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Abstract: The bionic design of muscles is a research hotspot at present. Many researchers have
designed bionic elastic actuators based on the Hill muscle model, and most of them include an
active contraction element, passive contraction element and series elastic element, but they need
more parametric design of mechanical structure and control under the guidance of Hill muscle
model. In this research, a nonlinear series elastic cable actuating mechanism is designed in which the
parameters of the elastic mechanism are optimized based on the Hill muscle model to fit the nonlinear
passive elasticity of a muscle. Through the force—position relationship determined by the Hill muscle
model, the output force and position of a nonlinear series elastic cable actuator are controlled to
simulate the active contraction performance of a muscle. The experiments show that the proposed
design and control method can make the nonlinear cable actuator have good muscle-like output
force-displacement characteristics.

Keywords: nonlinear series elastic cable actuator; Hill muscle model; bionic cable actuator

1. Introduction

In recent years, various wearable exoskeleton and rehabilitation robots have developed
rapidly. To meet the requirements of safe human-robot physical interaction and wearability,
robot actuators need to have the characteristics of compliant driving and high-power
weight ratios [1]. Skeletal muscle is one of the most important tissues in the human body. It
can produce enough force to drive joint movement smoothly and efficiently. At present,
most robot-actuating mechanisms are rigid, and there is still a big gap compared with
the performance of skeletal muscle, so bionic skeletal muscle design is a research hotspot
at present [2]. Researchers mainly use two engineering methods to achieve the bionic
design of muscles: One method is to design artificial muscle using various new driving
principles [3]. Additionally, traditional motor and hydraulic driving parts are used to
design various adaptive elastic actuators to simulate the function of a musculoskeletal
system so that robot joints show the characteristics of flexibility, safety, and high energy
efficiency in the movement process [4].

The new driving principles of artificial muscle mainly include fluid pressure actuating,
thermal deformation actuating, and electric deformation actuating. Compared with other
driving methods, fluid pressure actuating artificial muscle is mature and has obvious
advantages in terms of power density, load capacity, flexibility, and service life, but it also
has some disadvantages, such as the need to provide pressure source, instability in rapid
response, and obvious hysteresis [5]. Among them, hydraulic actuators and pneumatic
actuators belong to fluid pressure actuators. A hydraulic actuator has a large actuating
force, but it is heavy, and its nonlinear characteristics such as hysteresis, creep, thermal
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drift will also affect the overall performance [6]. A pneumatic artificial muscle actuator has
greater contraction and activation force, and it is lighter than hydraulic components, but
the nonlinear relationship between its acting force and driving pressure is complex and
difficult to control [7]. A thermal deformation-driven artificial muscle mainly includes the
phase change type and the fiber type. It can produce a large driving force and has a small
volume, but it also has a slow response rate, low energy conversion efficiency, and obvious
hysteresis [8,9]. Electric deformation actuators mainly include dielectric elastomer actuators
(DEAs) [10] and ion-exchange polymer—metal composites (IPMCs) [11]. A DEA has high
power density, stress, strain, response speed, and energy efficiency. However, the driving
voltage is high (10-100 V)/um), and the hysteresis is obvious [12]. Although the driving
voltage of an IPMC is low, the power density and the electric stress are small [13]. At present,
the artificial muscles with new driving principles have their own advantages, but they are
still immature, and there is a gap in the comprehensive performance level of biological
muscles. An elastic actuator driven by a motor or hydraulic pressure is more mature and
reliable than the artificial muscle with new driving principles. The Hill muscle model
can describe muscle contraction well. The model is usually composed of three units: a
contraction element (CE), a series elastic element (SE), and a parallel elastic element (PE) [14].
SEs and PEs regulate the passive elasticity of muscle stiffness and energy storage, which is
of great significance to the efficiency and safety of joint movement. A CE is the core element
of the Hill muscle model, and it can produce active muscle contraction [15]. According
to the structural similarity of the Hill muscle model, researchers have designed various
elastic actuators, which are mainly divided into series elastic actuators (SEAs) [16], parallel
elastic actuators (PEAs) [17], clutchable elastic actuators (CEAs), and multi-configuration
elastic actuator (MEAS) [18,19]. In terms of the transmission mode, elastic actuators can
be divided into rotary types and linear types. The Bowden cable-driven mechanism is
often used in linear elastic actuators. This mechanism can transfer force and displacement
from the proximal end to the distal end and propagate for a long distance in a narrow
bending space. The transmission path can be changed into a specific shape according to the
space requirements. Therefore, it has been widely used in some wearable exoskeletons and
rehabilitation robots [20].

