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Abstract

Accurate motion control of industrial upper-limb exoskeleton can provide effi-

cient assistance for subjects to perform various industrial manipulation tasks.

In most motion control scenarios of upper-limb exoskeletons, the variations of

potential energy frequently reach to a high level of oscillations, leading to the

reconstructed motion uncomfortable or dangerous. In this paper, in order to

achieve minimal potential energy variation and accurate motion control of the

upper-limb exoskeleton, we propose a novel motion planning strategy with min-

imal potential energy modulation. Such motion resolution scheme is formulated

as an optimization problem and solved by the zeroing dynamics (ZD) to achieve

elegant global convergence. Simulation and experiment results show that the

potential energy variation range of the upper-limb exoskeleton can be signifi-

cantly decreased by average 99.34% in both X-Y and X-Z planes, in addition to

finishing tracking the desired motion path accurately. All of these demonstrate

that the efficiency and superiority of the proposed method for potential energy

minimization during achieving accurate motion planning and control.
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network, potential energy
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1. Introduction

Nowadays, As a new type of service robots, exoskeletons have appeared to

help humans to facilitate their mobility [1, 2]. Industrial upper-limb exoskele-

tons are a mainstream type of exoskeletons which are primitively designed for

upper-limb motion assistance, by following physiological modality and motion

characteristics of upper extremities [3]. Research and development of upper-

limb exoskeleton systems have received a lot of attentions recently, and many

methods have been proposed to improve the functionality in different aspects

for upper-limb exoskeletons [4]. For example, redundancy issues of human-

exoskeleton systems for motion control have been investigated by analyzing

forward and inverse kinematics [5, 6].

The motion of lower/upper extremities from humans is very dextrous be-

cause of inherently-natural redundancy which can be reflected by some limited

kind patterns of synergy in actuation level [7, 8]. As the number of degrees-

of-freedom (DOFs) of joints/muscles is much more than that of the desired

motion dimensions, accurate motion control of upper limbs with redundancy by

exoskeletons is essential and necessary. Efficient redundant motion control of

upper-limb exoskeletons may be challenging because extra DOFs for resolution

is needed and optimization of performance indexes should be involved [9]. Under

planned/desired path for the end-effector/end-point, a upper-limb exoskeleton’s

joint angle can be conventionally resolved through generalized inverse of its Ja-

cobian matrix directly [10, 11]. Such way of processing might suffer from the

drawback of unacceptable computational overload in real-time implementation

and neglects required performance indexes (e.g., joint limits and mechanical

energy consumption), so as to guarantee a reasonable motion planning. Such

time-intensive tasks can be promising handled by neural networks which possess

parallel processing ability [12, 13]. Recurrent neural networks become an ex-

cellent alternative for inverse kinematic redundancy resolution of arm-type and

hand-type robots [14, 15], exhibiting strong convergence ability and adaptivity

to time-variant external factors [16]. Recently, as a powerful alternative solver
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for nonlinear/linear time-varying and static problems, zeroing neural network

(ZNN) or its variant called zeroing dynamics (ZD) method have been proposed

and extended to solve robot motion planning issues [17], providing an efficient

way to deal with the defined error to achieve a good tracking capability.

On the other hand, in addition to effectuating accurate motion control, the

potential energy of the exoskeleton systems is an important index for maintain-

ing reliable planning and control performance [18], and maintaining the potential

energy at a desired level is beneficial to support body weight by gravity com-

pensation [19, 20]. When fulfilling planned paths using upper-limb exoskeleton,

decreasing potential energy variations during the same motion control tasks

reflects less oscillations of the center of mass, which can avoid unexpected vi-

bration caused by gravity and enhance system safety. However, currently there

is very little work on potential energy minimization issue for redundancy motion

control of upper-limb exoskeletons. Existing methods may not utilize the po-

tential energy of the system as an additional index involved in motion planning

tasks. Motivated by these points, inspired by incorporating the elegant solu-

tion ability of ZD into inverse kinematics resolution, this paper aims to make

breakthroughs by proposing a novel motion control scheme for the upper-limb

exoskeleton system which can minimize its potential energy to significantly de-

crease its variations during motion control process. The contributions of this

work are summarized as follows:

1) To the best of our knowledge, this work may be the first work to propose

a ZD-based inverse kinematics resolution scheme with minimal potential energy

modulation for motion control of upper-limb exoskeleton systems.

