CySkin basic module can be cut
to easily fit to the different shapes of the surfaces to be covered. It hosts a Capaci-
tance to Digital Converter (AD7147 from Analog Devices) and a micro controller
(ST Microelectronics) for the data acquisition, synchronization and transmission.
The micro controller acquires tactile information with a sample time of 50ms. An
Intelligent Hub Board (IHB) performs a preliminary processing of the tactile data
and send them to a PC through the CAN bus.

3 Manufacturing Procedures

The manufacturing of the sensorised thimble has required the following procedure.
First of all, a supporting shell has been designed and 3D printed to host the CySkin
sensor. The shell’s size (Fig. 2a) has been designed to easily fit in an average hand’s
fingertip and to have two holes to accommodate for the Cyskin sensor electronics
and the wires connection. Three taxels of a CySkin triangular module have been
cut to adapt to the supporting shell area, reducing the number of taxels to seven.
Because of the small curvature radius of the shell, the integration of the sensor has
required a vacuum system to help the sensor FPCB to conform perfectly to the shell’s
external surface. Figure2b shows the integrated sensor. To allow for the best fit and
comfortable feeling for the user and to avoid for the finger to be exposed to the sensor
electronics, a plastic shell to be integrated in the inner side of thewearable thimble has
been manufactured by mechanically thermoforming PET-Gmaterial; an elastic band
has been glued to hold in place the thimble on the user’s finger (Fig. 2c). The sensor
requires a ground plane to be able to detect contact from not conductive objects. This
has been made embedding a conductive Lycra® in a thermoplastic elastomer (TPE)
that has been shaped with mechanical thermoforming. The elastomeric substrate is
highly deformable and present an elastic behaviour. These features provide a good
adaptability and grip to the contact surface of manipulated objects. A conductive
Lycra strip has been made pass through a specifically designed hole in the shell in
order to solder it with the ground wire of the sensor and allow for noise shielding.
Figure2d shows two views of the wearable thimble. The same procedure has been
repeated to obtain three different thimbles which are shown on the user’s hand in
Fig. 1.
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Fig. 1 The wearable sensorised thimble for grasping rehabilitation. Three prototypes for thumb,
index and middle finger have been manufactured

Fig. 2 a The 3D printed support shell with the holes for hosting the sensor electronics. b The
Cyskin tactile sensor module integrated on the support shell surface; in the red circle is highlighted
the conductive Lycra strip. c The inner lid with the elastic band. d Two finished prototypes of
the thimble; it is possible to see the top side which shows the ground plane embedded in the soft
elastomer and the bottom side

4 Experiments

4.1 Validation

A preliminary assessment has been performed to evaluate the performance of the
system during grasping task. In particular an experimental methodology has been
defined to evaluate if the system is able to measure pressure values consistently with
human grasping [3] and if the sensormeasurements could allow to evaluate the ability
of the subject to adapt grip force to object weight [4]. To evaluate these aspects two
glass bottles, one full of sand and the other empty, were chosen to perform a gripping
and lifting task. The subject wore thumbles on thumb, index and middle fingers. The
task consisted in reaching and holding the bottle for one second, lifting the bottle
and placing it back on the table. The task has been repeated several times. After at
least nine repetitions and randomly in different experiments, the bottle was changed
with the other of different weight, without subject’s knowledge. For each subject the
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procedure was repeated two times: first beginning with the light bottle and then with
the heaviest one. The experiment was performed with ten subjects. The data of each
sensor was calibrated in pressure and force.

4.2 Results

Figure3a shows the taxels’ responses of the thumb during the experiment performed
by subject 1 where, after the ninth lift, the heaviest bottle is substituted by the lightest
one. It is possible to notice that during the ninth lift task the user quickly adapt the
applied pressure to the light bottle weight. Figure3b shows the taxels’ responses
of the index finger for subject 1 during the opposite experiment (i.e. from light to
heavy). Here the subject adapts the applied pressure over repetition for the light bottle
until the heavy bottle is lifted and the applied pressure increase again. Finally Fig. 3c

Fig. 3 a taxels’ output for the thumb of subject 1 during heavy-light lifting task. b taxels’ output
for the index finger of subject 1 during light-heavy lifting task. c Contact area. The activation level
for each taxel is reported while grasping the bottle in three different instant. The taxels are shown
as they are placed in the FPCB, but the orientation of the FPCB on the finger can be different. Taxel
ids are also shown
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shows the contact area of three fingertips during three different instants of the lifting
task. It is possible to notice how the activation level of the taxels change over time.

The maximum values in taxels’ output converted in force registered during the
experiments have been 10.38N, 5.23N and 2.44N for the thumb, index and middle
finger respectively.

5 Conclusion

The design and manufacturing of a sensorised thimble for assessment and rehabili-
tation of grasping has been presented. Experiments have been performed to evaluate
the performance of the system in the application conditions. Results supported the
suitability of the designed system for grasping rehabilitation tasks.
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Isometric Force Pillow: Using Air
Pressure to Quantify Involuntary Finger
Flexion in the Presence of Hypertonia

Caitlyn E. Seim, Chuzhang Han, Alexis J. Lowber, Claire Brooks,
Marie Payne, Maarten G. Lansberg, Kara E. Flavin, Julius P. A. Dewald,
and Allison M. Okamura

Abstract Survivors of central nervous system injury commonly present with spas-
tic hypertonia. The affected muscles are hyperexcitable and can display involuntary
static muscle tone and an exaggerated stretch reflex. These symptoms affect pos-
ture and disrupt activities of daily living. Symptoms are typically measured using
subjective manual tests such as the Modified Ashworth Scale; however, more quan-
titative measures are necessary to evaluate potential treatments. The hands are one
of the most common targets for intervention, but few investigators attempt to quan-
tify symptoms of spastic hypertonia affecting the fingers. We present the isometric
force pillow (IFP) to quantify involuntary grip force. This lightweight, computerized
tool provides a holistic measure of finger flexion force and can be used in various
orientations for clinical testing and to measure the impact of assistive devices.
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1 Background

Survivors of central nervous system injury often present with spastic hypertonia
(involuntary muscle tone and spasticity). Abnormal supraspinal drive post-injury
leads to motoneuron hyperexcitability [1], resulting in involuntary muscle contrac-
tions that can impact posture and limit range of motion. During passive movement,
the limb can show an exaggerated stretch reflex as a function of movement veloc-
ity (spasticity). At rest, the limb is commonly bent or flexed from static muscle tone
(hypertonia).When the upper limb is affected, symptomsmay cause pain and prevent
activities of daily living such as hand washing and dressing.

A variety of treatment options are used clinically, including splints, pharmaceu-
ticals, and surgical interventions. More treatments are also in development, such as
therapeutic stimulation and robotic devices. The quantification of symptoms is both
clinically and scientifically relevant. However, most therapists and investigators still
rely on manual ratings that can be highly subjective [2–5]. The most common mea-
sure, the Modified Ashworth Scale (MAS), is known to be subjective and have poor
intra- and inter-rater variability [6]. Other measures like the Modified Tardieu Scale
(MTS) have also been shown to have high variability [7].

Some tools have been developed to quantitatively assess symptoms, but much of
this work focuses on the limb’s response to imposed movement. The affected mus-
cle is stretched at constant velocities by a therapist or machine while joint angle is
recorded using robotic devices [5], fiber optic tools [3], or marker tracking. Simul-
taneously, stiffness is measured through EMG [3, 8], torque sensors [4, 5, 7], or
load cells [8]. Although such tools that move the limb can provide data on spasticity,
imposed movement is relatively uncommon in daily life. Since the limb is often at
rest, measurement of static symptoms (such as contorted posture or involuntary mus-
cle torque) could provide useful data. Few existing tools measure static symptoms
of hypertonia. Germanotta et al. used a large robotic device [4], and Stienen et al.
created a 2-DoF hinge for the wrist and MCP joints [9].

Most work on quantifying spastic hypertonia also focuses on the elbow, knee,
or ankle joints [3, 5, 7, 8]; yet the hands are one of the most common areas for
intervention [10]. Hand function is key to performing many tasks of self sufficiency,
and unchecked hypertonia in the hands can lead to secondary problems [11]. Thus,
measuring the level of spastic hypertonia on the hands is particularly important.
However, the fingers are particularly difficult to analyze due to their many degrees
of freedom. Actuating each finger or all the phalanges together is challenging due to
different phalanx bone lengths. The fingers can also be difficult to secure to a device
in the presence of hypertonia. Here we present the isometric force pillow (IFP): a
lightweight, handheld tool designed to provide a holistic, quantitative measure of
involuntary hand flexion due to spastic hypertonia.
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Fig. 1 a Schematic of the IFP electronics. b Assembly of the IFP. c The isometric force pillow
used in a gravity-neutral position. The tube leads to the pressure sensor of 1a. The other valve is
clamped after initial inflation using a hand vacuum pump

2 Design

The objective was to develop a tool to measure symptoms of spastic hypertonia in
the hands, in order to provide quantitative data when studying treatment efficacy.
Spastic hypertonia often causes the finger flexors to contract, so measuring flexion
force is an accepted strategy [4, 9, 12].

The tool was intended to be low-cost and compact in order to promote perceived
ease of use. Preliminary prototypes used a hinge-like design that measured finger
flexion using a load cell—aiming to expand the Wrist Finger Torque Sensor [9] into
a stand-alone design with a focus on the fingers. When the preliminary prototypes
were tested on stroke survivors with upper-limb hypertonia, the fingers were difficult
to secure even using straps. Like other tools [4, 5, 8, 9] the hinge had to be mounted
on a rigid surface. If the individual’s elbow or wrist was contracted, their hand could
not reach the tool. Those with moderate to severe spastic hypertonia could not use
the prototypes. This design was also only capable of measuring force at the MCP
joints.

The hinge design was replaced with a graspable cushion (Fig. 1c), the isometric
force pillow (IFP). The IFP has an ergonomic form similar to some orthotic devices
for hypertonia, such as the HandContracture Carrot Orthosis (AliMed, Inc.). The IFP
uses air pressure to measure finger flexion force; which provides a holistic measure
of contraction at multiple joints. This self-contained method of measuring force does
not require attachment to a rigid mount and thus allows the unit to be free-moving; it
is capable of being used both in the gravity-neutral position and in other orientations.
The IFP is tethered only by a flexible tube.

2.1 Mechanical Design

The cushion is 8 in. in length by 4 in. in diameter when not inflated. These dimensions
allow fingers of various lengths to be extended when grasping the device, without
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allowing the thumb and fingertips to touch. Air pressure in the IFP is maintained to
provide an accurate differential pressure measurement. An airtight seal is created in
an 8-step process (Fig. 1b).

4-mil heavy duty polyethylene tubing cut at a length of 8 in. forms the inner layer
of the cushion. Two air-tight valves are assembled using through-wall connectors
(5779K677, McMaster-Carr). Holes of 1/4′′ diameter are cut in the polyethylene
tubing and double-sided VHB acrylic tape (S-10123, Uline) is applied surrounding
each hole. 1/4′′ rubber O-rings are placed on both the inside and the outside of
the polyethylene tubing, and the through-wall connectors are twisted shut. After the
valves are in place, a tabletop impulse sealer (H-163, Uline) seals the polyethylene
tubing.

A sheet of silicone-coated ripstop nylon (FRCS, Seattle Fabrics Inc.) is cut to
wrap over the polyethylene tubing and is sealed on by the tabletop impulse sealer.
The nylon material adds friction to prevent slippage while the IFP is in use. It also
prevents the polyethylene tubing from stretching during inflation and squeezing,
and prevents bursting. Four inches of 1/4′′ soft plastic tubing attaches to each valve
and a mini tubing clamp (59199, U.S. Plastic Corp.) is added so each valve could be
sealed. One of these tubes attaches to a pressure sensor using a straight tube connector
(5779K14, McMaster-Carr). The other tube is used to inflate the cushion via a hand
vacuum pump (MV8255, Mityvac). After inflation, the pump is disconnected and
the tube is clamped.

2.2 Electronics and Software

A 50kPa differential pressure sensor (MPX5050-DP, NXP Semiconductors) mea-
sures pressure within the IFP and can detect small changes in grip (<0.5 PSI). One
port (P1) on the sensor connects to the IFP valve via soft tubing. The other port (P2)
is exposed to atmospheric pressure. The power, ground, and output voltage pins on
the sensor connect to a microcontroller (Arduino Duemilanove) using a 3-wire rib-
bon cable. The circuit board houses a power supply decoupling and output filtering
circuit (Fig. 1a).

A custom script converts the analog voltage from the sensor into gauge pressure
readings 10Hz. The sensor readings are calibrated by subtracting a constant off-
set. The offset was empirically measured with both sensor P1 and P2 exposed to
atmospheric pressure. The calibrated pressure values are smoothed using a moving
average filter with a sample size of 10. The pressure reading is then displayed on a
computer terminal for clinicians or investigators.
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3 Discussion

The IFP tool provides a holistic, quantitative measure of involuntary grip due to
spastic hypertonia. The majority of other tools that aim to quantify symptoms of
spastic hypertonia impose movement on the limb, which provides data primarily
on spasticity. In contrast, the IFP measures static flexion force from the fingers.
Since static flexion leads to many secondary problems in spastic hypertonia, our
tool provides valuable data that might also indicate problems such as difficulty to
access and clean the palm and the progression of contractures. The tool could also be
used to evaluate involuntary grip when using assistive devices or pharmacological
interventions to relieve hypertonia.

Circumstantial factors must always be controlled when measuring muscle tone
and spasticity. Arm position is one such factor [1] and measurement using the IFP in
a standardized, gravity-neutral position is optimal. Those with difficulty achieving a
standardized arm position due to severe hypertonia can get repeated measures using
the IFP to provide intrasubject trends. Most prior work relies on mounted hardware
that is not accessible to some patients [4, 5]. For other patients it can be necessary to
repeatedly stretch the affected limb to fit into these tools, and these stretches impact
the validity of measures by temporarily reducing hypertonia [13].
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Feasibility of Using Visual Cues
for Evoking Self-induced Perturbations
for Assessing Dynamic Balance During
Walking

Andrej Olenšek, Matjaž Zadravec, and Zlatko Matjačić

Abstract In this paper we explore the feasibility of using visual cues for evoking
self-induced perturbations for assessing dynamic balance during walking. We
upgradedBAR-TMwith afloor projection system that projects on thewalking surface
of instrumented treadmill target points the user should step on. The proposed method
was tested in a healthy subject. Subject’s response to self-induced perturbations was
evaluated in terms of center of mass (CoM), center of pressure (CoP) and ground
reaction force (GRF). Results show that extent of requiredmovement re-planning and
execution depends greatly on the required repositioning of the foot placement away
from pre-planned foot placement of stationary gait. Accordingly, subject developed
specific response strategies to cope with different types of perturbations.

1 Introduction

Ability to deliver appropriate dynamic balancing response after being subjected to
unexpected unstable or fall threatening event is one of the key elements of safe and
stablewalking.This abilitymaybe to a large extent impaired in case of central nervous
system injuries or diseases where patients often have to cope with different levels
of impaired motor control that in turn constrain development of suitable reactive
balancing mechanisms during walking in such situations. Even after completing
rehabilitation it is not uncommon for patients to display certain degree of reduced
balance function. To tackle this problem mechanisms have been developed in recent
years that in a fall-safe manner impose well controlled gait perturbations on the
patients in an attempt to engage them into re-learning suitable dynamic balance as
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well as for assessing their balance responses. These devices exhibit considerable
diversity when considering in what way they implement perturbation modalities.
In some devices gait perturbations take the form of a slip [1] or a trip [2], other
incorporate moving walking surface [3], waist pulls or pushes [4]. While these state
of the art devices are highly capable in the specific task they are designed for, they are
also very diverse in their design, complex and expensive and they exhibit different
visco-elastic properties that influence dynamic properties of the systems. For this
reason consensus across the field will be difficult to achieve and the proliferation of
such technology in healthcare delayed.

In the present studywewould like to explore the possibilitywhether adequate reac-
tive responses can be evoked also if instead of being subjected to external mechanical
perturbations the subject is evoked to self-induce changes in stable gait by means of
well-timed visual cues.

2 Methods

2.1 Design of System for Delivering Visual Cues

A floor projection system was integrated with Balance Assessment Robot [4] that in
intervals projects on the walking surface of instrumented treadmill target points the
user should step on. The positions of target points on walking surface are determined
as the average landing points for the left and right leg in five steps during stationary
gait displaced in forward and/or in mediolateral direction. Visual target points are
presented to the user only during the perturbation period. The onset of perturbation
period either coincides with foot strike or can be delayed to mid stance or terminal
stance and the end is determined with predefined length of perturbation interval. If
self-induced perturbation is to start during right stance the target is presented for left
leg and vice versa. The proposed method of self-induced perturbation was tested in
one healthy subject.

2.2 Data Collection and Analysis

The experimental session started with a short accommodation period that lasted
approximately five minutes and where the subject was able to get acquainted with
the experimental conditions. The session continued with a period of unperturbed
walking followed by a perturbation period when the subject was presented with
series of visual targets on the walking surface that were displaced with respect to
average landing points in five previous steps in medial or lateral direction, forward
direction and diagonal directions (combinations of forward and medial or lateral
direction). Perturbations were triggered either at the time of left or right foot strike.
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The subject was instructed to step on the visual targets upon being projected on
walking surface and afterwards to return to the center of instrumented treadmill. To
ensure subject would regain stability and restore stationary gait perturbations were
triggered in intervals of no less than six seconds. The sequence of visual targets was
randomly selected prior to the beginning of the experiment.

CoP, CoM and GRF were obtained for unperturbed walking and for at least seven
repetitions of each perturbation. Recorded data were then segmented into strides
where left stride was considered to be the period between two consecutive left foot
strikes and right stride was considered to be the period between two consecutive foot
strikes of the right leg. Data were then averaged across strides to obtain subject’s
response to self-induced perturbations.

3 Results

Figure 1 shows average CoM, GRF and CoP during unperturbed and perturbed
walking. Preliminary results showed that after target point was presented to the user
CoP and CoM positions were appropriately modulated according to the positions
of visual targets. When self-induced perturbations were evoked in forward-lateral
direction we observe that CoM and CoP mediolateral and anteroposterior positions
increased considerably with respect to unperturbed walking to account for new point
of contact according to the visual target. To oppose excessivemediolateral movement
of CoMmediolateral GRF increased in the opposite direction as the movement of the
CoM. Though not so pronounced similar mechanism was present in anteroposterior
direction where anteroposterior GRF increased with respect to unperturbed walking

Fig. 1 Preliminary results: average CoM, GRF, CoP in mediolateral and anteroposterior directions
during unperturbed walking (solid black line), after perturbation in forward-lateral direction (solid
red line) and after perturbation in forward-medial direction (solid blue line). All perturbations were
triggered at the time of left foot strike. Perturbation interval is marked by red solid area
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to oppose excessive anteroposterior CoM movement. In the case of perturbation in
forward-lateral direction the subject was able to restore stationary gait already the
following step.

When self-induced perturbations were evoked in forward-medial direction we
observe that subject’s response span over two gait cycles. First, CoM and CoP
mediolateral and anteroposterior positions decreased considerably with respect to
unperturbed walking to account for new point of contact according to the visual
target—according to CoP the subject placed the right foot approximately in front of
the left foot. In the following stride the subject again adjusted foot placement as well
as CoM and CoP – according to CoP by crossing left leg over the right leg before
settling again in stationary gait.

4 Conclusion

Unlike mechanical perturbations where one opposes external mechanical impulse
to regain balance, balance instability in self-induced perturbations originates from
unexpected movement re-planning and subsequent execution that is required upon
being presented with unexpectedmovement task via visual cues. The extent of move-
ment re-planning and execution depends greatly on the required repositioning of the
foot placement away from pre-planned foot placement of stationary gait. Prelimi-
nary results suggest that the proposed method of using visual cues as a source of
self-induced perturbations may be feasible alternative to mechanical perturbations,
however further studies are needed to determine optimal parameters.
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Development of Impact Absorber
Mechanism for Wearable Exoskeleton
Using Shape Memory Alloy Spring

Hyunho Kim, Hyerim Jeon, Yongho Jeong, and Yeongjin Kim

Abstract When a person who has difficulty in moving or the elderly person come
from a higher level to a lower level such as stairs, where the height difference is
large, they experience a big falling impact on their bodies. This study represents an
impact absorber module for an exoskeleton in rehabilitation patients. The module
could enhance the durability of the exoskeleton and the safety of the user, especially
in extreme environments. Our wearable impact absorber module consists of a light-
weight metal body and a shape memory alloy (SMA) spring. We have confirmed that
the impact absorption module, which is dropped from a certain height, increased the
contact time between the ground and the module, and reduced the maximum contact
force.

