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Abstract: Conventional lower-limb rehabilitation robots cannot provide in-time rehabilitation training
for stroke patients in the acute stage due to their large size and mass as well as their complex wearing
process. Aiming to solve the problems, first, a novel hybrid end-traction lower-limb rehabilitation
robot (HE-LRR) was designed as the lower-limb rehabilitation requirement of patients in the acute
stage, in this paper. The usage of (2-UPS + U)&(R + RPS)&(2-RR) hybrid mechanism and a mirror
motion actuator had the advantages of compact structure, large working space and short wearing
time to the HE-LRR. Then, the mobility of the HE-LRR was calculated and the motion property was
analyzed based on screw theory. Meanwhile, the trajectory planning of the HE-LRR was carried out
based on MOTOmed® motion training. Finally, the motion capture and surface electromyography
(sEMG) signal acquisition experiments in the MOTOmed motion training were performed. The
foot trajectory experimental effect and the lower-limb muscle groups activation rules were studied
ulteriorly. The experimental results showed that the HE-LRR achieved good kinematic accuracy and
lower limb muscle groups training effect, illustrating that the HE-LRR possessed good application
prospects for the lower-limb rehabilitation of patients in the acute stage. This research could also
provide a theoretical basis for improving the standardization and compliance of lower-limb robot
rehabilitation training.

Keywords: lower-limb rehabilitation robot; hybrid mechanism; trajectory planning; motion capture;
sEMG signal

1. Introduction

Limb motion function recovery is an urgent problem faced by stroke patients in the
rehabilitation process [1,2]. According to clinical trials, specific forms of exercise can
promote the self-repair and functional reorganization of a patient’s nervous system and
realize the recovery of limb motor function [3,4]. For the lower-limb rehabilitation process,
continuous passive motion (CPM) and straight leg raise (SLR) are effective training methods
in the early bedridden period when patients are too weak to support their weight [5-7].
When the activity ability is recovered to a certain extent, it is necessary to use MOTOmed
exercise training with greater exercise intensity [8]. According to the methods and the
stages of the rehabilitation treatment, various types of instruments should be prepared;
this may be expensive for the patients. Therefore, it is of great significance to develop
a lower-limb rehabilitation robot that can cover the entire course of the disease, which
can assist the patient to receive early rehabilitation treatment, prevent complications [9],
improve the rehabilitation effect of patients, reduce the burden on doctors, and optimize
the multi-scenario application of rehabilitation equipment [10,11].
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The fundamental issue of developing the lower-limb rehabilitation robot locates in the
design of the mechanism. The serial mechanism has the advantages of simple structure
and large working space, while the parallel mechanism has better rigidity and compact
structure. Existing lower-limb rehabilitation robots mainly include the serial-type and the
parallel-type [12-14]. On one hand, in the research field of serial lower-limb rehabilitation
robots, Hocoma Company developed a suspended standing lower-limb rehabilitation
robot Lokomat [15]. Its mechanical legs could assist patients to simulate the walking gait
of healthy persons and restore the control ability of the nervous system for the walking
process. However, it was only suitable for rehabilitation training in the middle or late
period when the patient had a certain walking ability, and could only perform rehabilitation
exercises in the sagittal plane. The University of Twente in the Netherlands developed
a similar rehabilitation robot Lopes [16]. The hip joint of each leg had two degrees of
freedom, and the knee joint had one degree of freedom. It could provide gait training for
the patient. Nevertheless, the excessive demands for space of Lopes meant that the robot
were not conducive to multi-scenario applications such as hospitals, health care centers,
and homes. The Swortec Company developed a sitting and lying rehabilitation robot
MotionMaker [17]. The robot had two 3-DOF mechanical legs in series. It could adopt
different training modes in the patient’s different rehabilitation stages, and the patient
could sit on a chair for rehabilitation training. However, the mobility of the robot was
limited to the sagittal plane, which led to limitations on the rehabilitation training of the
hip and ankle joints.

