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ABSTRACT This paper presents a coupling dynamic model that is based on a spring-damping contact
for modeling and analyzing the physical interaction between the soft exoskeleton and the finger. The
physiological structure and biomechanical model of the finger were introduced. According to the movement
mechanism of the finger, a bionic prototype of the single-finger model, which is driven by shape memory
alloy (SMA) wire, was designed, and its mechanical model was established. A spring-damping model was
used to expound an interaction force of a human-robot with a coupling dynamic model. The experiment
was carried out to verify the exoskeleton mechanical model and determine the bending angle trajectory
of each joint. The inverse solution of the coupling dynamic model was verified by using angle data and
driving parameters as input. According to the torque relationship, the actual active shrinkage torque of SMA
wire was compared with the simulation data for the circumstances with or without consideration of the
interaction contact force. The results confirm that the actual values are consistent with the simulation values.
After comparing the actual active shrinkage torque and simulation curve without considering the interaction
contact force, the error range is between 0 and 19.57 N - mm. The comparison that considers the interaction
contact force model yields an error range between —0.74 and 10.89 N - mm. The accuracy of the model is

increased by an average of 7.05%.

INDEX TERMS Hand rehabilitation exoskeleton, SMA wire, interaction contact force, coupling dynamic.

I. INTRODUCTION

Stroke is a disease that seriously endangers human health
and can cause various types of nerve damage or even lead to
death. Approximately 80% of stroke survivors will lose their
ability to live independently and may even have permanent
disability, which will seriously affect their mental health and
quality of life. The hand is the most important sensory organ
of humans. Stroke will have a great influence on the move-
ment mechanism of the hand after nerve damage. According
to the data, six months after experiencing a stroke, 65% of
patients lost their hand function and could not perform daily
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operations [1]. They need rehabilitation training to improve
hand function.

With the continuous development of robot technology,
many researchers have carried out exploratory research on
hand function rehabilitation robots and exoskeleton move-
ment function models. A hand motion-assisted rehabilita-
tion robot was designed by Gifu University. The robot was
driven by a connecting rod to realize the rehabilitation move-
ment of the finger [2]. A pneumatic manual rehabilitation
robot was designed by Tokyo Institute of Technology, which
employed pneumatic artificial muscles to drive the structure.
Electromyogram signals were introduced into the motion
control of the rehabilitation robot to achieve the rehabilita-
tion function of the finger [3]. Using a motor and cylinder
as the driving source, most joints are rigidly connected in
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an exoskeleton structure, which aggravates its complexity.
Therefore, the Exo-Glove Poly II soft wearable rehabilita-
tion glove, which is driven by rope, was designed by Seoul
University to realize bending movement [4]. A prototype of
the wearable rehabilitation glove driven by shape memory
alloy wire has been developed by Tehran University [5].
SMA wire was employed to pull a cable and drive a single
finger to achieve flexion and extension. The experimental
results show that the output force of a single finger is approx-
imately 10 N, which can satisfy the daily grip requirement.
In recent years, the major driving ways of an exoskeleton
robot are rope driving [6]-[8] and pneumatic driving [9], [10].

To achieve control of an exoskeleton, it is necessary to
establish a dynamic model to control the output torque. A fin-
ger rehabilitation training device was developed by YanShan
University [11]. The device relied on a motor to pull a rope to
realize flexion and extension. In the research, the Lagrange
equation was applied to analyze the dynamic of finger
rehabilitation training device, and a dynamic model was
established. A rehabilitation exoskeleton robot of pneumatic
artificial muscle was developed by Dong Eui University [12].
Based on the displacement function of a piston, a second-
order differential equation was established, and the relation-
ship between the output pressure and the displacement of the
piston was solved. According to the geometric relationship of
the exoskeleton, the corresponding theoretical bending angle
was calculated. Harbin Institute of Technology has investi-
gated the rehabilitation exoskeleton robot based on a variety
of position sensors and pressure sensors [13] and attempted
to establish an exoskeleton mechanics model based on the
principle of statics. It is determined that most of the trajectory
of a hand rehabilitation exoskeleton robot is designed based
on the movement function of the finger and the variation in
the contact force between the finger and the exoskeleton is
seldom considered in the process of movement. In the field
of hand rehabilitation exoskeleton robots, there is a lack of
appropriate coupling dynamic model.