1 Introduction

Wearable exoskeletons are known to help locomotion, protect the body, and reduce
muscle fatigue for rehabilitation of the elderly patients [1]. User safety is one of
the important for these people. In particular, when moving in a stair, the user in the
exoskeleton could encounter a falling impact on the waist and ankles. To reduce the
falling impact, motor [2], hydraulic and pneumatic cylinders [3, 4] were previously
used. However, these methods increased the weight of the exoskeleton. Therefore,
the miniaturization and lightening of the impact absorber module for the exoskeleton
are essential.

Shape memory Alloy (SMA) spring is a metal that is restored to its original shape
when heat is applied above a certain temperature. It also has been actively used as
an actuator in various fields such as surgical robots [5] due to its high energy density
and suitability for light-weighting and miniaturizing. We have enhanced the human
suitability of exoskeleton through the ease of reuse and miniaturization of SMA
springs. In this study, we proposed a SMA spring based wearable impact absorption
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Fig. 1 Schematic
representation of the concept
of impact absorber module

module. When the user wearing the impact absorption module falls from a high level
to a low level, a SMA spring in a damping structure can increase the contact time
between the ground and the user. Thus, due to law of the momentum conservation,
the maximum impact force can be reduced. The used SMA springs can be easily
reused by restoring its original shape of the SMA springs through heating current.We
dropped the impact absorption module from a certain height to measure the impulse
and impact time by using force sensors and drop speed by using a high-speed camera.

2 Experimental Setup

2.1 Impact Absorber Module

The proposed impact absorber module (See Figs. 1 and 2a) in the experiment was
384 g, consisting of an upper disk, a bottom disk with weights (200 g), three rods,
and a SMA spring with 0.7 mm diameter, 5 mm diameter, and the number of coils
of 21. To evaluate the impact absorbing performance of the module, we made a rigid
body with the identical mass and shape with the module and compared both falling
impulse of the module falling and the rigid body falling.
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(a) (b)

SMA
spring

4 Load Cell

Upper
Disk

Bottom
Disk

Fig. 2 aRigid body and impact absorber module. b Experimental setup

2.2 Drop Test

As shown in Fig. 2b, when the rigid body or the absorber module is dropped from
a height of 0.5 m through a gripper, the contact forces are measured by using four
load cells and are collected (100,000 Hz) through USB-6343 (USA, National Instru-
ments). In addition, we measured the displacement per frame through the high-speed
camera (Sweden, Qualisys) to find out the actual drop speed, and compare that with
the theoretical speed. After the experiment, we applied heating currents to the impact
absorption module to restore the shape of the SMA spring and cooled for about
10 min.

3 Result

Figure 3 shows the mean force-time graph measured in the load cell when the rigid
body and impact absorber collide with the ground (n= 5).While the rigid body colli-
sion appeared to have one peak, the impact absorber collision showed two relatively
small peaks. The reason for these results is that, in the case of the rigid body, therewas
only a single collision. However, in the case of the impact absorber, there were the
primary collision due to the upper disk and the secondary collision due to the bottom
disk. We checked these phenomena with a high-speed camera as shown in Fig. 4.
The maximum impact force applied to the load cells is reduced by approximately
61% from 828.2 N to 324.4 N. Next, we compared the collision time of both cases
through the high-speed camera. The rigid body case showed a crash time of 4.19 ms,
and in the impact absorber case, an upper disk showed a crash time of 3.15 ms and
a bottom disk showed a crash time of 31.82 ms, respectively.
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According to the law of impulse and momentum, (1) shows that the amount of
impulse can be calculated from the drop height and mass of an object.

I = F�t = �(mv)
(
v = √

2gh
)

(1)

According to (1), longer collision time leads to a decrease in the maximum impact
force. Thus, the SMA spring-based module indicated a significant reduction in the
impact force.

4 Discussion

For the miniaturization and lightening of exoskeleton, SMA springs were used for
an impact absorber module. Several drop testing confirmed that the device increased
collision time at certain heights and weights, and reduced the maximum impact force
by 61%. The total weight of themodule is about 131 g and thismeans that thismodule
is light weighted and has high impact absorption capability.

Wewill quantify impact absorption capacity according to various parameters such
as weight based on human and spring stiffness. This process will expand the system
of the impact absorber tomake it more suitable for the human body. Thus this module
can be used for impact absorption in various areas, including military, industrial, as
well as in medical applications.

Fig. 3 Experimental results of drop impact
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(a) (b)

Fig. 4 a Rigid body at impact moment. b Impact absorber at impact moment
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A Robot-Aided Rehabilitation Platform
for Occupational Therapy
with Real Objects

C. Tamantini, M. Lapresa, F. Cordella, F. Scotto di Luzio, C. Lauretti,
and L. Zollo

Abstract Robot-aided rehabilitation enables to assist the patient in executing task-
oriented exercises and typically takes advantage of virtual environments in which
motor tasks are performed. However, this approach introduces a mismatch between
the visual and the proprioceptive stimuli the patient perceives. The use of real tools
to perform rehabilitation tasks could overcome this drawback. Nevertheless, several
issues arise, such as the estimation of the pose of the real objects in theworkspace and
the planning of the trajectories the robot has to execute to guide the patient’s limb to
reach the objects. In this paper, a robot-aided upper-limb rehabilitation system able to
recognize the objects the patient has to interact with, by means of an RGB-D camera,
and to dynamically plan the robot trajectories is proposed. The computational burden
and the performance of the proposed system, and in particular of the Pose Estimation
Pipeline and of the robotMotion Planner, are evaluated. The obtained results in terms
of pose estimation and reaching errors pave theway to the application of the proposed
system in a real rehabilitation scenario.

Keywords Robot-aided rehabilitation · Vision-based pose estimation · Dynamical
movement primitives

1 Introduction

Robot-aided rehabilitation platforms have been developed in the last decades to guide
the patient’s affected limb in executing controlled and assisted movements with a
task-oriented approach [1]. It is particularly useful in occupational therapy contexts.

Robot-aided rehabilitation is often supported by virtual reality: the interaction
of the patient with virtual objects promotes his/her involvement during the therapy.
Despite the widespread use of virtual environments, a misalignment between visual
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and proprioceptive stimuli can be found. In fact, the haptic feedback that a robotic
system can return to the patient may mismatch what happens in the virtual environ-
ment [2]. To overcome this drawback, real tools can be used during the exercises to
guarantee the involvement of the subjects and avoid the sensory misalignment.

The desired motion of the robot in guiding the patient’s arm (i.e. in reaching
the objects to be manipulated) should guarantee a human limb motion as natural
as possible to re-educate the patient to move. The Motion Planner module plans
the movements to be executed. The trajectories that are currently adopted in robot-
aided rehabilitation are mainly analytical displacements, modeled according to the
minimum-jerk theory [3]. However, tasks such as complex Activities of Daily Living
(ADLs) cannot be modeled with these methods. Learning from demonstration tech-
niques, based on non-linear second-order dynamic systems, also known as Dynamic
Movement Primitives (DMPs) [4], enable to plan complex and generalizable trajec-
tories (with respect to different target positions to be reached) taking as a reference
movements previously recorded on healthy subjects [5].

Currently, only a few rehabilitation robotic systems exploit real tools during the
therapy [6]. The main drawback is the high computational burden the integration of
real objects in the rehabilitation session requires. In fact, it implies the adoption of
(i) object recognition and pose estimation algorithms, (ii) robot motion planners to
help patients in reaching the recognized objects. The literature algorithms used to
segment, recognize and estimate the object pose in an unstructured environment, and
to plan robot trajectories, have a high computational burden [6], therefore limiting
their use in online applications such as robot-aided rehabilitation.

This paper aims at proposing an intelligent robot-aided upper-limb rehabilitation
system able to recognize, with a low computational burden, the objects the subject
has to interact with and to online generate, with a DMP-based Motion Planner,
the Cartesian trajectories for a rehabilitation robot performing occupational therapy
tasks.

2 Materials and Methods

The overall architecture of the proposed system is reported in Fig. 1.
It is composed of: (i) a pose estimation pipeline based on an RGB-D camera

to estimate the pose of the objects in the rehabilitation scenario, (ii) a DMP-based
Motion Planner, based on the equations presented in [4], to compute the trajectories
the end-effector of the robot has to perform to reach the recognized objects.

The vision system used in this work is the Kinect v2, whose spatial resolution
in the xy plane is 0.003 and 0.01m along the z axis. This RGB-D camera acquires
images and PointClouds at 30Hz under Robot Operating System (ROS) framework.
The PointCloud retrieved from the scene is elaborated to estimate the position and the
orientation of the objects in the workspace. They have to be single-coloured objects
to be correctly recognised by the proposed pipeline. In particular, the pipeline imple-
mented by using the PCL library [7] to segment the object of interest from the scene
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Fig. 1 Block scheme of the proposed approach

and estimate its pose, is composed of the sequential steps: (i) Pass Through: points
that are lying outside the workspace are removed; (ii) Extract Indices: points that
have a different color than that of the tool are removed; (iii) Radius Outlier Removal:
isolated points are removed; (iv) Moment of Inertia Estimation: the position of the
centroid and the covariance matrix of the input PointCloud are computed. The eigen-
vectors extracted from the obtained covariancematrix represent themain components
of the PointCloud in descending order. The �x axis explains the maximum variance
of the PointCloud describing the orientation of the objects to be reached.

The performance of the implemented pipeline is compared with the one obtained
by a motion capture system (i.e. BTS Smart-DX). It is composed of eight opto-
electronic cameras recording the 3D positions of retroreflective markers at a frame
rate of 60Hz with an accuracy ≤0.2mm. Two objects, i.e. a box and a hammer, are
positioned in the scene and a synchronized acquisition of the two vision systems
is performed. In order to retrieve the reference frame of the analyzed objects (with
the origin coincident with the object centroid) with the optoelectronic system, three
retroreflectivemarkers are placed on the objects orthogonal surfaces. The experimen-
tal setup used to validate the proposed pipeline is shown in Fig. 2A. The experimental
protocol consists in moving the two objects in six different positions and orientations
from a known starting pose. This way, the perfect knowledge of the relative position
of the two vision systems is not necessary. The errors in estimating the displacement
of the objects with respect to the initial configuration are evaluated. To quantify the
overall execution speed, the frequency of the pose estimation is measured.

The pose of the objects retrieved from the RGB-D camera is given as input to
the DMP-based Motion Planner. Reaching trajectories, obtained from a previous
work [5], are used as demonstration to compute DMP Cartesian references. The
error made by the DMP-based Motion Planner in reaching the object position from
a fixed starting position p0 = [0, 0, 0]T m is used as performance index to evaluate
its accuracy.
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Fig. 2 a Setup for the
validation of the pose
estimation pipeline. The
BTS optoelectronic system,
the Kinect v2 (circled in red)
and the object to be
recognized (circled in blue)
are shown. b Pose estimation
pipeline outputs: segmented
object and its estimated pose

a b

3 Results and Discussions

The objects segmentation and the pose estimated by the proposed pipeline are shown
in Fig. 2b. The object position errors obtained with the pose estimation algorithm are
0.75 ± 0.14 cm and 1.38 ± 1.04 cm for the box and the hammer, respectively. The
highest orientation error is obtained for the box (i.e. 0.11 ± 0.09 rad) when more
than one face of the object is visible. In these cases, the first eigenvector of the
covariance matrix is not aligned with the object largest dimension. It is important to
outline that the magnitude of the error depends on the amount of points belonging
to the surfaces orthogonal to the one descriptive of the orientation. Therefore, the
slender shape of the hammer enables to estimate its pose with a lower orientation
errors (0.03 ± 0.01 rad). The frequency of the pose estimation is 25.54 ± 0.66Hz.
Being the acquisition frequency of the Kinect v2 30Hz, we can conclude that the
proposed pipeline is able to effectively identify the pose of objects with a limited
computational burden. Other approaches proposed in the literature showed higher
drops in the pose estimation frequency (4Hz).

The mean and standard deviation of the reaching error obtained with the DMP-
based Motion Planner is 9.1 ± 2.6mm, which is acceptable for the proposed appli-
cation.

4 Conclusions

In thiswork, a robot-aided rehabilitation systemcapable of recognizing theposeof the
objects and planningCartesian trajectories is proposed. The Pose Estimation Pipeline
and theDMP-basedMotionPlanner tested showpromising results, therefore enabling
the application of the system in a real rehabilitation scenario. The computational
burden is low enough to allow a rapid and accurate estimation of the pose of the
tools. The error in estimating the object pose is compatible with the spatial resolution
of the adopted sensor. To ameliorate the orientation estimation, future work will be
devoted to implement a filter capable of segmenting the largest visible surface of the
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body. The DMP-based Motion Planner proves its capability to generate Cartesian
reference trajectories with a small residual error. Different tasks according to the
detected tool could also be implemented to extend the system capabilities.
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Effects of an Overground Robotic Based
Gait Training Intervention
on Parameters Provided by a Smart-Tip:
An Exploratory Study in People
with Multiple Sclerosis

L. Santisteban, E. Otxoa, A. Zubizarreta, and A. Rodriguez-Larrad

Abstract Multiple Sclerosis is a progressive disease of the central nervous system,
which frequently affects gait. We have developed an instrumented smart-tip that
provides objective information of the movement and forces exerted on the assistive
device during gait assessment. This study presents encouraging preliminary results of
an overground exoskeleton based gait training intervention on parameters collected
by the smart-tip, Results indicate that the data provided by the smart-tip might be
more sensitive to changes in gait performance than usual assessment tests do.

1 Introduction

MULTIPLE SCLEROSIS (MS) is an inflammatory demyelinating chronic disease.
One of the most common and disabling motor disorders affecting people living with
MS (pwMS) is gait impairment [1, 2]. Accumulating evidence supports the feasibility
and effectiveness of exoskeleton-assisted training for improving gait ability in pwMS,
despite the neurodegenerative nature of the disease [3].

There are several tests validated for assessing gait ability in the clinical setting,
such as the 10-m walking test (10MWT) or the Timed Up and Go test (TUG). Both
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can be performed with an assistive device (AD) for walking, as usually needed by
pwMS with moderate to severe gait impairment (e.g. crutch or cane). However, data
on how the AD is used is not usually collected, despite it could be a source of
complementary information to detect subtle changes in gait ability.

With this idea in mind, we have developed a smart-tip that could be adapted to
any AD. [4]. This smart-tip is an evolution of a previous version, which reduces the
weight and integrates in the tip casing a 9 degrees-of-freedom Inertial Measurement
Unit (Mti by XSens), a piezoelectric force sensor (C9C by HBM) and a barometer
(BMP280 by Bosch), which allows quantifying 3D orientation and speed, exerted
force and relative altitude, respectively.

The objective of the present work is to evaluate the effects of an overground
robotic based gait training intervention on the parameters provided by the smart-
tip. We sought to test the hypothesis that the smart-tip provided parameters can give
sensitive information to changes that could be useful while determining interventions
efficacy in pwMS.

2 Material and Methods

2.1 Trial Design and Participants

This study presents the results of an overground exoskeleton based gait training
intervention performed by the control group after a randomized control trial, which
was carried out in ADEMBI (Asociación de Esclerosis Múltiple de Bizkaia, Bilbao,
Spain) between April and July 2019 [5]. Thus, this is a single-group intervention
study. The inclusion criteria were as follows: (a) aged ≥18 years, (b) diagnosis of
MS according to McDonald criteria, (c) moderate to severe gait impairments defined
by an Expanded Disability Status Scale (EDSS) score ranging from 4.5 to 7, and
(d) the need for one or two AD for walking outdoors. Data from the participants are
summarized in Table 1. Ethics Committee of Clinical Research of Euskadi (CEIm)
(Code PS2018017); Protocol registration Code (ACTRN12619000014156).

2.2 Intervention

The intervention consisted on3months of individualized andprogressive gait training
assisted by an overground robotic exoskeleton (Ekso™, Ekso Bionics, USA). Twice
weekly sessions were individually supervised by experienced physical therapists
properly trained and certified inEkso™driving. The sessions included twomodalities
of exoskeleton use: (1) PreGait: to exercise static balance and weight shifts at the
beginning of each session; and (2) ProStepPlus: to train gait, with steps triggered
by the user’s lateral weight shift. The duration of the training sessions progressively
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Table 1 Participant
characteristics (n = 7)

Age (years) 48.1 (12.8)

Gender (Female) 3 (42.8%)

MS type Remittent
recurrent

2 (28.5%)

Primary
progressive

3 (42.8%)

Secondary
progressive

2 (28.5%)

Years since diagnosis 9.2 (6.4)

Expanded disability status scale 5.9 (0.8)

Assistive device Stick: 4 (57.1%)
Crutch: 3 (42.8%)

Data are reported in mean (standard deviation) or number (%)

increased as participants showed greater tolerance aiming to reach a maximum of
40 min of gait training by the end of the 3-month period.

2.3 Outcome Measures

Assessmentswere performedbefore and after the intervention byblinded researchers.
The primary outcome measure was 10MWT at the participants´ own habitual
pace. The gait speed in performing the test was measured by photoelectric cells
(Polifemo, Microgate, Italy). The smart-tip was adapted to each participant’s AD
while performing the 10MWT for registering: number of steps, Mean Force (MeF),
and Maximal Force (MF), i.e., axial load applied by the patient in the AD. The latter
were calculated by considering each gait cycle. The relative motion of the AD with
respect to the body has been calculated, through the lateromedial and anteroposterior
angles, this is, the lateral angle of the AD with respect to the advance plane of the
patient, and the angle with respect to the vertical, respectively. From these measure-
ments the maximum values are calculated: MLA for the lateromedial angle and
MAPA for the anteroposterior angle. The secondary outcomes included the Timed
Up and Go test (TUG) [6], and the Short Physical Performance Battery test (SPPB)
[7].
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Table 2 Exoskeleton
training intervention effects

PRE POST p

10MWT

Gait speed (m/s) 0.7 (0.2) 0.7 (0.2) 0.39

Number of steps (n) 8.3 (3.5) 6.8 (1.8) 0.06

MeF (Nw) 7.4 (4.7) 6.4 (5.2) 0.09

MF (Nw) 12.2 (5.3) 9.0 (6.3) 0.04*

MLA (Degrees) 4.8 (5) 4.0 (5.1) 0.04*

MAPA (Degrees) 27.9 (4.7) 30.3 (3.3) 0.01*

TUG (sc) 20.3 (8) 19.9 (8.7) 0.11

SPPB (score) 6.4 (2.5) 7.9 (2.11) 0.88

PRE: Data at baseline; POST: data after the intervention; 10MWT:
10 Minute Walking Test; MeF: Mean force; MF: Maximal force;
MLA: Maximal lateral angle; MAPA: Maximal antero posterior
angle; TUG: Timed up and go; SPPB: Short performance physical
battery
Data are reported in mean (standard deviation)
*p < 0.05 Wilcoxon test
Bold represents the values that are statistically significant

3 Results

4 Discussion

As can be seen in Table 2 taking into account information provided by clinical
scales (10MWT, TUG, SPPB), changes between baseline and after robot based gait
intervention assessments, there is a tendency to improvement after the intervention
but changes are not statistically significant. Although there are some technological
devices that provide fine assessment of gait capacities, they don’t take into account the
ADuse and its implication in gait improvement [8]. Nevertheless, taking into account
the data provided by the smart-tip, we find statistically significant differences in some
parameters: force applied in the AD is reduced, the lateral angle is reduced and the
anteroposterior angle is increased, meaning that the intervention was effective for
improving gait performance of the participants. As we enounced in our hypothesis,
assessment with this new tool might provide sensitive information to changes in gait
performance.