At present, elastic actuators often simulate the series elasticity, parallel elasticity, and
active contraction elements of muscle in terms of the structural composition [21]. If a cable-
driven elastic actuator can be parametrically designed and controlled under the guidance
of the Hill muscle model to simulate the active and passive output characteristics of skeletal
muscle, it will undoubtedly make the actuator more in line with the characteristics of
biological muscle. Some researchers have carried out similar research work. D. F. B.
Haeufle designed a series elastic actuator. The actuator used a linear spring to simulate
the passive characteristics of a muscle. The motor was controlled based on the Hill muscle
model to achieve the muscle-like force velocity output characteristics of the actuator, and
a rapid release experiment was carried out [22]. However, compared with muscle, the
passive elastic stiffness of the driver was a fixed value. Shen developed a type of artificial
muscle actuated by a motor and tendon-sheath system based on the Hill muscle model [23],
and Shao also designed artificial muscles to express the transmission characteristics of
skeletal muscle [24]. However, the series elastic element in these actuators are treated as
linear elasticity, which is inconsistent with the characteristics of the real skeletal muscle. He
also proposed the force deformation transfer model and control method of a flexible cable
actuator, which were verified by simulation and experiments [15]. The actuator adopted
the combination of series and parallel springs to achieve the nonlinear passive stiffness of
skeletal muscle, which could completely simulate the output characteristics of muscle, but
the overall structure was slightly complex. Gialias and Matsuoka used nonlinear elastic
composites to simulate the passive nonlinear elasticity of skeletal muscle, and they used a
cable driven by a motor to simulate the active contraction force [25]. The passive elastic
composite was connected in parallel with the motor drive cable to achieve the complete
simulation of skeletal muscle output force-displacement characteristics, but the elastic
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composite in the actuator needed to be customized to fit the nonlinear passive stiffness of
different skeletal muscles. Richter and Asano used a cable-driven nonlinear elastic actuator
to simulate human muscle in the design of a humanoid musculoskeletal robot [26,27], but
they did a smaller study on the method of parametric design and control of the actuator
based on the Hill muscle model.

It can be seen from the above research status that many researchers have designed
bionic elastic actuators based on the Hill muscle model, and most of them include active
a contraction element, passive contraction element and series elastic element, but they
need a more parametric design of mechanical structure and control under the guidance
of the Hill muscle model. In this research, the passive elastic mechanism of an actuator is
parameterized and designed based on the Hill muscle model to fit the nonlinear passive
elasticity of a muscle. Based on the force—position relationship determined by the Hill
muscle model, the sensorless force control method is used to control the NSECA and to
achieve the muscle-like active force—position characteristics. Compared with previous
studies, the muscle-like actuator discussed in this research is simple in composition and
easy to manufacture and control, and it can simulate the nonlinear passive elasticity and
active contraction force of skeletal muscle well. The rest of this paper is organized as
follows: The second section introduces the Hill muscle model briefly. In the third section,
the composition and basic principle of the NSECA in this research are introduced, and the
main mechanical parameters are optimized based on the Hill muscle model. In the fourth
section, the theoretical model of the actuator is established and the force position control
method according to the Hill muscle model is introduced. The fifth section describes how
the experimental research is carried out. The sixth section gives the conclusion of this paper.

2. Muscle Model

Figure 1 shows the improved Hill muscle model [28]. The Hill muscle model consists
of a series elastic element (SEE), passive elastic element (PEE), contraction element (CE),
viscous damping element (VE), and pinnate angle ¢. In Figure 1, [;;; is the muscle length,
I,y is the muscle fiber length, and /;; and I;; are the tendon lengths at both ends.

SEE

PEE

| ————p| §0
L
e

Y

Figure 1. Hill muscle model.

The relationships of the muscle length, muscle fiber length, and tendon length are
as follows:
It = Iyy-cos@ + It = Ly-cosp 41y +1pp, (1)

The formula of the muscle force is as follows:
Fy = (FCE + Fpg + FVE)' cos ¢. (2)

In Equation (2), Fcg, Fpg, and Fyr are the active forces of the muscle fibers, the passive
forces of the muscle fibers, and the viscous damping forces.

