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Enhancing patients’ engagement is of great benefit for neural rehabilitation. However,

physiological and neurological differences among individuals can cause divergent

responses to the same task, and the responses can further change considerably

during training; both of these factors make engagement enhancement a challenge. This

challenge can be overcome by training task optimization based on subjects’ responses.

To this end, an engagement enhancement method based on human-in-the-loop

optimization is proposed in this paper. Firstly, an interactive speed-tracking riding game is

designed as the training task in which four reference speed curves (RSCs) are designed

to construct the reference trajectory in each generation. Each RSC is modeled using a

piecewise function, which is determined by the starting velocity, transient time, and end

velocity. Based on the parameterized model, the difficulty of the training task, which is a

key factor affecting the engagement, can be optimized. Then, the objective function is

designed with consideration to the tracking accuracy and the surface electromyogram

(sEMG)-based muscle activation, and the physical and physiological responses of the

subjects can consequently be evaluated simultaneously. Moreover, a covariance matrix

adaption evolution strategy, which is relatively tolerant of both measurement noises and

human adaptation, is used to generate the optimal parameters of the RSCs periodically.

By optimization of the RSCs persistently, the objective function can be maximized, and

the subjects’ engagement can be enhanced. Finally, the performance of the proposed

method is demonstrated by the validation and comparison experiments. The results

show that both subjects’ sEMG-based motor engagement and electroencephalography

based neural engagement can be improved significantly and maintained at a high level.

Keywords: human-in-the-loop optimization, EEG based neural engagement, sEMG based muscle activation,

tracking accuracy, neural rehabilitation

1. INTRODUCTION

One of the most common sequela following stroke or cerebral injury is motor dysfunction,
which seriously affects a person’s quality of life. To regain their motor abilities, patients need to
perform significant repetitive physical therapy, which is prone to boredom and often leads to low
engagement. Previous studies have demonstrated that high levels of motivation and engagement
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are essential for obtaining relatively satisfactory rehabilitation
outcomes (Tupper and Henley, 1987; Grant et al., 2004; Holden,
2005; Colombo et al., 2007). Developing a rehabilitation training
method that can be used to reduce the boredom of the training
tasks and promote engagement of the patients is therefore
essential for post-stroke rehabilitation.

Engagement can be defined as a complex construct, which is
driven by motivation and executed through active participation
(Li et al., 2016). It was reported that motivating and empowering
patients by providing them with the perception of control can
improve patients’ engagement, thus expediting the achievement
of the patient’s rehabilitation goals (Lenze et al., 2004; Dunn
and Dougherty, 2005). Positive feedback can promote patient
morale and engagement (Paolucci et al., 2012). Virtual reality
(VR), which can be used to provide the task-specific training and
intuitive multi-sensory feedbacks, has been therefore been widely
applied in post-stroke rehabilitation.

The adaptive adjustment of the training task is often
used for improving patient engagement. The challenge level
of training tasks, which is one of the main sub-factors
that contribute to engagement, can be adjusted to match a
patients’ motor abilities by use of training task adaptation
(Csikszentmihalyi and Csikzentmihaly, 1990; Yannakakis and
Hallam, 2009; Xu et al., 2017, 2018; Agarwal and Deshpande,
2019). In 2003, Krebs et al. proposed a performance-based
progressive robotic therapy method (Krebs et al., 2003).
In the Krebs’s method, patients’ active forces and motion-
accuracy-based performance were used to customize the stiffness
parameters of the robot controller and thus to maximize the
recovery benefits (Krebs et al., 2003). Similarly, in 2014, an
intelligent game engine was specifically designed for post-
stroke rehabilitation, where the game parameters can be
adjusted in real time according to patients’ performance
based on a Bayesian framework (Pirovano et al., 2014).
Besides, interaction forces, muscle activity, or other physical
or physiological parameters also have been used for training
challenge adaption (Krebs et al., 2003; Novak et al., 2011; Luo
et al., 2019).

However, due to the complexity of the training tasks
and human-machine systems, the adaptive task adjustment-
based engagement enhancement methods can hardly find an
optimal design of the training tasks. This can be obtained
via the optimization method, though this has rarely been
studied. Besides, considering that physiological and neurological
differences among individuals can cause divergent responses to
the same task, and the responses can further change considerably
during the training (Gordon and Ferris, 2007; Zelik et al., 2011;
Jackson and Collins, 2015; Selinger et al., 2015; Quesada et al.,
2016), subjects’ physiological variations or responses also need
to be considered during the training task optimization. Subjects’
responses based training task optimization belongs to human-in-
the-loop optimization (HILO).

To the best of our knowledge, HILO method-based training
task optimization has rarely been studied. All the key steps
of the HILO, including the training task modeling and design
of the objective function and the optimization algorithm, can
affect the optimization results. On one hand, the parameters

used for modeling the training task should be sensitive to the
engagement variation, based on which subjects’ engagement can
be improved through the parameter optimization. On the other
hand, adding human responses to the engagement enhancement
optimization loop also makes the optimization difficult to
implement due to the time-varying dynamics of the subjects,
such as the self-adaptation ability, the strong history dependence,
and other complex neurocognitive factors (Gordon and Ferris,
2007; Selinger et al., 2015). Both the objective function and the
optimization algorithm should therefore be insensitive to human
dynamic variation and noises.

In this paper, an HILO-based engagement enhancement
method is proposed. The original contributions of this study
can be summarized as follows: 1© an optimization-based
engagement enhancement method is proposed, 2© and the
proposed HILO method is tolerant of both measurement noises
and human adaptation.

Firstly, an interactive speed-tracking riding game is designed
as the training task. In the task, subjects are asked to track the
reference trajectory, which is constructed by four reference speed
curves (RSCs), as accurately as possible. Each RSC is modeled
using a piecewise function and determined by the starting
velocity, transient time, and end velocity. By parameterizing the
RSC, it is possible to optimize the difficulty of the training task,
which is a key factor affecting a user’s engagement level.

Then, the objective function is designed by consideration of
the tracking accuracy (TA) and the muscle activation (MA),
based on which subjects’ physical and physiological responses
can be evaluated simultaneously. By maximizing the subject’s
TA and MA concurrently, the difficulty of the training task
can be optimized to match subject’s current motor ability and
physiological state.