2) The motion planning with potential energy minimization of the upper-

limb exoskeleton is comprehensively formulated to a new optimization criteria

by equipping a new constraint on potential energy, and the resultant ZD model

is proposed and exploited to guarantee the global convergence of the redundancy

resolution with minimal potential energy modulation.

3) Both simulation and experiment results demonstrate the efficiency of the

proposed redundancy resolution for the upper-limb exoskeleton system. Seen
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Figure 1: The upper-limb exoskeleton robot system. Left: the designed prototype; right: the
developed system.

from the simulations and the experiments, the desired accurate motion control

can be achieved. At the same time, the proposed potential energy minimization

scheme makes the variation levels of the potential energy of the upper-limb

exoskeleton system significantly lowered during motion control.

2. Problem Formulation

2.1. Kinematics Modeling of Upper-limb Exoskeleton System

The industrial upper-limb exoskeleton system is shown in Fig. 1. It possess-

es six links and six revolute joints. The masses of the links mainly focus on their

proximal parts since the motors and the gears are equipped concentratively close

to joints. The D-H parameters of the upper-limb exoskeleton system is sum-

marized in Table 1. According to the mechanism of the upper-limb exoskeleton

system in Fig. 1, its total potential energy is

U =−m1gLc1 sin θ2 +m2g(cos θ2 sin θ3 sin θ4Lc2

− sin θ2 cos θ4Lc2 − L1 sin θ2)−m3g[Lc3 sin θ6

(cos θ2 sin θ3 cos θ4 sin θ5 + sin θ2 sin θ4 sin θ5

− cos θ2 cos θ3 cos θ5) + Lc3 cos θ6 cos θ2 sin θ3 sin θ4

− sin θ2 cos θ4 + cos θ2 sin θ3 sin θ4L2

− sin θ2 cos θ4L2 − L1 sin θ2]
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Table 1: D-H parameters of the upper-limb exoskeleton system.

Link a (m) α (rad) d (m) θ (rad) Offset of θ (rad)
1 0 -π/2 0 θ1 0
2 0 -π/2 0 θ2 -π/2
3 0 -π/2 0.3109 θ3 π/2
4 0 π/2 0 θ4 0
5 0 π/2 0.2635 θ5 π/2
6 0.1 0 0 θ6 π/2

where m1, m2, and m3 respectively denote the mass of link 1, link 2, and link

3, L1, L2, and L3 respectively denote the link length of link 1, link 2, and link

3, and Lc1, Lc2, and Lc3 respectively denote the distance to the center of mass

of link 1, link 2, and link 3. The potential energy U is evidently a function U(θ)

on joint angles θ of the upper-limb exoskeleton system, and it changes as joint

angle variable θ change with time t.

The modeling of the kinematics of the upper-limb exoskeleton system is ac-

cording to the aforementioned D-H parameters in Table 1. As following the

well-known kinematic chain’s rule, the transformation matrix between base co-

ordinate and end-effractor coordinate is depicted by

T (θ) = T (θ1)T (θ2)T (θ3)T (θ4)T (θ5)T (θ6) (1)