The size of Fcg is determined by the muscle activation, muscle fiber length, muscle
fiber contraction speed, and maximum muscle force. The formula for F¢f is as follows:

Fce = ¢-fi-fo- o 3
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In Equation (3), ¢, f;, fo, and Fj are the muscle activation degree, the influence factor of
the muscle fiber length, the influence factor of the muscle fiber contraction speed, and the
maximum isometric contraction force at rest, respectively.

In Equation (3), the muscle activation ¢ is calculated with the following formula:

eAut) _ 1

¢lt) = —3—7- (4)

In Equation (4), u(t) and A are the normalized EMG signal and the nonlinearity degree.
The influence factor f; of the muscle fiber length and the influence factor f, of the muscle
fiber contraction speed in Equation (3) are calculated with the method of Thelen [12].

Im_ 4 2
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In Equation (5), I, and Iyt are the real-time muscle fiber length and the resting
muscle fiber length. < is the shape coefficient, which is 0.5 for older people and 0.45 for
younger people.

The calculation formula of f, in Equation (3) is as follows:

1+o, Un <0
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In Equation (6), v, is the normalized contraction velocity. A; is the curve parameter,
and its value is 0.25. fjs is the maximum force of muscle fiber elongation (the normalization
of the muscle fiber active force), which is 1.4 for younger people and 1.8 for older people.

The calculation of Fpg can be obtained by multiplying fpg and Fy.

Fpg = fre-Fo. (7)

fpe can be calculated using the length of the muscle fiber. When the length of the
muscle fiber is less than or equal to the rest length, no passive force is generated. When the
length of the muscle fiber is greater than the rest length, passive force is generated. We also
use the formula of Thelen for calculation [12]. The formula is as follows:

kPE'(’Wl/lmuptfl)

M
0

e
frE = —E 1 8)

In Equation (8), k'F is the curve shape parameter, and its value is 4. €}! is the maximum
passive strain.

The addition of the viscous damping force Fy helps to simulate the ability of a muscle
to eliminate high-frequency oscillation. However, the damping force of a muscle at low
speed is very small, so viscous damping force is ignored in this research. Letting the
normalized muscle contraction velocity v, be —0.01, the minus sign represents contraction.
The maximum muscle force is normalized, and then, according to Equations (1)—(8), the
schematic diagram of the muscle force composition (muscle activation degree is 1), as
shown in Figure 2, can be obtained. The parameters in the Hill muscle model are obtained
according to the research by Thelen and Holzbaur [17,29].
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Figure 2. Schematic diagram of muscle force composition.

3. Mechanism of the Actuator
3.1. Mechanism Design

It can be seen from Figure 2 that in order to simulate the output characteristics of a
muscle, it is mainly necessary to simulate the active contraction force and passive elastic
properties of a muscle. To reduce the complexity of the muscle-like actuator’s mechanical
structure, because the motor is more mature, reliable, and can provide more accurate
control, in this research, a motor and a nonlinear series elastic element are used to design a
muscle-like flexible cable actuator. As shown in Figure 3, the motor is actively controlled
according to the Hill muscle model. Nonlinear spring modules are connected in series at
the motor output to provide passive variable stiffness characteristics like those of a muscle.

-:. E Nonlinear spring

mechanism

Figure 3. Equivalent nonlinear series elastic mechanism of muscle.

As shown in Figure 4, the NSECA includes a motor, a planetary reducer, a winding
wheel, a cable, a guide rod, a linear bearing, a linear compression spring, and three pulleys.
The winding wheel is directly connected to the reducer output rotating shaft, and the
motor’s rotation torque is transformed into the cable’s tension through the winding wheel
shown in Figure 4b. The linear spring passes through the linear guide rod. One end of the
linear guide rod passes through the linear bearing and connects with pulley 2, and they are
all connected to a linear displacement sensor. The motor in the actuator is a CBL2453-2423f
motor from the TECHSERVO Company (Shenzhen, China), and it is equipped with a gear
reducer. The rated output torque of the motor is 27.28 Nm, and the reduction ratio of the
reducer is 100. The KSF50 of Miran is selected as the linear displacement sensor, which
is based on the principle of a potentiometer. Its stroke is 50 mm, and its linear accuracy
reaches 0.1%. The cable in the existing cable driving mechanism generally adopts Bowden
wire, Kevlar wire, and Dyneema wire. Bowden wire has low friction and high strength, but
its bending capacity is poor, and its winding requires a large diameter. Dyneema wire is
easy to break due to friction overheating. Kevlar wire has high strength, good wear, and
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fire resistance, and it is soft and easy to bend. In order to reduce the volume of the actuator,
the diameters of the winding wheel and the pulley are 6 mm. Considered comprehensively,
Kevlar wire with a good bending capacity is adopted in this research.

