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ABSTRACT Demand for robot-assisted therapy has increased at every stage of the neurorehabilitation
recovery. This paper presents a controller that is suitable for the assist-as-needed (AAN) training of the
wrist when performing the spatial motion. A compact wrist exoskeleton robot is presented to realize the
AAN controller. This wrist robot includes series elastic actuators with high torque-to-weight ratios to
provide accurate force control required for the AAN controller. In addition to assist-as-needed rehabilitation,
the parameters of the AAN controller can be adjusted to deliver passive, active, or resistive rehabilitation.
Experimental results demonstrate that the proposed AAN controller can provide the total solution to cover
each stage of wrist spatial-motion rehabilitation.

INDEX TERMS Force control, rehabilitation robot, assist-as-needed rehabilitation, series elastic actuator,
spatial-motion.

I. INTRODUCTION
Rehabilitation robots can be used to assist the human limb
motion. They have been demonstrated to provide repeated
and progressive rehabilitation training required for the effec-
tive recovery of patients with limb disabilities. To meet the
requirement of assistance at different rehabilitation stages,
active or passive rehabilitation robots of multiple degrees-
of-freedom (DoFs) have been developed to assist the motion
of human upper limbs [1]–[13] or lower limbs [14]–[18].
Compared with end-effector type robots [2], [11]–[13], [18],
exoskeleton type robots [1], [3], [10], [14]–[17] can provide
direct assistance and recovery evaluation at each human joint.

According to the definition of Brunstrom [19], patients
in the early stages of neuromuscular injury recovery can
hardly move their limbs. Their limbs are passive (flaccid) and
require therapists or robots to repeatedly guide the limbs to
follow strict patterns. A stiff position controller is required
for this type of passive training method. As the patient’s limb
regains partial voluntary motion, the passive training method
becomes less effective because it ignores a patient’s partici-
pation. There is a need to develop a controller that can max-
imize the benefit of patient engagement. If the patient needs
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assistance or correction depending on the direction of motion,
the controller can provide adaptive assistance or correction
at only the required level, but not more. Assist-as-needed
(AAN) controllers, also known as assistive or corrective
controllers, have been developed to satisfy such need.
AAN controllers have been used in upper limb robots [4],
[8]–[12] or lower limb robots [15], [16] to stimulate patients
to actively participate.

There are two impedance-based AAN controllers. The
band-type controller establishes the inner and outer bound-
aries as the virtual walls that enforce the human limb motion
to lie within the band zone where the robot is in the zero
impedance mode. The window-type controller has a desired
trajectory and a circular window moving along the trajectory.
If the human limb trajectory lies outside the moving window,
then the predefined force field will be applied to the human
limb tomove the limb trajectory back into thewindow. For the
band-type controller, the human limbmay idle because it only
needs to stay in the band zone. In contrast, the window-type
controller (e.g., [11], [12], [15], [16]) can reduce potential
idling since the human limb must follow a specific time-
dependent trajectory.

To allow human and robot movement to coexist safely,
accurate interface force sensing and control are necessary.
Various sensors [10], [20]–[22] have been used to detect
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the intention of the human limb. Due to the limited space
around the limb, adding an external force sensor would be
inconvenient. To reduce the complexity of rehabilitation,
force estimation and control methods without using external
force sensors have been adopted [6]–[9]. To more accurately
control the interaction force, series elastic actuators (SEAs)
have been used [1]–[3], [13], [14], [20].

FIGURE 1. AAN motion types. (a) 1-DoF planar motion. (b) 2-DoF planar
motion. (c) 2-DoF spatial motion.

This paper presents anAANcontroller for awrist exoskele-
ton robot [3] to allow the rehabilitation participation of
patients with wrist disabilities. Rehabilitation of the human
wrist requires 2 or 3-DoF spatial motion around the wrist
joint. However, previous AAN controllers mainly focused on
the assistance of human joints that make 1-DoF planar motion
like the kinematic model in Fig. 1(a). Examples include
wrist flexion/extension [9], elbow [10], and knee [16] joints.
Other AAN controllers focused on the assistance of human
joints that make 2-DoF planar motion like that in Fig. 1(b).
Examples include the upper limb [11], [12] and the lower
limb [15]. AAN controllers that can be used to directly assist
the 2-DoF or 3-DoF spatial motion of a human joint remain
under-explored. Such spatial motion includes shoulder, wrist
[4], or ankle that can be described using the kinematic model
shown in Fig. 1(c). Specifically, the proposed spatial-motion
AAN controller offers the following contributions:

• In Fig. 1(a) and 1(b), each assistance torque (τz, τz1,
or τz2) from the planar-motion AAN controller is inde-
pendent and always aligned with the output impedance
direction (represented using a virtual torsional spring)
regardless of the number of DoFs. In Fig. 1(c), the two
assistance torques of the spatial-motion AAN controller
are denoted as τy and τz. Depending on the time-
dependent training trajectory, the magnitudes of the two
torques need to be constantly varied in order to synthe-
size an output impedance along an arbitrary axis Zarb.
Controlling the direction and magnitude of the output
impedance allows accurate spatial-motion assistance.
However, generating the output impedance along Zarb is
not as straightforward as those in planar-motion AAN
controllers. The proposed spatial-motion AAN con-
troller can handle the rehabilitation assistance of more
complex human joints.

• Previous AAN controllers focused on assist-as-needed
rehabilitation and had rarely shown the ability to
achieve passive, active, or resistive rehabilitation.

Although a controller can be developed for each
rehabilitation stage and switching between controllers
is possible [2], using a single controller for the entire
rehabilitation process can certainly provide the simplic-
ity of software design and ease of user operation. The
developed AAN controller could be used for all the
rehabilitation stages.

In what follows, we first describe the mechanical design
and kinematics of the wrist robot in Sec. II. The dynamic
analysis and force controller design are presented in Sec. III.
Sec. IV presents the development of the assistance torque as
the basis for the spatial-motion AAN controller. Finally, four
experiments are presented in Sec. V to show the effective-
ness of the AAN controller in every stage of human wrist
rehabilitation.

II. DESCRIPTION OF THE WRIST ROBOT
Fig. 2 shows a prototype of the wrist robot developed in
our previous work [3]. It is a parallel robot that has three
identical motors rigidly connected to the same frame. The
three motors provide the flexion/extension (FE), radial/ulnar
deviation (RU), and pronation/supination (PS) of the human
wrist. The FE and RU motors provide the output FE and RU
rotations of the wrist. As shown in Fig. 2(a), these rotations
are defined as θp and θy, respectively. The output FE and RU
torques are denoted as τp and τy. The wrist PS rotation is
provided by the PS motor and the PS geared bearing. The
three wrist motors are together rotated θs about the forearm
to generate the PS rotation.

FIGURE 2. (a) Side view of the wrist robot. (b) Right-hand view.
(c) Left-hand view.

The total weight of the robot excluding the power supply
is 1.5 kg. The motors are placed away from the wrist cen-
ter to minimize the inertia load and increase device com-
pactness. When compared with previous end-effector type
wrist robots [11] and [12] or exoskeleton type wrist robots
[4]–[7], [9], the weight and size of our wrist robot are rela-
tively smaller. Yet, the performance of our wrist robot is not
compromised. The ranges of rotation are θp = −70◦∼70◦,
θy = −50◦∼50◦, and θs = −75◦∼75◦. The average FE, RU,
and PS torques are 3.33, 7.54, and 7.13 Nm, respectively.

Series elastic actuators (SEAs) are used for the FE, RU,
and PS rotations. By controlling the deformation of a seri-
ally connected spring, an SEA can provide accurate force
control, back-drivability, and adjustable impedance without

133952 VOLUME 8, 2020



C.-H. Lin et al.: Spatial-Motion AAN Controller for the Passive, Active, and Resistive Robot-Aided Rehabilitation of the Wrist

FIGURE 3. (a) Dynamic model of the FE SEA. (b) FE force controller
diagram.

using additional force sensors [23]. The reduction of addi-
tional force sensors also makes the wrist robot more compact
and lightweight. For clarity of presenting the spatial-motion
AAN controller, we focus here on the assistance of using the
FE and RU SEAs of the wrist robot.

III. DYNAMICS AND CONTROL
A. DYNAMIC MODEL AND FORCE CONTROLLER
Fig. 3(a) shows the FE SEA dynamic model. The FE motor
produces the equivalent ball screw force ηFp where η is the
efficiency coefficient that takes into account the Coulomb
friction of the screw. The force Fap is provided by the human
wrist. These two forces are the inputs. The viscous damping
coefficient due to the ball screw and linear guides is denoted
as . SymbolMp denotes the reflected rotor mass of the motor
andMap is the reflected output mass from the hand and wrist
robot as seen by the FE motor. The mass Mp is connected
to the ball screw, whereas Map is connected to Mp through
the series spring. The dynamics of the FE rotation can be
derived as

ηFp − kpxp = MpD̈p + Ḋp; Fap + kpxp = MapD̈ap (1)