First, according to the physiological structure and move-
ment mechanism of the finger, a principle prototype of a
single-finger driven by SMA is designed with the established
mechanical model. Second, to fully consider the interaction
between the finger and the exoskeleton, an interaction con-
tact force model is established and coupled with the muscle
force, mechanical model and finger dynamic equation. Last,
the coupling dynamic model is verified by comparing the
simulation curve and the actual curve to improve the accuracy
of the dynamic model.

Il. PHYSIOLOGICAL STRUCTURE OF FINGER

A. MOVEMENT MECHANISM OF FINGER

A finger joint can be regarded as an ideal rigidity structure
joint. The index finger, as an example, mainly consists of
three phalanges: the distal phalange, middle phalange, and
proximal phalange. The joint between the distal phalange
and the middle phalange is referred to as the DIP joint.
The joint between the middle phalange and the proximal
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phalange is referred to as the PIP joint. The joint between
the proximal phalange and the metacarpal skeleton is referred
to as the MCP joint [14]. The DIP and PIP joints have only
one freedom that can achieve the extension and flexion of
the finger. The MCP joint has two freedoms that can realize
the extension and flexion of the finger or the abduction and
adduction of the finger. The movement of the finger is mainly
coordinated by six muscles, four tendons and ligaments (refer
to Figure 1). The six muscles include the Flex Digitorum
Profundus (FDP), Flex Digitorum Superficialis (FDS), Long
Extenor (LE), Radial Interosseous (RI), Ulnar Interosseous
(UI), and Lumberic (LU); the four tendons include the Ter-
minal Extractor (TE), Extractor Slip (ES), Ulnar Band (UB)
and Radial Band (RB) [15]. The muscle force is generated by
the six muscles and transmitted to the phalangeal joint via a
complex tendon network to balance the external contact force.
The starting point of the muscles differs. In anatomy, these
muscles can be divided into vitro muscles and vivo muscles.
The FDP, FDS and LE belong to the vitro muscles and are
connected to the skeleton of the finger by long tendons.
The main function of the vitro muscles is to complete the
functional operation. The vivo muscles are directly connected
to the skeleton; their main function is to restrain the joints.
The extensors constitute a complex tendon network, which
transmits the force produced by the muscle to the joints. The
TE is mainly responsible for the stretch of the DIP joint in
the front of the middle phalanx. The TE is divided into two
tendons: the UB and RB. The TE can transfer the force to the
UB and RB for the stretch of the PIP joint. The ES is also
distributed in the middle phalanx. The PIP and MCP joints
are stretched with the ES and LE simultaneously compressed.
The LU connects the LE and FDP and has the same function
as the Ul and RI. The LU is mainly utilized to complete
the abduction and adduction of the finger. According to the
analysis, the FDP and FDS are responsible for the bending
movement of the finger. The TE, ES and LE are responsible
for the extension and flexion movement of the finger. The
RI, UI, and LU are responsible for not only for the extension
and flexion movement of the finger but also the abduction
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FIGURE 1. Movement mechanism of finger.
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and adduction movement. The physiological structure and
movement mechanism of the finger is shown in Figure 1.

B. MUSCLE MECHANICS

The finger muscles and tendons of healthy people are very
flexible and cannot cause increased resistance for finger
bending. However, stroke patients’ finger muscles and ten-
dons are very stiff because of multiple nerve damage, which
will produce great resistance for the bending movement.

In this paper, the hand of the experimenter, who does not
present any disease, is applied for research. The Hill model
is usually employed to solve the finger muscle force, which
is mainly composed of the Contractile Element (CE), Parallel
Elastic Element (PEE) and Series Elastic Element (SEE) [16].
The Hill model is shown in Figure 2.

[sex]

FIGURE 2. Hill model.

The CE and PEE belong to muscle tissue fibers, while the
SEE is considered a tendon. Because the tendon is inelastic,
the SEE is often disregarded by many researchers. The CE is
produced by active muscle shrinkage under nerve stimulation.
In rehabilitation training, the finger is in a passive bending
state. The muscle force only depends on the PEE, and the
force produced by the CE can be regarded as zero. In this
case, the equation of the Hill model is

Fyuscie = Free = Fo - flpEE (D

where F, is the maximal isometric force, and flpgg is the
length factor of passive parallel element.
flpee can be expressed as a piecewise function.