Displacement Linear  Straight

Pulley 3 Pulley 1 transducer  PUIIY3 bearing  guide rod SP1INg

Cable

Winding wheel ~ Motor and reducer
(b)

Figure 4. Schematic diagram of NSECA. (a) Appearance drawing. (b) Profile of the actuator.

3.2. Nonlinear Elastic Analysis

The force analysis of the cable actuator is shown in Figure 5. We let the centers of the
three pulleys be points A., B, and C., and the friction is ignored. It is assumed that the
cable tension at the pulleys A, and C; is F., and the spring force at the pulley C, is F,. We
define the direction of spring compression as the vertical direction. We let the initial vertical
distance between A.B. be b, the vertical distance between A.C, be ¢, the horizontal distance
between A.B. and the horizontal distance between A.C. be 4, and the angle between the
connecting line of B.C, and the vertical line be a . The angle between the A.B. line and the
vertical line is B. After spring compression, the real-time vertical distance between the A.B,
points is &, and the value range of ¢ is [0, b]. The elastic coefficient of the spring is k.

TTST?UFU"“J

k

Figure 5. Force analysis of cable actuator.

According to the force analysis of the cable actuator in Figure 4, the cable tension F,

can be deduced as follows:
F, = F;-(cosa + cosP) . )
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In Equation (9), « and 8 can be obtained using the geometric relationship.

cosx = B , (10)
a2+ (&+c)*
cosp = £ , (11)
a2 + ¢2
The spring force F, satisfies the following formula:
Fo =k (b-2), (12)

Combining Equations (9)—(12), the tension F. on the cable can be obtained as follows:

K- (@ +) a2+ @ + o]

F. =
(Ve @r ot 4 vaTa) revETa

, (13)

We let the change of the cable length caused by the spring deformation be Al. From
the geometric relationship, Al satisfies the following formula:

Al(E) = Va% + b + \/a2+ (b+c)? - \/a2+§2 — \/a2+ (E+¢)?, (14)
If the equivalent stiffness of the cable actuator is Ky, then:
F. = KyAl (15)

The equivalent passive stiffness of the NSECA is:

F. FE/AI\!
ezt (7) "

According to Equations (13)—(16), the equivalent stiffness of the rope driver in this
research can be obtained. The equivalent stiffness is related to the four parameters k, a, b,
and c.

3.3. Mechanism Parameter Optimization for Passive Elastic Imitation

Taking the long head of the biceps brachii of a human’s upper limb as an example, accord-
ing to the Hill muscle model described in Section 2, the muscle output force-displacement
relationship of the long head of biceps brachii can be obtained. By optimizing the four
parameters k, a, b, and c in the actuator, the actuator can have the passive elastic property
of the long head of the biceps brachii. Among the four parameters, parameter c is used
to maintain the pulley spacing, which can be taken as a fixed value. Considering the size
of the whole mechanism, the parameter takes the value of 0.01 m. For parameter b, take
a value slightly larger than a half of the length variation as the initial estimate, which is
0.02 m based on the anatomical data of the long head of the biceps. The minimum value of
parameter a is 0.01 m, which is used to maintain the pulley spacing. The initial value of k
is 3750N/m. The initial value of k is calculated according to the maximum output force
of the actuator and the initial values of 4, b, and c. when the maximum output force F. of
the actuator designed in the experiment is 50 N, and the geometric parameters a, b and c
are 0.01 m, 0.02 m and 0.01 m, the value range of ¢ is [0, b]. According to Equation (13),
the initial stiffness k of the linear spring is 3750 N/m. We add a description of how to
calculate the initial value of k. After selecting the initial value, the three parameters are
divided into three levels, and the test object is three factors and three levels, as shown in
Table 1. The optimal combination of parameters is quickly selected with an orthogonal
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test. The L9 (34) scale is used to select the combination of test objects, and nine groups of
test parameters combinations are obtained. Then, nine groups of data are simulated and
compared to obtain the optimal scheme.

Table 1. Selection of test parameters.