In Eq. (1), the term kpxp denotes the spring force fp. It can be
obtained given the value of spring stiffness kp and deforma-
tion xp. Symbol Dap denotes the output displacement of the
FE SEA and is obtained using

xp = Dp − Dap (2)

where Dp is the screw displacement. The gravitational force
of the wrist is not considered in Eq. (1) because it can be
pre-calculated and compensated for using the motor torques.
To develop the AAN controller, we consider a force controller
as shown in Fig. 3(b). Given fpr (s) as the reference of fp,
the force control loop includes a proportional gain Kpp. The
transfer functions H11p, H12p, H21p, and H22p can be derived
based on Eqs. (1-2). The force controller is stable based
on the Routh–Hurwitz stability criterion. A quick root-locus
analysis can show that the relative stability increases when the
value of Kpp decreases. Although the transient response may
not be the best, the proportional controller is used throughout
this paper because of the ease of controller development.

Table 1 lists the dynamic and controller parameters of the
FE SEA. The values of the reflected motor mass, the damp-
ing coefficient, and the efficiency coefficient were identi-
fied experimentally. The mass and inertia parameters of the
human hand were adapted from [24] while the mass and

TABLE 1. Dynamic and controller parameters of the FE SEA.

inertia parameters of the wrist robot were obtained from the
CAD model. These parameters are then used to compute the
reflected output massMap at θp = 0◦.
By replacing the subscript p in Eqs. (1-2) and Fig. 3(a) with

y, the dynamic equations for the RU rotation can be obtained.
Because the equations are similar, the force controller of the
FE SEA in Fig. 3(b) can be readily adapted for the RU SEA.
The dynamic and controller parameters of the RUSEA are the
same as the FE SEA in Table 1 except thatMay = 16.20 kg.

FIGURE 4. Schematic of virtual spring and virtual damper in the
FE direction.

B. IMPEDANCE CONTROL
The force controller in Fig. 3(b) can be used to control the
interface virtual impedance between the wrist robot and the
human hand. Fig. 4 shows a schematic of the human hand and
the virtual spring and virtual damper in the FE direction. The
rotational stiffness of the virtual spring measured at the wrist
center Oa is denoted as kvp, whereas the rotational damping
coefficient of the virtual damper is denoted as bvp. Starting
from θp = 0◦, the robot produces an output torque τp that is
equal to the torque resulting from the elongation of the virtual
spring and damper. The rotational stiffness and damping coef-
ficient in the RU direction can be similarly defined as kvy and
bvy, respectively. The virtual springs and dampers constitute
the virtual impedance that can be controlled by using the FE
and RU torques as follows.[

τp
τy

]
=

[
−kvpθp − bvpθ̇p
−kvyθy − bvyθ̇y

]
(3)

The minus signs in Eq. (3) indicate that the positive direc-
tion of the torque τp or τy is in the opposite direction as the
elongation of the virtual spring and velocity of the FE or RU
rotations. The actual spring forces of the SEAs can then be
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FIGURE 5. (a) Orientation of the wrist and handlebar. (b)
Omni-directional stiffness K and omni-directional damping B.

obtained for a given set of τp and τy.[
fp
fy

]
=

[
Jp 0
0 Jy

] [
M11 M12
0 −1

]T [
τp
τy

]
(4)

where Jp, Jy,M11, andM12 are determined by the link dimen-
sions of the robot that can be found in [3]. For a given set of
kvp, kvy, bvp, and bvy, the required spring forces fp and fy can
be computed using Eqs. (3-4). The required spring forces fp
is used as the reference spring force fpr of the force controller
in Fig. 3(b) (Similarly for fy and fyr ).

IV. ASSIST-AS-NEEDED (AAN) CONTROLLER
A. DESIGN OF THE ASSIST-AS-NEEDED CONTROLLER
To provide the spatial-motion assistance of the wrist, we first
need to design a band-type AAN controller for the wrist
robot. Considering the case where the predefined equilibrium
position is the only zero-impedance position, the wrist robot
provides a force in a direction opposite to the intended human
limb motion. In the static case, the opposite force is propor-
tional to the distance between the human limb current posi-
tion and the equilibrium position. The impedance controller
presented in Sec. III-B can be treated as a planar-motion
AAN controller where only one angle is considered (θp or θy).
Since the human wrist motion includes θp and θy, a spatial-
motion AAN controller is required. If the human hand grips
the handlebar firmly, the position of the human wrist can be
conveniently represented by a vectorX1 fromOa to the center
of the handlebar, as shown in Fig. 5(a). The orientation of X1
with respect to the XYZ frame is described by angles α and
β, where α is the rotation about X and β is the angle between
X and X1. The two angles can be related to θp and θy by the
following.