5 Conclusion

The main result of this work is that the smart-tip might objectively detect changes in
gait performance that are not identified with habitual clinical scales. Parameters like
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anteroposterior angle, lateral angle and force applied in the AD could be useful for
gait assessment in MS clinical context.
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Simultaneous Control of Natural
and Extra Degrees-of-Freedom
by Isometric Force and EMG Null Space
Activation

Sergio Gurgone, Daniele Borzelli, Paolo De Pasquale, Denise J. Berger,
Tommaso Lisini Baldi, Nicole D’Aurizio, Domenico Prattichizzo,
and Andrea D’Avella

Abstract Myoelectric signals allow to control prostheses and exoskeletons intu-
itively and effectively by estimating movement intention from the activation of
multiple muscles. However, not all muscle activation patterns generate movements,
because of the redundancy of the musculoskeletal system. Therefore, such “null
space” activations could be used to control extra degrees-of-freedom while simul-
taneously performing a task. Here, we tested the feasibility of this approach by
instructing participants to match the position and orientation of an ellipsoidal target
by displacing and rotating an ellipsoidal cursor through the generation of isometric
force and electromyographic null space activation. Participants were able to perform
the task and their performance improved with practice. However, there was a large
variability across participants in their ability to hold the cursorwithin the target. These
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results support the feasibility of null space control and suggest that task difficulty
must be optimized according to the individual control ability.

1 Introduction

MYOELECTIC CONTROL, i.e. the control of a device using electromyographic
(EMG) signals, is both a powerful tool to investigate basic principles ofmotor control
[1] and a promising approach for the control of prostheses [2] and exoskeletons [3].
Indeed, it is possible to detect whichmovement an individual intends to perform from
EMG signal frommany different muscles, using a data-driven linear [1] or non-linear
[4] mapping between these signals and the forces or kinematics, or a musculoskeletal
model [5].

Due to the redundancy of the musculoskeletal system, i.e. the presence of a higher
number of muscles than the endpoint degrees of freedom (DoFs), many muscle
patterns are not mapped onto movements or force generation, but instead lie in
the EMG “null space”. This space includes, for example, the co-contraction of two
antagonistic muscles, which counterbalance the effect of each other. EMG null space
has been used to control the impedance of robotic devices [6], but no studies to date
have looked into the possibility of using null space to directly control extra degrees
of freedom while simultaneously performing natural movements, thus augmenting
human motor abilities.

To assess the feasibility of this approach, we designed an experiment in which we
tested the performances of human subjects during an isometric force task in which
they had to control simultaneously also an extra degree of freedom through null space
activation in arm and/or shoulder muscles.

2 Material and Methods

2.1 Subjects

Eight naïve right-handed subjects (mean ± SD age: 27.5 ± 7.8, age range 20–45, 2
females and 6 males) participated in the experiments after giving written informed
consent. All procedures were conducted in conformance with the Declaration of
Helsinki and were approved by the Ethical Review Board of IRCCS Neurolesi
‘Bonino Pulejo’.
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2.2 Setup

Participants sat on a gaming chairwith the right hand inserted in an orthosis connected
to a force transducer, with arm and forearm forming a 90° angle. Car belts immobi-
lized torso and shoulders. They wore 3D shutter glasses and viewed stereoscopically
a virtual scene displayed on amonitor through a horizontalmirror occluding the hand.
Real-time feedback of the exerted force was given as the displacement of a virtual
cursor, simulated, through an adaptive filter [1], as a mass-spring-damper system
with critical damping, accelerated by the applied force. Surface EMG activity was
recorded, using bipolar surface electrodes (Delsys TrignoWireless), from 15muscles
actingon the shoulder and elbow: brachioradialis; biceps brachii long and short heads;
pectoralis major; anterior, middle and posterior deltoid; triceps brachii lateral and
long heads; infraspinatus; teres major; latissimus dorsi; lower, middle and upper
trapezius.

2.3 Protocol

The experiment was divided into 17 blocks. In the first block, participants were asked
to exert maximum voluntary force (MVF) along one direction on the horizontal plane
(anterior), to normalize target distance in the successive blocks. In the second block
(force control, FC), participants were asked to move a virtual spherical cursor into
a spherical target in one of 20 spatial directions (distance 15 or 25% of MVF), and
to stay inside it (holding phase) for 0.5 s, with 4 s of time limit. EMG and force
data collected were used to calculate the EMG signal normalization, and to estimate
by regression the EMG-to-force matrix H, such that F = Hm, where F is the force
vector and m the EMG activation vector. The null space of H, i.e. the set of vectors
n that map into the null vector (Hn = 0) was calculated as an orthonormal matrix N
(using the MATLAB function null). In the third block (null space estimation, NSE),
the participant had to hold the cursor inside a target placed in the origin, for 1 s,
while an oscillation perturbing the motion of the cursor. To reduce it, the subjects
had to increase their null space activation and were instructed to stiffen their right
arm and shoulder [7]. EMG data collected in this block were used to calculate the
principal components of N to be used to control the extra DoF. The fourth block was
a FC block with 8 equally spaced planar targets (3 reps.) at 20% of MVF with an
ellipsoidal cursor and targets. In the following 12 blocks (null space control, NSC),
participants had also to rotate the cursor around the medio-lateral axis by null space
activation and stay inside the targets for 1 s. All the targets had the same orientation
of 60° (20% of the maximum null space activation in the NSE block). A FC block
with the ellipsoidal target was performed at the end.
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2.4 Control of the Extra DoF

The EMG data collected in the NSE block allowed the estimation of the null space
dimensions from theN matrix used by each participant through principal component
analysis (PCA). A number of components explaining 80% of the total variation of
the EMG data was selected to control the extra DoF in the NSC blocks, using a
sigmoidal function of the projection norm of EMG activation in these components.

3 Results

Participants were able to control the cursor and reach the target in 92± 6% (mean±
STD) of the trials during the first FC block and to stay in the targets for the required
time in 63± 19% of the selected trials. In the two FC block before and after the NSC
blocks results were similar, with 88± 25% and 95± 12% respectively for reaching,
and 67 ± 31% and 77 ± 24% for holding. The R2 for the reconstruction of the 3D
force in the three blocks was 0.76± 0.11, 0.78± 0.13 and 0.67± 0.23, respectively.
Throughout the NSC blocks, participants improved their ability to control simultane-
ously the cursor position (natural DoF) using force and orientation (extra DoF) using
null space activation, with progressively straighter trajectories (Fig. 1). A general-
ized liner mixed model (GLMM), with block and target variables as fixed effects and
subject as random effect, showed a significant increase in the mean fraction of trials
in which the target was successfully reached as a function of block (p < 0.001, slope
0.05), with a maximum value of 92 ± 9% (Fig. 2). Although a GLMM applied to
the fraction of trials in which the cursor was successfully held in the target showed
similar results for the effect of block (p < 0.001, slope 0.04), individual performances

Fig. 1 Examples of activation of themagnitude of the force vector and of the extra DoF, normalized
to their maximum values, for different blocks. Dashed lines represent target tolerance
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Fig. 2 Mean success rate across participants and targets in each block for reaching and for holding.
Shaded areas represent standard deviation

were highly variable and on average rather low (highest value across blocks: 43 ±
30%) (Fig. 2).

4 Discussion and Conclusions

With this work, we demonstrated the feasibility of using EMG null space activation
to control an extra DoF while performing simultaneously an isometric force-control
task. We found that it is possible to control the position and orientation of an ellip-
soidal cursor to match different target position and orientations using both force and
null space control. However, we also observed high variability among subjects for
what concern holding performance. Future work will investigate individual abilities
and how to optimize a null space control interface according to those.
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Preliminary Clinical Evaluation
of the X-Limb Hand: A 3D Printed Soft
Robotic Hand Prosthesis

Alireza Mohammadi, Jim Lavranos, Ying Tan, Peter Choong,
and Denny Oetomo

Abstract This paper presents the initial clinical assessment of the X-Limb hand,
a 3D printed myoelectric hand prosthesis with fully soft/compliant structure. The
design also takes into account the practical requirements including light-weight,
multi-grasping capability, ease of manufacture and intrinsic actuation. The X-Limb
hand is tested with one person with unilateral congenital below-the-elbow deficiency
who never used any type of hand prosthesis. He performed two prosthetic function-
ality benchmark measures: Jebsen-Taylor Hand Function Test (JHFT) and Box and
Block (BB) test. The results of the X-Limb hand are compared with the DEKA arm
(the most advanced upper-limb prosthesis) and SoftHand Pro (a clinically assessed
flexible myoelectric hand) using the z-score method as there was only one subject
in our study. The results showed comparative performance of the subject using the
X-Limb hand to the performance of the DEKA Arm and SoftHand Pro in other two
studies. The promising performance of the first time prosthetic hand user demon-
strates the capability of theX-Limbhand in performingwide range of tasks and shows
its potential to significantly reduce the difficulty in learning to operate a myoelectric
hand prosthesis.
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printing
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1 Introduction

Soft robotics is an emerging field which has shown great potential in addressing
issues with current hand prostheses, i.e., non-compliant structure, heavy weight and
complex system. The inherent material compliance in the soft robotic systems pro-
vides safer, cheaper, and simpler mechanisms (and consequently simpler control
structures) compared to the traditional rigid robotic systems [1].

Current soft hand prostheses such as Hannes Hand [2], SoftHand Pro [3] and RBO
Hand 2 [4] are not satisfying the practicality requirements including the weight (less
than human biological hand), ease of manufacturing and personalisation. In [5], we
addressed the practical requirements in the X-Limb hand with the consideration of
the trade-off between practicality and performance and demonstrated its capability
in performing grasping tasks required for activities of daily living (ADLs). The X-
limb had a weight of 253g, three grasps types (with capability of individual finger
movement), power-grip force of 21.5N and hand closing speed of 1.3 s.

X-Limb represents a simplified solution to the prosthetic hand design not only in
the physical design but also in the interface to its functionality. More specifically, the
design focuses only on twomain grasps (pinch andpower), producedwith the synergy
of fingers. This allows a very basic simple operation of the hand while retaining the
ability to perform the required tasks of the benchmark tests in this paper.

Although the functionality of the X-Limb has been tested on different grasping
tasks, it has not been tested on any individual with upper-limb amputation yet. There-
fore, the objective of this study is to evaluate the performance of one subject with
unilateral transradial limb differencewho is fittedwith theX-Limb hand and compare
the performance results with two state-of-the-art myoelectric hand prostheses.

2 Method

The experiments were conducted with one subject (male, 22-years-old) with con-
genital transradial (below-the-elbow) limb deficiency in the left side (non-dominant
side) who never used any types of hand prosthesis. The subject read the plain lan-
guage statement and signed the consent form approved by the Ethics Committee of
the University of Melbourne (Ethics ID 1852363.1).

A custom prosthetic socket build for the participant using 3D scanning of his
residual and 3D printing with the same flexible material of the X-Limb hand and then
secured on the residual limb by an adjustable elbow strap. A single EMG electrode
is used for flexion and extension of the X-Limb. In order to reduce the complexity
of the experiment for the naive subject, a single tactile button on the X-Limb arm
is used to switch between grasp types. Other forms of switching can be used. The
experimental results in [6] demonstrated that first time subjects were more effective
in performing the task of selecting the right grasp using the buttons than through the
attempt of producing the right EMG signals (as seen in some commercial devices).
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Fig. 1 Participant performing prosthetic hand assessment tasks: Box and Block test (left) and
carrying heavy cans as one of the tasks of the Jebsen-Taylor Hand Function Test (right)

Two grasp types are used in the experiments: pinch and power. In power grasp,
the thumb will move from the natural open hand position towards the center of the
palm in coordination with other fingers. When the thumb is in adduction position,
the actuation of the index finger will produce the pinch grasp [5]. The participant
received one hour of training to use EMG signals for opening and closing of the
X-Limb hand in two grasp types.

As shown in Fig. 1, two prosthetic functionality benchmark tests are used: (1)
The Box and Blocks (BB) test (number of 1-in. blocks moved from one side of a
box to another in 60s) to measure the gross manual dexterity and speed. The results
are compared with SoftHand Pro [3]; (2) Jebsen-Taylor Hand Function Test (JHFT)
which is a measure of dexterity and simulated ADLs. The modified version used in
this study which caps maximum time for each task at 120s and scores the number
of items completed per second. The results are compared with DEKA Arm [7].

In order to compare the performance of one subject with results of the group of
participants in the other studies, we exploit the z-score test [8]. The z-score measures
howmany standard deviations above or below the mean a data point is and defined as
z-score = (x − μ)/σ where x is the single data point (the score of one subject in our
study), μ and σ are the mean and standard deviation of the group (the performance
of the group of the participants in using SoftHand Pro and DEKA Arm as reported
in [3, 7]). Then, in order to know how well the subject performed compared to the
participants in the other groups, we use the z-table (standard normal distribution
table). The table determines the percentage of the groups participants who obtained
higher and lower scores then single subject.
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Fig. 2 Jebsen-Taylor hand
function test results and
comparison with the results
of DEKA arm. Higher values
show better performance
(performing task quicker)

3 Results and Discussion

The average of three trials of the subject using X-Limb in performing BB test is 8
blocks in one minute. The reported results of 9 participants in [3] using the SoftHand
Pro after 6–8h of training showed the mean and standard deviation of μ = 9.5 and
σ = 4, respectively. Therefore, the z-score = −0.38 shows that the X-Limb hand
user performed better than 34% of the SoftHand Pro users.

The results of the subject in performing JHFT tasks and the reported results of
23 participants in [7] using DEKA Arm at the end of the initial training sessions
are shown in Fig. 2. The subject performed the tasks once and then we recorded
the scores. The z-scores of X-Limb hand user for the 7 tasks of the JHFT (writing,
page turning, small items, feeding, checkers, light cans, heavy cans) in comparison
to DEKA Arm users are (0.85, 0.25, −0.37, −1, −0.12, 0, −0.35) which shows
that the performance of the X-Limb hand user in better than (80%, 60%, 35%, 15%,
45%, 50%, 36%) of the DEKA Arm users, respectively. Excluding the feeding task,
the performance of the X-Limb hand user was comparable to the DEKA Arm users.
In the feeding task, due to small size of the teaspoon, the X-Limb was not able to
grasp it.

4 Conclusions

The results of this study demonstrated the capability of a first time myoelectric hand
user in using the X-Limb hand and showed comparable results to the state-of-the-art
myoelectric hand prostheses. The future work will focus on testing the X-Limb hand
with more subjects including children (using the paediatric version of the X-Limb
[9]) and providing bone conduction vibrotactile feedback [10].
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Surface EMG Based Guidance Force
Feedback System for Muscle-Specific
Upper Limb Training in Stroke Patients

Sojung Lee and Suncheol Kwon

Abstract A system for surface EMG (SEMG)-based guidance force control training
is presented, which can be utilized to treat stroke patients. The four muscles to be
trained to realize reaching movements in a horizontal plane were selected based
on the four directions considered. When the stroke patient uses specific muscles,
the robot enables feedback to induce the use of specific muscles. This is realized
by generating a SEMG-based guidance force in the direction perpendicular to the
reference trajectory. The feedback from the robot helps the patients reach the vicinity
of the reference trajectory. When the muscles were not measured, the robot guidance
force was not provided for specific muscle training.

1 Introduction

Upper extremity rehabilitation training using a robot helps in high-intensity repet-
itive training, and it is possible to quantitatively acquire kinematic information to
understand the exercise recovery process. This training is effective for restoring upper
limb function because it is possible to acquiremotor skills based on feedback through
visual or force control rather than repetition of simple movement [1].

However, there are limitations to the current upper limb rehabilitation robots.
The control algorithm of current upper limb robotic rehabilitation is based on the
kinematic (accuracy, speed, and smoothness) data of the robot endpoint (e.g., hand
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position). This cannot induce to train specific muscles against abnormal movements
such as the trunk compensation pattern [2].

SEMG can verify the use of specific muscles and attempt to generate movements
and has the advantage of confirming the movement control recovery process [3].
There are several studies that investigate the possibility of classifying movement
patterns through SEMG signals to trigger or assist in upper limb movements [2,
3], to detect abnormal movements through SEMG signals during robot training [5,
6] and to make to correct the movements by providing visual feedback on muscle
activation patterns [7].

Therefore, in this study, we propose the upper limb robotic rehabilitation system
adapted SEMG-based guidance force feedback. The SEMG signal was applied to
the force controller of the three-degree-of-freedom multi-joint commercial robot.
When the stroke patient intends to use specific muscles, the robot enables feedback
to induce the use of specific muscles by generating a SEMG-based guidance force
in the direction perpendicular to the reference trajectory.

2 Methods

2.1 The Control System

The system was implemented using Proficio robot (Barrett Technology, LLC.,
Newton, MA), and Trigno Avanti (Delsys, Inc., Boston, MA), wireless EMG acqui-
sition system. EMG signals were collected using the NI DAQ board (NI PCI-6221)
such that the SEMG and the robot assistance force in synchronization at high speed.
Using the real-time control library provided byBarrett technology, the SEMG signals
used to control the interaction force (Fig. 1). The SEMG signals were processed a
sampling rate of 1 kHz and were smoothed using the moving average window filter.

2.2 Experimental Environments

Two experimental environments were designed. The aim was to realize move-
ment (14 cm) of the robotic arm in the four directions (right, left, backward, and
forward, 90° from the starting center point each) in a horizontal plane in both these
environments.

In experiment 1, the stroke patients were providedwith guidance force, whichwas
proportional to trajectory error. If there is a differencebetween thedesiredpath and the
position of the robot handle, guidance force proportional to the difference is provided.
In experiment 2, the stroke patients were provided with guidance force, which was
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Fig. 1 The experimental setup

Table 1 Target position and
matched reference muscles

Target position Reference muscles

Forward Triceps brachii long head (TR)

Right Deltoid posterior (DP)

Backward Biceps brachii (BI)

Left Pectoralis major clavicularis part (PM)

proportional to pre-selected muscle’s SEMG signal. The muscles (measured for non-
disabled persons) were selected for each direction based on previous studies [2, 3]
(Table 1).

Before training, isometric muscle testing was performed for the 4-way task,
and the SEMG signal was simultaneously measured to calculate the guidance gain
between theSEMGsignal and themuscle strength.During training, if amuscle is acti-
vated while attempting to correct the trajectory away from the reference trajectory, an
guidance force proportional to the EMG signal in the perpendicular direction of the
reference trajectory is provided. In contrast, if SEMG signals that match the reaching
direction are not measured, then the guidance force is not provided. The visual and
auditory feedback is provided to verify the training process of the participants.

3 Results

SEMG based guidance force feedback system was developed as follows (Fig. 2). A
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Fig. 2 The experimental
setup

total of 4 targets in the forward, right, backward, and left direction along with the
position of the end-effector were displayed on the screen.

The guidance force in the perpendicular direction of reference
trajectory for experiment 1 is as follows (1).

FG = Kpe + Kd
de

dt
(e = Posdesired − Poscurrent ) (1)

In previous studies, the virtual spring constant, Kp = 200 and damping constant,
KD = 10 were selected.

The guidance force for experiment 2 is expressed in (2). For example, in the
forward direction, if themajor intention tomodify the trajectory to the left is observed
through the EMG signal, the stroke patient receives the guidance force as follows
(2).

FG = K · EMGPM (2)

The coefficient matrix K was calculated by performing individual isometric
muscle tests in each of the four directions, before the experiment (3).

[
Fx
Fy

]
=

[
KxTR KxDP KxBI

KyTR KyDP KyBI

KxPM

KyPM

]⎡
⎢⎢⎣

EMGTR

EMGDP

EMGBI

EMGPM

⎤
⎥⎥⎦ (3)

The results of experiments 1 and 2 represented that different guidance forces were
provided by reflecting the spring, damper constant, and SEMG signal characteristics.
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Fig. 3 Experiment 1: Intention to modify the trajectory (Red point: The point where user want to
modify the trajectory, Black arrow: Movement direction), Trajectory error (m) and Guidance force
(N)

4 Conclusion

A system that can provide stroke patients with guidance force feedback to induce
specific muscles using SEMG was introduced. The force proportional to the SEMG
was provided to guide the reference trajectory and was compared with compliant
guidance force using the virtual spring-damper components. We plan to study the
feasibility and clinical effects of the proposed system in stroke survivors.
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Fig. 4 Experiment 2: Intention to modify the trajectory (Red point: The point where user want to
modify the trajectory, Black arrow:Movement direction), Pectoralismajormuscle EMGmodulation
(V) and Guidance force (N)
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Hybrid Actuation Mechanism for an
Ultra Low-Cost Transhumeral
Prosthesis: Preliminary Study

T. Reboli, S. Meloni, G. Ballardini, G. Carlini, M. Casadio, F. Sante,
M. Serafica, G. Vigo, and L. Schiatti

Abstract In this work, we present a novel hybrid approach to the actuation of an
ultra low-cost upper limb prosthesis. An open-source mechanical design has been
developed allowing the control of two degrees of freedom: opening-closing of the
hand and flexion-extension of the elbow. The hand actuation mechanism has been
designed in order to be easily convertible from electrically powered to body powered,
thanks to the addition of a spring and a cable. In the study, we describe themechanical
design of both degrees of actuation and the hybrid solution, as well as the control
schema and the preliminary tests for electromechanical characterization of the hand
module.