On the other hand, in the research field of parallel lower-limb rehabilitation robots,
the Rutgers Ankle developed by Rutgers University was an ankle joint rehabilitation
robot based on Stewart mechanism [18], which could achieve human gait training through
the collaborative control of two platforms. Limited to the small working space of the
parallel mechanism, the robot could not guarantee the ankle rehabilitation effect. King’s
College London proposed a 3-UPS/U parallel mechanism [19], which could realize ankle
rehabilitation training with two degrees of freedom of rotation, as well as lower-limb
rehabilitation training through the coupling relationship of the human body; however, the
problem of small working space and poor training effect existed. South Korea developed
a planar cable-driven parallel rehabilitation robot [20], which utilized ropes to drive the
lower limbs of patient to complete closed gait trajectory training. It could achieve the
rehabilitation training in a larger space, but its working space, which was within a sagittal
plane, caused by the layout of the drive mechanism, limited its further application.

Although many types of robots have been developed in previous research, most of
them are applicable to mid-to-late rehabilitation training, and their size and motion form
are limited, none of them could achieve full cycle coverage during rehabilitation training,
flexible movements of lower limbs with multiple degrees of freedom, or multi-scene
convenient application (hospitals, health centers, home, etc.) [21-23].

To satisfy the acute rehabilitation training needs of stroke patients, this research
designed a 5-DOF hybrid end-traction lower-limb rehabilitation robot suitable for double-
postures training (sitting posture/lying posture) and full cycle training. Utilizing the
(2-UPS + U)&(R + RPS)&(2-RR) hybrid mechanism, where R, P, U and S represent revolute,
prismatic, universal and spherical joints, respectively, realized the innovative design of
lower-limb rehabilitation robots with multiple degrees of freedom, large working space
and compact structure. On the above basis, the mirror rotation mechanism was designed
by introducing a 2-RR mechanism into the hybrid mechanism, which could realize the
mirror movement of the lower limbs and improve the rehabilitation effect.

The main highlights of this paper are as follows.

(1) A hybrid end-traction low limb rehabilitation robot with (2-UPS + U)&(R + RPS)&(2-
RR) configuration was designed to achieve the double-posture training (sitting posture/lying
posture) during the acute stage.
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(2) By combining the screw theory and the kinematic screw multiset method, the
mobility calculation and the mobility property analysis of the hybrid mechanism were
accomplished.

(3) The motion of the main low limb muscle groups during the MOTOmed exercise
training was tested to guide the targeted rehabilitation training and improve the compliance
of robots.

In this paper, we firstly introduced the structure of a hybrid end-traction lower-limb
rehabilitation robot (HE-LRR) and analyzed the mobility property of the robot. Secondly,
the inverse kinematics of the HE-LRR were established and the trajectory planning for the
rehabilitation robot was carried out based on MOTOmed exercise training. Finally, the
motion capture and sEMG signal acquisition experiments were conducted to verify the
motion performance of the HE-LRR.

2. Materials and Methods
2.1. Configuration Design

The lower limb movement of human body mainly comprises walking in the sagittal
plane, stepping in the coronal plane, and turning around the longitudinal axis of the
human body. The HE-LRR was designed based on ergonomics, which mainly included a
mainframe, (2-UPS + U)&(R + RPS) hybrid mechanism and (2-RR) mirror motion actuator.
It is convenient to wear and operate in various rehabilitation training occasions, especially
when the patient is in the acute stage and with a narrow space. The virtual prototype and
schematic diagram of the HE-LRR is shown in Figure 1. People can sit or lie on the opposite
side of the machine with their feet connected to the machine, and then they can achieve
rehabilitation training driven by the HE-LRR.

Rotation N
around
X-axis—__ ¢

Mirror motion

actuator Y
" Rotation
Connecting rod gjrgl)l(til;i

Linear actuator

Universal joint Mainframe

@) (b)

Figure 1. Configuration of the HE-LRR. (a) The virtual prototype. (b) The schematic diagram of
(2-UPS + U)&(R + RPS) mechanism.