Level k/(N-m~—1) a/m b/m
1 3750 0.01 0.02
2 4000 0.015 0.025
3 4250 0.02 0.03

Figure 6 shows the simulation results of the test combination. When the seventh
group of parameters is taken, the passive force-displacement curve of the actuator obtained
by simulation is closer to the muscle’s passive force—displacement curve obtained with
the Hill muscle model. At this point, k, a, b, and c are 4250 N/m, 0.025 m, 0.025 m, and
0.01 m, respectively.

140 Fee H
I
x | es
120} < Test3 [
* I
I VR A N Ittt es
100 - < Test6 ||
. Nk It
< 80r ! x X est8 ||
8 _/'l /I><>< Test9
O II //><
g 60 /// kégx 1
8 40 -
D- /
200 |
O 1 1 1 1 1 1 1
0 0.01 0.02 003 0.04 005 0.06 0.07
Length/m

Figure 6. Simulation results of passive force-displacement relationship obtained by nine groups
of parameters.

4. Active Contraction Force Control
4.1. Modeling of the Actuator

In order to control the active contraction force, as described in this section, the theoret-
ical model of the cable actuator is established first, and then the force control method is
introduced. The motor in the cable actuator is described with the following equation:

1 d%6,,
= 7F —
o kgear et ]m dar?

(17)
where T, is the torque output of the motor, kg is the reduction ratio of the planetary
reducer, r is the radius of the winding wheel, ], is the inertia moment of the motor, [y is the
inertia moment of the winding wheel, and 0,, is the angular displacement of the motor. If
the total displacement of the cable actuator is Al,;; (Which includes the cable displacement
caused by the deformation of the elastic element and the displacement caused by the active
rotation of the motor), the angular displacement 6,, of the motor is:

kgear(Almt - Al(é’)) )
r

0 = (18)
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In Equation (18), Al(¢) represents the cable length change caused by nonlinear spring
deformation, which can be obtained according to the geometric relationship of the mecha-
nism, and which satisfies Equation (14). Equation (13) deduces the relationship between
the cable force F. and ¢ when the friction is neglected.

However, in the working process of the cable actuator, friction will inevitably occur
between the cable and pulley, as well as between the cable and the sheath. In this research,
only the friction between the cable and pulley is considered, and the friction between the
cable and the cable sheath is not considered. The influencing factors of the friction force
between the cable and the pulley include the roller material, the angle of the cable wrapping
rotating mechanism, and the load on the cable. Relevant references have analyzed and
modeled the influencing factors of this kind of cable driving mechanism [30]. Studies have
shown that the cable angle has little effect on the friction force. Additionally, the pulley in
this research is a rolling pulley with bearings. Therefore, the friction between the cable and
the pulley mainly comes from the load on the cable.

We let the load-related friction coefficient be k.

Fn—E
k1 E (19)

In Equation (19), F,; is the cable end tension after compensation.

According to the existing research [30], the model of the load and friction coefficient is
in accord with the exponential function characteristics, as shown in Equation (20).

ki =u-Fj +w. (20)

In Equation (20), u, v, and w are shape parameters that have no practical significance
and can be fitted after the data are obtained from experiments.

According to Equations (13), (19), and (20), the end tension F.; of the cable actuator
after friction compensation is:

1 k(- &)y @+ &) [ + (¢ +of]
Fcl(g): 1—k : :
(1=k) §<m+\/m>+cw/az+€2

The armature voltage and the output torque of the motor in the actuator satisfy the
following formula:

(21)

. di de
Ma:ra‘l+LaE_ked7:1/ (22)
T = k. (23)

In Equations (22) and (23), u, represents the armature voltage of the motor, r; repre-
sents the interphase resistance, i represents the loop current, L, represents the interphase
inductance, kj, represents the back electromotive force constant, and k; represents the torque
constant of the motor.

4.2. Force Control Method of the Actuator

In order to achieve force control, the traditional mechanism needs to be equipped with
force sensors. In this research, the cable tension is indirectly obtained by measuring the
spring deformation in the series elastic mechanism. At present, the common SEA controller
includes an inner loop and an outer loop. The outer loop is a force control loop that obtains
the force control command according to the force reference value and the displacement
feedback of the elastic element. The inner loop is a position loop that obtains the motor
position control command according to the force control command. This method is also
adopted in this research [31]. Figure 7a shows a block diagram of the tension control system
of the cable actuator in this research. For a given force reference value F.y,f, according
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gmr‘ef +
—

to the Hill muscle model, the displacement reference value Al,s corresponding to Feyyf
can be obtained. In the working process of the actuator, ¢ can be obtained with the linear
displacement sensor in the actuator, so the tension feedback F,, can be obtained with
Equation (21). After passing through the PID controller, the passive displacement Al
of the cable actuator caused by the tension on the cable can be solved. Since the total
displacement at the end of the cable actuator is Alyf, the displacement of the cable caused
by the active rotation of the motor can be obtained and output to the motor for position
closed-loop control. Figure 7b shows the motor control block diagram, which adopts double
closed-loop control combining the position loop and the current loop.