θp = S−1(CαSβ ); θy = T−1(−SαSβ/Cβ )

β = C−1(CyCp); α = T−1(−SyCp/Sp) (5)

where S, C , and T denote the sine, cosine, and tangent func-
tions, respectively. The subscripts of S and C denote angle
α, β, θp, or θy. When β is constant, vector X1 moves on the
surface of a cone as shown in Fig. 5(a). As an illustration,
Fig. 6 shows the polar plot of α and β where α = 0-360◦

represents the radial coordinate and β = 0-45◦ represents the
angular coordinate. The origin is at α = β = 0◦. The corre-
sponding configurations of a left wrist at different positions

FIGURE 6. Wrist configurations at different values of α and β.

in the polar plot are also shown. The extension, radial devia-
tion, flexion, and ulnar deviation correspond to α = 0◦, 90◦,
180◦, and 270◦, respectively. At those angles, β is equal to
±θp or ±θy.
Considering the equilibrium position at α = β = 0◦ (also

θp = θy = 0◦), the wrist robot should provide an assistance
torque τa for nonzero α and β that assists the wrist to move
back to the equilibrium position. As shown in Fig. 5(a), this
torque should be along the Z1 axis with no component on
the Y1 axis. Considering an omni-directional stiffness K as
illustrated using a torsional spring and an omni-directional
damping B as illustrated using a torsional damper in Fig. 5(b),
the assistance torque τa in Fig. 5(a) should be equal to
−Kβ − Bβ̇ in order to create a proportional and opposite
assistance force fa at the handlebar. The assistance torque
from the wrist robot can be expressed as τa= [τpSy τy τpCy]T .
With this expression, we arrive at the following requirement
for τp and τy.[

τZ1
τY1

]
=

[
CyCα −Sα

CySαCβ − SySβ CαCβ

] [
τp
τy

]
=

[
−Kβ − Bβ̇

0

]
(6)

where τZ1 is the projection of τa on the Z1 axis and τY1 is the
projection of τa on the Y1 axis. Given an omni-directional
stiffness K and omni-directional damping B at a specific
orientation α and β, the values of τp and τy can then be
computed. Combining Eqs. (4, 6), the required spring forces
fp and fy from the FE and RU SEAs can be expressed as

[
fp
fy

]
=


JpM11CαCβ

SySαSβ − CyCβ
Jy(M12CαCβ−SySβ + CySαCβ )

SySαSβ−CyCβ

 (−Kβ−Bβ̇)

(7)

The computed fp and fy in Eq. (7) may be positive or negative.
Same as those in Sec. III-B, the computed spring forces are
the reference for the SEA force controller. Later, the values
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of τZ1 and τY1 can be obtained using Eq. (6). The magnitude
and direction of the required assistance force fa to produce
the assistance torque τa are computed using∣∣ fa∣∣ = √f 2Z1 + f 2Y1; 6 fa = α − T

−1(fY1/fZ1)+ π (8)

where fZ1 and fY1 are the forces to produce the torques τZ1 and
τY1, respectively. They are related to the associated torques
τZ1 and τY1 by a length La, which is the magnitude of X1
and also the distance from the wrist center to the grip center.
According to [24], the average value of La is nearly 66.8 mm.

FIGURE 7. (a) Assistance force field of K = 1 Nm/rad and B = 0.
(b) Assistance force field of C = 0.2 Nm.

As an illustration, we consider a case where the omni-
directional stiffness K = 1 Nm/rad and omni-directional
damping B = 0. Fig. 7(a) shows the polar plot of the ideal
fa where β = 0-30◦. At each position (tip of the arrow),
the direction and magnitude of each arrow are computed
using Eq. (8). The longer the distance from the current posi-
tion to the origin, the larger the assistance force fa is. Hence
the arrows become longer when they are further away from
the origin. Because of the omni-directional stiffness K , any
movement of the human’s wrist from the origin would result
in a force from the wrist robot that attempts to move the wrist
back to the origin. The largest force is 7.84 N when β = 30◦.

For the special case of α = 180◦, the parameters K and
B in Fig. 5(b) would be respectively equal to kvp and bvp
in Fig. 4.