Moreover, the covariancematrix adaptation evolution strategy
(CMA-ES) is used to optimize the parameters of the RSCs
(Hansen, 2006; Akimoto et al., 2012; Zhang et al., 2017; Maki
et al., 2020). In the CMA-ES, neither objective function values
nor their derivatives are used directly, and each generation is
evaluated independently. It is therefore relatively tolerant of both
measurement noises and human adaptation. By optimization of
the RSCs persistently, the objective function can be maximized
and subject engagement enhanced.

Finally, the performance of the proposed HILO method is
demonstrated through a comparison experiment. The results
show that both TA and MA can be improved significantly.
Moreover, the subjects’ neural engagement can also be improved
significantly and maintained at a high level.

2. TASK MODELING AND OPTIMIZATION

An HILO method is designed to enhance the subjects’
engagement in this study. Details of the HILO method are given
in the following text.

2.1. Modeling the Training Task
Based on the previous study (Wang et al., 2019), an interactive
speed-tracking riding game is designed as the training task, which
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FIGURE 1 | The virtual scene of the designed speed-tracking riding game. The four red lines represent the four RSCs, which are used to construct the reference

trajectory in each generation, and the yellow line represents subject’ actual speed tracking trajectory.

can be seen from Figure 1. During the training, subjects need to
try their best to track the reference trajectory.

To increase the complexity of the task and, meanwhile,
facilitate optimization, four relatively simple RSCs were used
to construct the reference trajectory in each generation, which
can be seen from Figure 1. The T and △t are the period of
each RSC and the time interval between the two adjacent RSCs,
respectively. In this study, the T and △t were set to 12 and 3
s, respectively. △t is designed to give the subjects enough time
to adjust their riding speeds to better complete the subsequent
tracking task.

Specifically, each RSC is determined by three parameters:
starting velocity (vs), transient time (ttra), and end velocity (ve).
The definition of these three parameters is given in Figure 2. It
can be seen that each RSC can be defined as a piecewise function
of time, which is given by the following:

Vref(t) =











vs t ∈ [0, T−ttra

2 ]

vs + ve−vs

ttra
(t − ttra) t ∈ (T−ttra

2 , T+ttra

2 )

ve t ∈ [T+ttra

2 , T]

(1)

Based on the parameterized model, the difficulty of the training
task, which is a key factor affecting the engagement, can be
optimized. A wide range of possible RSCs can be obtained by
Equation (1), and some examples of possible RSCs are given in
Figure 2B.

In this study, constraints given in Equation (2) are used to
avoid appearance of some weird RSCs, such as too high reference
speeds and sharp change of the speed.

0 ≤vs ≤ 6, 0 ≤ ve ≤ 6,

ttra ≥
|ve − vs|

6

(2)

where, the units of vs (ve) and ttra are meters per second (m/s)
and seconds (s), respectively.

2.2. Design of the Objective Function
Both electroencephalography (EEG) and surface electromyogram
(sEMG)-based physiological responses, which can reflect
subjects’ engagement levels during the training, can be used to
construct the objective function (Zimmerli et al., 2013; Tacchino
et al., 2016). Compared with sEMG, the EEG signals are much
weaker (microvolt level), and they can be easily contaminated by
the environment noises or the subjects’ physiological variation,
such as emotional fluctuation. If the EEG based objective
function is used for the HILO, the parameters to be optimized
can hardly converge to the optima. In this paper, sEMG-based
MA is thus chosen to measure subjects’ physiological response.
Besides, the subjects’ physical response is evaluated by TA. By
maximizing subject’s TA and MA concurrently, the difficulty
of the training task can be optimized to match the subject’s
current motor ability and physiological state. On one hand, a
relatively high TA can be obtained when the tracking task is
designed relatively easily. However, speed-tracking tasks that
are too easy can easily lead to a phenomenon where a subject’s
MA is relatively low, which is not beneficial for the restoration
of muscle strength. On the other hand, a relatively high MA
can be obtained when the tracking task is designed relatively
difficult. Tasks that are too difficult, however, can cause the
subjects to become discouraged and unwilling to continue the
training. Simultaneously maximizing TA and MA can result in
a suitable challenging task for a specific subject, thus enhancing
the subjects’ engagement. In this paper, TA and MA are therefore
used to construct the objective function.

Specifically, the TA is given by the following:

FTAi = −
||Vref

i − Vact
i ||2√

N
, i = 1, 2, 3, 4 (3)

where, || ∗ ||2 means the calculation of the L2-norm. Vref
i ∈ R

N

and Vact
i ∈ R

N are the reference speed vector and subject’s actual
speed vector with 100 Hz sample rate acquired during tracking
the ith RSC in each generation. The period of each RSC is 12 s,
therefore, N is equal to 1,200. In this study, the subject’s actual
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FIGURE 2 | (A) Parameterization of each RSC. (B) Examples of possible

RSCs.

speeds are collected using a data acquisition card and transmitted
to the computer via TCP/IP protocol.

As for the sEMG-based MA, it has been proved that, when
subjects are focused on the training, the root mean square (RMS)
of sEMG signals can become bigger (Zimmerli et al., 2013). In
this paper, RMS is consequently used to indicate subjects’ MA.

FMA
i =

||SEMG
i ||2√
M

, i = 1, 2, 3, 4 (4)

where, SEMG
i ∈ R

M represents the amplitude vector of the
acquired sEMG signals with 400 Hz sample rate acquired during
tracking the ith RSC in each generation, and M is equal to 4,800.

The muscles contributing to cycling motion, including rectus
femoris (RF), hamstring, soleus, and gastrocnemius, are mainly
considered. During the pre-experiment, it was found that the RF
muscle had the highest activation during the cycling training,
and it is therefore used to calculate the MA in this study. Delsys

TrignoTM device with a 1111.11 Hz sample rate was used to
monitor muscle activities during cycling. The raw sEMG signals
were first filtered by a band-pass butterworth filter (10–400 Hz)
and a notch filter (50 Hz) to reduce the effects of noise and
power line interference. Then, the subjects’ average MA can be
calculated using Equation (4).