where the upper-limb exoskeleton’s homogeneous transformation matrices are

as follows

T (θ1) =

















cos θ1 0 − sin θ1 0

sin θ1 0 cos θ1 0

0 −1 0 0

0 0 0 1

















T (θ2) =

















cos(θ2 −
π
2 ) 0 − sin(θ2 −

π
2 ) 0

sin(θ2 −
π
2 ) 0 cos(θ2 −

π
2 ) 0

0 −1 0 0

0 0 0 1
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T (θ3) =

















cos(θ3 −
π
2 ) 0 − sin(θ3 −

π
2 ) 0

sin(θ3 −
π
2 ) 0 cos(θ3 −

π
2 ) 0

0 −1 0 0.3109

0 0 0 1

















T (θ4) =

















cos θ4 0 − sin θ4 0

sin θ4 0 cos θ4 0

0 1 0 0

0 0 0 1

















T (θ5) =

















cos(θ5 +
π
2 ) 0 sin(θ5 +

π
2 ) 0

sin(θ5 +
π
2 ) 0 − cos(θ5 +

π
2 ) 0

0 1 0 0.2635

0 0 0 1

















T (θ6) =

















cos(θ6 +
π
2 ) − sin(θ6 +

π
2 ) 0 0.1 cos(θ6 +

π
2 )

sin(θ6 +
π
2 ) cos(θ6 +

π
2 ) 0 0.1 sin(θ6 +

π
2 )

0 0 1 0

0 0 0 1

















Equation (1) addresses the kinematics characteristics of the developed upper-

limb exoskeleton system, and it reflects a nonlinear coupled mapping betweeen

joint angular variable θ and position/oritention of the end-effector/end-point.

Since all the joints of the upper-limb exoskeleton system are revolute joints and

control of the orientation of the end-effector/end-point is not considered in this

work, attitude control is not necessary for positioning of the end-effector/end-

point in motion planning.

For its joint angle variable θ(t) = [θ1(t), θ2(t), · · · , θ6(t)] ∈ R6, and its Carte-

sian coordinate r(t) ∈ R3 in the workspace can be described as the following

nonlinear relation from (1):

r(t) = f (θ(t)) (2)

where mapping function f (·) reflects geometrical and mechanistic information

of the upper-limb exoskeleton system. Such mapping from the exoskeleton joint
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space to a its manipulation workspace at the position level and is highly-coupled

nonlinear. The mapping at the velocity level can be simplified by performing

derivations on both sides of r(t) = f (θ(t)) with respect to time as follows

ṙ(t) = Jθ̇(t)

where J ∈ R3×6 denotes the Jacobian matrix which is generated by J(θ(t)) =

∂f /∂θ. It is worth noting here that, involvement of dynamics for optimal con-

trol may require solution of Hamilton-Jacobi (HJ) inequality and the Hamilton-

Jacobi-Bellman (HJB) equation, but finding explicit closed-form solutions for

HJ inequality and HJB equation might be hard or impossible in practice.

2.2. Minimal Modulation of Potential Energy

Upper-limb exoskeletons have to avoid enduring large-scale variation of po-

tential energy during motion control process. Especially, in some industrial

scenarios [21], the manipulation workspace should be limited due to the narrow

task space, the joint angle magnitudes should be suitably restricted. If potential

energy of such upper-limb exoskeletons changes at a quite large range vertically,

it may make the subjects uncomfortable due to unexpected physical interac-

tion. Thus, design of motion planning strategy for upper-limb exoskeletons

should take into account enhancing weight-loss effect by limiting the bounds of

potential energy variations. In this paper, we propose a potential energy mini-

mal modulation scheme for the motion planning and control of the upper-limb

exoskeleton. To exploit optimal solutions with potential energy minimization

solved, the following constrained objective is proposed to be minimized:

minimize
dU

dt

subject to Jθ̇ = ṙd

(3)

The optimization formulation (3) aims to make minimization of the time deriva-

tive of potential energy of the upper-limb exoskeleton system during motion

planning with desired path tracked. To evaluate the quality of variation condi-

tions for potential energy of the upper-limb exoskeleton system, we propose to
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use the following potential energy variation index (PEVI)

PEVI = |

∫ T

0

U −max(U)dt| (4)

If PEVI is larger, it means that the upper-limb exoskeleton has a worse potential

energy minimization effect, otherwise, it has better potential energy minimiza-

tion effect.