B. CONSTANT ASSISTANCE TORQUE
When a position-independent constant assistance torque is
required instead of a position-dependent virtual impedance,
Eq. (6) can be rewritten as follows to meet the requirement.[
τZ1
τY1

]
=

[
CyCα −Sα

CySαCβ − SySβ CαCβ

] [
τp
τy

]
=

[
−C
0

]
(9)

where C is the omni-directional constant torque from the
robot to the human hand. As an illustration, Fig. 7(b) shows
the polar plot of the assistance force field when C = 0.2 Nm.
The magnitude of each arrow is the same (| fa| = 3 N)
regardless of the values of α and β.

C. AAN CONTROLLER WITH AN ARBITRARY
EQUILIBRIUM POSITION
Based on the band-type AAN controller developed in
Sec. IV-A, this section further develops a window-type

AAN controller to bridge the gap between active and passive
rehabilitation training. When the equilibrium position can be
made to move along a time-dependent training trajectory,
the force field of the AAN controller acts as the assistance
force that moves the wrist along the training trajectory if the
wrist cannot follow the trajectory itself. Thus the window-
type AAN controller can be treated as a generalization of
the band-type AAN controller. In Sec. IV-A, the equilibrium
position is at α = β = 0◦. To be used for the AAN controller,
we use αf and βf to describe an arbitrary equilibrium position
that can be specified as a function of time. The output torques
required to move the wrist back to α = αf and β = βf can
be obtained using the following.

SyZx + CyZz
Nd

Zy
Nd

SyYx + CyYz
Nd

Yy
Nd

[ τp
τy

]
=

[
−Kβr − Bβ̇r

0

]
(10a)

where

βr = C−1(CβCβf + SβSβf Cα−αf ) (10b)

Symbol βr denotes the angle between two vectors. The first
vector is at α = αf and β = βf , whereas the second vector is
at arbitrary α and β. The values of Nd , Yx , Yy, Yz, Zx , Zy, and
Zz depend on the angles α, β, αf , and βf given as follows.

Nd = [(Cαf Sβf SαSβ − Sαf Sβf CαSβ )
2

+(Sαf Sβf Cβ − SαSβCβf )
2

+(Cβf CαSβ − CβCαf Sβf )
2]1/2

Yx = Sβ (Cα−αf CβSβf − Cβf Sβ )

Yy = Sβf (SαS
2
βSαf−α − Cαf C

2
β )+ Cβf CαSβCβ

Yz = Cβf SαSβCβ − Sαf Sβf C
2
β + Sβf Sα−αf CαS

2
β

Zx = Cαf Sβf SαSβ − Sαf Sβf CαSβ
Zy = Sαf Sβf Cβ − SαSβCβf
Zz = Cβf CαSβ − CβCαf Sβf (10c)

Similar to the derivation in Sec. IV-A, the required spring
forces fp and fy can be expressed as[

fp
fy

]
=

[
JpM11Yy

Jy(M12Yy + SyYx + CyYz)

]
Nd
H

(−Kβr − Bβ̇r )

where H = (SyYx + CyYz)Zy − (SyZx + CyZz)Yy
(11)

The required spring forces fp and fy need to vary according
to the given αf , βf , K , and B. The required spring forces are
then used as the reference for the force controller in Fig. 3(b).
If directional stiffness and damping are required, K and B in
Eq. (11) can be specified as functions of α.

As an illustration, we consider a case with αf = 225◦,
βf = 17◦, K = 1 Nm/rad, and B = 0. Fig. 8 shows the
polar plot of the assistance force. The red arrows indicate the
ideal assistance force. The arrows all point toward the new
equilibrium position αf and βf .
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FIGURE 8. Assistance force field when αf = 225◦ and βf = 17◦.

FIGURE 9. (a) Smoothing function using the hyperbolic tangent.
(b) Assistance force field when the smoothing function is applied.

D. ZERO IMPEDANCE (ZI) ZONE AND
SMOOTHING FUNCTION
For the window-type AAN controller, a zero impedance (ZI)
zone is required to define the condition when the robot assis-
tance is not needed. To transfer between the ZI zone and assis-
tance zone, a smoothing function is required to modify the
spring forces fp and fy. Without loss of generality, we consider
here a smoothing function using the hyperbolic tangent.

[ fpr fyr]T = tanh(γβ3r )[ fp fy ]T (12)

where fpr and fyr are the modified spring forces that are to
be used as the references of the FE and RU force controllers.
Parameter γ is used to characterize the size of the ZI zone.
Fig. 9(a) shows an illustration of γ = 10 and γ = 900.
We define the ZI zone as the range of βr when the absolute
value of tanh(γβ3r ) is less than 0.05. This ZI zone has a radius
of βz that can be calculated using

βz = [tanh−1(0.05)/γ ]1/3 (13)

Hence the radii of the ZI zones of γ = 10 and γ = 900 are 9.8◦

and 2.2◦, respectively. For the same βr outside the ZI zone,
the value of the spring force is larger if γ is larger. Hence the
assistance force from the robot is larger. When γ approaches
infinity, the radius of the ZI zone approaches zero.