Finally, the objective function, which is equal to the weight
sum of the TA and MA, can be given as follows:

F
OBJ
i = FTAi + αFMA

i , i = 1, 2, 3, 4 (5)

where, FTAi and FMA
i represent the values of TA andMA of the ith

sub-racking task in each generation, respectively. α is a scaling
coefficient to weight FTAi and FMA

i , and it is set to 1 in this study.

2.3. CMA-ES Based HILO
In this study, the optimization problem for engagement
enhancement can be defined as follows.

Parameters to be optimized are the following:

mi = [vsi , t
tra
i , vei ], i = 1, 2, 3, 4 (6)

The objective function to be maximized is the following:

F
OBJ
i = FTAi + FMA

i , i = 1, 2, 3, 4 (7)

Constraints to be satisfied are the following:

0 ≤ vsi ≤ 6, 0 ≤ vei ≤ 6,

ttrai ≥
|ve − vs|

6
, i = 1, 2, 3, 4

(8)

It can be seen that the optimization problem of this paper is
strongly non-linear, and it can be easily disturbed by the time-
varying dynamics of the subjects. Therefore, CMA-ES, which
is relatively tolerant of both measurement noises and human
adaptation, is applied to optimize the training task in this paper.
No gradient calculation is involved in the CMA-ES, which makes
this method robust and feasible even for a non-continuous
problem. With each iteration, new task-setting parameters are
generated stochastically using a multivariate normal distribution,
and the distribution parameters, including the mean vector, the
covariance matrix, and the evolution paths, are updated with
successful candidate solutions and their objective value ranking.
In this paper, the algorithm of the CMA-ES (Hansen, 2006; Maki
et al., 2020) based HILO is given in Algorithm 1.
In each generation, four groups of the RSC parameter settings,
(mi)i=1,2,3,4, are generated stochastically using a multivariate
normal distribution N (m̄, σ 2C), to form the tracking trajectory
of the current generation.

mi = m̄+ σN (0,C), i = 1, 2, 3, 4 (9)

where, m̄ = [v̄s, ¯ttra, v̄e]. Specifically, m̄ is the mean vector of the
parameters to be optimized, and it determines the search space
of the mi. σ is the step parameter, which determines the size and
intensity of the search range. C is the covariance matrix, which
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Algorithm 1: CMA-ES based HILO.

1: n: number of parameters to be optimized, defaults to 3.
2: m̄ ∈ R

n, mean vector, initialized with [2.5, 4, 5.5].
3: pc, pσ ∈ R

n, evolution paths, initialized with 0.
4: σ : step size, initialized with 2.
5: C ∈ R

n×n: covariance matrix, initialized with I.
6: λ: population size of each generation, defaults to 4.
7: λopt: number of candidate population, defaults to 2.

8: w ∈ R
λopt ,µw: weight constants for m̄, σ and C update.

w(i) =
log(λopt + 1/2)− log(i)

∑λopt

i=1 (log(λ
opt + 1/2)− log(i))

, i = 1, .., λopt.

µw = 1/
∑λ

i=1 w(i)
2.

9: µn: approximated norm of the expected value of n-
dimension normal distribution.
µn = n1/2(1− 1/4n+ 1/21n2).

10: cc, cσ : cumulation factors for evolution.
cc = (4+ µw/n)/(n+ 4+ 2µw/n).
cσ = (µw + 2)/(n+ µw + 5).

11: dσ : damping factor for σ update.
dσ = 1+ 2max(0, sqrt((µw − 1)/(n+ 1))− 1)+ cσ .

12: c1, cµ: learning rate for covariance update.
c1 = 2/((n+ 1.3)2 + µw).
cµ = min(1− c1, 2(µw − 2+ 1/µw)/((n+ 2)2 + µw)).

13: for each generation do

14: for i = 1 → λ do

15: mi = m̄+ σN (0,C).
16: Generate the RSC and Vref

i with mi using
Equation (1).

17: end for

18: Tracking, acquire Vact
i and SEMG

i , where i = 1, ..., λ.
19: for i = 1 → λ do

20: Compute FTAi with Vref
i and Vact

i using Equation (3).
21: Compute FMA

i with SEMG
i using Equation (4).

22: Compute F
OBJ
i with FTAi and FMA

i using Equation (7).
23: end for

24: Get Iopt : the indices of the top λopt values of FOBJ

in descending order.
25: mopt = {mi}i∈Iopt .
26: md = (

∑

i=1→λopt (m
opt(i))w(i)− m̄)/σ

27: Update pσ = (1− cσ )pσ + (cσ (2− cσ )µw)
1/2 1

√
C
md

28: Update pc = (1− cσ )pc + (cc(2− cσ )µw)
1/2md

29: Update m̄ =
∑

i=1→λopt (m
opt(i))w(i).

30: Update σ = σ exp[ cσ
dσ
(
||pσ ||
µw

− 1)]

31: Update C = C + c1(pcpc
T − C)+ cµ(σ

2md
2 − C)

32: end for

determines the shape of the distribution. In this study, m̄, σ and
C are initialized with [2.5, 4, 5.5], 2 and I, respectively.

When the tracking task in each generation is finished, the
average TA and MA can be calculated according to the subjects’
responses. The value of the objective function can consequently
be calculated by Equation (7). Then, according to the value

ranking of (F
OBJ
i )i=1,2,3,4, λopt parameter settings, mopt, can be

obtained, and these are used to update the two evolution paths,
pσ and pc. Finally, based on the mopt, pσ , and pc, m̄, σ , and C,
which are used to generate the tracking trajectory of the next
generation, can also be updated. The tracking trajectory in each
generation can therefore be updated continuously by using the
current multivariate normal distribution N (m̄, σ 2C). It can be
seen that, by using the proposed CMA-ES based HILO method,
the training task can be optimized automatically and constantly
to achieve engagement enhancement.

2.4. Neural Engagement Evaluation Method
Since the purpose of the proposed optimization method is
to enhance and maintain subjects’ engagement during the
rehabilitation training, the subjects’ neural engagement levels
were also evaluated in this study.