3. Zeroing Dynamics (ZD) Method for Minimally Modulating of Po-
tential Energy

In order to perform minimal modulation of potential energy of the upper-

limb exoskeleton, in this section, we propose a ZD model to solve (3) problem.

Firstly, the following error processing function is defined to tracking the desired

position of the end-effector/end-point and the variation of the potential energy

e =





f(θ)− rd

U − U(θ0)



 ∈ R4 (5)

where U(θ0) denotes the potential energy of the upper-limb exoskeleton at the

initial joint angle θ(0). Based on the ZD design principle, we handle the error

function e by exploiting the following first-order differential equation

ė = −ΛΦ(e) (6)

where Φ(·) : R4×4 → R4×4 can be an array of odd monotonically-increasing

functions φ(·), and parameter matrix Λ is a diagonal matrix

Λ =

















γ

γ

γ

γ

















∈ R4×4

with constant scalar γ > 0. According to the error definition (5) and its pro-

cessing method (6), one can have






df(θ)
dt

− ṙd = −γΦ1(f(θ)− rd)

U̇ = −γΦ2(U − U(θ0))
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where Φ1(·) : R3×3 → R3×3 and Φ2(·) : R → R respectively denote the sub-

array of Φ(·). As Jθ̇ = df(θ)
dt

and U̇ = ∂U
∂θ

θ̇ always hold, the above equations

further become






Jθ̇ = −γΦ1(r − rd) + ṙd

∂U
∂θ

θ̇ = −γΦ2(U − U(θ0))
(7)

Specifically, if linear activation functions φ(ei) = ei are used, the above equa-

tions become






Jθ̇ = −γ(r − rd) + ṙd

∂U
∂θ

θ̇ = −γ(U − U(θ0))

In order to develop the ZD solver for minimal potential energy modulation

for the motion control, by letting z = θ we reformulate equations (7) to the

following linear equation

Aż = b

where the coefficients are

A =





J

∂U
∂θ



 ∈ R4×6 and b =





−γΦ1(r − rd) + ṙd

−γΦ2(U − U(θ0))



 ∈ R4

To solve linear equations Aż = b by the ZD method, we reformulate it to obtain

ATAż = AT b

Thus, we have the following ZD model for solving motion planning with minimal

modulation of potential energy for the upper-limb exoskeleton

Wż = v (8)

where W = ATA and v = AT b. The ZD model (8) is able to make the upper-

limb exoskeleton track the desired path rd and its potential energy converge to

the initial energy point U(θ0). To demonstrate this theoretically, firstly we show

some theoretical results by giving three theorems as follows.

Theorem 1. For motion resolution and minimization of potential energy for

the upper-limb exoskeleton by ZD model (8), if monotonically-increasing odd

activation functions are used, the state variable z of (8) can globally converge

to the desired theoretical solution z∗.
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Proof. In order to further show its convergence property, we define the

following Lyapunov function for analyzing ZD model (8) as follows

V =
1

2
‖e‖22 =

1

2

4
∑

i=1

e2i ≥ 0

where ‖·‖2 denotes the two norm of vector. Correspondingly, the time derivative

of V is

V̇ =

4
∑

i=1

eiėi =

4
∑

i=1

−γeiφ(ei)

As φ(·) is an odd monotonically-increasing function , it will satisfy [22]

eiφ(ei)







> 0, ei 6= 0

= 0, ei = 0
(9)

Therefore, the time derivative of Lyapunov function V̇ is negative definite. It

means that the error ei can globally convergence to zero, which indicates that

the desired theoretical solution z∗ can be achieved by z. The proof is complete.

�

Theorem 2. For motion resolution and minimization of potential energy for

the upper-limb exoskeleton by ZD model (8), if the linear activation function

φ(ei) = ei is used for (8), the state variable z can globally exponentially converge

to the desired theoretical solution z∗.