As an illustration, Fig. 9(b) shows the assistance force field
when a smoothing function of γ = 10 is applied to the force
filed in Fig. 8. Inside the ZI zone with a diameter of 2βz,
the robot offers almost no assistance. The assistance force

outside the ZI zone depends on the values of K and B as well
as the distance from the equilibrium position.

E. AAN CONTROLLER DIAGRAM AND STABILITY ANALYSIS
In summary, K , B, γ , αf , and βf are the essential param-
eters of the AAN controller. The strength of the assis-
tance force depends on K and B, whereas the range of the
ZI zone depends on γ . The center position of the ZI zone fur-
ther depends on αf and βf . These parameters can be adjusted
online to meet the progress and need of each participant.

FIGURE 10. AAN controller diagram.

Fig. 10 shows the AAN controller diagram. Given the
parameters K , B, γ , αf , and βf , the reference spring forces
fpr and fyr can be computed using the kinematic equations
in Eqs. (10b), (11), and (12). As shown in the middle block
in Fig. 10, these two reference forces are used as the input for
the FE and RU force controllers in the top and bottom blocks,
respectively. They may act in the same or opposite directions
as Fap and Fay from the human wrist. The force controllers
were implemented using the field-programmable-gate-array
(FPGA) module in NI cRIO 9039 with a sampling frequency
of 1 kHz. The middle block in Fig. 10 was implemented using
the real-time (RT) module in NI cRIO 9039.

FIGURE 11. Stability analysis of the AAN controller.

The stability of the AAN controller depends on K and B.
Fig. 11 shows the stability diagram of the controller with
respect to different values of K and B. Two sets of force
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controller gains (Kpp and Kpy) are studied. The area under
each curve represents the stable region where the values
of K and B can be selected. Values of K and B out-
side the stable region would cause instability. The curve of
Kpp = Kpy = 100 has a larger stable region when compared
with the curve ofKpp = Kpy= 50.WhenB= 0, themaximum
allowable value of K is 6 Nm/rad regardless of the controller
gains and reflected masses (Map and May). Larger values of
kp and ky can be applied to increase the maximum allow-
able value of K at B = 0. For both simplicity and stability
concerns, the following section on experimental verifications
uses K = 0-3 Nm/rad, B = 0, and Kpp = Kpy = 50. If larger
values of K are required, the values of B, Kpp, and Kpy should
be increased to further ensure stability.

V. EXPERIMENTAL VERIFICATIONS
This section provides four different experiments to illustrate
that the proposed AAN controller could be used for passive,
assist-as-needed, active, and resistive rehabilitation trainings.
These training exercises can be sequentially used for partic-
ipants of neuromuscular injury from the initial stage where
there is no muscle function (passive) to the final stage where
the muscle function returns (active or resistive). Thus the
proposed AAN controller can be used for the wrist robot
to cover the entire Bruunstrom stages. The only adaptation
required is the different set of parameters K , B, γ , αf , and βf
for each stage of rehabilitation exercise.

TABLE 2. AAN controller parameters for each rehabilitation stage.

Because the wrist rehabilitation motion is relatively slow,
manipulating the value of K to adjust the assistance or resis-
tance force would be more significant than to manipulate
the value of B. Hence we mainly focus on the effect of K
in the following experiments. Table 2 lists the range of the
parameters for each stage of rehabilitation training. When
K = 3 Nm/rad, the human wrist needs to produce a torque
of 0.35 Nm in order to rotate 6.7◦. This torque value is
considered to be very high for activities of daily living [25].
Hence setting K to 3 Nm/rad would sufficiently create a stiff
environment for passive rehabilitation. In addition, it was
reported in [26] that the human maximum passive wrist stiff-
ness is 3 Nm/rad. Thus a K value no more than 3 Nm/rad
could avoid a participant’s potential injury.

Depending on the required robot force intensity, the value
of K in the assist-as-needed or resistive rehabilitation stage

can vary between 0 and 3 Nm/rad. The value of γ can also
vary in the assist-as-needed stage but needs to be∞ (βz = 0)
in the passive and resistive stages while 0 (βz = ∞) in the
active stage. When changing between different rehabilitation
stages in the middle of the exercise is required, smooth tran-
sitions of the values of K , B, γ , αf , and βf should be made.