Hill muscle | & lmtret

model

£
Fearet T »<| Nonlinear series | I
- PID HJ . ) 9 elastic mechanism Load
Feia E
I (E S
t"l(b)<
(a)
kgear FCl‘ nonlinear spring Al
r T =NAANN—
- Ua(S) ' To(s),—L T il
: PID - 1 i(s) K o(8)y L, TL(9) 1 o1 r mt
PID i LaS+ra LT Js+Bpn s Kgear | *
o Un(S)
k <l
. [
(b)

Figure 7. Block diagram of rope driver control system. (a) System control block diagram. (b) Motor
closed-loop control block diagram.

5. Experiments

Firstly, the output force—displacement performance test platform of a rope driver is
built. Then, the passive elastic characteristics and active contraction force—position control
performance of the cable actuator are verified by experiments.

5.1. Experiments Platform

As shown in Figure 8, the experimental platform built in this research mainly includes
a controller, motor driver, base plate, cable actuator, tension sensor, and load. The cable
actuator is affixed to the flat base, the cable output end is affixed to the tension sensor, and
the other end of the tension sensor is affixed to the load. In the passive elastic performance
experiment, different tensile forces are applied at the end of the cable actuator, the data for
the linear displacement sensor are recorded, and the relationship between the tension and
the passive displacement is obtained. In the active contraction control experiment, the force
command is given first, and then the cable displacement command is determined according
to the Hill muscle model. In the experiment, the embedded single-chip microcomputer
is used as the controller. The motor position control command is obtained by using the
control method introduced in Section 4, and the motor driver is used to control the motor
rotation. The BSLS-1 model from the BUFSON company is selected as the tension sensor,
and its measuring range is £20 kg a precision of 0.03 %. The tension sensor used in this
research is only used to measure the cable tension in the path and does not participate in
the actual control process. The linear displacement sensor in the actuator selects the KSF50
model of MIRAN, whose stroke is 50 mm, and the linear accuracy is 0.1%.
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. 5

1 ) 3

Figure 8. Schematic diagram of experimental platform (1—power supply, 2—motor driver, 3—controller,
4—signal converter, 5—base plate, 6—tension sensor, 7—cable actuator).

5.2. Force Control Experiments of the Actuator

In order to achieve the simulation of active contraction force—position relationship
based on the Hill muscle model, firstly, the tension on the cable actuator needs to be reliably
controlled. The end of the cable is fixed. Given the tension command, the tension on the
cable actuator is controlled according to the method described in Section 4.2. Without the
addition of friction compensation, the tension sensor data in the test-bed is recorded, and
the relationship between the tension command and the actual tension is shown in Figure 9.
The tension data in the red dotted line in Figure 9 indicate the average tension obtained
after 10 measurements, and the maximum and minimum values are excluded. It can be
seen from the figure that the tension command differs greatly from the actual value, the
maximum error reaches 4.4629 N, and the corresponding error ratio reaches 17.19%.

=

)

17} T o
5, ---Actual force without criction compensation T

; 25 [~ ~*Actual force with criction compensation

Q --Force control command

o

o=

o, 20

o

=]
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=}

@

15} 10

g

5]

2 5

B

% = I I I I L B
< 5 10 15 20 25
Q

Cable force command/N

Figure 9. Comparison of NSECA control effect based on friction compensation.

According to the experimental data shown in Figure 9, it is assumed that the model of
the rope tension and the friction coefficient conforms to the characteristics of the exponential
function (Equations (19) and (20)). It can be determined that u is —0.4077, v is —0.603,
and w is 0.247. Figure 10 shows the fitting curve of the friction coefficient for different
cable tensions. The fitting coefficient is substituted into Equations (20) and (21) is used to
calculate the cable tension with friction compensation, as shown in the purple dotted line
in Figure 9. At this time, the tension command is very close to the value observed by the
tension sensor, and the tension error after compensation is within 0.5 N.
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Figure 10. Friction coefficient of NSECA under different rope tensions.