Proof. Recall the defined Lyapunov function

V =
1

2

4
∑

i=1

e2i

and its negative-definite time-derivative function V̇

V̇ =

4
∑

i=1

ėiei =

4
∑

i=1

−γφ(ei)ei

When the linear activation function is used, i.e., φ(ei) = ei, then the time-

derivative function becomes

V̇ =

4
∑

i=1

−γe2i ≤ 0
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As ėi = −γei, we can also have

ei = exp(−γt)ei(0)

Therefore the time derivative V̇ of Lyapunov function V becomes

V̇ =
∑

i=1

−γ exp(−2γt)e2i (0) ≤ 0

It reveals that the vanishing of the Lyapunov function is exponentially stable

and the solution process can exponentially converge. Thus z can exponentially

converge to the desired theoretical solution z∗. The proof is complete. �

Theorem 3. For motion resolution and minimization of potential energy for

the upper-limb exoskeleton by ZD model (8), if the following power-sigmoid

activation function

φ(ei) =







epi , |ei| > 1, p > 1

1−exp(ξei)
1+exp(ξei)

, |ei| < 1, ξ > 1

and the sine hyperbolic activation function

φ(ei) =
exp(ξei)− exp(−ξei)

2

are used for the general ZD model (8), superior convergence can be achieved as

compared with the case of using linear activation functions.

Proof. For the general ZD model (8), we define the same Lyapunov function

V =
1

2

4
∑

i=1

e2i

and examine its time derivative

V̇ =
∑

i=1

−γφ(ei)ei ≤ 0

According to the property of power-sigmoid functions [23], if the power-

sigmoid activation function is used, its time-derivative is

V̇ =







−γep+1
i < −γe2i < 0, |ei| > 1

−γei
1−exp(ξei)
1+exp(ξei)

≤ −γe2i ≤ 0, |ei| ≤ 1
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Figure 2: Comparison of circle path tracking performance in X-Y plane for the upper-limb
exoskeleton without and with potential energy minimization. The motion magnitudes of links
and joints with potential energy minimization can be evidently reduced.

According to the property of sine hyperbolic functions [24], if the sine hy-

perbolic activation function is used, its time-derivative is

V̇ = −γei
exp(ξei)− exp(−ξei)

2
≤ −γe2i ≤ 0

All of these imply that the vanishing rate of the Lyapunov function is larger

than the case with linear activation functions. The proof is thus complete. �

4. Simulation Results

In this section, we investigate the path tracking issue of the upper-limb

exoskeleton model and evaluate its motion control performance by the afore-

mentioned ZD model. The proposed potential energy minimization solution is

integrated to reduce the potential energy variations. We compare the perfor-

mance of the proposed potential-energy based solution with current solution

without potential energy minimization involved. The simulation model of the

upper-limb exoskeleton system is according to the D-H parameters in Table 1.

The desired circular motion is planned in X-Z and X-Y planes with its radius

being 0.10 m.

12

http://code-industry.net/


0

0.1

0.2

0.3

0.4
-0.4

-0.35

-0.3

0.35 0.3 0.25 0.2

-0.25

0.15 0.1 0.05 0 -0.05 -0.1 -0.15

-0.2

-0.15

-0.1

-0.05

0

X (m)

Y
(m

)

Z
(m

)

(a) Without potential energy minimiza-
tion

0

0.1

0.2

0.3

0.4
-0.4

-0.35

-0.3

0.35 0.3 0.25 0.2

-0.25

0.15 0.1 0.05 0 -0.05 -0.1 -0.15

-0.2

-0.15

-0.1

-0.05

0

X (m)

Y
(m

)

Z
(m

)

(b) With potential energy minimization

Figure 3: Comparison of circle path tracking performance in X-Z plane for the upper-limb
exoskeleton without and with potential energy minimization. The motion magnitudes of links
and joints with potential energy minimization can be evidently reduced.

4.1. Path Tracking

We evaluate the motion control performance of the upper-limb exoskeleton

based on the ZD method through examining the circle tracking in both X-Y

and X-Z planes.