Neural engagement, which is an essential factor in promoting
neural reorganization and compensation, is considered to be
proportional to the level of concentration (attention) during the
rehabilitation training (Park et al., 2014; Li et al., 2016). Previous
researches have demonstrated that EEG signals in the theta
and beta bands can be used to quantitatively represent subjects’
attention states (Mann et al., 1992; Harmony et al., 1996). Good
performance and high attention level have been proven to be
related to the decrease of the theta rhythm power and the increase
of the beta rhythm power (Kropotov, 2009; Gürkök et al., 2011;
Arns et al., 2012; Loo and Makeig, 2012; Marshall et al., 2013).
The EEG-based theta to beta power ratio (TBR) was thus used
to measure subjects’ neural engagement, which can be given by
the following:

TBR = −
E(theta)

E(beta)

En =
∑5

i=1 TBR(i)

5

(10)

where E(theta) and E(beta) represent the energy of theta and beta
bands in the latest 3 s, respectively. TBR was calculated every 3 s.
En, which is equal to themean of the latest 5 TBR values, was used
to indicate subjects’ attention and neural engagement. A high En
represents a high level of neural engagement.

By considering that EEG activities in the frontal and temporal
lobes are most related to human engagement levels (Barkley
et al., 1992; Mann et al., 1992), EEG signals acquired from
these two brain regions can be used to compute En, which
can be seen from Figure 3. However, EEG signals, especially
collected during cycling, can be easily contaminated by ocular
artifacts (OAs) and EMG (Frølich et al., 2015; Kline et al.,
2015; Zink et al., 2016). Many studies focused on eliminating
the artifacts have been conducted, but the results are still
not satisfying.

For the term of OAs, blinking or moving the eyes can produce
large electrical potential, which will spread across scalp and
contaminate the EEG signals. EEG signals in the forehead (FP1
and FP2) are most susceptible to OAs (Babu and Prasad, 2011).
For the term of EMG artifacts, subject movement (riding) can
introduce some muscle artifacts to EEG signals inevitably and
the muscle artifacts are mainly distributed at the outer electrode
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FIGURE 3 | International 10–20 system. The red and blue areas represent the

frontal and temporal regions, respectively.

sites, such as the temporary region (Muthukumaraswamy, 2013).
To reduce the effect of artifacts on EEG signals, therefore, only
signals acquired from FZ electrode are used to indicate the
subject’s neural engagement, which can be seen from Figure 3.

NeuroScan system with 256 Hz sample rate was used to
acquire subjects’ EEG signals. Baseline drift, which is mainly
caused by spontaneous brain waves, was avoided by the removing
mean method. Then the theta (3–8 Hz) and beta (12–30 Hz)
bands were extracted by fast Fourier transform, and subjects’
neural engagement can be calculated by Equation (10) finally.

3. EXPERIMENT AND RESULTS

A contrast experiment was conducted to validate the feasibility of
the proposed HILO method for engagement enhancement. The
experiment was approved by the ethics committee of the Institute
of Automation, Chinese Academy of Sciences. All the recruited
subjects were informed of the experiment contents and signed
the consent forms before the experiment.

3.1. Experiment Design
The interactive speed-tracking riding game was used as the
training task for both the control group (CG) and the experiment
group (EG). More specifically, during the training, subjects
should track the reference trajectory, which is constructed by four
RSCs, as accurately as possible. For the CG, the proposed HILO
based engagement enhancement method was not used, which
was used for the EG. For the CG, the RSCs displayed on the screen
were thus given randomly under the constraints of Equation
(8). But for the EG, the RSCs can be optimized continuously by
the HILO.

FIGURE 4 | One of the experiment scenes during the training process.

A total of 10 healthy subjects (eight men and two women
aged from 24 to 29 years old), numbered from S1 to S10, were
recruited to participate in the experiment. None of them knew
the design process or the purpose of this study. They participated
in the experiments for both CG and EG. Each experiment took
about 25 min, as is similar to the commonly used period of each
post-stroke rehabilitation session. The interval between the two
experiments was about 20 min to give subjects enough time to
rest and thus minimize the influence of the previous experiment
on the next experiment results.

During the previous 2 days before the experiment, the
subjects were required to not engage in any vigorous exercises to
prevent muscle fatigue and avoid affecting the collected sEMG
data. To reduce possible bias, we shuffled the sequence of the
experiments for the CG and EG. Subjects were able to choose
which experiment to conduct first. Before the experiment, one
Delysis sensor was placed on the subjects’ RF muscle to acquire
their sEMG signals during training, which are used to calculate
their MA. Besides, an EEG cap needs to be worn to acquire
subjects’ EEG signals, which is used for neural engagement
evaluation. All subjects received the same task instructions. They
were supposed to try their best to track the reference trajectory.
One of the experiment scenes during the training process is
given in Figure 4. Besides, during the training, they should keep
their upper body motionless to reduce muscle artifacts caused
by movement.

3.2. Analysis of TA and MA
For the EG, one subject’s reference/actual speed curve variations
are given in Figure 5, and his TA and MA during the training are
given in Figure 6.

It can be seen from Figures 5, 6 that, at the beginning of the
experiment, the shape of the four RSCs varied greatly, with the
maximum speed reaching 6 m/s. However, the maximum cycling
speed that the subject can reach was about 4 m/s. The subject
could not follow the RSCs, which led to a low TA. From the
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FIGURE 5 | One subject’s reference/actual speed curves in different generations during the training for the EG. RSCs and actual speed curves are represented by red

lines and blue lines, respectively.

initial state to state i, TA was mainly optimized to ensure that the
RSCs could be tracked by the subject. The purpose of the process
from state i to state ii was to improve MA as much as possible
under the premise of a high TA. In generation 8, both the TA
and MA were acceptable. The purpose of the process from state
ii to iii was thus to maintain the subject’s high TA and MA. By
the 15th generation, the subject was exhausted due to a long time
of training. It can be seen that from state iii to the last state, the
reference speed gradually decreased to ensure that the subjects
could still track the RSCs well.