0 Iv<1

flpEE = (exp <kpe : él’\’_l)_> _ )/(exp (kpe)—1) Iy>1
)

where k. represents the curve shape factor, e, is the passive
factor of muscle in the maximal isometric and [y is the
normalized muscle length. The kp, value of young people
is 5, and that of old people is 4. The ¢, value is 0.6 for young
people and 0.5 for old people [17].

Iy satisfies the following relationship.

l
=" 3)
L,

where [y is the tendon slack length, and /, is the optimal fiber
length.

By substituting equation (2) and (3) into equation (1),
the impedance force of the finger muscle can be calculated.
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In the process of finger bending assisted by the exoskele-
ton, the main muscle impedance force is derived from the LE.
Due to the difference in the physiological parameters of the
finger, the reference values of the F,, L, and Ly of the human
index finger muscles in a healthy state can be obtained by
reviewing studies. The data results are shown in Table 1.

TABLE 1. Reference data of index finger physiological parameters.

Literature Muscle F(N) L,(cm) Ly (cm)
[18] LE 18.3 7.0 322
(19] LE 13.8 7.0 38.5

Considering the mean value of the data and using
MATLAB software, an LE value of 0.1082 N is obtained.
This finding shows that the muscle passive impedance of the
finger in a healthy state is very small. The result is consistent
with the actual circumstance.

Ill. DESIGN AND MECHANICAL ANALYSIS OF THE
SINGLE-FINGER BIOMIMETIC STRUCTURE

A. BIOMIMETIC STRUCTURE

The index finger is considered as an example. According
to the movement mechanism of the finger, the extensor and
flexor of the finger are simplified into two long tendons.
Thermoplastic Polyurethanes (TPU) is selected as exoskele-
ton material. The tensile strength and bending strength of
this material are 18 MPa and 6.2 MPa respectively. It has
high mechanical properties and better elasticity, so it is very
suitable as an exoskeleton material. The prototype consists of
the TPU exoskeleton, arm bracket, pulleys, pressure sensor,
flexible pressure sensor and two 0.3 mm SMA wires. The
exoskeleton is continuously bent by the shrinkage force of
SMA wire. The SMA wires are symmetrically arranged on
the upper and lower sides of the exoskeleton to simulate
the extensor and flexor of the finger. One side of the SMA
wire is fixed in the fingertip sheath, and the other side of
the SMA wire is fixed in the pull rod after repeatedly coiled
pulleys. SMA wire passive tension data are collected by using
a pressure sensor. The pressure senor, which is referred to a
NLBS-VLL-5kg produced by ZhongNuo Senor Company in
China, is selected with the range of accuracy of 0 to 50 N
and 0.1 N. To measure the human-machine interaction contact
force between the finger and the exoskeleton, a flexible pres-
sure sensor is installed in the contact area between the finger
and the exoskeleton. The Flexiforce flexible sensor, which is
constructed in America, is selected with the range of accuracy
of 0 to 110 N and £3% linearity. The structure principle is
shown in Figure 3 (a, b), and the exoskeleton prototype is
shown in Figure 4 (a, b).

B. MECHANICAL MODEL
When the finger is bent, the SMA wire of the hand palm
side is heated to generate active shrinkage tension, and the
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FIGURE 3. .Structure principle of single-finger rehabilitation skeleton.
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FIGURE 4. Prototype of single-finger rehabilitation exoskeleton.

SMA wire of the hand back side is heated to generate pas-
sive tension. Simultaneously, the human-machine interaction
force between the exoskeleton and the finger cannot be disre-
garded. The contact point between the experimenter’s index
finger and the exoskeleton is located at the dorsal position of
the fingertip. This positioning promotes the effect of index
finger bending.

According to this analysis, the principle virtual work
principle is applied to obtain the following relation. The
mechanical model is shown in Figure 5.

- - - — -
Fspa1 -6 1+ Fspaz Spun+Feo-8x =0 )
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FIGURE 5. Principle prototype of single-finger mechanical model.

- —
where Fsya1 and Fspao represent the force of SMA, and
—

F. is the interaction force. § ;71, 8 ,172 and § x represent the
corresponding virtual displacements.

For the solution of & ,171 and § /fz, the rotation joint is
regarded as a circle. According to establishing the X-Y coor-
dinate system and geometric relation, the following relation
can be obtained.