Firstly, the X − Y plane’s circle tracking performance of the upper-limb

exoskeleton by the ZD is presented. Fig. 2, in which the piecewise straight

lines in blue represent the body of the upper-limb exoskeleton, and the curves

in red represent the trajectory of the end-point/effactor, shows the generated

trajectory using the ZD without and with potential energy minimization starting

from initial joint angle θ0 = [1.2π/8, 1.2π/6, 0, 1.2π/3,−1.2π/6, 1.2π/4]T. It can

be obviously seen that the generated trajectories of the upper-limb exoskeleton

without and with potential energy minimization successfully both track the

desired circular path. Moreover, we could also observe from Fig. 2 that, when

potential energy minimization is utilized for the motion-planning solution, the

generated motions in the upper body part of the upper-limb exoskeleton are

with less magnitudes, which may indicate that the variation range of the center

of mass of the body of the upper-limb exoskeleton recedes. Next, circle path

tracking in X − Z plane for the upper-limb exoskeleton by ZD is shown by
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Figure 4: Position errors [Ex, Ey, Ez ] of the upper-limb exoskeleton for tracking the circle
path in X-Y plane. Different activation functions and different parameters γ are used.

Fig. 2. The similar phenomena can also be observed in this case, that is, the

variation range of the center of mass of the body of the upper-limb exoskeleton

recedes as well. Fig. 6 and Fig. 7 respectively shows the joint angles without

and with potential energy minimization in X-Y and X-Z planes. We can see

that, in X-Y plane, after potential energy minimal modulation is exerted, the

magnitude of θ2 is obviously decreased, while in X-Z plane, angles of most of

the joints have been changed potential energy minimal modulation involved.

Fig. 4 and Fig. 5 show the position errors of the upper-limb exoskeleton

for tracking the desired circle path by ZD with different types of activation

functions (linear function, power-sigmoid function, and sine hyperbolic function)

and parameters γ in different scale. From these figures, we can see that the

position errors are rather small in steady state. As γ = 100 is configured, the

position error level can be decreased to a very low level (around 10−10 m).

Additionally, faster convergence rate of the transient process can be achieved

when power-sigmoid and sine hyperbolic activation functions are utilized for ZD

models with the same parameter γ as compared with the situation of using linear

functions. All of these results validate that the inverse kinematics resolution

based on ZD model for the upper-limb exoskeleton is efficient.
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Figure 5: Position errors [Ex, Ey, Ez ] of the upper-limb exoskeleton for tracking the circle
path in X-Z plane. Different activation functions and different parameters γ are used.
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Figure 6: Comparison of joint angles θ in X-Y plane for the upper-limb exoskeleton without
and with potential energy minimization.

4.2. Potential Energy Evaluation

Fig. 8 and Fig. 9 further show the potential energy curves during motion

control process for the upper-limb exoskeleton without and with minimization

scheme adopted, starting from eight different initial joint angles. It can be evi-

dently seen that, when the minimization scheme is used, the variation range of

the potential energy is greatly reduced. When the minimization scheme by ZD

with γ = 100 is used, the potential energy is almost keeping at the same level

of the initial energy state. Fig. 10 further shows the convergence performance

of the potential energy of the upper-limb exoskeleton synthesized by ZD with

different parameter γ, and we see that the convergence of potential energy can

be accelerated when increasing γ from 1 to 100. Table 2 shows the potential en-
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Figure 7: Comparison of joint angles θ in X-Z plane for the upper-limb exoskeleton without
and with potential energy minimization.
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Figure 8: Potential energy variation comparison from the eight different initial joint angles in
X-Y plane, where γ = 100 is used.

ergy variations before and after using the minimization scheme according to the

proposed evaluation metric (4). In X-Y plane, the average PEVI value with-

out potential energy minimization is 44.63±9.69 J·s, nevertheless, the average

PEVI value with potential energy minimization is 0.02±0.01 J·s. In X-Z plane,

the average PEVI value without potential energy minimization is 83.22±7.68

J·s, and those with potential energy minimization is 0.06±0.01 J·s. From such

quantitative comparisons, we see that, the oscillation of the potential energy

can be greatly suppressed after the proposed minimal modulation scheme used.