Boxplots of the average TA and MA of all subjects in different
generations are shown in Figures 7, 8, respectively. In each box,
the central line represents the median value, the dot represents
the mean value, the edges of the box are the 25th and 75th

percentiles. Moreover, the Wilcoxon signed-rank test results also
indicate that there are significant differences between the CG and
EG for both TA and MA (TA: p-value = 2.14e-04 < 0.0001; MA:
p-value = 2.13e-04 < 0.0001).

It can be seen from Figure 7 that, at the beginning of the
experiment, the TA for both EG and CG were relatively low
since the subjects cannot track the randomly generated RSCs
accurately. However, for the EG, TA can be improved obviously
due to the proposed HILO. Besides, as the experiment went
on, subjects became fatigued gradually, which resulted in a
further decrease in the TA for the CG. This phenomenon can
cause the subjects discouraged and unwilling to continue the
training. However, for the EG, the difficulty of the training
task can be adaptively reduced to maintain a relatively high
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FIGURE 6 | The subjects’ corresponding TA and MA variations during the

experiment in the EG.

TA. The proposed HILO method can thus result in a suitable
challenging task for a specific subject to improve the enthusiasm
of the subjects.

It can be seen from Figure 8 that the difference of the MA
between the EG and CG was not obvious in the early stage of the
experiment. One possible reason is that, in the early stage of the
experiment, themain purpose of the optimizationwas to improve
the TA due to the subjects’ relatively bad tracking performance,
during which the MA didn’t change much for the EG.

Besides, for the CG, the ranges of both TA and MA in each
generation fluctuated larger than that for the EG, especially in
the later state of each experiment. One of the possible reasons
is that, for the CG, the RSCs of each generation were given
randomly regardless of subjects’ motor ability or physiological
status. The TA and MA therefore fluctuated with the variation
of the given RSCs.

3.3. EEG-Based Neural Engagement
Evaluation
One of the subjects’ EEG-based engagement variation curves and
fitting curves based on a first-order linear function are given in
Figure 9. The fitting curves’ slopes represent the variation trends
of the subject’s neural engagement during training. It can be seen
from Figure 9 that, for the EG, with the progress of tracking task,
the values of En gradually increased, and these are decreased for
the CG. It denotes that the neural engagement of the subject for
the EG showed different degrees of improvement by using the
proposed method. However, for the CG, neural engagement can
be increased to some extent in the early stage (Wang et al., 2019)
but dropped obviously after that.

Themean values of the En for the 10 subjects, and the results of
the significant test about the neural engagement between CG and
EG by using Wilcoxon signed-rank tests are given in Figure 10.
Compared to the neural engagement in the CG, subjects’ neural
engagement in the EG can be improved significantly.

To clearly show the brain activity variation during the speed-
tracking task, one subject’s time-frequency spectra, which were
obtained by short-time Fourier transformation of the EEG signals
(Wang et al., 2018), are given in Figure 11. From the figure we
can see that, for the EG, the energy of the beta rhythm (12–30

FIGURE 7 | Boxplot of the average TA of all the subjects.

FIGURE 8 | Boxplot of the average MA of all the subjects in different

generations and different groups.

Hz) increased gradually, and the energy of the theta rhythm (3–8
Hz) decreased gradually after around 13 min. For the CG, there
was a little fluctuation of the EEG spectrum in different frequency
bands. Since good performance and high neural engagement
are related to a phenomenon of decreased theta rhythm power
and increased beta rhythm power, the feasibility of the proposed
HILO method in engagement enhancement can be further
proved by Figure 11.

4. DISCUSSION

To maximize engagement during therapy and prevent
frustration, it is essential to design rehabilitation exercises
in such a way where they challenge patients at a difficulty level
neither too simple nor too difficult (Choi et al., 2011; Metzger
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FIGURE 9 | One of the subjects’ EEG-based engagement variation curves

and fitting curves based on a first-order linear functions. A higher En
represents a higher engagement. The up and down figures are results for EG

and CG, represently.

FIGURE 10 | The mean values of the En for the 10 subjects, and the results of

the significant test about the neural engagement between CG and EG.

et al., 2014). The ability to select and maintain an engaging and
challenging training difficulty level in post-stroke rehabilitation,
however, remains an open challenge. In this paper, we presented
an HILO based training task optimization method by which
the difficulty levels of the training task can be optimized
continuously to well match the subject’s current motor ability
and physiological state.

Several strategies have been proposed for online decision
making to modify task parameters and modulate its difficulty.
For example, in Metzger et al. (2014), the difficulty of the

FIGURE 11 | One of the subjects’ time-frequency spectra during the whole

training. (A) EG. (B) CG.

training task is adjusted based on the completion of the task to
maintain the training performance of patients in a certain range.
Besides, interaction forces, muscle activity, or other kinematic
or physiological parameters have also been used for training
challenge adaption (Krebs et al., 2003; Novak et al., 2011; Luo
et al., 2019). However, due to the complexity of the training
tasks and human-machine systems, the adaptive task adjustment
based engagement enhancement methods can hardly find an
optimal design of the training tasks, which can be found by the
optimization method.

In this paper, according to subjects’ current physiological
state and task performances, i.e., MA and TA, the training
task parameters can be optimized continuously, to make sure
that the current task parameter settings are nearly optimal
for engagement enhancement. The proposed optimization
method can be termed as “greedy” optimization since only
the subject’s performance in the latest generation rather than
overall superimposed performance is considered during
the optimization. In this way, the system can quickly
converge to the “greedy” optimal state to improve the
immediate engagement. However, during the experiment,
it was found that the system can fall into a local optimal
situation sometimes, which should be improved in
the future.