According to the simplified rotation characteristic of the hip joint that two rotation axes
are orthogonal, the parallel part of the HE-LRR was designed as a 2-UPS + U mechanism,
which includes two UPS branches (A1B1 and A;B;) and one U branch chain OB. The parallel
pair is driven by the linear actuator lp; and /y, to realize the rotation of the OD branch
chain around the cross axis, to assist the lower limb to realize the sagittal and coronal
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rehabilitation training exercises. The knee joint is simplified as one rotation joint, and the
rotation movement can be achieved by introducing the RPR branch chain C,Cj into the
parallel part and taking the linear actuator ly3 as driving unit. The coordinated motion
of (2-UPS + U)&(R + RPS) mechanism can meet the rehabilitation training requirements
of patients with multiple degrees of freedom. Compared with the rotary motor driving
directly as a revolute joint, the usage of R + RPS mechanism can reduce the mass and inertia
of the robot moving joint and improve the bearing capacity of it.

On this basis, one 2-RR synchronous mirror motion actuator was added on the end
pedal of the robot, as shown in Figure 2. The two RR branches, F1E; and F,E,, were
driven by gears in the gearbox and foot boards to achieve the same angular velocity and
torque, but the rotation direction was opposite, assisting the patient’s hip joint to carry out
coronal rehabilitation training. Through end traction, the robot can not only be applied
to sitting and lying posture rehabilitation training but can also meet the needs of opening
and closing mirror training of the lower limbs and correcting the natural abduction and
external rotation of the hip in patients with hemiplegia [24]. It is very beneficial to enrich
the training form of patients in the bedridden stage.

Foot board

WRight; T Right Gear train
W eft; Tese

Synchronous/
belt .

.k'

Rotary motor

‘ WRight=~(W]eft; T Right='T Left

Figure 2. Structure of mirror motion actuator.

2.2. Mobility Analysis

Firstly, the mobility of the hybrid mechanism is calculated separately by the parallel
mechanism and the serial mechanism. For the (2-UPS + U) parallel mechanism, the
mobility is calculated according to the modified Kutzbach-Grtibler formula. The formula
is as follows:

8
M=dn—g-1)+) fi+o—7y (1)
i=1

where M is the mobility of a mechanism, 4 is the order of a mechanism, 7 is the number
of links including frame, g is the number of kinematic pairs, f; is the freedom of the ith
kinematic pair, v is the total number of the over-constraints of the mechanism and 7 is the
number of local freedoms.

The UPS branch chain is a 6-DOF unconstrained branch chain. The order of the
mechanism d = 6, the number of links n = 6, the number of kinematic pairs g = 7, the

algebraic sum of the freedom of each kinematic pair Z fi = 14 and the (2-UPS + U) parallel

mechanism do not have over-constraints and local freedoms so the mobility of the parallel
mechanism is
M=6x(6-7-1)+14-0=2 (2)
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In addition, the mobility of the (2-RR) branches is 2; hence, the overall mobility of the
robot mechanism is 5.

Then, the screw theory is utilized to analyze the mobility property of the robot mech-
anism. Let (X1, Y1, Z1), (Xp, Y3, Z»), (X3, Y3, Z3), (X4, Y4, Z4) and (X5, Y5, Zs) be the
coordinates of points D, Cy, C3, E1 and Fy, respectively. Then, the kinematic screw system
of the (2-UPS + U)&(R + RPS) hybrid mechanism S; and the kinematic screw system of the
2-RR mechanism S, are as follows:

$5 =
$6 =

100,’ 0Z2 — Y2)
100,‘ 0Z3 - Y3)

$; = (100;000)
$, = (010;000)
_ J$3 = (000;001) ~[$] = (100; —Z40 — Xy)
S1= 06, = (100,02,0)  * 527 {$§ — (010;0Z5 — Ys) ®)
(
(

The bases of kinematic screw systems S; and S, can be utilized to construct the mech-
anism kinematic screw multiset (S,;). The multiple sets can contain repeated elements [25].
Therefore, (S;;) can be expressed as:

(Sm) =S1US; 4)

Since only five linearly independent screws are included in (S;,), a set of non-unique
bases of mechanism kinematic screw system S, can be chosen as:

$1 = (100;000)
$, = (010;000)
Sm = 4 $3 = (000;001) ©)
$, = (100;0Z40)
$5 = (100; *Z40 — X4)

The constrained screw system can be expressed as
$1 = (000;001) (6)

Therefore, the (2-UPS + U)&(R + RPS)&(2-RR) hybrid mechanism’s rotation around
the Z-axis direction is restricted, and it can realize the rotation around the X-axis and the
Y-axis as well as the translation along three pairwise orthogonal axes. The overall mobility
can meet the needs of lower-limb rehabilitation robots for multi-degree-of-freedom and
multi-posture training.

2.3. Inverse Kinematics

The robot inverse kinematics are the basis of robot trajectory planning. To carry out
the trajectory planning of the HE-LRR, the inverse kinematics solution of the robot needs
to be solved first [26,27]. The mechanism coordinate system is established as in Figure 3.

The origin of the fixed coordinate system O-XYZ is located at the intersection point
of the two rotation axes of the universal joint. The X-axis coincides with the direction of
OA;, the Y-axis coincides with the direction of OA; and the direction of the Z-axis can be
obtained by the right-hand rule. The origin of the kinetic coordinate system B-XpYpZp
is at a certain fixed position of the OD rod. The Xp axis is along the BB, direction, and
the Y3 axis is along the BB; direction. The kinetic coordinate system D-XpYpZp is also
established, where the Xp axis is parallel to the rotary axis at point D, and the Zp axis is
upward along the OD direction. The kinetic coordinate system F-XpYrZr is established,
the Xr axis is along the F{F; direction and the Zr axis is upward along the DF direction.
The process of solving the inverse kinematics of the HE-LRR is as follows.
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Figure 3. The mechanism coordinate system.

First, the coupling relationship between the linear actuator lengths ly; and [y, of the
parallel part is analyzed. The rotation of the moving platform around the base platform
can be regarded as the kinetic coordinate system B-XpYpZp around the fixed coordinate
system O-XYZ X-axis and Y-axis rotation, and the rotation matrix of the moving platform
at this time is

cosf sinasinf cosasinf
9R = Rot(Y, B)Rot(X,a) = 0 cos o —sinw (7)
—sinfB sinacosB cosacospf

The position vectors of A;, A, and O in the fixed coordinate system {O-XYZ} are

my = ( 0 a 0 )T
)" ®)

mZ:(ﬂz 0 0
ms=(0 0 0)"

The position vectors of By, B, and B in the kinetic coordinate system {B-XpYZp} are,
respectively,
m=(0 b O
ny = ( bz 0 0
ns=(0 0 0)"
Among them, a; and a, are the mechanical parameters of the base platform and b; and
by are the mechanical parameters of the moving platform.

Establish the position constraint equation of the parallel part in the fixed coordinate
system {O-XYZ}

),
) ©)

lop+n; =m; +A;B;(i=1,2) (10)

. . T
where Ipop = ( lpgcosasinf —lpgsina lpgcosacosp ) .
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Substituting mechanical parameters into Equation (10) and simplifying to get expres-
sions of ly; and Iy,

(11)

lo1 = \/alz + 12 + lpp? — 2a1by cos a + 2lppay sina
lop = \/a22 + b2 + lop? — 2ab; cos B — 2lppa, cos a sin B

Next, analyze the relationship between parameters /3 and y. According to the Cosine
Theorem, we can get

b32 + H”IQZ + 17112 + 1132 — 1032

cos LCpDC3 = (12)
2\/b32 + 11122\/77112 + a2
7 angle can be solved as following
b 2 2 2 2 1 2
Y = 7T — arccos 57+ my” Azt 03 (13)
2v/b32 + my2/az? + my?
Hence, [z can be expressed as
b
ls = \/1132 + 032 + 12 4 mp2 + 27/ m12 + az2/my? + bs2 cos(y + .arctanm—3 + arctani—?’) (14)
2 1

where a3 is the length of CCj3, b3 is the length of C1Cy, m is the length of CD and m; is the
length of C1D.