Keywords Ultra low-cost prostheses · Hybrid actuation · Upper limb amputation

1 Introduction

The need of developing ultra low-cost prostheses arises from the consideration that
access to public healthcare, and specifically prosthetic care, is not equally distributed
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over the world. In particular, WHO estimates that 80% of people with amputations
reside in Lower-Middle Income Countries (LMICs), and only 3% of them have
access to rehabilitative care [1, 2]. This is mainly due to the unaffordable cost of
commercially available prostheses, especially for what concern upper limbs, given
the major technological complexity that is required to restore an arm/hand function-
ality. Indeed, the commercial cost of a functional prosthetic hand can range between
$4000–$10,000 and $25,000–$75,000 for a body-powered and an externally powered
actuation, respectively [3]. To be accessible by amputees in LMICs, and therefore
have an impact on their working capabilities and economical condition, such cost
should be kept below $1000–$500. All existing low-cost upper limb prostheses are
developed for amputations below the elbow, despite the fact that 25% of amputa-
tions are above the elbow [3], and that the need of restoring an arm’s functionality is
higher in the latter scenario, especially in resource-constrained and rural settings. A
body powered actuation, i.e. driven by cables controlled by body movements, is the
main choice when targeting LMICs [4]. It allows an equipment- and electronic-free
design, resulting in a more durable and easily maintainable product. At the same
time, externally powered solutions present several advantages, such as light weight,
higher usability for weak subjects, and easier control of multiple Degrees of Freedom
(DOFs). A hybrid approach could be especially useful in resource-constrained coun-
tries, to guarantee the use of the hand in different conditions. However, there is a lack
of such solutions for the ultra low-cost prostheses. In this work, we present a novel
design of a transhumeral prosthesis allowing the control of two degrees of freedom,
i.e. hand opening/closing and elbow flexion/extension, and a hybrid actuation of the
hand, either body or externally powered.

2 Prosthesis Design and Characterization

2.1 Mechanical Design

Related literature suggests that, besides providing the amputee with increased func-
tionality, prostheses suitable to be used in LMICs have to be affordable, easy to repair
and maintain at a low cost, robust and durable [5]. Accordingly, specific require-
ments for components and mechanical performance were defined, including: hand
length 18–19cm, forearm length 24–25cm, overall weight limit 1.8kg, total materi-
als and components cost limit $200 (including actuators), hand hold strength 100N,
maximum hand closing time 5s, maximum liftable load 20N. Mechanical design,
including component assemblies creation and dynamic analysis, was conducted with
the CAD software CREO by PTC. The design process was divided in twomain parts:
(1) externally powered design for hand and elbow actuation, and (2) body powered
design for hand actuation. In order to contain the weight of the device, most of the
components were realized in aluminium.
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Fig. 1 Mechanical design of the 2 degrees of actuation of the electrically powered prosthesis (left):
hand (center) and elbow (right)

For what concerns the externally powered design, dedicated kinematics were
designed for both the hand and the elbow, in order to let each degree of freedom
be moved by a linear actuator (Fig. 1, left). The hand is actuated by pulling the
red pin (Fig. 1, center), which, through a system of connecting rods, let the fingers
move from an open to a closed condition. Different dynamic analyses have been
performed to evaluate the pull force to be applied to the pin to produce 100N of hold
strength. Such information allowed selecting a suitable linear actuator equipped with
a screw reduction (model DABX 270C). This kind of actuator allows reaching and
maintaining a position with no need to continuously absorb power, thus minimizing
energy consumption and increasing the autonomy. The same actuator was used to
drive the elbow mechanism (Fig. 1, right), and pins were consequently displaced
allowing to reach a maximum liftable load of 2kg.

The design process aimed at using the same mechanical structure to actuate the
hand with both body and external energy. By replacing the red pin shown in Fig. 1
(center) with a spring-based connection pin, it is possible to move the fingers by
pulling a cable activated by a patient’s specific body movements. As shown in Fig. 2,
based on the spring and cable placement, two options for body-powered hand actu-
ation were implemented: respectively default closed (left) and default open (right)
modes.1

1 Both mechanical and electronic CAD projects are available open source at:
https://timeforpeacegenova.wordpress.com/materiale-open-source/.

https://timeforpeacegenova.wordpress.com/materiale-open-source/
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Fig. 2 Mechanical design of the hybrid (electrically/body powered) actuation of the hand: default
closed (left) and open (right) solutions

2.2 Motor Control

The externally powered prosthesis is actuated by two motors (hand, elbow). Each
motor is driven by a PWM signal generated by a microcontroller (ATmega328P),
which regulates themotor speed.Direction of rotation (and eachDOF’smovement) is
controlled by an H-bridge (driver LMD18201). The logical scheme of the electronic
circuit driving the actuator is shown in Fig. 3. When the current is below a preset
threshold, the microcontroller reads the control signal (myoelectric or from other
source) and it controls the motor speed (incremented at each cycle for forward and
reverse signals). Otherwise motor brake is activated.

Setup and Current Threshold (TH)

CURRENT MEASURE

> TH BRAKE

Brake Hand closing –
Elbow Flexion

Hand opening -
Elbow extension

FWD STOP REV

No Yes

READ
CONTROL SIGNAL

Fig. 3 Motor control logical scheme
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Table 1 Electromechanical characterization and outcomes

Test type Outcome

Current-force Linear relationship between absorbed current (I ) and motor’s push/pull
force (F): F � 540∗(I − I0) N with I ≤ 1A

Circuit delay Max 10ms between STOP command and BRAKE signal activation

Motor delay Max 50ms between STOP command and motor brake in the worst case
scenario, resulting in a maximum fingers’ displacement of 2.11mm

2.3 Electromechanical Characterization

A preliminary characterization of the actuator has been performed, in order to evalu-
ate: (1) the proper functioning of current sensor, (2) the correlation among absorbed
power and actuator’s pull strength, (3) the circuit delay in answering to commands,
and (4) the delay between the control signal and the physical actuator’s stop. Main
outcomes (from tests 2–4) are summarized in Table1. Preliminary tests showed that
the time between the brake signal and the motor physical stop is around 50ms,
which corresponds to 2mm of fingers’ total extra run. This is definitely acceptable,
first because tests have been performed with no load (worst case scenario), and sec-
ond because with an external rubber glove this extra-space will determine a desirable
increasing grip on the object.

3 Conclusion

In this work we presented a novel open-source design for a transhumeral prosthesis
targeting developing countries. The overall cost of components (including actuators
and electronics) is below $200, and the prosthesis satisfies mechanical and weight
(�1.7kg) requirements to guarantee usability and robustness.We introduced a hybrid
approach to the hand mechanism’s actuation, which could provide a viable compro-
mise among the performance advantages and the usability disadvantages of adopting
sophisticated solutions, such as myoelectric prostheses, in resource-constrained set-
tings. Futureworkwill include: (1) the realization of an outer covering (glove), which
will introduce additional loads to the actuator; (2) the evaluation of a less powerful
(and therefore cheaper and more compact) actuator; and (3) the experimental evalu-
ation of the complete prototype with amputees, to test the prosthesis’ effectiveness
in real-world scenarios.
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Coordination and Force Generation
on Healthy Humans

Álvaro Costa-García, A. Úbeda, E. Iáñez, and S. Shimoda

Abstract This works describes a methodology to estimate changes of muscle syn-
ergies contribution to motion under different task constrains. For that purpose, the
temporal and spatial patterns of muscle synergies are correlated among consecutive
repetitions of periodic cycling under different levels of pedal rotation resistance.
Results show higher influence of muscle synergies for an increasing resistance level
which suggest that the neural mechanism behind motor force generation are closely
related to the potentiation of basic motor primitives rather than other mechanisms
of motor control like reflexes and tacit adaptations. Moreover, the indices extracted
from the spatial and temporal patterns of muscle synergies showed potential as future
biomarkers of human motor performance.

1 Introduction

The study of human movement presents many challenges associated to the complex-
ity of the neural mechanisms in charge of controlling the musculoskeletal system.
Human brains are the result of millions of years of evolution. During this process,
earlier nervous systemswere developing integrative solutions for the process of larger
amounts of multimodal information which was convenient for survival. This trend
towards the compartmentalization of function led to the appearance of different neu-
ral mechanism like the existence of 2 neural pathways to process visual information,
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reflexes and muscle synergies among others which are continuously competing for
the control of the musculoskeletal system [1, 2]. Among these neural mechanisms,
the definition of muscle synergies has been proved as an efficient theory to explain
how the brain reduces the level of complexity of the motion by the creation of motor
primitives encoded in the spinal cord [3, 4]. Themethodologies behindmuscle syner-
gies computation are based on mathematical approaches that find common temporal
patterns of activation across the electromyography (EMG) of the set of muscles con-
tributing to the motion [5]. However, even in periodic motions performed by healthy
humans, the patterns extracted cannot be used to fully reconstruct the original EMG
data. Usually the reconstruction represents between 80 and 95% of the original data
being this value quite variable depending on many factors (task conditions, subject
variabilities, etc.). These are expected results because althoughmuscle synergies play
an important role onmotor control, it is not the only process behind it. In this workwe
propose a novel approach to evaluate the amount of contribution of muscle synergies
to motion under different task constrains. The methodology was inspired from the
concept of muscle synergy similarity index proposed by [6] were the spatial patterns
of synergies extracted from left and right body sides were correlated to study body
asymmetries. In this work we will correlate both temporal and spatial patterns of
consecutive repetitions of a periodic motion under different task constrains in order
to estimate changes in the level of contribution of muscle synergies. This methodol-
ogy will be useful not only for the study of motor control but also as biomarkers to
quantify muscle synergy stability and their influence on a given movement [7].

2 Materials and Methods

2.1 Experimental Set-Up

The experimental environment consists on a static bike which pedal can be switched
between different resistance levels. An inertial measurement unit (IMU) was located
on the axis of the pedal to measure angular rotation. The information recorded from
the IMU was used to create real time feedback about the angular speed. This infor-
mation was provided through a visual interface showing a marker in a screen which
positions increases and decrease linearly with the angular speed. During the exper-
iment 4 muscle from subject’s dominant leg were measured with bipolar electrodes
located onVastusLateralis (VL),BicepFemoralis (BF),MedialGastrocnemius (MG)
and Tibial Anterior (TA) with a sampling frequency 1500Hz.
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2.2 Experimental Protocol

Five right handed subjects (2 males and 3 females) with ages 21.1± 0.5 years old
participated in the experiment. They were requested to perform three cycling ses-
sions. Each session was composed of four trials of 30 s in which the subject was
pedaling at a constant speed under 4 different resistance conditions (no resistance +3
increasing resistance levels). Resistance levels were randomized on every session to
avoid experimental bias.

2.3 Signal Processing

EMG Signals were high pass filtered 10Hz rectified and low pass filtered 10Hz
prior to synergy computation. Individual repetitions were segmented according to
the algorithm described in [8] which uses the periodic activation of each muscle to
obtain a robust segmentationpoints thatmaintain the spatial and temporal information
from signals. From each repetition 2 synergieswere extracted using theNonNegative
Matrix Factorization [9].

2.4 Synergy Stability Indices

The correlation coefficients of both temporal and spatial patterns extracted from
muscle synergies were computed across all individual muscle activation within each
resistance condition (low,medium and high). This provided 2 indices to evaluate tem-
poral and spatial stability with ranges between −1 and 1 (being 1 the representation
of perfect correlation).

3 Results

Figure1a shows a bidirectional representation of both indices (spatial correlation
in the X -axis and temporal correlation in the Y -axis) for each resistance condition
while Fig. 1b, c show a boxplot representation of each index. A Wilcoxon sum-rank
test with a confidence interval of 95% was conducted to compare among resistance
levels. A Bonferroni–Holmes correction for multiple comparisons was applied to the
confidence interval and significant pairs were marked with an asterisk.
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Fig. 1 Temporal and spatial correlation coefficients. a Graphs showing the bidimensional repre-
sentation of spatial (Y -axis) and temporal (X -axis) correlation coefficients for all subjects and trials
on each level of resistance. Black dots represent the median values of each distribution. b Boxplot
representation of spatial coefficients for each resistance level. b, c Boxplot representation of tem-
poral coefficients for each resistance level. Asterisks mark significant differences of each pair of
data sets after a Wilcoxon sun-rank test with a confidence interval of 95% and a Bonferroni-Holms
correction for multiple comparisons

4 Discussion

Both spatial and temporal correlation coefficients show significant differences for
every pair of resistance conditions (Fig. 1b, c). This fact combined with the increase
of the median values on both indices for an increasing resistance level (black dots
on Fig. 1a) presents clear evidences connecting the neural mechanisms in charge of
force generation with the increase of motor primitives stability. These results suggest
that the neural primitives in charge of muscle recruitment and coordination also play
an important role in the tuning of force on healthy subjects. In a previous work it
was found that, for stroke patients, this two mechanism are decoupled [10]. If on
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healthy subject muscle force and muscle coordination commands travel through the
same pathways, the decoupling on these factors observed on stroke patients should
be originated at a higher neural levels.

5 Conclusion

This work shows evidences of a close relationship between the neural mechanisms of
muscle coordination and force generation on healthy subjects. Therefore, the decou-
pling between these twomechanisms observed in stroke patients should be originated
in higher-level brain processes in charge of sending both types of information through
the same neural pathways. Moreover, the indices developed in this work are a pow-
erful tool as biomarkers representing the stability of muscle synergies and therefore
their overall influence in the control of motion for a given task.

Acknowledgements This work was partially founded from National Japanese Kakenhi Grant sys-
tem and from Novel Metrics for the Evaluation of Motor Function Using Advanced Electromyo-
graphic Techniques Project Reference: GV/2019/025.
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Abstract Muscle synergies are a promising assessment tool in motor rehabilitation.
In this study,wepropose abasic experimental frameworkwithminimum instrumenta-
tion and experiment duration for the evaluation of muscle synergies that can be easily
translated to clinical application. To that end, we analyze synergistic parameters in
cycling activities under different force constraints by modifying the resistance level
of a stationary bike. Results suggest that the contribution of specific motor primitives
changes with resistance as a result of motor adaptation to greater physical effort. In
addition, we observe changes in the contribution of the different muscular groups,
particularly the muscles of the posterior chain. These are interesting findings that
are likely to be altered in patients with pathological motor conditions and thus can
potentially serve as clinical biomarkers.

Keywords Electromyography · Muscle synergies · Cycling · Rehabilitation
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1 Introduction

Repetitive motor primitives have been related to the activation of different muscu-
lar groups during the performance of specific tasks. This suggests that the Central
Nervous System (CNS) divides muscular activation in simple modules to command
more complex tasks [1]. Thesemodules are calledmuscle synergies. This approach is
particularly visible inmotor activities that require periodical contractions of different
muscle groups such as walking or cycling [2]. The application of muscle synergies
in the assessment of motor rehabilitation can be well characterized through the esti-
mation of motor primitives [1, 3]. In this study, we have evaluated muscle synergies
during cycling activities as cycling provides an ideal constrained scenariowheremus-
cle synergies can be accurately computed while changing specific parameters such
as velocity, torque or cycling style. The analysis of muscle synergies in cycling under
different biomechanical constraints has been evaluated previously [4], but its clinical
application remains laboursome and is limited to a few studies [2]. This preliminary
study aims at establishing a set of synergistic parameters ofmotor adaptation in a very
simple protocol with minimum instrumentation and experiment duration. To obtain
the potential set of biomarkers different force conditions are evaluated on a group of
able-bodied participants by modifying the resistance level of a stationary bike. The
main goal is to design an experimental framework that can be successfully translated
to the clinical evaluation of pathological motor adaptation of stroke patients.

2 Materials and Methods

2.1 Experimental Design

Ten subjects (5 female and 5 male, aged 21.9 ± 0.4years) participated in the experi-
ments. Experiments took place at University of Alicante. Informed consent following
theDeclaration of Helsinki was signed by all participants. Subjects sat on a stationary
bike with a knee angle of 145◦ under a maximum possible extension. Electromyo-
graphic (EMG) data was measured from four bipolar electrodes (NoraxonMiniDTS)
placed on four different muscles of the dominant leg. The selected muscles were
Vastus Lateralis (VLAT), Biceps Femoris (BF), Tibialis Anterior (TA) and Gastroc-
nemius Medialis (GAM). Kinematic information of the pedal stroke was measured
with an inertial sensor placed at the axis of the pedals. Subjects were shown a graph-
ical interface indicating the linear speed with a moving red dot that could be freely
controlled in the vertical direction by increasing or decreasing speed. Subjects were
asked to maintain a speed of 20km/h on each trial across 5 different resistance levels:
1-No resistance, 2-Very low, 3-Low, 4-Medium, 5-High. These levels were selected
from the levels provided by the bike (up to 8). The experiment was divided into
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two phases: warm up and cycling. For the warm up phase, level 1 was selected and
subjects performed three 30-s trials at the fixed speed with resting periods of 5 s in
between and a preparation period of 10s right before each trial (135s in total). For
the cycling phase, three 30-s trials per level were performed (from levels 2 to 5).
Levels were randomized using the same timing protocol as in the warm up phase
(540s in total). The total time of the experiment was around 15min.

2.2 Muscle Synergies Analysis

EMG data was segmented and averaged using the method described in [5]. After
applying this process, the non-negative matrix factorization (NMF) method was
used to extract the non-negative coefficient matrix (C) and the weight matrix (W) for
each resistance level and subject. Three synergies were extracted for each condition
(average Variance Accounted For (VAF) of 96.5%, with a threshold VAF of 95%).
Two parameters were evaluated in relation to the increase of resistance level: the
relative proportion of each synergy (in percentage) and the changes in behavior
of the muscles (weight values). Paired tests across different resistance levels were
computed for each of the parameters (Mann–Whitney U test).

3 Results

Results showed a sequential activation of the TA and the VLAT followed by the co-
activation of the GAM and the BF. Figure1 shows the change in weight values with
the increase of resistance level. Synergy 1 remains stable, although VLAT slightly
increases its activation (p < 0.05). A similar behavior can be observed for synergy
2, with a greater increase of VLAT activity (p < 0.05). More significant changes
appear in synergy 3, where there is a clear exchange in the activity between GAM
and BF with a rather significant increase in the weight of BF (p<0.001) and a similar
significant decrease in the weight of GAM (p < 0.001). Figure2 shows the average
contribution of each synergy for each different resistance level. The first synergy
is stable and stays in a range between 21 and 26% with no significant differences
between levels (p > 0.05). However, synergies 2 and 3 change in proportion with a
significant increase of the contribution of synergy 2 from35.01 to 47.70% (p < 0.01)
and a significant decrease of the contribution of synergy 3 from 38.68 to 29.93%
(p<0.05).
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Fig. 1 Weight values of the contribution of the three different extracted synergies (circles represent
outliers). Each graph shows the effects of the increase of resistance level for a distribution across
subjects (significant differences: *p < 0.05, **p < 0.01, ***p < 0.001)
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Fig. 2 Evolution of synergies contribution with the increase of resistance level (significant differ-
ences: *p < 0.05, **p < 0.01)

4 Discussion and Conclusion

Changes in muscle weights imply that for higher resistance levels, subjects readapt
the recruitment of muscles of the posterior chain and increase the effort of BFmuscle
while decreasing activity on theGAM.An increase in the contribution of VLATmus-
cle is also observed together with a decrease in the combined contribution of GAM
and BF. This is an interesting behavior that should be compared with pathological
motor adaptation, for instance, in stroke patients, as very little analysis has been done
on the behavior of muscle synergies and stroke during cycling activities. This study
is limited by the small number of muscles measured as additional muscles could have
influence in the synergies computation. However, the experimental framework pre-
sented in this study provides a good starting point to a successful clinical application
to extract motor recovery biomarkers.
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Muscle Synergies as a Tool to Unveil
Specific Features in the Muscle Patterns
After Cerebellar Damage

Denise J. Berger, Marcella Masciullo, M. Molinari, Francesco Lacquaniti,
and Andrea D’Avella

Abstract We have recently provided evidence that cerebellar damage affects the
spatiotemporal but not the spatial organization of themuscle patterns, suggesting that
the cerebellum plays a key role in shaping their spatiotemporal organization. Here
we show that the reconstruction of muscle patterns using spatiotemporal muscle
synergies from healthy subjects unveils specific features in the muscle patterns
of individuals with cerebellar ataxia. These results suggest a prediction power of
time-varying muscle synergies that may provide novel markers of disease state after
cerebellar damage. Understanding the changes in the modular organization of the
motor system after neurological lesions is highly relevant for upper limb rehabilita-
tion. Identification of an “abnormal” EMG feature in cerebellar disorders may have
important clinical applications, because it may lead to the development of novel
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objective and quantitative indicators of motor impairment directly related to the
specific pathophysiology.