FIGURE 12. Experimental setup.

Fig. 12 shows the experimental setup. The experiments in
this section mainly involve a healthy female participant (P1)
that is 163 cm tall and weighs 54 kg. A computer screen was
provided for the participant to visually trace the trajectory.
The red and green dots on the screen denote the desired
(αf and βf ) and actual (α and β) trace points, respectively.

A. EXPERIMENT OF PASSIVE REHABILITATION
Passive rehabilitation is used when the human wrist activity
is ignored and the robot is fully in charge of the motion.
To accurately control the wrist motion, the omni-directional
stiffness K needs to be large enough while the size of the
ZI zone needs to be zero (βz = 0) in order to constrain the
motion of the human wrist. In the experiment, the participant
was asked to hold the handlebar and relax her wrist.

FIGURE 13. Passive rehabilitation: (a) Experimental FE rotation curve.
(b) Experimental RU rotation curve (c) Rotation trajectory (K = 3 Nm/rad,
γ = ∞, αf = time × 36◦, and βf = 20◦).

Fig. 13 shows the experimental results of passive rehabil-
itation where αf = time × 36◦ and βf = 20◦ were used for
the controller in Fig. 10. The rotation trajectory in Fig. 13(c)
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shows that the human wrist can be controlled to follow
the desired trajectory. In Fig. 13(a) and 13(b), the refer-
ence angles of θp and θy are computed using Eq. (5). The
differences between the reference and experimental angle
curves are quite small. The root mean square (RMS) errors
are 0.362◦ and 0.847◦, respectively. The errors are primarily
due to the passive stiffness originated from the human wrist.
Using a larger value of K would force the human wrist to
follow more strictly along the desired trajectory. However,
a too large K may cause wrist injury.
If spasticity develops during the passive rehabilitation,

the actual wrist trajectory will deviate from the desired tra-
jectory. The speed of moving on the desired trajectory and
stiffness K can be adjusted to evaluate the treatment of
spasticity.

B. EXPERIMENT OF ASSIST-AS-NEEDED REHABILITATION
The participant’s left hand holds the handlebar. Using αf =
time × 36◦ and βf = 30◦ to describe the time-dependent
circular trajectory, seven cycles were tested. Each cycle lasted
for ten seconds. For the first three cycles, the participant
was instructed to relax and remain passive. For the last three
cycles, the participant was instructed to actively trace the
desired circular trajectory. The fourth cycle was used for the
transition from passive to active. Fig. 14(a) and 14(b) show
the experimental wrist trajectories of γ = 10 and γ = 900,
respectively. Both cases have K = 1 Nm/rad. The trajectories
of the first three and last three cycles are shown in blue and
red lines, respectively. The desired trajectory is shown in
black dashed line. When the participant’s wrist is passive,
the handlebar can still trace the circular path due to robot
assistance. Because the ZI zone of γ = 900 is smaller than
that of γ = 10, the controller of γ = 900 is stricter and
the robot provides more assistance force at the same han-
dlebar position. Hence the blue line in Fig. 14(b) is closer
to the desired trajectory, whereas the blue line in Fig. 14(a)
deviates from the desired trajectory. When the participant’s
wrist engages actively, the robot offers no assistance and the
red lines in Fig. 14(a) and 14(b) are both near the desired
trajectory.

FIGURE 14. Experimental wrist trajectory of assist-as-needed
rehabilitation: (a) γ = 10, K = 1 Nm/rad (b) γ = 900, K = 1 Nm/rad.

Fig. 15 shows the output FE and RU torques associated
with Fig. 14(b) where γ = 900. The output torques are

FIGURE 15. (a) Experimental FE torque curve of γ = 900. (b) Experimental
RU torque curve of γ = 900.

computed using Eq. (4). Both the FE and RU torques are
larger in the wrist-passive period when compared with those
in the wrist-active period. In the wrist-active period, the robot
provides almost no torque because the human wrist is able to
follow the desired trajectory without assistance. For both sub-
figures, the experimental torque curves match well with the
reference ones. This demonstrates the accuracy of the AAN
controller that uses the proposed FE and RU SEAs in Sec. II.
The small fluctuation of the FE experimental torque curves
in the wrist-active period is less than 0.01 Nm, which is very
small and close to the force controller’s response limit. If the
participant suddenly stops following the trajectory during the
wrist-active period, the robot will go back to the wrist-passive
mode.