2.4. Trajectory Planning

MOTOmed exercise training is similar to bicycle exercise, and the human foot trajectory
is a circle in space. This kind of exercise training is suitable for patients in acute stage and
has achieved good clinical treatment effects in lower-limb rehabilitation training [28,29]. In
this section, the typical MOTOmed exercise training is taken as an example to carry out the
trajectory planning of the HE-LRR. By referring to human dimensions of Chinese adults,
we choose the 95% quantile statistical data of human lower limbs as the basis of human
workspace calculation. Moreover, in order to achieve the matching of robot workspace
and human lower limb workspace, we iterated and optimized the size of robot branch
chain. The final working spaces of the lower limb and the HE-LRR in the sagittal plane are
shown in Figure 4. The purple area represents the working space of the lower limbs, and
the blue area represents the working space of the HE-LRR. The red circle represents the
expected MOTOmed training trajectory. The coordinates of the circle center are set as (y,
zp) = (—670,470), the radius of the circle » = 125 mm, and the prescribed exercise time is 50 s
per cycle.

Define the center angular displacement function of the robot end point as a fifth-degree
polynomial:

0(t) = ag + art + axt? + ast® + agt* + a5t (15)

Let the starting angular displacement be 360° and the ending angular displacement be
0°. At the same time, in order to ensure the continuity of the center angular velocity and
the smooth movement of the robot end point, thereby improving the training comfort, the
set constraint conditions of the center angular displacement function are as follows:

0(0

D>
~—
I

>

(16)

>

o

( 27
( 0
( 0
( 0
( 0
( 0

Terer
S~— N— S~—
I

o
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AZ — Robot workspace
Human workspace
900 — Expected trajectory

Z-direction position [mm]

Y

| | T Ll
-800 -500 -200
Y-direction position [mm]

Figure 4. Sagittal plane workspace region of human-robot system (plane of Y-Z).

According to the above constraint conditions, the fifth-degree polynomial of the
angular displacement of the MOTOmed training can be obtained as:

0(t) = 6.2823 — 0.0628t> + 0.0094t* — 0.000377+ (17)
Then, the angular velocity and angular acceleration polynomials are expressed as follows:

{é(t) = —0.1885t> + 0.0377t> — 0.0019¢* (18)

6(t) = —0.377t 4 0.11312 — 0.0075t3

The expressions of displacement, velocity and acceleration in the Y direction in the
Cartesian coordinate system are

y(t) = —réc(ti s%n(a( ) . (19)

Similarly, the expressions for displacement, velocity and acceleration in the Z direc-

tion are
z(t) = rsin(a(t)) + zo
z(t) = ra(t) cos(a(t)) (20)
z(t) = ra(t) cos(a(t)) — ra(t)a(t) sin(a(t))
According to the inverse kinematics of the HE-LRR, the displacement, velocity and
acceleration of the linear actuator are obtained and shown in Figure 5.
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Figure 5. The displacement, velocity and acceleration of the linear actuator. (Since the position of
the linear actuator ly is no change in the sagittal plane, only the linear actuator ly; and Ip3 has been
shown there).

3. Results

The prototype of the HE-LRR is shown in Figure 6a. The hardware system mainly
included linear actuator, servo motor drives, an STM32H750 controller and a power trans-
former. A touchpad was used to realize the human—computer interaction. Based on the
innovative design of the (2-UPS + U)&(R + RPS)&(2-RR) mechanism, HE-LRR could realize
the rehabilitation training of patients in sitting and lying postures, as shown in Figure 6b,c.
Taking MOTOmed training as an example, we further designed motion capture and sEMG
signal acquisition experiments to evaluate the motion performance and training effects of
the HE-LRR. Some basic information of volunteers is shown in Table 1.

Table 1. Some basic information of volunteers concerning experiments.

Number Age Height Thigh Leg Healthy Condition
(Year) (cm) Length (cm) Length (cm) (Yes/No)
1 29 170 47 40 Yes

2 21 175 48 40 yes
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Mirror motion
Left pedal B actuator

Synchronous
belt

Rotary motor

Servo drives

actuator

Mainframe Controller

Figure 6. The prototype and applicable scenes of the HE-LRR. (a) The prototype of a HE-LRR.
(b) Training with sitting posture. (c) Training with lying posture.