1 Introduction

The role of the cerebellum in determining the spatiotemporal characteristics of
the muscle activation patterns subserving goal-directed movements is still largely
unknown. We have recently shown that, while spatial (SP or time-invariant) muscle
synergies extracted from healthy subjects (HS) can reconstruct muscle activity of
cerebellar ataxia (CA) subjects, spatiotemporal (ST, or time-varying) muscle syner-
gies fail in accurately reproducing their muscle patterns [1, 2]. We thereby provided
evidence that cerebellar damage affects the spatiotemporal but not the spatial orga-
nization of the muscle patterns, suggesting that the cerebellum plays a key role in
shaping their spatiotemporal organization.

Here, we go a step further, in that we aim at characterizing specific changes in the
muscle patterns of CA subjects using SP and ST muscle synergies extracted from
HS. Characterizing the changes in the muscle patterns in subjects with cerebellar
impairment, may have a significant impact on our understanding of the neural control
of movement, on testing the hypothesis of a modular human motor system, and on
the development of novel methodologies in neuro-rehabilitation.

2 Materials and Methods

2.1 Experimental Setup and Protocol

The experimental apparatus, (described in detail in [1, 3]) consisted of one central
sphere, indicating the start location, eight peripheral spheres, positioned on a circle
at 30 cm from the start on a vertical plane at approximately 45° from each other and
indicating target locations. Start and target spheres could be illuminated from inside
by a LED. Subjects sat in front of the structure in a wheel chair. Subjects pointed with
the index finger to the illuminated sphere and moved the finger from the central start
location to one of the eight possible peripheral targets. CA subjects were instructed
to move as fast as possible to the target. The trials performed by HSwere selected for
the analysis such that their kinematic features matched each individual CA subject
[1].
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2.2 Data Collection and Analysis

We collected kinematic and electromyographic (EMG) data from four healthy
subjects, and three degenerative cerebellar patients (with molecular diagnosis of
Spinocerebellar ataxia type 2, SCA2). The position of the finger was recorded using
an optical motion capture system (8 Optitrak Flex-13 cameras, Natural Point Inc.,
Corvallis, OR, USA). EMG activity from 13 arm and shoulder muscles (brachiora-
dialis; biceps brachii short (BicShort) and long head, anterior, middle, and posterior
deltoid; infraspinatus; lower and middle (TrapMid) trapezius; triceps brachii, long,
medial (TricMed), and lateral head; pectoralis major) were recorded using a wireless
EMG system (Trigno, Delsys Inc., Natick, MA, USA). Kinematic and EMG data
were digitally low-pass filtered (15-Hz cutoff for kinematic data, 10-Hz cutoff for
EMG data after rectification). We extracted SP synergies from the averaged, phasic,
normalized muscle patterns from all HS using NMF [4] and ST synergies from the
averaged, phasic, amplitude-normalized muscle patterns from all HS using an itera-
tive time-varying synergy identification algorithms [5].We then used these identified
muscle synergies for the HSs to reconstruct the muscle patterns of CA and HS and
assessed the reconstruction quality of the two.

3 Results

To illustrate how muscle synergies may provide specific markers of cerebellar
damage, we investigatedwhether ST synergies from healthy control subjects produce
different reconstructions of muscle activities of CA, or whether they consistently
isolate the very same abnormal feature of their EMG data. Figure 1 illustrates three
examples of CA muscle waveforms for one direction (up) reconstructed using ST
synergies from four different control subjects (BicShort, TricMed, and TrapMid
muscles, Fig. 1a–c, respectively). In the first example (Fig. 1a), we observed two
peaks in the CA EMG waveform. Using ST synergies from controls, the second
peak is consistently underestimated for all reconstructions (Fig. 1a, leftmost column).
However, using SP synergies (Fig. 1a, bottom), the second peak is well reconstructed
by the muscle synergies. The mean reconstruction R2 values for that muscle are 0.21
and 0.81, respectively. Importantly, ST synergies fromHSmuscle data reliably recon-
structed EMGwaveforms belonging to other subjects (Fig. 1, columns 2–5, mean R2

= 0.62).
In the second example, the reconstruction of the activity of TricMed muscle with

ST synergies consistently showed the suppression of both peaks with respect to the
controls (Fig. 1b). Using SP synergies the first peak is also overestimated but the
reconstruction of the second peak is accurately reconstructed. In the third example
(Fig. 1c), ST synergies consistently estimated a delay in the onset of the TrapMid
muscle activity, a bimodal activity and a higher activation at the beginning. These
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Fig. 1 a–c EMG reconstruction for EMGdata for upward direction using ST (top) and SP synergies
(bottom). The left column shows the EMG data (grey area) of three different CA patient (CA4, 6, 2)
for three differentmuscles (a: BicShort;b: TricMed, and c: TrapMid)with fourEMGreconstructions
(colored lines; HS1: green, HS2 black, HS3: blue, and HS4 red) using synergies from four control
subjects (HS1–4).Column two tofive show the correspondingEMGdata (grey area) of the 4different
control subjects (HS1–4) with the three EMG reconstructions (colored lines) using synergies from
the other three control subjects, respectively
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features are accurately captured by SP muscle synergies from HS (Fig. 1c, leftmost
column, bottom).

To summarize, muscle patterns of CA subjects show specific features in the
spatiotemporal activity pattern which deviate from the muscle activity patterns from
HS. These features in the muscle patterns are unveiled by ST muscle synergies
extracted from HS.

4 Conclusion

Wehave shownhow the reconstructions ofmuscle patterns usingSTmuscle synergies
fromHSunveils specific features in themuscle patterns ofCA subjects,which deviate
consistently from the control activity, and thereby indicate a prediction power of
ST synergies that may provide novel biomarkers of specific functional impairments
associatedwith cerebellar damage. Such novel biomarkersmay allow for an objective
and reliable assessment of the efficacy of therapeutic interventions, including robot-
assisted motor rehabilitation therapies targeting the specific dysfunctional muscle
pattern features identified with muscle synergy analyses. An interesting avenue for
future researchwould be to determine characteristic features in themuscle patterns of
a large population of patients with cerebellar ataxias and other neurological lesions,
to cluster these features across the different patient populations, and to correlate the
cluster to the specific lesion.
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On Repeatability of MU Fatiguing
in Low-Level Sustained Isometric
Contractions of Tibialis Anterior Muscle

Giovanni Corvini, A. Holobar, and J. C. Moreno

Abstract The objective of this study was to investigate the repeatability of Motor
Units (MUs) fatiguing profiles during repetitive low-level isometric contractions of
the Tibialis Anterior muscle. This feature could be used in a wearable robot for lower
limb rehabilitation. We focused on the analysis of MU firing rates and the Motor
Unit Action Potential (MUAP) shapes. We successfully tracked several MUs across
different contraction repetitions to see the changes in their properties. We evaluated
the presence of muscle fatigue and found that the mean MU firing rates decrease
while the MUAP shapes do not change across the epochs and contractions. Results
suggest that the global EMGdescriptor (Mean Frequency) changes aremainly caused
by changes in MU firing rate and recruitment patterns and not due to the changes in
the MUAPs shape.

Keywords MNF · Firing rate ·MUAP shape · Fatigue · HDsEMG

1 Introduction

A Motor Unit (MU) consists of an alpha motor neuron and all muscle fibers it
innervates [1]. Nowadays, the assessment of MU properties is possible via the High-
Density surfaceElectromyography (HDsEMG).The latter supports an insight into the
central nervous system (CNS) and could be used to clarify the relationships between
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centralmotor control strategies andmuscle fatigue [2]. Although different techniques
have been developed to assess muscle fatigue, both in time and frequency domain,
their main limitation was related to the unfeasibility of reliably assessing neuro-
muscular changes in presence of fatigue. Thanks to the HDsEMG electrodes and
innovative decomposition techniques [3], it is possible to investigate the behaviour
of neuromuscular system in response to fatigue on the level of individual MUs. A
recent review provides a comprehensive view of the studies that focus onmyoelectric
manifestation of fatigue with the multi-channel approach [4] but, to our knowledge,
the repeatability of MU fatiguing profiles has still not been fully investigated. In
this study we started to address this issue by studying the relationship between
global HDsEMGmetrics andMU physiological properties (e.g. shape of Motor Unit
Action Potential (MUAP) and MU firing rates) during low-level fatiguing isometric
contractions of the Tibialis Anterior (TA) muscle.

2 Material and Methods

2.1 Participants

Two healthy men [mean (±SD), age: 26 (±1) yr, height: 180 (±3) cm, bodymass: 74
(±3) kg] participated to the experiment. They were asked to avoid fatiguing activities
the day before the HDsEMG recordings.

2.2 Experimental Protocol

Participants were comfortably seated on a chair with the foot of their dominant leg
placed under a fixed structure, to which a force sensor was attached. They were asked
to perform a dorsiflexion and they were provided with a visual feedback based on the
exerted force. First, they performed three 5 s longMaximumVoluntary Contractions
(MVC) inwhichwe recorded and averaged themaximum force value of each subject.
Then, they completed four consecutive sessions of the experiment. Each session
consisted of 120 s long constant isometric submaximal voluntary contraction at nearly
25% of their maximum force. Each participant was provided with five minutes of
rest before each session during the experiment.

2.3 Data Acquisition and Signal Processing

Following SENIAM recommendations [5], monopolar HDsEMGwas recorded from
the TAmuscle during its isometric contraction at approximately 25%of its maximum
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force. Signals were sampled at a frequency of 2000 Hz with a two-dimensional
electrode grid (SESSANTAQUATTRO, OTBioelettronica, Italy), comprising 13 ×
5 electrodes (diameter of 3 mm and inter-electrode distance of 8 mm).

Data processing has been done offline. Signals were filtered with a bandpass
filter at 10 and 500 Hz, and with a notch filter at 50 Hz to remove the Power-Line
Interference (PLI). First, Mean Frequency (MNF) and Root Mean Square (RMS)
values were computed to identify the presence of muscle fatigue. These measures
have been calculated from the differential HDsEMG signals with a nonoverlapping
sliding time window of 200 ms [6]. A Correlation Coefficient (CC) was computed
between each pair of channels and the triplet with the highest CC was selected for
the result analysis. Individual MUs were identified by decomposing the signals with
theConvolutionKernel Compensation (CKC)method [3].The decomposition results
have been manually inspected and cleaned: all theMUs with the mean firing rate less
than 5 Hz or greater than 30 Hz were removed since they are extremely rare during
submaximal contraction.Moreover, the Pulse-to-Noise Ratio (PNR)metric was used
to evaluate the accuracy of the result: the threshold was set to 30 dB, corresponding
to the sensitivity of MU firing identification greater than 90% [7]. For the statistical
analysis, 120 s long signals have been split in four 30 s long non-overlapping epochs.
We utilized the Shapiro-Wilk test for normality and the paired t-test to compareMNF
among epochs. The non-parametric Wilcoxon signed rank test was used to compare
mean firing rates among epochs. Only the MUs active in all the epochs have been
considered for the statistical analysis.

3 Results

Shapiro-Wilk test indicated normality of theMNFdata (p>0.05) and a non-normality
of the MU firing rate data (p < 0.05) for both subjects. Mean MNF, computed
as average of the four contractions for each epoch, showed a substantial decrease
between thefirst and the third epoch in thefirst subject (3.08Hz,p<0.05) andbetween
the first and the second, the first and the third, and the first and the last epoch in the
second subject (4.61, 6.61 and 8.68 Hz, respectively, p < 0.01). However, RMS value
of HDsEMG did not change significantly. We successfully identified (and tracked
among contractions) 32 MUs in both subjects. MU firing rates decreased by nearly
2 Hz from the beginning to the end of each contraction (Fig. 1), while increased
by nearly 2 Hz among contractions for each single epoch. For both subjects, the
Wilcoxon signed rank test showed a statistically significant difference (* p < 0.05
and ** p < 0.01) between each pair of epochs in each contraction.

Finally,we studied the spatial distribution of theMUAPs andwe found thatMUAP
shapes remained stable among the epochs and among the contractions, as exemplified
in Fig. 2.
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Fig. 1 The meanMU firing rate (± standard deviation) computed in four 30 s long epochs for each
contraction in the second subject. “N” is the number of all MUs that were active during the entire
contraction. Similar results were observed also in the first subject; Wilcoxon signed rank test, * p <
0.05 and ** p < 0.01

4 Discussion

Fatigue was identified through the significant decrease of MNF variable
and confirmed by the decrease in the mean MU firing rates. Moreover, in the last
contraction we noticed a greater number of active MUs, suggesting that additional
MUs were recruited to maintain the same level of contraction. We did not see evident
changes in theMUAP shapes neither among epochs nor among contractions (Fig. 2).
Even the RMS of HDsEMG did not change significantly. Therefore, we assumed that
the observed changes in global MNF were only affected by the MU firing rates and
the MU recruitment, and not by the shape of the MUAPs. Further investigations are
required to explore these observations.

5 Conclusion

Our results showed that during isometric submaximal fatiguing contractions of TA
muscle there was a decrease in the MU firing rates but the shapes of the MUAPs
did not change. This suggests that the decrease in MNF is likely dependent on MU
firing changes only and thus identify the presence of central fatigue rather than
peripheral fatigue, which is used to mainly be represented by changes in MUAP
shapes. Nevertheless, fatigue mechanisms have not been fully understood yet and
need to be investigated. Finally, the decrease among epochs ofMUfiring rates, aswell
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Fig. 2 Spatial distribution of the MUAP and changes of MUAP shape of a representative MU.
Different colors indicate different epochs of all four contractions. MUAP shape did not change
significantly across the epochs and contractions. Similar consistency ofMUAP shapeswas observed
in other identified MUs

as the increase among contractions due to additionalMUs recruitment, confirmed that
MU fatiguing patterns are relatively repeatable across different sessions. However,
the main limitation of this study is the number of subjects; hence, further studies are
required to validate these results.

References

1. R. Merletti, D. Farina, R.M. Enoka: Surface Electromyography, Physiology, Engineering and
Applications (Wiley, Hoboken, 2016)

2. C.J. De Luca, Z. Erim, Common drive of motor units in regulation of muscle force. Trend
Neurosci. 17, 299–305 (1994)

3. A. Holobar, D. Farina, M. Gazzoni, R. Merletti, D. Zazula, Estimating motor unit discharge
patterns from high-density surface electromyogram. Clin. Neurophys. 120, 551–562 (2009)

4. M. Gazzoni, A. Botter, T. Vieira, Surface EMG and muscle fatigue: multi-channel approaches
to the study of myoelectric manifestations of muscle fatigue. Physiol. Measur. 38(5), R27–R60
(2017)

5. H.J. et al., European Recommendations for Surface Electromyography: Results of the SENIAM
Project (1999)

6. F.D. Farfán, J.C. Politti, C.J. Felice, Evaluation of EMGprocessing techniques using information
theory. BioMed. Eng. Online 9, 72 (2010)

7. A. Holobar, M.A. Minetto, D. Farina, Accurate identification of motor unit discharge patterns
from high-density surface EMG and validation with a novel signal-based performance metric.
J. Neural Eng. 11(1), 016008 (2014)



Kinematic Features Analysis from Active
and Active-Assistive Upper Arm Robotic
Rehabilitation

Donghwan Hwang, Joon-Ho Shin, and Suncheol Kwon

Abstract The relationship between clinical assessments and the patient’s motor
characteristics can be an important part of knowing the patient’s rehabilitation
progress. In this study, we investigate the relationship between the clinical assess-
ment and kinematic features of upper arm movements in stroke patients. We eval-
uated the Fugl-Meyer Assessment score (FMA score) and calculated the kinematic
features by observing the patients who were performing reaching tasks. Multiple-
linear-regression analysis was performed to investigate the correlation between the
FMA score and the kinematic features. Different kinematic features of active and
active-assistive robotic rehabilitation were found to correlate with the FMA score.

1 Introduction

Clinical evaluation method for assessing sensorimotor impairment in stroke patients
typically involve the Fugl-Meyer score [1]. The relationship between the clinical
assessments and the patient’s motor characteristics remains not fully understood and
is currently difficult to explain statistically [2, 3]. Studies on the relationship between
the kinematic features of a patient’s movements and clinical scales may qualitatively
improve assessments of patients’ upper arms after a stroke.

The purpose of this study was to evaluate the relationship between the clinical
assessment and the kinematic features. Stroke patients were divided into two groups,
active and active-assistive robotic rehabilitation. And they performed upper arms

This work was in part supported by the National Rehabilitation Center, Ministry of Health and
Welfare, Republic of Korea, under grant NRCTR-IN19004.
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rehabilitation. We analyzed the kinematic features of the patient’s reaching task in
the rehabilitation process.

2 Method

This study was approved by National Rehabilitation Center, Republic of Korea
(approval no. NRC-2017-01-007).

In this single-blind randomized controlled trial, 6 patients with cerebral infarction
and 9 patients with cerebral hemorrhage participated in 20 sessions, of 30 min each,
of upper arm robotic intervention (5 days per week for, 4 weeks).

Rehabilitation interventions were provided using Armeo®Spring (Hocoma,
Switzerland) for active robotic rehabilitation and Armeo®Power (Hocoma, Switzer-
land) for active-assistive robotic rehabilitation as shown in Fig. 1.

Clinical and kinematic assessments of upper arm function were performed 0
(baseline), 14, and 28 days after the start of the rehabilitation.

We evaluated the FMA score to conduct the clinical assessment. And we evalu-
ated the kinematic features through 3D trajectory of the reaching task. The patients
performed reaching tasks directed toward three targets (as shown in Fig. 4), which
were located in the lateral, middle, and medial directions(as shown in Fig. 2) at a
distance of 75% of the patient’s arm length. The reaching tasks was in the following
order: (1) Start point (on the table), (2) Lateral target, (3) Start point, (4) Middle
target, (5) Start point, (7) Medial target, and (8) Start point.

During the task, the three-dimensional trajectory of the index fingertipwas tracked
using a magnetic tracking system (trakSTAR, Ascension Technology Corp, USA, as
shown in Fig. 3). The evaluation is carried out with only patient’s own voluntary
power without the help of robotic devices as shown in Fig. 4.

Fig. 1 Upper Arm robotic rehabilitation devices
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Fig. 2 Reaching targets

Fig. 3 Magnetic tracking
system (trakSTAR)

Fig. 4 Reaching task with
trakSTAR for calculating the
kinematic features

We calculated the kinematic features using four different characteristics: Hand
path ratio [4] to evaluate movement efficiency, Target error [4] to evaluate move-
ment accuracy, Mean arrest period ratio [5] to evaluate movement smoothness and
Time to velocity peak [6] to evaluate movement control strategy from the measured
trajectories.

Multiple-linear-regression analysis was then performed to investigate the corre-
lation between the FMA score and the kinematic features.
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Table 1 Multiple linear regression result of kinematic features

Selected features R2 P-value

Active robotic rehabilitation Hand path ratio
Target error
Mean arrest period ratio

0.532 0.000

Active-assistive robotic rehabilitation Target error
Mean arrest period ratio
Time to velocity peak

0.490 0.000

3 Results

In the case of active robotic rehabilitation, Hand path ratio, Target error, and Mean
arrest period ratio were selected (R2 = 0.532, p < 0.01). In the case of active-assistive
robotic rehabilitation, Target error, Mean arrest period ratio, and Time to velocity
peak were selected through multiple-linear-regression analysis (R2 = 0.490, p <
0.01) (Table 1).