In clinical settings, selection of the training difficulty and
its adaptation over the course of therapy is often determined
by the experience of trained therapists and their subjective
perception of a patient’s abilities (Metzger et al., 2014). Our
proposed method can effectively avoid the mismatch between
the difficulty of the task set manually and the patients’
abilities. Moreover, by considering that active engagement of
the human motor and neural system is essential for functional
rehabilitation, the proposed method is promising for transfer
to the rehabilitation of post-stroke patients. In the future,
more experiments are to be conducted to further validate
the feasibility of the proposed method for enhancement of
the post-stroke patients’ engagement and improvement of the
rehabilitation outcomes.
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5. CONCLUSION

In this paper, an HILO-based engagement enhancement method
is proposed to enhance subjects’ engagement. Firstly, subjects are
asked to track the reference trajectory, which is constructed by
four RSCs, as accurately as possible. After finishing the tracking
task of each generation, the value of the designed objective
function, which is equal to the sum of the TA and MA, can
be calculated according to subjects’ responses. Then, CMA-ES is
used to generate the optimal parameters of the RSCs periodically.
By optimization of the reference trajectory continuously, the
objective function can be maximized and subject engagement
enhanced. Finally, the feasibility of the proposed HILO method
in engagement enhancement is validated through the comparison
experiment on 10 subjects. Experiment results show that both TA
and MA can be improved significantly (p < 0.0001). Moreover,
all the recruited subjects’ EEG based neural engagement can also
be improved significantly (p < 0.01) and maintained at a high
level by using the proposed method.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The experiment was approved by the ethics committee of the
Institute of Automation, Chinese Academy of Sciences. The
ethics approval number is IA-201947. All the recruited subjects
were informed of the experiment contents and signed the consent
forms before the experiment.

AUTHOR CONTRIBUTIONS

JW, WW, and Z-GH response for study design. JW carried out
the research. JW and WW wrote part of the manuscript. JW,
SR, and WS analyzed the results and prepared the figures and
tables. All the authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported in part by the National Natural
Science Foundation of China (Grants U1913601 and 91848110),
National Key R&D Program of China (Grant 2018YFB1307804),
Beijing Natural Science Foundation (Grant 4202074), and the
Strategic Priority Research Program of Chinese Academy of
Science (Grant XDB32000000).

REFERENCES

Agarwal, P., and Deshpande, A. D. (2019). A framework for adaptation

of training task, assistance and feedback for optimizing motor (re)-

learning with a robotic exoskeleton. IEEE Robot. Autom. Lett. 4, 808–815.

doi: 10.1109/LRA.2019.2891431

Akimoto, Y., Nagata, Y., Ono, I., and Kobayashi, S. (2012). Theoretical foundation

for CMA-ES from information geometric perspective. Algorithmica 64,

698–716. doi: 10.1007/s00453-011-9564-8

Arns, M., Conners, C. K., and Kraemer, H. C. (2012). A decade of EEG theta/beta

ratio research in ADHD: a meta-analysis. J. Atten. Disord. 17, 374–383.

doi: 10.1177/1087054712460087

Babu, P. A., and Prasad, K. (2011). “Removal of ocular artifacts from EEG signals

using adaptive threshold PCA and wavelet transforms,” in 2011 International

Conference on Communication Systems and Network Technologies (Xi’an:

IEEE), 572–575. doi: 10.1109/CSNT.2011.122

Barkley, R. A., Grodzinsky, G., and DuPaul, G. J. (1992). Frontal lobe functions in

attention deficit disorder with and without hyperactivity: a review and research

report. J. Abnorm. Child Psychol. 20, 163–188. doi: 10.1007/BF00916547

Choi, Y., Gordon, J., Park, H., and Schweighofer, N. (2011). Feasibility of

the adaptive and automatic presentation of tasks (ADAPT) system for

rehabilitation of upper extremity function post-stroke. J. Neuroeng. Rehabil.

8:42. doi: 10.1186/1743-0003-8-42

Colombo, R., Pisano, F., Mazzone, A., Delconte, C., Micera, S., Carrozza, M. C.,

et al. (2007). Design strategies to improve patient motivation during robot-

aided rehabilitation. J. Neuroeng. Rehabil. 4:3. doi: 10.1186/1743-0003-4-3

Csikszentmihalyi, M., and Csikzentmihaly, M. (1990). Flow: The Psychology of

Optimal Experience, Vol. 1990. New York, NY: Harper & Row New York.

Dunn, D. S., and Dougherty, S. B. (2005). Prospects for a positive psychology of

rehabilitation. Rehabil. Psychol. 50:305. doi: 10.1037/0090-5550.50.3.305

Frølich, L., Winkler, I., Müller, K.-R., and Samek, W. (2015). “Investigating

effects of different artefact types on motor imagery BCI,” in 2015 37th Annual

International Conference of the IEEE Engineering in Medicine and Biology

Society (EMBC) (Milan: IEEE), 1942–1945. doi: 10.1109/EMBC.2015.7318764

Gordon, K. E., and Ferris, D. P. (2007). Learning to walk with a robotic ankle

exoskeleton. J. Biomech. 40, 2636–2644. doi: 10.1016/j.jbiomech.2006.12.006

Grant, J. S., Glandon, G. L., Elliott, T. R., Giger, J. N., and Weaver, M. (2004).

Caregiving problems and feelings experienced by family caregivers of stroke

survivors the first month after discharge. Int. J. Rehabil. Res. 27, 105–111.

doi: 10.1097/01.mrr.0000127639.47494.e3

Gürkök, H., Hakvoort, G., and Poel, M. (2011). “Evaluating user experience

in a selection based brain-computer interface game a comparative study,”

in International Conference on Entertainment Computing (Vancouver, BC:

Springer), 77–88. doi: 10.1007/978-3-642-24500-8_9

Hansen, N. (2006). “The CMA evolution strategy: a comparing review,”

in Towards a New Evolutionary Computation, eds J. A. Lozano, P.

Larrañaga, I. Inza, and E. Bengoetxea (Berlin; Heidelberg: Springer), 75–102.

doi: 10.1007/3-540-32494-1_4

Harmony, T., Fernández, T., Silva, J., Bernal, J., Díaz-Comas, L., Reyes, A., et al.

(1996). EEG delta activity: an indicator of attention to internal processing

during performance of mental tasks. Int. J. Psychophysiol. 24, 161–171.

doi: 10.1016/S0167-8760(96)00053-0

Holden, M. K. (2005). Virtual environments for motor rehabilitation.

Cyberpsychol. Behav. 8, 187–211. doi: 10.1089/cpb.2005.8.187

Jackson, R. W., and Collins, S. H. (2015). An experimental comparison of the

relative benefits of work and torque assistance in ankle exoskeletons. J. Appl.