After friction compensation, the force step response and the dynamic force following
experiment for the cable actuator are carried out. In order to cause the cable to be under
tension, an initial tension force of 0.6 N is applied to the cable. As shown in Figure 11,
the step force response result of the cable actuator is shown. The actuator receives a 20 N
tension command in 0.17 s, reaches 20 N in 0.82 s, and then remains stable. The adjustment
time of the step response is about 0.7 s, and the overshoot is 0.166 N. The above experiments
show that the tension control and the friction compensation method described in Section 4.2
are effective, and they can control the tension on the cable actuator accurately.
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Figure 11. Step force response of cable actuator.

Figure 12a shows the experimental result of the sine force following the nonlinear
cable SEA, in which the amplitude of the input force command is 22 N and the period is
4 s. Figure 12b shows the tracking error of the sinusoidal force command, in which the
initial error is the process when the cable actuator is loaded to the preset tension of 2.5 N.
Then, the error changes nearly periodically, and the peak value is within 1.5 N. It can be
seen from Figure 12 that there is a good dynamic force following effect for the period of
4 s. Due to the slow movement of an elderly wearer, this can meet the requirements of
the exoskeleton for the force control bandwidth, and it can meet the requirements of the
force control bandwidth of the assist exoskeleton. Because the inner loop of force tracking
control is based on PID position control, the phase lag of Figure 12 is due to the time lag
of position feedback control. Without changing the control method, this delay can only
be reduced by adjusting the controller parameters or increasing the driving ability of the
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motor. The control effect can be improved by adding feedforward to make the controller
phase synchronization or advance.
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Figure 12. The sinusoidal force command following experimental results. (a) Sinusoidal command
tracking curve. (b) Sinusoidal command tracking error curve.

5.3. Passive Elastic Performance Verification

Figure 13 shows the results of the passive elastic performance test using the method
described in Section 5.1. According to the results of the optimization design described
in Section 3.3, the stiffness k of the linear spring in the cable actuator is 4250 N/m. The
Geometric a, b, and c are 0.025 m, 0.025 m, and 0.01 m, respectively. In Figure 13, the
red curve shows the passive force of the biceps brachii calculated according to the Hill
muscle model theory. The black curve is the passive force—displacement theoretical curve
of the nonlinear elastic mechanism optimized according to the Hill muscle model. The
round points represent the experimental values. In the experiment, the resting length of
the long head of the biceps brachii is 0.116 m. Therefore, when the length of the cable
actuator is greater than 0.116 m, the cable begins to stretch and there is tension on the cable.
When the length is less than 0.116 m, there is no tension on the cable. It can be seen from
Figure 13 that the nonlinear spring mechanism optimized in this research can simulate the
nonlinear elasticity of the long head of the biceps brachii well. However, compared with
the theoretical force—displacement curve of the nonlinear spring mechanism, there are some
differences, which are mainly caused by the friction compensation deviation, machining
and assembly deviation, and measurement error. If the simulation of the nonlinear elasticity
of different muscles is desired, the redesign of the main parameters of the nonlinear spring
mechanism is necessary.
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Figure 13. Passive elastic characteristic experiment.

5.4. Contraction Force—Position Relationship Verification

According to Equation (3), the active contraction force is related to the activation degree
of muscle. This paper does not actually collect the actual EMG signal of the long head of
biceps brachii, but uses the open source biomechanical simulation software Opensim4 1
to obtain the EMG signal of the long head of biceps brachii in the specified motion state
(in the isotonic state, the elbow moves from 0° to 90° and then returns to 0° within 4 s),
and then the activation degree of biceps brachii after processing is obtained (as shown in
Figure 14). By substituting this activation degree into the Hill muscle model of the long
head of biceps brachii, the theoretical active contraction force (blue dotted line in Figure 15),
passive contraction force (red dotted line in Figure 15) and resultant force (red solid line in
Figure 15) of the long head of biceps brachii can be obtained. Take the active contraction
force as the force control command and use the force control method introduced in the
previous section to control the active contraction force. Use the experimental platform
shown in Figure 8 to measure the resultant force at the end of the cable actuator and the
change of the cable length, and the output force—displacement experimental curve of the
nonlinear series elastic actuator is obtained, as shown by the diamond point in Figure 15.
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Figure 14. Activation of the long head of the biceps brachii during flexion.