— AN
M=—F1-01+r-00+r3-03)i (5)

where rq, rp and r3 represent the circle radius, and 9y, 6, and
03 are the joint angles.
N
Similarly, the position vector x can be expressed as:

N
X = (L1 cos(01) 4+ Ly cos(81 + 63) + L3 cos(B1+62463)) i

A
~+ (L sin(61)+ Ly sin(01 +62)+ L3 sin(01 +6, + 63)) j
(6)

where L1, L, and L3 represent the phalangeal length.
— — —

The force vectors Fsyai1, Fsyar and Fsyao can be
expressed as follows:

— A
Fsya = — |Fspal i @)
— A A
F. = —|F.|sin(0; 4+ 0 + 63) i +|F| cos(61+62 + 63) j

®)

Based on the coupling relationship of each joint, there are
the following relationship equations [20].

0 69
2= b1
5
9—29—49 ®
3=30 =50

In this analysis, the mechanical model is completed.
As shown in Figure 5, passive tension is generated by
SMA?2 wire:

Fsyaz = Evéesma - Traya (10)

where Ej; is the elastic modulus of martensite, eg3z4 is the
strain and rgpz4 is the radius of SMA.
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Using the strain calculation method of SMA wire, the strain
can be determined according to the following geometric rela-
tionship.

7101 + by + 303
esmMa = I (1)

where /g4 is the initial length of the SMA wire.

The mechanical model of the exoskeleton is com-
pleted. However, the active shrinkage tension produced by
SMATL can be solved by the constitutive mode. The essence
of the constitutive model is related to its phase transition
temperature.

IV. DRIVING ANALYSIS OF SMA WIRE

A. ELECTRIC HEATING MODEL OF SMA WIRE

The corresponding stress and strain of the SMA wire are
changed under the phase-transforming temperature. The heat-
ing of the SMA wire is controlled by the pulse width mod-
ulation (PWM) mode, and then the bending motion of the
exoskeleton is controlled. Thus, the electric heating equation
of the SMA wire can be obtained [21].

dr(t) U?

" ?r — hA(T(t) — Tp) (12)

where Igy4 is the PWM ratio; m = pSMAnrgMAZSMA is the
mass of the SMA wire; psp4 is the SMA wire density; c is the
specific heat; U is the voltage; R = pr_smalsma / T rgM 4 18 the
resistance of the SMA; pr sma is the resistivity; £ is the heat
convection coefficient; A = 2w rsyalspa is the heat transfer
area of the SMA wire and Ty is the ambient temperature.

h=h +h x Tt)? (13)

mc

where h; and K are heat transfer coefficients.

B. CONSTITUTIVE MODEL OF SMA WIRE

The variation in the SMA temperature produces changes in
the SMA wire stress and strain during the phase transition.
The Tanaka constitutive model describes the corresponding
relationship of each parameter as follows [22]:

6 = Eésya + OT + Q& (14)
E = Ex+§(Em — Ep) (15)

The percentage of martensite in the transition from marten-
site to austenite is

&= %{cos[aA(T —Ag)+ bao]+ 1} (16)

where Aj is the start temperature of the austenite phase tran-
sition; My is the start temperature of the martensite phase
transition; T is the temperature of the SMA wire; £ is the
percentage of martensite; o is the stress of the SMA wire;
E is the elastic modulus of the SMA phase transition; Ey4 is the
elastic modulus of SMA austenite; 2 is the phase transition
coefficient; and the parameters a4 and by are defined as:

T
ay = ———

A, —A
b ‘an (17)
A = Ca
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where Cj4 is an austenite transformation coefficient. The per-
formance parameters of SMA are shown in Table 2.

TABLE 2. Performance parameters of SMA wire.