The results indicate that the Hand path ratio, which represents movement effi-
ciency, of the active robotic rehabilitation correlates with the FMA score, and
the Time to velocity peak, which represents movement control strategy, of the
active-assistive robotic rehabilitation correlates with the FMA score.

4 Conclusion

This study analyzed the kinematic features of the upper armmovements of post-stroke
patients. The results indicate that the kinematic features of active and active-assistive
robotic rehabilitation correlate with the FMA score. In the case of active robotic
rehabilitation, Hand path ratio, which represents movement efficiency, correlates
with the FMA score. In the case of active-assistive robotic rehabilitation, Time to
velocity peak, which represents movement control strategy, correlates with the FMA
score.

In order to evaluate the statistical significance of rehabilitation intervention, it is
necessary not only to measure kinematic features during the evaluating, but also to
measure kinematic features during the training. And the number of participants may
be insufficient to draw a conclusion. Therefore, future studieswith kinematic features
taken during the training and a large study population are needed. We are also going
to plan to analyze the relationship between robotic rehabilitation and motor function
using other clinical assessments such as the Wolf Motor Function Test.
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Subscription Video on Demand (SVOD)
Platform Accessibility Verification
Method

Gema López-Sanchez and Francisco Utray

Abstract How can you measure the percentage of sensory accessibility in the
new Subscription Video on Demand (SVOD) platforms? This investigation aims
to answer this research question. For this, a qualitative methodology model based on
a content analysis of 37 variables is presented, which have been written based on the
Spanish technical regulations UNE 153010 of May 2012 of the Subtitling for deaf
people and people with hearing disabilities and UNE 153020 of January 2005 of the
Audio description for people with visual disabilities. This method is applicable for
cinema, series and short films presented at SVOD and is limited to the accessibility
of subtitling for deaf people (CC) and the audio description for blind people.

1 Introduction

People with sensory disabilities show great interest in the new SVOD (Subscription
Video on Demand) platforms [1], such as Netflix, HBO, Movistar Plus or Amazon
Prime Video, among others [1]. From a commercial point of view, the audience with
sensory disabilities can be understood as a niche market and companies that offer
adapted products and services obtain a competitive advantage as a result [2]. On
the other hand, the normalization of audiovisual accessibility is an indispensable
requirement for the construction of inclusive societies that guarantee social welfare.

The objective of this work is to present a useful, efficient and reliablemethodology
for measuring the percentage of accessibility in subtitling and audio description of
audiovisual products on SVOD platforms.
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Table 1 Criteria for determining the code variables for content analysis

General criteria (cathegorical) SVOD analyzed (V1)

Type of product analyzed and own production (V2)

Genre (V3)

Position in the suggestion list grill (V4)

Language available for audio (V5)

Language available for subtitling (V6)

Language available for audio description (V7)

Sing languague option (V8)

Adaptation of the quality of the
subtitling to the 2012 AENOR
standard

Visual aspects Position of the subtitles (V9)

Position of the sound effects
(V10)

Number of text lines (V11)

Staticity of text lines (V12)

Different text lines by
characters (V13)

Minimum character size (V14)

Typography (V15)

Color contrast between
characters and box (V16)

Temporal aspects: exposure
speed of subtitling and
synchronism (V17)

Separation of subtitles and their
background (V18)

Identification of characters Chosen technique for character
identification (V19)

Maintaining the color assigned
to each character (V20)

Color difference (V21)

Use of labels (V22)

Use of hyphen in dialogues
(V23)

Sound effects, contextual
information and music

Sound effects subtitling (V24)

Use of sound effects (V25)

Contextual information
subtitling (V26)

Contextual information
presentation (V27)

Music subtitling (V28)

(continued)
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Table 1 (continued)

Presentation of music subtitling
(V29)

Editorial criteria Text division and character
limit (V30)

Grammatical and spelling
criteria (V31)

Voice-over There is voice-over (V32)

Voice-over presentation (V33)

Distinction between voice-over
and character voice (V34)

Adaptation of the quality of the
audio description to the
AENOR standard of 2005

Locution (V35)

Audio description script (V36)

Audio (V37)

2 State of the Art

The legal system, and also common sense, recognize the right of participation of
people with disabilities in social life. Gone is the time when a person with a disability
was considered ‘less valid’ and their social marginalization was ‘justified’ for it.

The concern of public institutions for the accessibility and non-discriminatory
representation of people with disabilities in the media is a fact that is reflected in the
number of style guides and manuals published in this regard, such as those promoted
by the Spanish Center of Documentation on Disability (CEDD) of the Royal Board
on Disability [3].

Likewise, there is greater awareness on the part of television producers about
accessibility services, since the data offered by the Spanish Center for Subtitling
and Audio Description (CESyA) show an evolution of these services. According
to its latest report, it has gone from 50% to 75% of subtitled programming. Since
the current General Audiovisual Law was imposed, the number of annual audio-
described hours has increased from 154 to 8,738, and from 88 to 3657 h in the case
of programming with sign language [4]

Several authors have already analyzed the parameters of accessibility to media
such as Digital Terrestrial Television (DTT) [5], online platforms [6] or the historical
heritage itself, including museums, theaters and centers [7]. However, the academic
literature on the accessibility of SVODs is not yet abundant.
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3 SVOD Accessibility Verification Method

3.1 Code

In order to carry out the content analysis, a table of indicators with 37 variables
has been drawn up that contains the criteria established by the AENOR standards
for Accessibility: UNE 153010 of May 2012 of the Subtitling for deaf people and
people with hearing disabilities [8] and UNE 153020 of January 2005 of the Audio
description for people with visual disabilities [9]. The following table has been
designed regarding both UNE regulations. The code has been based on the following
qualitative criteria:

3.2 Requirements

To avoid the ‘filter bubbles’ of the SVOD algorithm, which conditions the content
that the platform offers the users based on their previous searches to show them
similar content [10]; it is recommended to create a new account in the SVOD that
you want to analyze, prior to applying the methodology. This makes it possible to
observe the platform ‘without bias’ beyond the positioning of audiovisual products
set by the SVOD itself.

The selection criteria for the products to be analyzed will be determined by the
need to obtain a heterogeneous, random and representative sample. In the case of
search by section and genre, the first product shown by each SVOD in the genre lists
must be analyzed. The films will be analyzed in their entirety, while in the serial
programs—programs and series—the first episode of the first season will be chosen
as the representative episode. Because series and films are generally the best-ranked
product in the suggestion lists, non-random selections will be made to add other
products—such as documentaries or shows— to the sample in order to increase their
heterogeneity.

All subtitles and audio descriptions shall be analyzed in the same language.

References

1. B.G. Nieto, Interview conducted on February 24, 2020
2. K. Ellis, Netflix closed captions offer an accessible model for the streaming video industry,

but what about audio description? Commun. Polit. Cult. 47(3), 4 (2015). ISSN: 1836-0645.
https://search.informit.com.au/documentSummary;dn=113665255090751;res=IELHSS

3. P. Hernández, E. Peñas, Guía de estilo sobre discapacidad para profesionales de la comuni-
cación, in Real Patronato sobre Discapacidad (España, Madrid, 2019)

https://search.informit.com.au/documentSummary%3bdn%3d113665255090751%3bres%3dIELHSS


Subscription Video on Demand (SVOD) Platform … 927

4. CESyA. Los servicios de accesibilidad a la TDT en 2019: más subtítulos, más LSE y
menos audiodescripción (España, Madrid, 2019). https://www.cesya.es/drupal7/accesibilida
dTDT2019

5. U.D. Francisco, Accesibilidad a la TDT en España para personas con discapacidad sensorial
(2005–2007), inReal Patronato Sobre Discapacidad (España,Madrid, 2009). https://e-archivo.
uc3m.es/handle/10016/6630

6. C. Egea García, ContenidoWeb accesible. Revista DIM: Didáctica, Innovación YMultimedia.
Revista DIM: Didáctica, Innovación y Multimedia (España, Madrid, 2007, Ch. 9).

7. B. Consuegra Cano, El acceso al patrimonio histórico de las personas ciegas y deficientes
visuales (ONCE, Madrid, 2002)

8. AENOR, Audiodescripción para personas con discapacidad visual. Requisitos para la audiode-
scripción y elaboración de audioguías, inUNE 153020 (Asociación Española deNormalización
y Certificación (AENOR), Madrid, España, 2005)

9. AENOR, Subtitulado para personas sordas y personas con discapacidad auditiva. Subtitulado
a través del teletexto, in UNE 153010 (Asociación Española de Normalización y Certificación
(AENOR), Madrid, España, 2012)

10. K. Pikkat, The Reinforcing Loop: An Exploration of Filter Bubbles in Social Platforms
(iSChannel, 2018, Ch. 13), p. 30

https://www.cesya.es/drupal7/accesibilidadTDT2019
https://e-archivo.uc3m.es/handle/10016/6630


Application of Capabilities of Upper
Extremity Questionnaire During
a Robotic Therapy Based
on Armeo®Spring Exoskeleton

V. Lozano-Berrio, A. de los Reyes-Guzmán, M. Alcobendas-Maestro,
B. Polonio-López, and A. Gil-Agudo

Abstract The robotic technology has been increasingly used for assessing and
treating upper extremity motor deficits. The aim of this study was to determine
the effects the robotic device Armeo®Spring and conventional rehabilitation in the
perception for tetraplegic spinal cord injured patients about the difficulties or limi-
tations in function of their upper limbs. A total of 13 patients with subacute cervical
SCI were recruited, age between 16 and 75 years, received an treatment based on
40 sessions with the exoskeletonArmeo®Spring as a complement to the conventional
therapy. All the patients were evaluated with The Capabilities of Upper Extremity
questionnaire (CUE) in two different situations, at baseline and at ending all the
experimental sessions. As conclusion, the findings demonstrate that robotic-assisted
training combined with the conventional rehabilitation in tetraplegic SCI patients,
improves the perception about the function of their upper limbs.
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1 Introduction

Spinal Cord injury (SCI) is one the most devastating injuries that causes lifelong
disability. Individuals affected of cervical SCI, experience partial or complete loss
of arm and hand function. It’s necessary to promote the recovery of upper extremity
(UE)movements and improving functions of upper limbs, through intense, repetitive,
and rhythmic activities [1, 2].

The robotic technology has been increasingly used for assessing and treating
UE motor deficits. These devices combine benefits of repetitive task oriented
training, greater intensity of practice, and less dependence on therapist assistance.
One commercial robotic device is Armeo®Spring. It is a rehabilitative exoskeleton
intended for patients who have lost function of their UE. This device, based onweight
compensation, allow the patient to train specific exercises in order to increase muscle
strength and range of motion in different joints, with the overall goal of improving
motor function, through virtual gaming in a three dimensional workspace [2, 3].

To know the effectiveness and effect of the robot-assisted upper limb rehabilitation
is needed the use of the different clinical and functional scales, before and after a
treatment program to identify motor and functional recovery [4].

The aim of this study was to determine the effects the robotic device
Armeo®Spring and conventional rehabilitation in the perception for tetraplegic SCI
patients about the difficulties or limitations in function of their upper limbs.

2 Methods

2.1 Participants

A total of 13 patients with subacute cervical SCI were recruited from the inpatient
population at Hospital Nacional de Parapléjicos. The inclusion criteria were: to suffer
a cervical SCIwith amotor level betweenC4 andC8with a classification in theASIA
Impairment Scale A-D, evaluated by clinical staff [5]; traumatic or non-progressive
medical etiology; less than 6 months of injury evolution (subacute); age between 16
and 75 years; to have reached the seated posture and be informed and consent to
participate in the study. The exclusion criteria were: to suffer unstable orthopaedic
injuries such as unconsolidated fractures or with unstable osteosynthesis systems in
upper limbs; skin lesions and/or pressure ulcers in the exoskeleton placement area;
having joint stiffness and/or severe spasticity; bronchopneumopathy and/or severe
heart disease that will require monitoring during exercise; visual problems and/or
cognitive impairment, and do not sign the corresponding informed consent.
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Fig. 1 Patient with
Armeo®Spring device

2.2 Experimental Setup

Patients receive an UE treatment based on the exoskeleton Armeo Spring (Hocoma
AG, Switzerland) as a complement to the conventional therapy. Patients were sched-
uled for five 30 min sessions per week for 8 weeks to complete a total of 40 sessions
with the exoskeleton.

All the patientswere evaluated by a set of clinical scales in two different situations:
at baseline and at ending all the experimental sessions. Specifically, the Capabilities
of Upper Extremity Questionnaire (CUE) [6] is applied in the present study (Fig. 1).

2.3 Capabilities of Upper Extremity Questionnaire

The CUE instrument is a questionnaire of 32-items developed to evaluate the diffi-
culty in performing determined tasks with the UE regarding patients’ perception. It
was designed to measure UE functional limitations in patients with cervical SCI.
Responses to each item are given on a 7 points scale representing self-perceived
difficulty in performing the task, with 1 representing “unable to perform” and 7 “can
perform without difficulty”. So, the minimum total score is 32 and the maximum
224 [6].

The following variableswere used for expressing the results: CUE score in relation
to the right arm; CUE score in relation to the left arm; CUE score in bilateral actions;
total CUE score and the total score expressed as a percentage in function of the
normality as in (1).

Normali t y (%) = Totalscore − 32

192
× 100 (1)
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Table 1 Results about the
capabilities upper extremity
questionnaire in pre and post
conditions

Variables Sci Patients (n = 13)

Pre Post

Right arm 49.00 (31.50)b 62.00 (29.50)b

Left arm 63.00 (57.50)a 71.00 (45.50)a

Both arms 5.00 (8.00) 8.00 (8.50)

Total score 120.00 (72.50)b 153.00 (75.50)b

Normality (%) 45.83 (37.76)b 63.02 (39.32)b

a(p < 0.05); b(p < 0.01)

2.4 Data Analysis

A non parametric statistical method, the Wilcoxon test, was applied to find possible
differences between both, the pre condition (at baseline) and post condition (at ending
the study).

For all the variables analyzed, the results were expressed as the median and the
interquartile range.

3 Results

The results in relation to the scores within the CUE questionnaire were shown in
Table 1. For each variable, the pre and post conditions were compared. For all the
variables analyzed, the results in post condition were greater than those at baseline.

Therefore, significant statistically differences were found between the scores
for the right arm, the left arm, the total score and the total score expressed as
percentage. Concretely, the CUE score for the left arm was greater at ending the
study (71.00(45.50)) than at baseline (63.00 (57.50)) (p < 0.05). This difference
was higher for the right arm: 62.00(29.50) at ending vs. 49.00(31.50) at baseline (p
< 0.01). These differences were reflected in the CUE total score and in the score
expressed as percentage relative to the normality (the total CUE score 224-points).
So, in the result as a percentage at ending the study the score was 63.02(39.32)%
versus 45.83(37.76)% at baseline (p < 0.01).

4 Discussion

The goal of this study was determine the effects the robotic device Armeo®Spring
and conventional rehabilitation in the perception for cervical SCI about the difficul-
ties or limitations in function of the UE. The main study result has demonstrated
that robotic-assisted training combined with the conventional rehabilitation in SCI
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patients, improved the perception about the function and use of their UE. However,
further research must be to apply this methodology in a control group, with the aim
of analyzing the effectiveness of robotic therapy in cervical SCI patients.

5 Conclusion

Further research is necessary to analyze the relationship between CUE and UE func-
tional recovery of the cervical SCI patients improving the present study with the
addition of a control group.

References

1. N. Yozbatiran, G.E. Francisco, Robot-assisted therapy for the upper limb after cervical spinal
cord injury. Phys. Med. Rehabil. Clin. 30(2), 367–384 (2019)

2. B.E. Perry, E.K. Evans, D.S. Stokic, Weight compensation characteristics of Armeo® Spring
exoskeleton: implications for clinical practice and research. J. Neuroeng. Rehabil. 14(1), 1–10
(2017)

3. A.Y.Sánchez,A.C.Gómez,Efectividaddel dispositivoArmeo®en la rehabilitacióndelmiembro
superior en pacientes que han sufrido un ictus. Revisión de la bibliografía. Revista deNeurología,
70(3), 93–102 (2020)

4. E.W.A. Cacho, R. de Oliveira, R.L. Ortolan, R. Varoto, A. Cliquet, Upper limb assessment in
tetraplegia: clinical, functional and kinematic correlations. Int. J. Rehabil. Res. 34(1), 65–72
(2011)

5. S. Kirshblum, W. Waring, Updates for the international standards for neurological classification
of spinal cord injury. Phys. Med. Rehabil. Clin. 25(3), 505–517 (2014)

6. R.J. Marino, J.A. Shea, M.G. Stineman, The capabilities of upper extremity instrument: relia-
bility and validity of a measure of functional limitation in tetraplegia. Arch. Phys. Med. Rehabil.
79(12), 1512–1521 (1998)



Safety, Feasibility and Acceptance
with HANK Ambulatory Robotic
Exoskeleton in Incomplete Spinal Cord
Injury Patients
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N. Comino-Suárez, and A. Gil-Agudo

Abstract Recovery of walking ability has been established as a priority objective
by spinal cord injury subjects (SCI). In the present contribution we showed results
about safety, feasibility and acceptance of an ambulatory exoskeleton gait training
program. The sample was eight subjects with subacute incomplete SCI (7 AIS C and
oneAISD,T2-L3). Participants carried out ameanof 17.1 sessions (SD2.1) of 20min
approximately. There were no serious adverse events and no falls during the study.
Participants rated 1.8 (1) cm pain, 3.8 (1.7) cm fatigue and 3.6 (SD 2) cm discomfort
in VAS (0–10 cm). The 75% of participants consider HANK exoskeleton as secure,
ease for using, durability and effectiveness to achieve the therapeutics goals. Results
providing evidence for safety and feasibility of HANK for gait training in patients
with subacute SCI.
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1 Introduction

Spinal cord injury (SCI) has a strong impact on the individual and society. A recent
review estimates a worldwide incidence of between 13 and 220 cases per million
inhabitants, with an average age of 44.2 years in Europe, the main cause being
traumatic (falls, road accidents and sports accidents) [1].

Recovery ofwalking ability has been established as a priority objective by patients
and clinical staff [1, 2] but the loss of this ability is associated with the appearance of
secondary disorders, such as bone demineralization, muscle atrophy or urinary tract
infections [2].

In recent years we have witnessed an increase in the appearance of robotic thera-
pies in walking rehabilitation, due to both technological progress and an advance in
the knowledge that these devices may have on the neuroplasticity [3]. These devices
allow multiple step repetitions while having full weight bearing on the body thus,
being task-specific of gait rehabilitation [4]. Therefore, the patient practices normal
walking patterns in safe environments. In the present contribution we showed results
about safety, feasibility and acceptance of a gait training program with exoskeleton
HANK in spinal cord injury subjects.

2 Methods

2.1 HANK Exoskeleton

HANKexoskeleton (GogoaMobility, Traña-Matiena, Bizkaia) (as shown in Fig. 1) is

Fig. 1 HANK ambulatory
exoskeleton
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a revised version of a previously published exoskeleton (Exo-H2) [5], whose clinical
applicability was previously studied in patients with stroke and incomplete SCI. The
mechanical structure has been optimized to provide a lighter and more rigid solution.
Likewise, the ankle, knee and hip actuators have been redesigned to deliver higher
power output with a more compact design. Left and right structures are connected
via a flexible arm that allows bending in the coronal planes to allow for adaptation to
different pelvis width while showing high stiffness in the sagittal and frontal planes.

The therapist’s interface is implemented in an Android tablet, which connects
via Bluethoot with HANK main controller. Here the therapist can select different
operation modes: rising, standing, sitting down, left/right step, continuous walking.
Joint trajectories corresponding to a normative walking pattern are stored at the
HANKcontroller. In this work the guidance forcewas set at 100% for all participants.

2.2 Participants

The sample was eight subjects with incomplete SCI (7 AIS C and one AIS D)
recruited at the National Hospital for Paraplegics (Toledo, Spain). Five were males
and 3 females,with amean age of 41.7 years old (SD13.5) and ameanof range of time
since injury of 5.6 months (SD 1.1). The level of injury was between T3-L2 and the
etiology was traumatic (5 participants) ischemic (2 participants) and neoplastic (One
participant). The present study was approved by the local Toledo Ethical Committee
(Ref. No. 39; 07/02/2017)

2.3 Gait Exoskeleton Training

Each session consisting on 20 min for dressing on and off the exoskeleton, 20 min
for walking training, 10 min to rest and 5 min to register assessment variables (pain,
fatigue, discomfort, and adverse event). Walking was indoors in the physical therapy
room. Guidance force was set to 100% for all joints. External support (walker or
crutches and physical external) was always used, but were modified according to the
functional status, preferences, and ability of the participants.