3.1. Motion Capture Experiment

The Xsens™ MVN motion capture system was used to verify the robot motion per-
formance and trajectory planning. The inertial sensor of the Xsens MVN motion capture
system was worn at the foot of the volunteer, which was fixed on the pedal of the HE-LRR
and driven by the HE-LRR to conduct the MOTOmed training. According to the position
information acquired by the inertial sensor, the trajectory of the volunteer foot during the
MOTOmed exercise training process was obtained. The experimental system is shown in
Figure 7. Since the prescribed trajectory was in the sagittal plane, the position information
processing and analysis obtained were also carried out in the sagittal plane.

(@) (b)

Figure 7. Motion capture experiment. (a) Motion capture experiment system composition. (b) The
process of motion capture experiment; the purple line shows a theoretical terminal track with the
contact point between volunteer and the robot.

Figure 8 shows the comparison between experimental and theoretical results. It can
be seen that the theoretical values of the human foot trajectory had the same trend as the
measured values. In thirty training cycles, the maximum position error in the Y direction
in the sagittal plane was about 7.55 mm, which occurred at t = 1/4 T, the maximum
position error in the Z direction was about —7.37 mm, which occurred during the time
fromt=1/4T tot=2/4T. The error sources were mainly from the sliding error between
the foot and the pedal as well as the assembly error of the robot. For the rehabilitation
training process, the experimental error was within the allowable range, and the actual
motion trajectory of the foot was comparatively consistent with the theoretical trajectory,
indicating that the HE-LRR possessed good motion performance.
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Figure 8. Results of the motion capture experiment. (a) Theoretical trajectory and actual trajectory.
(b) The comparison between theoretical trajectory and actual trajectory in the Y-direction and Z-
direction.

3.2. sSEMG Signal Acquisition Experiment

For lower-limb rehabilitation patients, on one hand, exercises should be taken to
strengthen the muscles of the patient’s limbs and maintain muscle vitality. On the other
hand, repetitive exercises should be performed to promote the self-repair and functional re-
organization of the patient’s nervous system to achieve neural circuit reconstruction [30-32].
Therefore, for lower-limb rehabilitation robots, in addition to the movement standardiza-
tion of the limb training, muscle activity evaluation is also essential in this training process.
By observing the activity changes of the lower limbs during the training process, guiding
the targeted rehabilitation training and evaluating the training effects of patients are of great
significance to formulate scientific and standardized rehabilitation programs for patients
and improve the comfort and compliance of robots.

Take the MOTOmed exercise training process as an example. As shown in Figure 9,
eight main muscle groups of the lower limb were selected as the observation objects, and
the Ultium™ sEMG sensor system (Noraxon Corporation) was used to observe the activity
changes of the lower limb muscles during the training process. As shown in Figure 10, We
acquired the volunteers’ experimental data from the sensors and obtained the final data
through full-wave rectification and Gaussian filter. Through experiments, it was found
that the main muscle groups of the lower limbs had been activated to varying degrees at
different stages of the training cycle. A MOTOmed exercise training cycle was equally
divided into four stages according to time. In the first stage, biceps femoris (B.F.) and flexor
digitorum longus (E.D.) showed a strong degree of activity, while other muscle groups had
weaker activity. In the second stage, except for rectus femoris (R.F.) and adductor longus
(A.L.), most muscle groups showed strong activity. This process was maintained until the
third stage; the weaker muscle group became tibialis anterior (T.A.), while other muscle
groups maintained relatively strong activity. In the fourth stage, except for biceps femoris
(B.E), peroneus longus (P.L.) and flexor hallucis longus muscle (F.H.), other muscle groups
showed weaker activity again. It is worth noting that flexor digitorum longus (F.D.) had
strong activity in the first three stages, peroneus longus (P.L.) and flexor hallucis longus
muscle (FH.) had strong activity in the latter three stages, and biceps femoris (B.F.) showed
relatively strong activity in the full cycle. It also showed that in the process of MOTOmed
exercise training, the lower-limb rehabilitation robot had a positive effect on improving
muscle activity and promoting the reconstruction of neural circuits by driving the lower
limbs of the human body for rehabilitation training.
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@) (b)