Parameter Description Value
Lsma Initial length of SMA ( mm ) 1800
TSha Radius of SMA ( mm ) 0.15

c Specific heat ( J/(kgx °C) ) 870
A Austenite start temperature ( °C) 66
4y Austenite final temperature ( °C) 78
Ey Elastic modulus of martensite ( GPa ) 27
Ey Elastic modulus of SMA austenite ( GPa ) 65
© Thermoelastic coefficient ( MPa /°C ) 0.55
c, Austenite transformation coefficient 13.6x10°

(MPa/°C)
2 Maximum residual strain 0.067

V. HUMAN-MACHINE COUPLING DYNAMICS MODEL
Before modeling, the following hypothesis must be explained
according to the actual situation. (1). The force transfer of
SMA wire needs to be realized by pulley, and its resistance
is small. The friction loss is not studied here. (2). Grasping
action of finger is mainly flexion and extension movement.
Consequently, we only consider the sagittal movement and
ignore the coronal movement. (3). In the process of bending,
the experimenter’s finger is only passively bent without any
active action. The TPU is selected as the material of the
exoskeleton, which has elasticity as a soft material. There-
fore, the interaction force between human and machine in
the bending process can be simplified as an elastic force for
analysis. It is assumed that the stiffness coefficient at the
contact point of the exoskeleton and finger is &, and there is a
damping effect, whose value is c. The centroid position of the
exoskeleton is the same as that of the experimenter’s finger.
The D-H parameter method is employed to establish the base
coordinate system {x,0y,}, the experimenter coordinate sys-
tem {x;0y,} and the exoskeleton coordinate system {x,Oy,}.
The coupling dynamics model is shown in Figure 6.

According to the analysis, the function relationship among
the elastic interaction force, elastic coefficient, damping, dis-
tance and velocity is established as:

|SFes| =k- |sCIces| +c- |XQC€S| (18)

where *q..s is the displacement of the exoskeleton contact
point ¢, and the experimenter’s joint contact point c; in
the experimenter’s coordinate system, and *g. is the corre-
sponding velocity description.

*Gees = "qee — qes (19)

The displacement should be calculated in the
experimenter’s coordinate system, and the exoskeleton and
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FIGURE 6. Coupling dynamics model.

experimenter share the same base coordinate. Therefore,
the position coordinates of the exoskeleton contact point can
be transformed into the description for the base coordinate.
The calculation is expressed as:

*Gee = szZTeeLIce (20)

where *q.. represents the exoskeleton contact point coor-
dinate in the experimenter coordinate system. °q. is the
description of the exoskeleton contact point coordinate in
the exoskeleton coordinate system. 97, is the homogeneous
transformation matrix of the exoskeleton relative to the base
coordinate system, and 7 is the homogeneous transforma-
tion matrix of the base coordinate system relative to the
experimenter coordinate system.
The coordinate form of °q,, is expressed as:

0o 017 1)

“Gee = [ Ce

where °qc. is the coordinate of the exoskeleton’s centroid,
and all joint torsion angles are zero. The coordinate transfor-
mation matrix from the exoskeleton coordinate system to the
base coordinate system is expressed as follow:

cosf, —sinf, 0O O
o _ | siné, cos 6, 0 O
0 0 0 1

The coordinate transformation matrix from the experi-
menter’s coordinate system to the base coordinate system is
expressed as follows:

cosfy —sinfy 0 O
o | sinfy cos O 0 0
0 0 0 1
cos b sing 0 O
S 1 —sinf;  cosf; 0 O
Ts=T =1 07 o 1 o] @
0 0 0 1

The transformed homogeneous coordinate is expressed as
follow:

Sgee = [cocos(@e — 65)  cosin@ —6) 0 117 (25)
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The experimenter’s contact point coordinate in the experi-
menter’s coordinate system is expressed as follow:

“qes=Les 0 01" (26)
The expression is presented as follow:

. T
SCIces = [Ce cos(Oe — b5) —c5s  cesin(8, — O5) 0] 27)

The expression for g, is presented as follow:

SGees = [ —Ce 5O —03) (6 —05) co cos(B—05)(Be—05) 0]
(28)

In combination with equation (18), equation (27) and equa-
tion (28), the value of the contact force can be calculated. The
index finger is regarded as a connecting rod, and the centroid
is located at the center of each joint. Due to it is difficult
to obtain the mass of index finger phalanges, we found an
experimenter with his phalanges length similar to that in [23]
that the length of proximal phalanx is 46 mm, the middle
phalanx is 28 mm, and the distal phalanx is 20 mm. Therefore,
the data of phalanx mass in the literature are selected for
subsequent calculations. The length and mass data of the
experimenter’s three phalanges are shown in Table 3.

TABLE 3. Length and mass parameters of experimenter’s index finger.