The output FE and RU torques associated with Fig. 14(a)
can also be shown. Because γ is smaller, the ZI zone is larger.
The assistance torque in the wrist-passive period would be
smaller than that of γ = 900. Depending on the progress of
rehabilitation, the parameter γ can be used to adjust the size
of the assistance region provided by the wrist robot.

TABLE 3. Root mean square values of the FE and RU torques (Nm).

An additional healthy male participant (P2) was involved
in the same assist-as-needed experiment. The male partic-
ipant is 174 cm tall and weighs 74 kg. Table 3 lists the
root mean square values of the output FE and RU torques
with respect to different participants (P1 and P2), different
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periods (wrist-active and wrist-passive), and different values
of γ (10 and 900). The AAN controller provides different
torques for each participant in the wrist-passive period. The
contribution of the FE and RU torques is only necessary to
assist each participant to follow the desired trajectory.

C. EXPERIMENT OF ACTIVE REHABILITATION
By setting K = 0 Nm/rad, γ = 0, αf = 0◦, and βf = 0◦ for
the controller in Fig. 10, the wrist robot becomes completely
back-drivable and transparent. This setting is denoted as the
active rehabilitation where only the human wrist is active
and the robot is not. The active rehabilitation can be used to
evaluate the active range of motion of a recovering human
wrist. The same participant (P1) was asked to rotate her wrist
repeatedly in a comfortable range of motion. Fig. 16 shows
the experimental results of active rehabilitation. In Fig. 16(c),
the polar plot shows that the wrist rotates diagonally at an
amplitude of β = 30◦. The output torques τp and τy are
shown in Fig. 16(a) and 16(b), respectively. The associated
output angles vary sinusoidally at 0.5 Hz. Due to zero K ,
both τp and τy are controlled to be very small regardless of
the variation of θp and θy. The root mean square values of τp
and τy are 0.006 Nm and 0.02 Nm, respectively. These values
also match with those obtained using simulation (not shown
in Fig. 16(a) and 16(b) for the sake of clarity). The almost
zero resistance from the robot allows accurate assessment of
active wrist range of motion.

FIGURE 16. Active rehabilitation: (a) Experimental FE rotation and torque
curves. (b) Experimental RU rotation and torque curves. (c) Rotation
trajectory (K = 0 Nm/rad, γ = 0, αf = 0◦, and βf = 0◦, 0.5 Hz).

D. EXPERIMENT OF RESISTIVE REHABILITATION
When a participant gradually recovers his/her wrist func-
tion, a resistive training is required to further strengthen
his/her muscle force and speed. To demonstrate the AAN
controller for the resistive rehabilitation, an experiment has
been conducted. In the experiment, the participant’s hand
held the handlebar and rotated manually to overcome the
assistance force provided by the wrist robot (K = 1 Nm/rad).

FIGURE 17. Resistive rehabilitation: (a) Experimental FE spring force
curve. (b) Experimental RU spring force curve. (c) Experimental assistance
force field and trajectory of the handlebar (K = 1 Nm/rad, γ = ∞,
αf = 0◦, and βf = 0◦).

The displacementsDap andDay and SEA spring deformations
xp and xy were recorded. These values were used to obtain
the spring forces fp and fy. Fig. 17(a) and 17(b) show the
FE and RU spring forces, respectively. The reference spring
force curves are computed using Eqs. (11-12). Because of the
very small root mean square error of the spring force (less
than 0.2 N), the experimental force curves match well with
the reference force curves. This demonstrates the accuracy
of the AAN controller. Fig. 17(c) further shows the trajec-
tory of the handlebar. Starting from the triangular mark, the
handlebar moves counterclockwise to reach the star mark.
The force vectors are also plotted at every 0.4 second. The
force pattern is very similar to that in Fig. 17(a). By adjusting
the values of K and B, this spatial-motion AAN controller
can be used to train a participant’s wrist muscle at different
intensities.

VI. CONCLUSIONS
This paper has presented a spatial-motion AAN controller
to provide the robotic wrist motion required for all the
rehabilitation stages. The AAN controller includes an omni-
directional stiffness K that determines the strength of the
assistance force and a ZI zone parameter γ that determines the
amount of area that needs assistance. These two parameters
can be adaptively adjusted to meet the progress and need of
each participant.

By adjusting the controller parameters K and γ , the AAN
controller has been experimentally demonstrated to provide
various human wrist rehabilitations that includes passive,
assist-as-needed, active, and resistive motion. We expect
that the proposed controller framework can be extended to
develop similar AAN controllers for the total robotic reha-
bilitation of other multi-DoF joints such as the human shoul-
der or ankle.
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