Actuators 2022, 11, 68

150f18

100 - |----Active contraction force by Hill muscle model -

———————— Passive force by Hill muscle model !
—Total force by Hill muscle model y
g0l L® Total force by experiments /9"'

60 -

Force/N

20 L \\ .

_______________

0 1 |
0.095 01 0105 011 0115 042 0125 013 0135 0214 0.145
Cable length/m

Figure 15. Active contraction experimental verification.

As can be seen from Figure 15, the passive contraction force does not work when the
cable length of the actuator is less than the resting length of long head of biceps brachii
(about 0.116 m). Once the cable length of the actuator is stretched beyond the resting length
under the action of the end load, the passive contraction force will gradually occupy most
of the end force of the actuator, and the active contraction force will reduce gradually, which
can protect muscle fibers from strong loading force. The bionic design and control method
in this paper can simulate the output force displacement relationship of the long head of
biceps brachii under isotonic contraction. Compared with the theoretical value obtained
by the Hill muscle model, the root mean square error is 3.3483. The error of experimental
data and theoretical data mainly comes from mechanism model error and friction. In terms
of mechanical structure, the cable actuator designed in this paper does not simulate the
parallel elastic (PEE) element included in the Hill muscle model, but uses the method of
active control of motor to simulate the combined effect of active contraction element and
parallel elastic element in the Hill muscle model. In addition, the output force velocity
characteristics of muscle have not been studied in this paper.

6. Conclusions and Discussion

In this research, the design and control method of a type of nonlinear series elastic
cable actuating mechanism with a muscle-like force—displacement relationship is studied.
The nonlinear passive elasticity is simulated by a triangular spring assembly composed
of a linear spring and a pulley block, in which the mechanism parameters are optimized
based on the Hill muscle model. The simulation of the relationship between the active
contraction force and the displacement is achieved with the active control of the motor.
The experimental results show that the nonlinear series elastic actuator designed in this
research can simulate the force-displacement output characteristics of muscle well. The
actuator is suitable for robots, exoskeletons, and medical equipment that require flexible
actuators and large output.

Compared with the existing research, the bionic actuating mechanism in this research
adopts a simple pulley block and linear spring, which achieves the simulation of muscle
nonlinear series elasticity and avoids the difficulty of obtaining elastic elements that meet
the nonlinear elastic characteristics of muscle. By establishing an accurate mathematical
model of the actuating mechanism, introducing friction compensation, and obtaining the
tension and position command of the cable actuator based on the Hill muscle model, the
imitation of muscle active contraction force and position control is achieved. The limitations
of this research are that the mechanism parameters need to be changed when simulating
different muscles, and the friction between the cable and the sheath of the cable actuator
and the influence of the cable bending on the friction have not been compensated for in
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the model. In addition, the isometric contraction and the rapid release performance of the
bionic cable actuator need to be studied in follow-up work.
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Abbreviations and Symbols

NSECA nonlinear series elastic cable actuator

SEE series elastic element

PEE passive elastic element

CE contraction element

VE viscous damping element

PID Proportion-Integration-Differentiation

@ pinnate angle

Lt muscle length

Ly muscle fiber length

I, I the tendon lengths at both ends

Fum muscle force

Fce active forces of the muscle fibers

Fpg passive forces of the muscle fibers

Fyr viscous damping forces

¢ muscle activation degree

fi influence factor of the muscle fiber length
fo influence factor of the muscle fiber contraction speed
Fy maximum isometric contraction force at rest
u(t) normalized EMG signal

A nonlinearity degree

Ly real-time muscle fiber length

Linopt resting muscle fiber length

Y shape coefficient

Uy normalized contraction velocity

As curve parameter

fm maximum force of muscle fiber elongation
KPE curve shape parameter

584 maximum passive strain

F, spring force

Al change of the cable length caused by the spring deformation
k elastic coefficient of the spring

F. the tension on the cable

Ky the equivalent stiffness of the actuator

Tm torque output of the motor

Kgear reduction ratio of the planetary reducer
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r the radius of the winding wheel
T inertia moment of the motor
Tw inertia moment of the winding wheel
Om angular displacement of the motor
Al the total displacement of the cable actuator
Om the angular displacement of the motor
Al(E) cable length change caused by nonlinear spring deformation
k1 load-related friction coefficient
Fq the cable end tension after compensation.
Uy armature voltage of the motor
Ta interphase resistance
i loop current
L, interphase inductance
ky back electromotive force constant
k¢ torque constant of the motor
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