Joint name Length(mm) Mass(g)
Proximal phalange 48 125
Middle phalange 28 60
Distal phalange 21 40

The expression of the coupled dynamic model is obtained
by using the Lagrange equation as:

M@©)d+ C@O,0) + GO) = Tsmar + Te — Tspaz — Thuscle
29)

where 6 represents the generalized coordinates of the joint
angle, M (0) is the mass matrix, C (9, 6)is the centripetal force
vector, the Coriolis force coupling vector, G(0) is the gravity
vector and T is the torque.

VI. RESULTS AND DISCUSSION

A. BENDING EXPERIMENT OF THE SINGLE-FINGER
REHABILITATION EXOSKELETON

The difference voltage can affect the bending effect of
the exoskeleton. Excessive driving voltage can increase the
response speed of the SMA wire and improve the tempera-
ture of the SMA wire, which causes the material to become
overheated. For a long time, the life span of the SMA wire
will be reduced. Low voltage may cause insufficient stress on
the SMA wire, and the bending effect could not be achieved,
or the response time may increase and fail to satisfy the
requirement of rehabilitation frequency. According to data,
the operating frequency of the rehabilitation is five times
per minute [24]. In numerous repeated experiments, it is
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confirmed that the most suitable voltage for the exoskeleton
robot is 32V. When the voltage is 32V, only 5s is needed
to complete a bending movement, which fully satisfies the
rehabilitation requirement. Therefore, the voltage of 32 V will
be chosen in subsequent experiments and theoretical model
calculations.

The exoskeleton was worn on the index finger of the exper-
imenter. The SMA wire of the extensor side is driven. A white
glove was worn as insulation to prevent scald caused by
electric heating of the SMA wire in the bending experiment,
in which the experimenter’s finger is in the natural straight-
ening state. In the whole bending process, an industrial CCD
camera which produced JHSM500f by JingHang Company
in China is utilized to record video, which is processed
every 4 frames. The angle values are recorded by connecting
marked points on the finger joints. The maximum bending
angle is shown in Figure 7. The bending deformation process
image sequence of the exoskeleton, while voltage is 32V,
is shown in Figure 8.

As shown in figure 7, the maximum bending angle of
the MCP joint is 37.5°, the maximum bending angle of the
PIP joint is 42°, and the maximum bending angle of the
DIP joint is 29.5°. The experimental values are compared
with the MATLAB simulation values; the results are shown
in Figure 9.

FIGURE 7. Maximum bending state of exoskeleton.

N~
=3
o
73

St 1.44s “ 1.76s

—
g

FIGURE 8. Bending deformation process image sequence of exoskeleton
for32V.

Before the austenite transformation point, the bending
angle is not obvious. After the transformation point, the met-
allographic structure is changed. Martensite gradually trans-
form into austenite, and the joint angle is obviously bent.
Before the end temperature of austenite transformation is not
reached, the heating power is consistent with the dissipation
power, the temperature is not increased, and the bending angle
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tends to be stable. It can be seen from Figure 9 that the
experimental curve is more consistent with the simulation
curve and the previously mentioned coupling relationship of
the joint. It can be claimed that this difference may be due
to the angle collection error and approximation of the joint
geometry by a circle.

50 T T T T T

(e P[P Analysis

X PIP Experiment
| VCP Analysis

MCP Experiment]
= DIP Analysis

*  DIP Experiment

S
o
L

w
S
!

Angle(deg)

204

2 3
Time(s)

FIGURE 9. Comparison of experiment and simulation.

B. EXPERIMENT OF PWM RATIO AND BENDING ANGLE
The SMA wire is heated by using a constant PWM ratio.
When the heating time is sufficient, a different PWM ratio
will have a different influence on the phase variables of the
SMA wire, which affects the bending angle of the exoskele-
ton. Due to the coupling relationship among the three joints
of the finger, the MCP joint is only analyzed here.

Experiments were carried out to study the relationship
between the bending angle and the PWM ratio. The driving
voltage was chosen to be 32 V, and the PWM ratio was
increased from 0.4. At each duty ratio, a sufficient heating
time is required to achieve thermal equilibrium of the SMA
wire. According to the theoretical analysis, there is a linear
relationship between the PWM ratio and the MCP joint angle.
This relationship shows that the analysis curve is consistent
with the experiment curve. The experiment data show that the
control of the exoskeleton, between 0.4 and 1, can be achieved
by a change in the PWM ratio. The maximum bending angle
has an approximately linear increase with an increase in
the PWM ratio. The relationship between the bending angle
PWM ratio and the PWM ratio is shown in Figure 10.