Physiol. 119, 541–557. doi: 10.1152/japplphysiol.01133.2014

Kline, J. E., Huang, H. J., Snyder, K. L., and Ferris, D. P. (2015). Isolating gait-

related movement artifacts in electroencephalography during human walking.

J. Neural Eng. 12:046022. doi: 10.1088/1741-2560/12/4/046022

Krebs, H. I., Palazzolo, J. J., Dipietro, L., Ferraro, M., Krol, J., Rannekleiv, K., et al.

(2003). Rehabilitation robotics: performance-based progressive robot-assisted

therapy. Auton. Robots 15, 7–20. doi: 10.1023/A:1024494031121

Kropotov, J. D. (2009). “Theta beta ratio as inattention index,” inQuantitative EEG,

Event-Related Potentials and Neurotherapy, ed J. Kropotov (Cambridge, MA:

Academic Press), 399–400.

Lenze, E. J., Munin, M. C., Quear, T., Dew, M. A., Rogers, J. C., Begley, A. E., et al.

(2004). The Pittsburgh rehabilitation participation scale: reliability and validity

of a clinician-rated measure of participation in acute rehabilitation. Archiv.

Phys. Med. Rehabil. 85, 380–384. doi: 10.1016/j.apmr.2003.06.001

Li, C., Rusak, Z., Horvath, I., Kooijman, A., and Ji, L. (2016). Implementation

and validation of engagement monitoring in an engagement enhancing

Frontiers in Neurorobotics | www.frontiersin.org 10 November 2020 | Volume 14 | Article 596019

https://doi.org/10.1109/LRA.2019.2891431
https://doi.org/10.1007/s00453-011-9564-8
https://doi.org/10.1177/1087054712460087
https://doi.org/10.1109/CSNT.2011.122
https://doi.org/10.1007/BF00916547
https://doi.org/10.1186/1743-0003-8-42
https://doi.org/10.1186/1743-0003-4-3
https://doi.org/10.1037/0090-5550.50.3.305
https://doi.org/10.1109/EMBC.2015.7318764
https://doi.org/10.1016/j.jbiomech.2006.12.006
https://doi.org/10.1097/01.mrr.0000127639.47494.e3
https://doi.org/10.1007/978-3-642-24500-8_9
https://doi.org/10.1007/3-540-32494-1_4
https://doi.org/10.1016/S0167-8760(96)00053-0
https://doi.org/10.1089/cpb.2005.8.187
https://doi.org/10.1152/japplphysiol.01133.2014
https://doi.org/10.1088/1741-2560/12/4/046022
https://doi.org/10.1023/A:1024494031121
https://doi.org/10.1016/j.apmr.2003.06.001
https://www.frontiersin.org/journals/neurorobotics
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurorobotics#articles


Wang et al. Engagement Enhancement Based on HILO

rehabilitation system. IEEE Trans. Neural Syst. Rehabil. Eng. 25, 726–738.

doi: 10.1109/TNSRE.2016.2591183

Loo, S. K., and Makeig, S. (2012). Clinical utility of EEG in attention-

deficit/hyperactivity disorder: a research update. Neurotherapeutics 9, 569–587.

doi: 10.1007/s13311-012-0131-z

Luo, L., Peng, L., Wang, C., and Hou, Z.-G. (2019). A greedy assist-as-needed

controller for upper limb rehabilitation. IEEE Trans. Neural Netw. Learn. Syst.

30, 3433–3443. doi: 10.1109/TNNLS.2019.2892157

Maki, A., Sakamoto, N., Akimoto, Y., Nishikawa, H., and Umeda, N. (2020).

Application of optimal control theory based on the evolution strategy

(CMA-ES) to automatic berthing. J. Mar. Sci. Technol. 25, 221–233.

doi: 10.1007/s00773-019-00642-3

Mann, C. A., Lubar, J. F., Zimmerman, A. W., Miller, C. A., and Muenchen,

R. A. (1992). Quantitative analysis of EEG in boys with attention-deficit-

hyperactivity disorder: controlled study with clinical implications. Pediatr.

Neurol. 8, 30–36. doi: 10.1016/0887-8994(92)90049-5

Marshall, D., Coyle, D., Wilson, S., and Callaghan, M. (2013). Games, gameplay,

and BCI: the state of the art. IEEE Trans. Comput. Intell. AI Games 5, 82–99.

doi: 10.1109/TCIAIG.2013.2263555

Metzger, J.-C., Lambercy, O., Califfi, A., Dinacci, D., Petrillo, C., Rossi, P.,

et al. (2014). Assessment-driven selection and adaptation of exercise difficulty

in robot-assisted therapy: a pilot study with a hand rehabilitation robot. J.

Neuroeng. Rehabil. 11:154. doi: 10.1186/1743-0003-11-154

Muthukumaraswamy, S. (2013). High-frequency brain activity andmuscle artifacts

in MEG/EEG: a review and recommendations. Front. Hum. Neurosci. 7:138.

doi: 10.3389/fnhum.2013.00138

Novak, D., Mihelj, M., Ziherl, J., Olensek, A., and Munih, M. (2011).

Psychophysiological measurements in a biocooperative feedback loop for upper

extremity rehabilitation. IEEE Trans. Neural Syst. Rehabil. Eng. 19, 400–410.

doi: 10.1109/TNSRE.2011.2160357

Paolucci, S., Di Vita, A., Massicci, R., Traballesi, M., Bureca, I., Matano, A., et al.

(2012). Impact of participation on rehabilitation results: a multivariate study.

Eur. J. Phys. Rehabil. Med. 48, 455–466.

Park, W., Kwon, G. H., Kim, D.-H., Kim, Y.-H., Kim, S.-P., and Kim, L. (2014).

Assessment of cognitive engagement in stroke patients from single-trial EEG

duringmotor rehabilitation. IEEE Trans. Neural Syst. Rehabil. Eng. 23, 351–362.

doi: 10.1109/TNSRE.2014.2356472

Pirovano, M., Mainetti, R., Baud-Bovy, G., Lanzi, P. L., and Borghese, N. A. (2014).

Intelligent game engine for rehabilitation (IGER). IEEE Trans. Comput. Intell.