2.4 Outcomes Variables

Subjects who carried out the treatment with HANK gave us an idea of the feasibility
and acceptance. After each training session a Visual Analogue Scale (VAS; 0–10 cm)
was recorded to register pain, fatigue and comfort perceived during each session by
asking the question: “what was your perceived pain/exertion/comfort for the whole
session on a scale from 0 to 10 cm? Moreover, at the end of program, satisfaction of
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Table 1 QUEST

Items Participant’s answer (%)

Satisfaction with ATD Not at all Not very More or less Quite satisfied Very satisfied

Dimensions 0 0 50 25 25

Weight 0 12.5 37.5 50 0

Easy adjust 0 25 0 62.5 12.5

Safe/secure 0 0 25 37.5 37.5

Durability 0 0 25 50 25

Use simplicity 0 0 25 12.5 62.5

Comfort 0 12.5 50 12.5 25

Effectiveness 0 0 25 12.5 62.5

participants was evaluated through the Quebec User Evaluation of Satisfaction with
Assistive Technology (QUEST).

3 Results

There were no serious adverse events and no falls during the study. Two participants
suffered mild skin erythema at the tibia contact zone during the first session related
to the strap. It was solved adding padding to the specific zones and disappeared
within one day. Also, mild muscle neck and shoulder pain after training session was
reported in 3 patients, probably related to the walking aids.

With respect to pain fatigue and comfort, participants rated 1.8 (SD 1) cm pain,
3.8 (SD1.7) cm fatigue and 3.6 (SD 2) cm discomfort in VAS (0–10 cm).

The satisfaction of participants with the assistance technology device (ATD) are
represented in Table 1.

4 Discussion

This a prospective study with HANK exoskeleton for gait training in a sample of
patients with subacute incomplete SCI. The intervention has showed be feasible
and secure. No patients withdrew out the study due to intervention with HANK.
Moreover, serious adverse effects and no falls were found. Few cases with skin
issues in contact areas were found in our sample similar to that reported previously
with Ekso and Rewalk exoskeletons [6, 7]. Self-perceived pain during the sessions
was rated low in VAS scale. Fatigue and discomfort were somewhat higher but still
less than 5 cm. The most of participants (6/8) consider HANK exoskeleton as secure,
ease for using and effectiveness to achieve the therapeutics goals (QUEST = quite
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satisfied/very satisfied). However, regarding to comfort and dimensions the 50%
of participants showed low grade of satisfaction (QUEST = more or less/not very
satisfied.

5 Conclusion

This article presented the results of a prospective studyof awalking treatmentwith the
HANK, a lower limb robotic ambulatory exoskeleton for gait rehabilitation. Results
obtained providing evidence for safety, feasibility and acceptance of HANK for gait
training in patients with subacute SCI. The most of participants considered HANK
exoskeleton as secure, ease for using and effectiveness to achieve the therapeutics
goals. Clinical trials are necessary to analyze the effectiveness of gait robotic training
to improve functional gait variables.
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Abstract Recovering walking ability is one of the main goals of patients having
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which how the device is going to assist walking is described. To date, the scenarios
have been described as pathology-dependent (i.e. full assistance for complete para-
plegia). However, most pathologies lead to similar functional impairments. One of
the TAILOR project objectives is to understand the common functional features
shared by the most prevalent pathologies, providing a single, common description
of functional requirements to drive the design of lower limb robotic exoskeletons
and neuroprosthesis. In this work we present three common scenarios for walking
assistance for stroke and Spinal Cord Injury.

1 Introduction

Ambulation ability is frequently affected in people with neurological impairment,
such as Spinal Cord Injury (SCI) [1] or after having suffered a stroke [2], becoming
one of the main rehabilitation’s goals in these patients [3, 4]. Lower extremity (LE)
robotic exoskeletons are emerging technologies that assist gait training in peoplewith
LE paralysis [1–5]. Compared to previously existing locomotor training paradigms,
exoskeletons may improve user independence, as well as cardiovascular health,
energy expenditure, body composition, gait parameters, level of physical activity and
quality of life [6]. To date, exoskeletons are applied to a range of pathologies and func-
tional abilities, forcing the user to adapt to the exoskeleton features: four to six actu-
ated degrees of freedom in the saggital plane, and restriction of the remaining ones.
TAILOR project aims at developing modular and customizable exoskeletons (wear-
able robots—WR) and neuroprosthesis (NP) that can be adapted to the functional
status of the user, regardless of pathology that originated the disability.

Our hypothesis was that a common functional description can be found amongst
SCI and stroke, the two pathologies in which TAILOR project is focusing on.
The objective of this work is to describe the process and result of the functional
requirement analysis towards a purely functional description.

Table 1 Common functional requirements and gait scenarios

Scenario B Scenario C

SCI Stroke SCI Stroke

Impairment level AIS C/D Hemiplegia CES Hemiparesia

Spasticity Yes Yes No Yes

Trunk control Yes Yes Yes Yes

Involved joints Hip, knee, ankle Knee, ankle Variable Ankle

WISCI II 4–13 – >13 –

FAC – 1–2 – ≥3



Towards Functional Description of Gait Impairments … 943

2 Materials and Methods

Fivemeetings (video conferencing and in-personmeetings) were carried out between
the Biomechanics and Technical Aids Department of the Hospital Nacional de Para-
pléjicos and the Institut Guttmann during the period from August 2019 to January
2020. A team of long-time experts in the rehabilitation treatment and the use of LE
robotic exoskeletons and NP after stroke and SCI, composed by two physicians, four
physical therapist and two engineers, exchanged their professional experiences with
the aim of defining different functional scenarios which will be common for the gait
of these patients neurologically impaired.

3 Results

As a result of the meetings, three scenarios were identified related to the common
functional requirements after SCI (paraplegia in first motor neuron injuries and
cauda equina syndrome–CES) and stroke (hemiplegic or hemiparetic patients), from
the greatest impairment scenario (A) to the lowest one (C). In between these two
scenarios, a third scenario was defined-medium impairment scenario (B)—in order
to provide an intermediate definition of functional needs of the users.

Scenario A, unlike scenarios B and C, is the one that only targets users with
paraplegia (AIS—American Spinal Injury Association Impairment Scale—A or B),
who have not voluntary control of LE and absence or partial trunk control, depending
on the level of lesion. These users may feature muscle spasticity and have a score <4
in the Walking Index for Spinal Cord Injury (WISCI) II.

Scenarios B and C are described in Table 1.
Common inclusion and exclusion clinical criteria were identified for all the

scenarios. Inclusion criteria were detailed as it follows: (1) patients aged from 16 to
70 years old; (2) height of 160-200 cm; (3) weight lower than 100 kg; (4) no neuro-
logical or orthopedic involvement in upper limbs; (5) able to stand or to walk with
technical aids; (6) healthy bone density; (7) skeleton must not suffer from any frac-
tures or instability; (8) good physical conditioning allowing the treatment; (9) to be
able to understand and signwritten informed consent. Exclusion criteria were defined
as it follows: (1) history of severe neurological injuries other than SCI or stroke; (2)
severe concurrent medical diseases; (3) pressure injuries; (4) heterotopic ossifica-
tion or significant contractures that impair joint mobility; (5) significant leg length
discrepancies; (6) psychiatric or cognitive situations that may interfere with proper
operation of the device; (7) pregnancy; (8) patients incapable of holding crutches or
a walker; (9) score ≥3 in the Modified Ashworth Scale.
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4 Discussion

Based on the functional requirements of each scenario, the technical requirements of
TAILOR devices were different with the aim of personalizing the user’s functional
needs.

4.1 Greater Impairment Scenario: Functional Compensation
of Walking

TAILOR devices should provide functional compensation to LE while providing
trunk and pelvis stability. Given the nature of the lesion, the muscles below the level
of lesion may be respondent to functional electrical stimulation (FES). Thus, this
scenario foresees the application of NP. However, depending on the time elapsed
since the injury, the muscles may have suffered from atrophy, being the NP not
effective in some cases.

4.2 Medium Impairment Scenario: Moderate Walking
Assistance

In this scenario, the LEmuscles (below the neurological level of injury, in the case of
SCI) can be neurologically preserved and therefore be respondent to FES, being the
NP themain assistive system for this scenario, having the possibility of incorporating
a reduced power WR in combination with the NP if necessary to support the action
of the NP.

Given that users of scenarios A and B may be NP users, some other exclusion
clinical criteria must be identified: (1) electrical current intolerance; (2) body elec-
tronic dispositive implant; (3) skin injury in the area of stimulation; (4) active cancer
disease.

4.3 Low Impairment Scenario: Slight Walking Assistance

Depending on the nature of the lesion, it is expected a very variable impact on hip
extensors and knee flexors (present in CES, mainly), as well as ankle extensor and
flexor muscles (which we assume to be present in both, CES and hemiparesia). In
CES users, muscles below the level of lesion may not be neurologically preserved
and, consequently, will not be respondent to FES. As a result, in this scenario the use
of NP is not foreseen, having only the possibility of incorporating a low power WR,
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given that in hemiparetic users only a foot drop brace is conceived to assist ankle
joint.

5 Conclusion

Since gait recovery is the main and common objective in people who suffered a
stroke or a spinal cord lesion, LE robotic exoskeletons and neuroprosthesis should
be conceived from a functional standpoint regardless of the pathology, what means
that are the user’s needs which should determine the functional requirements that
will drive the design of these gait training devices.
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Abstract This article shows the design, development, implementation, and control
software associated with a hand exoskeleton capable of assisting in basic actions,
such as opening and closing. Robotic architectures, geometric and kinematic analysis
are reviewed, obtaining a proprietary design based on the biometrics of Chilean
individuals. The exoskeleton meets basic clinical requirements, allowing work with
ranges of movement in each finger with no pressure points in the skin or discomfort
with use, being capable of adjusting to the thumb and adapting to any hand. The
software created for training and rehabilitation, both for the therapist and the end-
user, contains control of patient records, therapies, and a graphic interface that allows
for personalized routines to be configured after calibration. The software allows
rehabilitation specialists to be able to use the exoskeleton, after receiving a brief
safety and basic function introduction, and thus be able to perform robotic therapies
in any health center.
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1 Introduction

Exoskeleton-type rehabilitation robots have redefined current rehabilitation tech-
niques. These robots have the attribute of having their joints aligned with those of
the user in such a way that many times it can resemble an armor that both protects and
allows for movement of the joints. In general, these robots require a more complex
design and an adaptation mechanism for the user. Today there is already evidence
of the validity of these robotic systems, conclusions that indicate that the obtained
measures not only have a concurrent validity against conventional clinical scales but
also have the possibility of providing more useful evaluations in severe hemiparetic
patients when compared to conventional clinical scales.

2 Materials and Methods

For the implementation of this class of robotic device it was necessary to carry
out an exhaustive review of the devices already implemented, all the materials and
technologies necessary for its construction, such as 3D printing, servo motors and
the control mechanism, which consists of a control and management software for
both patients and therapies.

2.1 Analysis and Mechanical Design of the Exoskeleton

After a general geometric and kinematic analysis of the behavior of the human hand
[1], it was necessary to determine the length of each finger of every hand, considering
our national reality. We decided on a more generic approach, allowing the design to
be adapted on a larger scale for a larger or smaller hand if necessary. This approach
consists [2] of taking the average lengths of each finger of the left hand of the
biometric study1 and determining a proportion with respect to the length of a finger.
For this case, the middle finger (Table1) was used as the reference finger.

The following step was selecting an already designed exoskeleton [3–6], to act
as a starting point to begin implementing the first prototypes, and determining what
would be the main characteristics on which our final design should focus.

At a mechanical level, some of the factors to consider were: the complexity of the
design, different ranges of extension and flexion, adaptability, and flexibility of the
system to the hand of the patient, strength, and integrity of the device, among others.
Regarding the necessary control to manipulate the exoskeleton, we considered the
following: Type of activation system, the flexibility of the software, interfaces, etc.

1 For the purposes of this project, the average measurements of the Chilean man’s left hand were
used, due to the higher incidence of peoplewith left hemiparesis at theClub deLeonesRehabilitation
Corporation Cruz del Sur, where the clinical tests of the device will be carried.
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Table 1 Average sized of each finger and applied scale

Finger Thumb Index Middle Ring Little

Average length (mm) 72.4 104.5 114.6 108.9 88.4

Applied scale in respect
to middle finger (%)

63.17 91.18 100 95.02 77.13

Fig. 1 Top view of the final
design of the exoskeleton

Each finger was printed, implementing the scales in Table1. The phalanges of
each finger are held using thin Velcro straps (Fig. 1). The thumb has four pieces with
a rail system, which allows a significant adjustment range to adapt to the different
conditions of each patient.

2.2 Control Software

The entire mechanical system is governed by the software created for the control
system (Fig. 1). Special emphasis was placed on the therapy-related interface, which
is in charge of controlling the servo motors. For this purpose, specialized boards,
protocols, and specialized software packages were used, which are also open-source.

3 Results and Discussion

3.1 Results

The final exoskeleton has an approximate weight of 700g. The alignment and move-
ment do not require greater effort on any part of the fingers during the movement.
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This is due to the flexibility and design of the parts related to the middle phalanx,
which are adaptable to the plane of the phalanx, even when some system mismatch
occurs.

Regarding the ranges of movement, the index, middle, ring, and little fingers
achieved flexion angles of the metacarpophalangeal joint that were very close to 90◦,
while in the interphalangeal joint angles close to 45◦ were achieved. In the case of
the thumb, a maximum 50◦ angle was achieved in the metacarpophalangeal joint,
and an extension close to the maximum was achieved for the interphalangeal joint,
with an approximate 45◦ as minimum flexion.

The software fulfills its main functionality of allowing full control of the device,
even being able to control each finger individually and define work routines. It can
also store patient records and their respective sessions. It also has enough indications
and visual support that the user can intuitively navigate through it.

Regarding the portability of the exoskeleton and all its associated electronic
devices, amodular presentationwas achieved: the exoskeleton, 2m connection cable,
multiplatform software, possibility of connection to local power supplies.

3.2 Discussion

This project has many possibilities for future improvement due to it involving two
major challenges: first,TheMechanical System, with the possibility of incorporating
new technologies as alternatives for exoskeleton activation, such asmotion sensors or
control usingEMG; and the second, the Designed Software, which could incorporate
a potentiometer to determine the effort exerted by the servo-motor, allowing control
of the stress registers and thus allowing for determining the degree of improvement
of the patient.

Finally, it should be noted that the decision was made to implement the left hand.
This implies that the reproduction of a second exoskeleton for the right hand should
be immediate and less costly in the design phase.

4 Conclusion

This paper has shown the first version of the design and implementation of a fully
functional exoskeleton, accompanied by a control software that meets all the safety,
usability, and control requirements necessary for the development of clinical studies
focused on hand rehabilitation.

After a geometric and kinematic analysis, with which it was possible to under-
stand what the general joint movements of the hands are, it was determined which
exoskeleton amongst those reviewed was a more convenient reference in terms of
design. The preconceived idea was to select the one with the least possible design
complexity, but considering if it has an acceptable range of motion. The use of
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ergonomics was key to specifying the measurements, and that it had a size similar
to the anatomy of an average Chilean hand. The thumb was quite a challenge. The
mounting of the thumb with adjustable bars allows great flexibility for adapting to
a position that accommodates the patient and is apparently a fairly relevant added
value when compared to other exoskeletons in the referenced literature.

Finally, the portability gives the professional a great advantage when it comes to
placing the entire system for the session in a comfortable and orderly manner.
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Design and Implementation
of a “Wireless-Hand” Mechatronic
Prototype for the Control
of a Robotic Hand

E. Peña, P. Alberti, S. Bustamante, P. Maldonado-Cárdenas, and P. Barría

Abstract The technological transfer between the areas of computer engineering and
health have allowedcollaborativework and effective support betweenboth areas. This
is how the development of robotics in the present can aid in repetitive activities or
activities that present a lesser degree of direct intervention with the patient in certain
therapies. This paper presents the design, creation, and programming of a “Wireless-
Hand” mechatronic prototype that allows for remote control of a robotic hand. For
this, a glove with flex sensors and micro-controlled circuits was designed, which
connects wirelessly with the robotic hand, allowing communication and control over
it. For the connection to be optimal in terms of data transfer and connectivity, three
types of technologies are compared: Zigbee, Bluetooth, and WiFi.

Keywords Robotic hand ·Wireless transmission · Flex sensors · Bluetooth ·WiFi

1 Introduction

The Computer Engineering department of the University of Magallanes, in conjunc-
tion with the Rehabilitation Center Club de Leones Cruz del Sur, both from Punta
Arenas, Chile, are collaborating on various projects to aid in the rehabilitation of
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people with disabilities. For this purpose, transdisciplinary works that promote the
transfer of knowledge between the areas of engineering and health are carried out.

This paper presents the design, implementation and programming of a mecha-
tronic control device that allows a robotic hand to be managed wirelessly through
the movement of a human hand.

Theprototypedevelopedwith this projectwill be used to study thehuman-machine
interaction in people with disabilities and limited hand mobility, to evaluate the
potential of the device to assist the activities of daily life that involve themanipulation
of objects and tools.

The characteristics are: facility tomanipulate and degree of freedom,which allows
to capture the movements of one hand to repeat it (reflect them) in the robotic hand,
in a remote way, and at a distance longer than a meter, maintaining the accuracy of its
movements. Flex sensors are used to establish a connection to an arduino board and
three types of technologies to ensure the wireless signal. These systems are mounted
in a glove, that is modified to integrate the electronic part that is needed for the
flex sensors. The robotic arm used was printed in the The University of Magallanes
Department of Computer Engineering, using the french design INMOOV [1]. After
that, we proceed to evaluate three types of technologies applied, comparing response
times, temperature and scope, resulting in the Zigbee technology the best for the
present design.

2 “Wireless-Hand” Design

2.1 Objectives

Through the “Wireless-Hand”wewant to reproduce hand opening and closingmove-
ments in a robotic hand. For this purpose, both wireless and mechatronic technology
will be used for its design and control.

2.2 Technology Used

To promote the autonomy of the Wireless-Hand, three types of technologies will be
used: Zigbee [2], Bluetooth [3] y WiFi [4, 5]. An arduino card called Lilypad 328
will be used, through these five flex sensors will be connected 4, 5′′ [6] that are able
to determinate the movements (flexions) of the fingers (Fig. 1a).
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Fig. 1 Working “Wireless-Hand” prototype

2.3 Tests and Results

The tests developed in the laboratory consisted of the execution of hand movements
by a healthy volunteer under a controlled environment with the mechatronic device,
evaluating the response of thewirelessly connected robotic arm (Fig. 1b). Exchanging
wireless technologies, varying distances, and forcing it to work in environments with
electronic noise and temperature, which the device could encounter under normal
conditions. The motion response of the robotic device and its latency were analyzed.

The three technologies used were compared under the laboratory tests Zigbee-
Bluetooth-WiFi met the objective of moving the robotic arm wirelessly at a distance
between 1 and 4m without obstacles and operating at ambient temperature, even
reaching 10m without problems. Tables1 and 2 show the main characteristics of
these wireless devices quantitatively and qualitatively, which led us to select the one
which showed the best performance for our project.
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Table 1 Quantitative comparision table

Device Zigbee Bluetooth WiFi

Temperature (◦C) 26.1 24.5 24.3

Response time (s) 53.8ms 53.7ms 53.4ms

Dissipated energy (J) 196.02 297 475

Frequency (GHz) 2.4 2.4–2.48 2.4

Maximum reach (m) 60 10 ∼30

Transfer speed (bps) 250Kbs 1Kbps 11/54/300Mbps

Supply voltage (V) 2.1–3.6 3.3 3.3–3.6

Consumption (sleep
mode) (A)

1uA 1uA 20uA

Consumption
(reception) (A)

33–45mA ∼50mA 80–225mA

Transmission
consumption (A)

28–31mA ∼50mA 80–225mA

Device value (US$) 9.7 10.7 31.7

Table 2 Qualitative comparison table

Zigbee Bluetooth WiFi

Ease of hardware
configuration

YES YES YES

Ease of codification YES YES NO

Ease of incorporation
into “Wireless-hand”
device

YES YES YES

The three technologies respond to the requirement to replicate the movements of
a human hand in a robotic model.