In this part, the appropriate driving parameters are deter-
mined. By the analysis of these experiments, the mechanical
model is verified. These experimental results can provide data
support for the subsequent coupling dynamics model.

C. DETERMINATION OF DYNAMIC PARAMETERS

In this paper, the inverse dynamics are verified. Before anal-
ysis, the unknown parameters in the model should be deter-
mined. First, according to the angle curve obtained from the
mechanical model, the curve of angular velocity and accel-
eration is determined. The angular velocity and acceleration
curve of three joints are shown in Figure 11.
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FIGURE 11. Angular velocity and acceleration curve.

Second, for the Human-Machine interaction force equa-
tion, the elastic coefficient k and damping coefficient ¢ should
be determined. According to the equation of the interac-
tion force, multiple linear regression is used to identify it.
Before multiple linear regression, descriptive statistics should
be carried out for using the interaction force data samples
collected by the Flexiforce sensor. Descriptive statistics are
shown in Table 4.

TABLE 4. Sample descriptive statistics.

Variables Samples Mean  Std.d Min Max
Interaction 0.902 0.46725

32 0.2 1.47857
Force (N ) 6762 27
Displacement 32 1.220  0.19794 08192 1.4543
(mm) 969 12
Velocity 0.770  0.62208
(s ) 32 2006 37 0.1064  2.2763

The regression equation obtained by using Stata/SE15.1 is
expressed as follow:

y = 0.9815122x1 — 0.3732791x2 (30)

The regression equation analysis shows that the value of &
15 0.9815122N/mm and the value of c is —0.3732791N/(mm/s).
The notable probability value of the displacement is 0.009%,
and that of the velocity is 0.013%. At the 95% confidence
interval, the regression coefficient is significantly different
from zero, which indicates that the regression coefficient
is reliable. The multiple mutual linear problem cannot be
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disregarded. The regression equation is checked with
the value of the Variance Inflation Factor (VIF) in the
Stata/SE15.1. According to experience, when the VIF > 10,
the regression equation is considered to have serious multiple
mutual linearity. After calculation, the VIF value is 1.05, and
there is no multiple mutual linear effect.

The analysis of the interaction contact force, displacement
and velocity relationship is shown in Figure 12. The larger
is the value of displacement, and the smaller is the velocity,
the greater the interaction contact force will be.
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1. 240
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0. 8930

0.7775

0. 6620
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0.4310

0.3155

0. 2000

5
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FIGURE 12. Interaction force versus displacement and velocity.

The passive tension is verified by experiments. Using three
joint angle curves as the input condition. By substituting
equation (11) into equation (10), the passive tension of the
SMA wire can be calculated. The experimental values are
collected by the pressure sensor. The comparison between
the experimental values and the simulation values is shown
in Figure 13.

F(N)

Simulation Analysis
—m— Experiment 1

0 T T T T T
2 3
Time(s)

FIGURE 13. Comparison of experimental values and simulation values.

The microstructure of the SMA wire in the cold state,
is all martensite. The modulus of elasticity and its radius in
the martensitic state are constant. In the process of finger
bending, the passive tension is only related to the strain
of the SMA wire. The rotation radius of the three joints
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and the original length of the SMA wire remain unchanged.
The strain value is related to the trajectory of the three joints,
and the tension curve should be the linear superposition of the
trajectory curves of the three joints. It can be seen from the
curve comparison that the simulation curve is more consistent
with the experiment curve. Due to the hysteresis of the SMA
wire, the experimental phase transition value slightly lags
behind the simulation value.

D. COUPLING DYNAMICS ANALYSIS

To verify the coupling dynamic model, it is necessary to
determine the driving torque of each joint, which is also the
resultant torque of each joint. The dynamics parameters are
determined by the experiments, as shown in Table 5.

TABLE 5. Performance parameters of SMA wire.

Parameter Description Value

U Voltage( V') 32

T PWM ratio 1

Ty Ambient temperature (°C ) 23

Psma Density (kg /m”*) 6.5x10°
PR_SMA Resistivity (Q-m ) 0.32x107
Iy Heat transfer coefficient 300

hy Heat transfer coefficient 0.02

Consider the angle simulation curve as the input condition.
The driving torque is calculated by MATLAB. The simulation
curve of the joint driving torque is shown in Figure 14.