AI Games 8, 43–55. doi: 10.1109/TCIAIG.2014.2368392

Quesada, R. E., Caputo, J. M., and Collins, S. H. (2016). Increasing

ankle push-off work with a powered prosthesis does not necessarily

reduce metabolic rate for transtibial amputees. J. Biomech. 49, 3452–3459.

doi: 10.1016/j.jbiomech.2016.09.015

Selinger, J. C., O’Connor, S. M., Wong, J. D., and Donelan, J. M. (2015). Humans

can continuously optimize energetic cost during walking. Curr. Biol. 25,

2452–2456. doi: 10.1016/j.cub.2015.08.016

Tacchino, G., Gandolla, M., Coelli, S., Barbieri, R., Pedrocchi, A., and Bianchi,

A. M. (2016). EEG analysis during active and assisted repetitive movements:

evidence for differences in neural engagement. IEEE Trans. Neural Syst. Rehabil.

Eng. 25, 761–771. doi: 10.1109/TNSRE.2016.2597157

Tupper, A., and Henley, S. (1987). Predictive factors in stroke outcome

and implications for intervention. Int. J. Rehabil. Res. 10, 119–121.

doi: 10.1097/00004356-198712005-00024

Wang, J., Wang, W., Hou, Z.-G., Liang, X., Ren, S., and Peng, L. (2018). “Brain

functional connectivity analysis and crucial channel selection using channel-

wise CNN,” in International Conference on Neural Information Processing

(Siem Reap: Springer), 40–49. doi: 10.1007/978-3-030-04212-7_4

Wang, J., Wang, W., Hou, Z.-G., Shi, W., Liang, X., Ren, S., et al. (2019). “BCI and

multimodal feedback based attention regulation for lower limb rehabilitation,”

in 2019 International Joint Conference on Neural Networks (IJCNN) (Budapest:

IEEE), 1–7. doi: 10.1109/IJCNN.2019.8851945

Xu, G., Gao, X., Chen, S., Wang, Q., Zhu, B., and Li, J. (2017). A novel

approach for robot-assisted upper-limb rehabilitation: progressive resistance

training as a paradigm. Int. J. Adv. Robot. Syst. 14:1729881417736670.

doi: 10.1177/1729881417736670

Xu, G., Gao, X., Pan, L., Chen, S.,Wang, Q., Zhu, B., et al. (2018). Anxiety detection

and training task adaptation in robot-assisted active stroke rehabilitation. Int.

J. Adv. Robot. Syst. 15, 1–18. doi: 10.1177/1729881418806433

Yannakakis, G. N., and Hallam, J. (2009). Real-time game adaptation for

optimizing player satisfaction. IEEE Trans. Comput. Intell. AI Games 1,

121–133. doi: 10.1109/TCIAIG.2009.2024533

Zelik, K. E., Collins, S. H., Adamczyk, P. G., Segal, A. D., Klute, G. K., Morgenroth,

D. C., et al. (2011). Systematic variation of prosthetic foot spring affects center-

of-mass mechanics andmetabolic cost during walking. IEEE Trans. Neural Syst.

Rehabil. Eng. 19, 411–419. doi: 10.1109/TNSRE.2011.2159018

Zhang, J., Fiers, P., Witte, K. A., Jackson, R. W., Poggensee, K. L., Atkeson, C. G.,

et al. (2017). Human-in-the-loop optimization of exoskeleton assistance during

walking. Science 356, 1280–1284. doi: 10.1126/science.aal5054

Zimmerli, L., Jacky, M., Lünenburger, L., Riener, R., and Bolliger, M.

(2013). Increasing patient engagement during virtual reality-based

motor rehabilitation. Archiv. Phys. Med. Rehabil. 94, 1737–1746.

doi: 10.1016/j.apmr.2013.01.029

Zink, R., Hunyadi, B., Van Huffel, S., and De Vos, M. (2016). Mobile EEG on the

bike: disentangling attentional and physical contributions to auditory attention

tasks. J. Neural Eng. 13:046017. doi: 10.1088/1741-2560/13/4/046017

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Wang, Wang, Ren, Shi and Hou. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Neurorobotics | www.frontiersin.org 11 November 2020 | Volume 14 | Article 596019

https://doi.org/10.1109/TNSRE.2016.2591183
https://doi.org/10.1007/s13311-012-0131-z
https://doi.org/10.1109/TNNLS.2019.2892157
https://doi.org/10.1007/s00773-019-00642-3
https://doi.org/10.1016/0887-8994(92)90049-5
https://doi.org/10.1109/TCIAIG.2013.2263555
https://doi.org/10.1186/1743-0003-11-154
https://doi.org/10.3389/fnhum.2013.00138
https://doi.org/10.1109/TNSRE.2011.2160357
https://doi.org/10.1109/TNSRE.2014.2356472
https://doi.org/10.1109/TCIAIG.2014.2368392
https://doi.org/10.1016/j.jbiomech.2016.09.015
https://doi.org/10.1016/j.cub.2015.08.016
https://doi.org/10.1109/TNSRE.2016.2597157
https://doi.org/10.1097/00004356-198712005-00024
https://doi.org/10.1007/978-3-030-04212-7_4
https://doi.org/10.1109/IJCNN.2019.8851945
https://doi.org/10.1177/1729881417736670
https://doi.org/10.1177/1729881418806433
https://doi.org/10.1109/TCIAIG.2009.2024533
https://doi.org/10.1109/TNSRE.2011.2159018
https://doi.org/10.1126/science.aal5054
https://doi.org/10.1016/j.apmr.2013.01.029
https://doi.org/10.1088/1741-2560/13/4/046017
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurorobotics
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurorobotics#articles

	Engagement Enhancement Based on Human-in-the-Loop Optimization for Neural Rehabilitation
	1. Introduction
	2. Task Modeling and Optimization
	2.1. Modeling the Training Task
	2.2. Design of the Objective Function
	2.3. CMA-ES Based HILO
	2.4. Neural Engagement Evaluation Method

	3. Experiment and Results
	3.1. Experiment Design
	3.2. Analysis of TA and MA
	3.3. EEG-Based Neural Engagement Evaluation

	4. Discussion
	5. Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References