At the moment of the selection, it is important to consider the distance between
the glove and the robotic arm, cost of the technology, programming accessibility,
maintenance, and above all the final user comfort. The temperature emitted by the
different devices is what led us to choose Zigbee as the right one for emitting less
heat radiation after 25min (see Fig. 2).

3 Conclusions and Future Works

In the selection of the most suitable Wireless device for the characteristics of this
project both qualitative and quantitative elements were considered. The selected
devicewasZigbee, due to the fact that the communication interface betweenhardware
and software is easy to workwith, which allows potential when creating applications.
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Fig. 2 Comparison of temperature of the wireless devices

Currently, Zigbee support is themost accessible, it workswith small ranges of electric
charge, and can work at distances greater than two meters without exceeding 70m.
Themonetary cost of the base card is below10US$,whichmakes it a highly profitable
and reproducible application.

By integrating the wireless devices combined with an Arduino platform, the
mechatronic device designed for the “wireless-hand”, it is possible to obtain a pro-
totype that allows for the wireless movement of a robotic hand.

The above implies that the potential of applying the “wireless-hand” in the dif-
ferent areas, especially health, could be improved and even expanded, considering
that the cost is insignificant when compared to the benefit it would provide.

Among the future works that are taken into account are:

• Testing the device on “beta-tester” patients who are undergoing rehabilitation
therapies to collect feedback and optimize the “Wireless-Hand” prototype

• Integrating the full movement of the arm and forearm, adding position and inertial
sensors to the “Wireless-Hand”

• The capacity to receive, through the wireless glove, signals from the robotic arm
related to the pressure exerted on an object and its position.

• Control in an even more specific way the movements of the fingers, adding addi-
tional material to the “Wireless-Hand” and reacting to the touch of the electrome-
chanical arm with pressure sensors.

Acknowledgements This study was sponsored and financially supported by Departamento de
Ingeniería en Computación at Universidad de Magallanes, Punta Arenas, Chile and Rehabilitation
Center Club de Leones Cruz del Sur, Punta Arenas Chile.
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Analysis of Frequency Bands
and Channels Configuration
for Detecting Intention of Change
Direction Through EEG

V. Quiles, L. Ferrero, E. Iáñez, M. Ortiz, and J. M. Azorín

Abstract The design of solid interfaces based on the patterns of brain activity that
underlie humandecision-making are a field of interest in creating interfaces that allow
recover the pathway between the brain and themuscular system to be rectified. In this
work, a Brain Machine Interface is presented to detect the user’s intention through
the differentiation of the EEG signals into two classes according to their temporal
and frequency characteristics, comparing different electrodes configurations. The
better band for all the configuration seems to be Theta (4–7 Hz) from a centralize
sensorimotor area, which obtained 69 and 70% accuracy results for two subjects.

This research has been carried out in the framework of the project Walk-Controlling lower-limb
exoskeletons by means of brain-machine interfaces to assist people with walking disabilities
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1 Introduction

BrainMachine Interfaces (BMIs) allow to create a natural path between brain activity
and motor activity. This fact has great possibilities in the rehabilitation field and
the assistance. In the rehabilitation field this technology finds a perfect window for
therapies in cerebrovascular accident patients, allowing to provide a neural feedback.
In the assistance field, Spinal Cord Injury patients without cerebral neural circuits
damaged could easily create a path between cerebral signal recording by EEG and
an assistive device, like an exoskeleton [1].

The design of the BMI ranges from the analysis of the EEG signal, the creation of
a model of brain activity and the codification of commands to the assistive devices.
The signal is preprocessed with a variety of protocols described in the bibliography
depending on the activity of interest [2]. In the analysis fields, cerebral activity is
associated to temporal and frequency features in the EEG, like: Movement Related
Cortical Potential [3], Event Related Desynchronization (ERD) [4] or Steady State
Visually Evoked Potential [5]. The most relevant features selected are classified
following a strategy (discrete classification, continuous regression and Hybrid and
indirect approaches) for create control commands patterns depending on the cerebral
state and close the loop control.

In this work the common brain activity while walking has been differentiated
against a transient state associate with the intention of turning instants before subject
choices perform the action.

2 Material and methods

2.1 Subjects

As a preliminary test, two healthy subjects, with ages 27 (female) and 26 (male) years
old participated in the study. Subjects had not known diseases and approved voluntary
his/her participation in the study by giving his/her informed consent according the
Helsinki declaration approved by the Ethics Committee of the Responsible Research
Office of Miguel Hernández University of Elche (Spain).

2.2 Brain-Machine Interface (BMI)

The subjectwas equippedwith the non-invasive 32 electrodeEEGsystemactiCHamp
(Brain Products GmbH, Germany). Signals were transmitted wirelessly by a Move
transmitter to the actiCHamp. The actiCap with 27 electrodes following a 10–10
distribution were selected for recording EEG activity (F3, FZ, FC1, FCZ, C1, CZ,
CP1, CPZ, FC5, FC3, C5, C3, CP5, CP3, P3, PZ, F4, FC2, FC4, FC6, C2, C4, CP2,
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Table 1 Results for both subjects for the different features and electrodes configurations
Hjorth+ Subject 1 Subject 2

Freq. (Hz) Total (%) Walk (%) Turn (%) Total (%) Walk (%) Turn (%)

Both sides (5 electrodes)
FC1, FC2, C3, Cz, C4

4-7 69 ± 9 63 ± 21 76 ± 14 70± 7 68 ± 15 72 ± 22
8-14 66 ± 15 50 ± 20 82 ± 17 67 ± 10 61± 19 73 ± 23

15-22 64 ± 13 46 ± 22 81 ± 18 66 ± 10 61 ± 18 72 ± 24
23-30 62 ± 13 45 ± 19 79 ± 17 66 ± 10 61 ± 18 72 ± 24

Right side (6 electrodes)
Fz, FC2, FC6, Cz, C2, C4

4-7 69 ± 13 63 ± 21 75 ± 16 65 ± 14 68 ± 26 61 ± 16
8-14 68 ± 14 55 ± 21 81 ± 16 64 ± 14 69 ± 20 58 ± 16

15-22 62 ± 12 53 ± 19 71 ± 13 61 ± 13 64 ± 20 58 ± 18
23-30 63 ± 15 55 ± 13 71 ± 22 60 ± 12 64 ± 20 57 ± 17

Left side (6 electrodes)
Fz, FC1, FC5, Cz, C1, C3

4-7 63 ± 11 55 ± 22 70 ± 16 60 ± 11 66 ± 18 55 ± 19
8-14 65 ± 11 52 ± 26 80 ± 20 59 ± 13 58 ± 19 60 ± 19

15-22 60 ± 11 48 ± 20 73 ± 19 57 ± 14 57 ± 20 57 ± 20
23-30 62 ± 13 48 ± 22 76± 21 56 ± 14 57 ± 23 56 ± 18

Average for each frequency range

4-7 67 ± 3 60 ± 5 73 ± 3 65 ± 5 67 ± 1 63 ± 9
8-14 66 ± 2 52 ± 3 80 ± 3 63 ± 4 63 ± 6 64 ± 8

15-22 62 ± 2 49 ± 4 80 ± 5 61 ± 5 60 ± 3 62 ± 8
23-30 62 ± 1 49 ± 5 80 ± 5 61 ± 5 61 ± 4 61 ± 8

Average is shown at the end. Best results are shown in grey color

CP4, C6, CP6, P4). Ref is placed in right ear lobe and ground in the frontal region.
Other 4 electrodes were placed to record EOG activity in bipolar configuration (HR,
HL, VU, VD). Signals are registered at 500 Hz and a Notch filter is applied at 50 Hz
by hardware.

An inertial measurement unit (IMU) (Tech MCS V3, Technaid, Spain) placed on
lumbar was registered at 50 Hz. This way, it is possible to detect the moment in
which subjects performs the physical turn.

2.3 Experimental Procedure

Subjects performed 10 trials with 8 repetitions of a motor turning intention. Subjects
remain stand and relaxed for 15 s. Then, subjects start walking straight and after more
than 10 s, at their own will, they perform a turn around 45 degrees in the desired
direction (right or left).

2.4 Analysis

First, data from the IMU is analyzed to select the turnmoment of the user and properly
label EEG data. The signal is smoothed with a gaussian filtered with factor 30. Then,
the algorithm computes the maximum difference between the consecutive inflexion
points, calculated of the matrix rotation signal XZ that must fulfil next premise.

f ′′(x i) = 0 AND f ′′′(x i) �= 0 (1)

An adaptative artifact removal algorithm H∞ [6] has been applied using the first
15 s of every trial to converge. The parameters regarding the sample frequency were:
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γ = 1.15, q = 1e − 10, p0 = 0.5. Then, EEG signals are analyzed in windows of
0.5 s. A state variable band-pass filter (0.1–30 Hz) and a Laplacian filter are applied
to every window.

Finally, two classes of 1.75 s are selected. The Turn class is selected from −1.85
to−0.1 s regarding the moment of turn labeled through the IMU analysis.Walk class
is selected from −8 to −6.25 s.

2.5 Features and Electrodes Selection for Classification

Temporal and frequency features are extracted for every class window. For frequency
features, an autoregressive estimation potential method in different ranges has been
obtained: theta (4–7 Hz), alpha (8–14 Hz), low beta (15–22 Hz) and high beta (23–
30 Hz). Each of these features have been combined with temporal Hjorth parameters,
a usual indicator of statistics properties (normalized slope descriptors) of the signal
in the time domain: activity, mobility and complexity. Three electrodes combinations
have been analyzed focus on motor and somatosensory areas (left side, right side,
and both).

Linear Support Vector Machine classifier has been used to obtain accuracy
percentages of a cross validation. Percentages of individual classes are also obtained
for analyzing balance of the results.

3 Results and Discussion

The average success in class detection and standard deviation have been obtained
for the Walk class, the Turn class and the Total (success at correctly detecting each
class), for the different electrode configurations representing the left/right/central
motor area in different bands.

The right electrode configuration showed better results than the left electrode
configuration in the first two bands of the frequency features (Table 1). Possibly due
to brain patterns that differentiate between left and right turn. The best results in
this setup were in the theta band in the same way as in Both sides setup and alpha
band was the second best. Respect to the centralize electrodes configuration were
obtained the best and most balanced results for the theta band in both subjects 69± 9
(%) and 70 ± 7 (%), which showed the highest Total results and the lowest standard
deviation. Despite, the accuracy results were not completely balanced for the two
classes, the Turn class showed more accurate results. The best configuration was the
same for both subjects, since Subject 2 obtained more balanced results between the
two classes.
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4 Conclusion

The built interface could be a promising interface for real time applying some stan-
dardization and fashion to consolidate these good results to control the intention of
turn using the theta band of motor area. Furthermore, this paradigm intends to be
integrated with other control protocols to fully control an exoskeleton.

This preliminary study will be tested on more subjects and an online analysis will
be performed.
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Gait Analysis as an Objective Tool
Previous to Botulinum Toxin Injection
in Spinal Cord Injured Patients: A Case
Study

C. Redondo-Galán, S. Ceruelo-Abajo, I. Sinovas-Alonso,
A. de los Reyes-Guzmán, J. Madrid-Sánchez, and A. Gil-Agudo

Abstract Spasticity is one of the consequences after Spinal Cord Injury (SCI).
Sometimes this cannot be controlled with the use of oral antispasmodics and it is
necessary to infiltrate botulinum toxin. Photogrammetry technique is a useful tool
to objectively determine the motor sequelae and facilitate therapeutic decisions. The
aim of the present study is to present the results of the gait analysis related to a
case study. Through photogrammetry, the range of motion (ROM) of the hip, knee
and ankle joints (kinematics), the muscular activity and the kinetics were analyzed,
providing objective information about the decision in view of the possible infiltration
of botulinum toxin.

1 Introduction

Spasticity is a motor disorder occurring in many neurological conditions including
Spinal Cord Injuries [1].

In spinal spasticity, which is usually generalized, botulinum toxin is useful as an
adjuvant therapy in specific situations [2]. OnabotulinumtoxinA has demonstrated
significant benefit in adult focal spasticity [3]. Gait analysis is a well-established tool
for the quantitative assessment of gait disturbances providing functional diagnosis,
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assessment for treatment planning, and monitoring of disease progress [4]. Initially
gait analysis was introduced to clinical practice to improve the management of chil-
dren with cerebral palsy [5]. However, there is good evidence to extend its use to
patients with various upper motor neuron diseases [4].

2 Methods

2.1 Case Study

Descriptive and experimental study of a case: 15-years-old male with T5 AIS (ASIA
Impairment Scale) D Spinal Cord Injury [6] secondary to fibrillary medullary astro-
cytoma, presenting focal spasticity in the right lower limb treated with oral Baclofen,
without clinical improvement. WISCI II (Walking Index for Spinal Cord Injury): 12
[7] with AFO (Ankle-Foot Orthosis).

We proposed to use Gait Analysis (Fig. 1) as a tool to evaluate the patient´s
functional status previous to botulinum toxin injection.

2.2 Gait Biomechanical Analysis

The biomechanical study of gait was carried out by means of the photogrammetry
system Codamotion (Charnwood Dynamics, Ltd, UK). Twenty two active markers
were located on the lower limbs and pelvis following the model previously described
by other authors [8]. The markers were positioned on the anatomical references
described in previous work to analyze the joint displacement of the hip, knee and
ankle during gait cycles [9]: sacrum, anterior superior iliac spines (ASIS), poste-
rior superior iliac spines (PSIS), lateral surface of the thigh (anterior and posterior
femur markers), lateral femoral condyles, lateral surface of the leg (anterior and
posterior tibia markers), lateral malleolus, calcaneus (posterior lateral heel), and 5th
metatarsal head. Moreover, synchronized with Codamotion the surface electromyo-
graphic activity of four muscles for each lower limb (upper leg: semitendinosus and
vastus medialis; lower leg: tibialis anterior and gastrocnemius medialis) was regis-
tered by means of Noraxon. SENIAM recommendations for the skin preparation and
MG surface sensor location were followed [10]. The patient was informed not to
change his walking gait with self-selected speed and the average of five complete
cycles was saved. The patient signed the Informed Consent.
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Fig. 1 Gait biomechanical
analysis

2.3 Data Processing and Variables Analyzed

Once the acquisition was completed, the results were analyzed using the biomechan-
ical model of both lower limbs scaled to the anthropometric measurements (height,
weight, ankle and knee width, pelvis width and depth) of the patient. Regarding the
kinematics of the lower limbs, the maximum and minimum values of the stance and
swing phases, the time of the cycle in which appear (expressed in % of the gait
cycle), the joint amplitude (difference between the maximum and minimum value
of the complete cycle) as well as the following events: initial contact and toe off,
are calculated. Data collection was carried out on all joints, hip, knee and ankle,
calculating the joint displacement, their extensor moment and power, and the ground
forces. Likewise, the spatial-temporal parameters of gait were analyzed: speed (m/s),
cycle duration (s), cycle length (cm), time step (s), cadence (steps/min), duration of
the stance and swing phases (expressed in % of gait cycle duration). In relation to the
surface electromyography (sEMG), the muscle activation patterns of all the muscles
analyzed were calculated.

3 Results

After the previous analysis, the most relevant findings were:
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Fig. 2 Knee joint
flexo-extension

• Right knee: in the swing phase the range of flexion is decreased and there is no
flexion in the loading response phase (Fig. 2).

• Right ankle: initial contact with equine foot, and plantar flexion increased in swing
phase (Fig. 3).

Related to the sEMG result, activation of the right gastrocnemius in the final phase
of the oscillation could be seen (Fig. 4).

As a result of the findings, it was recommended to inject botulinum toxin in the
right gastrocnemius. Eco-guided control injection was performed after signing the
Informed Consent.

4 Discussion

Gait Analysis is a tool that can be used previous to botulinum toxin infiltration in
patients with spasticity following Spinal Cord Injury.

Oral treatments are sometimes not effective for spasticity and it’s necessary to
inject botulinum toxin.

Having objective and exact tools such as gait analysis facilitates decisions on local
application of the toxin. It requires availability of the technique andmultidisciplinary
support.
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Fig. 3 Ankle joint
dorsi-plantar flexion

Fig. 4 EMG parameters

5 Conclusion

The Gait Analysis allows us to evaluate time-space parameters such as: speed, step
length, step width, cycle/minute frequency, cadence…

It is an objective tool for making therapeutic decisions such as botulinum toxin
injection.
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Ewe: A Computational Tool to Assist
People in Emergencies

Luz Ariel and Fechine Joseana

Abstract Currently, there are a variety of wearable devices dedicated to emergency
monitoring.However, these solutions are still restricted to the highest strata of society,
making it a great challenge for the government to allow access to technologies for a
large part of the population. In this sense, a research now provides a computational
tool (emergency bracelet), of low cost, that helps these social minorities in the scope
of health.

1 Introduction

The advances in technology have a positive impact on man’s life, such as wearables,
which can be added to the user’s body and assist in a variety of applications, such
as monitoring the user’s physiological and sensory functions. Currently, there are a
variety of companies offering wearable devices for emergency monitoring, such as
Lincare [1] and Iris Senior [2].

However, these solutions are still restricted to the highest strata of society, corrobo-
rating with [3] when he affirms that the inclusion of Information and Communication
Technologies (TICS) is a great challenge of the public power, in allowing access to
the great part population to the benefits of new technologies.

In the literature, there are already initiatives, such as the WatchAlert [4] and the
tool proposed by Vanzella [5]. The first proposes the use of a wearable, with Android
Wear connected to a smartphone, to send the emergency request, the second, in turn,
presents a bracelet equipped with an Esp8266 card, which requests help by sending
the information to a server via through the Wi-Fi connection.

In this context, it is of paramount importance to develop low-cost solutions that
meet the most disadvantaged strata of society in the health area. Given the above,
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Table 1 Tool comparison

Features Ewe Iris senior Lincare Vanzella tool Watch-alert

Wi-Fi network ✓

Bluetooth network ✓ ✓ ✓

GSM network ✓

GPS support ✓ ✓

Fall detection ✓ ✓ ✓ ✓ ✓

Audible alert ✓

Display ✓ ✓ ✓

this work proposes the development of Ewe, a computational tool that aims to give
autonomy, freedom and inclusion to these people.

2 Proposed Solution

The proposed solution arose from the need to improve the Genuino Rescue tool,
developed by [6].

Genuino Rescue consists of a bracelet with an Arduino connected to a smartphone
via a Bluetooth connection, responsible for sending an emergency SMS message to
the user’s family members, as well as triggering the Mobile Emergency Service
(SAMU) to help victim.

Unlike Genuino Rescue and related works presented, in which there is a depen-
dence on the smartphone to perform the tasks, attributing an additional cost for the
solution to work, or the need for a Wi-Fi connection to send the information, Ewe
intends to be an independent tool.

The Ewe offers previously required functions of the cell phone (Table 1), such as
support for the GSM chip, which allows use in environments without an internet
connection, added to new features such as the integration of an OLED display
for viewing information about the operation and audible alert as a complement to
emergency notification.

3 Partial Results

Initially, the architecture of the proposed solutionwas elaborated (Fig. 1), followed by
the simulation of the construction of the device (Fig. 2). Subsequently, the prototype
was built on a breadboard and the following components were used: Esp32 board—
DevKitC,GSMSim800Lmodule,MCU-6050 accelerometer, GPSNEO6MV2, push
button and a battery, as showing in the 3D model of the circuit (Fig. 3).
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Fig. 1 Ewe solution
architecture

In the current state, the prototype has the following functions: (i) collision detec-
tion by the user; (ii) the user’s location; (iii) sending SMS to an emergency number;
(iv) visualization of information related to the functioning of the prototype and (v)
audible alert.
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Fig. 2 Circuit diagram with Ewe components

Fig. 3 3D modeling of Ewe on a printed circuit (PCB)
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4 Conclusion

This work presents a proposal for a computational tool to help people in emergencies.
The current phase consisted in the construction of the prototype in breadboard and
the integration with the components, which made it possible to test the performance
of critical sensors for the tool, namely, acceleration and location.

The results obtained are already close to expectations, showing the viability of
the sensors for the application. As future work, we intend to improve the accuracy
of the accelerometer collision detection, initiate the miniaturization of the prototype
for the modeled printed circuit and perform tests with the target audience, in order
to improve the prototype for future construction and validation of the device.
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