In the sagittal plane, the direction of the finger is regarded
as negative when it performs the bending movement. It can
be seen from figure 14 (a, b, ¢) that the driving torque curve
of the three joints is negative, and the torque direction is
consistent with the actual movement direction. The absolute
values of the driving torque of the three joints all show a
trend of ‘s’ type reduction, which indicates that when the
exoskeleton drives the finger to bend, the torque value in the
start-up stage is the maximum. The maximum torque of DIP,
PIP and MCP joints were obtained at 0.32s, 0.48s and 0.16s
respectively. As the SMA wire reaches the thermal equilib-
rium state, the active torque tends to be gentle gradually. After
4.5s, terminal (DIP) joint torque tends to zero. It indicates
that the movement reached the equilibrium state which this
corresponds to the actual movement.

Currently, the driving torque, passive torque of the SMA
wire and human-machine interaction torque have been deter-
mined. According to the torque relationship, the actual
shrinkage torque of the SMA wire can be obtained by sub-
tracting the actual value of other torques from the resultant
torque. The simulation shrinkage torque can be calculated by
MATLAB based on the constitutive model theory of SMA
wire, and the actual value and simulation value are compared
from the viewpoint with or without consideration of the
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FIGURE 14. Joint driving torque simulation curve.

contact force to verify the accuracy of the coupling dynamic
model. The data comparison is shown in Figure 15.
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FIGURE 15. Comparison of active contraction torque of SMA wire.

It can be seen from Figure 15 that after considering the
human-machine interaction contact force, the dynamic model
is closer to the simulation value. Due to the hysteresis of the
SMA wire, the actual shrinkage torque curve slightly lags
behind the simulation curve. The martensitic transformation
point of the simulation curve is 0.96 s, while the actual curve
is 1.12 s. When the heating time reaches 5 s, the heating
power of the SMA wire is balanced with dissipation power,
the temperature tends to be stable, and the shrinkage torque
simultaneously reaches the maximum value. By comparison,
considering the human-machine interaction force, the actual
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shrinkage torque value is more consistent with the simulation
value. Because of the friction loss and geometric approxima-
tion of the joints, there are differences between the simulation
value and the actual value.

By further error analysis, the error range of the dynamic
model and simulation curve without considering the
human-machine interaction force is between 0 and 19.57
N-mm. After considering the interaction force, the error range
is between —0.74 and 10.89N-mm, and the model accuracy is
improved by 7.05% on average. The accuracy of the dynamic
model is remarkably improved, and the error analysis curve
is shown in Figure 16.
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FIGURE 16. Model accuracy error curve.

VIl. CONCLUSION
In this paper, the problem of the human-machine interaction
force, which is seldom considered in the dynamic modeling
of the hand rehabilitation exoskeleton equipment, is investi-
gated. First, according to the physiological structure of the
finger, the single-finger principle prototype is designed by
driving the SMA wire, and the finger muscle force is analyzed
based on the Hill model. Second, the exoskeleton mechanical
model is established based on the virtual work principle. The
interaction contact force between the finger and the exoskele-
ton is regarded as a spring-damping model, and the contact
force equation is determined by the D-H parameters. Last,
the Lagrange equation is applied to couple the muscle force,
exoskeleton mechanics model and interaction force equation.
To verify the mechanical model via experiments, the bend-
ing angle trajectory is also determined. Based on the tra-
jectory curve, the coupling dynamic model is analyzed.
Multiple linear regression is applied to identify the interac-
tive contact force model. This result shows that the elastic-
ity coefficient k is 0.9815122N/mm and the damping c is
—0.3732791N/(mm/s). From the viewpoint of whether or not

VOLUME 8, 2020

the interaction contact force is considered, it is proved that
the accuracy of the original dynamic model is improved by
7.05% on average.

APPENDIX
See Table 6.

TABLE 6. Abbreviations.

SMA Shape Memory Alloy
FDP Flex Digitorum Profundus
FDS Flex Digitorum Superficialis

LE Long Extenor

RI Radial Interosseous

Ul Ulnar Interosseous

LU Lumberic

TE Terminal Extractor

ES Extractor Slip

UB Ulnar Band

RB Radial Band
TPU Thermoplastic Polyurethanes
PWM Pulse Width Modulation
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