Figure 9. (a) Eight major muscle groups and sensor sticking positions. (b) The sEMG signal changes

of muscle groups with time during a MOTOmed exercise training cycle. (R.F.: rectus femoris, A.L.:
adductor longus, V.M.: vastus medialis, B.F.: biceps femoris, P.L.: peroneus longus, T.A.: tibialis
anterior, ED.: flexor digitorum longus and FH.: flexor hallucis longus muscle. The red block
represents the muscle group is less active, while the green block is more active).
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Figure 10. The sEMG signal changes of eight muscle groups in two consecutive cycles. (a) Rectus
femoris (R.E.) (b) Adductor longus (A.L.) (¢) Vastus medialis (V.M.) (d) Biceps femoris (B.F.) (e) Per-
oneus longus (P.L.) (f) Tibialis anterior (T.A.) (g) Flexor digitorum longus (E.D.) (h) Flexor hallucis
longus muscle (EH.).

Furthermore, quantitative analysis was carried out on the SEMG signals of eight major
muscle groups of the lower limb in the time domain during one MOTOmed training cycle.
Different feature values were utilized to evaluate the sSEMG signal change characteristics
from various aspects. The root mean square (RMS) and mean absolute value (MAV) can
reflect the effective value and average intensity of the signal, Willison amplitude (WAMP)



Machines 2022, 10, 99 13 of 15

and variance (VAR) can reflect the muscle contraction level and the energy level of the
sEMG signal [33,34], and the calculation formulas for feature values are as follows.

n=1 (21)

By calculating four types of feature values of the volunteer in thirty training cycles, we
obtained the statistical characteristics of the sEMG signals of the eight main muscle groups
in the MOTOmed training. As shown in Figure 11, the calf muscle group activity (including
the muscle contraction level and the SEMG signal energy level) was higher than the thigh
muscle group activity. Among the thigh muscle groups, only biceps femoris (B.F.) showed
a relatively high degree of activity. Since the MOTOmed training was carried out in the
sagittal plane, the participation levels of the thigh rectus femoris (R.F.), adductor longus
(A.L.) and vastus medialis were lower. As shown in Figure 11, the HE-LRR actively drove
the lower limb to move during passive training, and the signal energy of the eight muscle
groups was generally weak. However, the participation levels of eight muscle groups in
MOTOmed exercise training showed a clear distinction.
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Figure 11. Feature values of sSEMG signal in MOTOmed exercise training cycles. (a) Feature values
of root mean square (RMS). (b) Feature values of mean absolute value (MAV). (c) Feature values of
Willison amplitude (WAMP). (d) Feature values of variance (VAR).

4. Conclusions

In this paper, a novel HE-LRR was designed for the lower-limb rehabilitation require-
ment of patients in different stages, especially in the acute stage, and evaluated through the
experiments. The main conclusions are as follows:
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(1) For the HE-LRR, the mobility was calculated and the motion property was analyzed
based on the screw theory. Through the above theoretical analysis, the HE-LRR could meet
the multi-degree-of-freedom rehabilitation training needs of patients.

(2) The motion capture experiment showed the maximum error of the robot in the
Y-axis direction in the sagittal plane was about 7.55 mm, and the maximum error in the
Z-axis direction was about —7.37 mm, proving that the HE-LRR achieved relatively high
kinematic accuracy.

(3) The sEMG signal acquisition experiment revealed most muscle groups of lower
limbs (flexor digitorum longus (F.D.), biceps femoris (B.E.), flexor hallucis longus muscle
(F.H.), etc.) had been notably activated when the lower limb was driven by the HE-LRR in
the MOTOmed training, illustrating that the HE-LRR could assist the lower limb to achieve
satisfactory muscle rehabilitation training effect.
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