All these results demonstrate that the potential energy minimization scheme

based on ZD model for the upper-limb exoskeleton is efficient to diminish the

potential energy as expected. In addition, the potential energy variations of

the upper-limb exoskeleton are flattened from the different initial values of the

potential energy by the proposed method, when the parameter γ is increased,

the variations become flat with faster convergence. During the whole motion
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Figure 9: Potential energy variation comparison from the eight different initial joint angles in
X-Z plane, where γ = 100 is used.
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Figure 10: Potential energy variation comparisons with different γ used from the same quintal
joint angle of the upper-limb exoskeleton in X-Y and X-Z planes.

control process, the phenomena of minimal modulation on potential energy can

appear based on the ZD-based method.

5. Experiment Results

The experiments are performed on the developed upper-limb exoskeleton

system as shown in Fig. 1. The parameter γ for the motion resolution is set

as 100. In the six joints of the upper-limb exoskeleton system, six DC (direct

current) brushless motors (Maxon, Switzerland) are equipped with attached

drivers (Maxon-EPOS4, Switzerland). The servo control mode of the drivers is

of position profile mode (PPM). The tracking paths are respectively set as the

circular with diameter 0.2 m in X-Z plane and X-Y plane, and the reference
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Table 2: Average PEVI values (J·s) of the upper-limb exoskeleton system of simulation from
eight different initial joint angles.

Desired path plane Without potential With potential
for motion control energy minimization energy minimization

X-Y plane 44.63±9.69 0.02±0.01
X-Z plane 83.22±7.68 0.06±0.01

Figure 11: Snapshots of experiment process of the upper-limb exoskeleton system for tracking
the desired path.

joint angles are computed according to the proposed motion control scheme

with minimal potential energy modulation. For comparisons, the reference joint

angles are also resolved without potential energy immunization for the same

path target tracking. The joint angle data in the inverse resolution of the

upper-limb exoskeleton system are interpolated and sent to the drivers with a

renewal frequency being 20Hz. The timeslice of the experiment for the upper-

limb exoskeleton system for doing the circle path tracking based on ZD models

is shown as Fig. 11.

The path tracking experiments are performed in both X-Y and X-Z planes.

In the tracking task in each plane, the potential energy minimization scheme is

involved in the motion control module. Fig. 12 shows the path tracking per-

formances in such two cases. In Fig. 12, we could observe that, with potential

energy minimization utilized, the end-effector/end-point of the upper-limb ex-

oskeleton system can keep tracking the desired circle path(s) in both X-Y and

X-Z planes quite well.

Fig. 13 further shows the position errors of the end-effractor/end-point dur-

ing path tracking tasks in both X-Z and X-Y planes with potential energy

minimization, we can evidently see that the position errors in three dimensions

[Ex, Ey, Ez] are rather small which are lower than the level of 6 mm (< 6×10−3
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Figure 12: Experimental path tracking performance in X-Y plane and X-Z plane for the
upper-limb exoskeleton system with minimal potential energy modulation.

0 5 10 15

Time (s)

-10

-5

0

5

P
os

iti
on

 e
rr

or
s 

(m
)

10-3

E
x

E
y

E
z

(a) Error performance in X-Y plane

0 5 10 15

Time (s)

-6

-4

-2

0

2

4

6

P
os

iti
on

 e
rr

or
s 

(m
)

10-3

E
x

E
y

E
z

(b) Error performance in X-Z plane

Figure 13: Experimental position tracking errors in X-Y plane and X-Z plane for the upper-
limb exoskeleton system with potential energy minimized.

m). All of these experimental results can indicate that, after potential energy

minimization is inducted, the motion control accuracy can still be guaranteed

and the adopted ZD-based method is efficient in computing the referred joint

angles for inverse kinematics resolution. Fig. 14 and Fig. 15 respectively shows

the potential energy without and with its minimization scheme utilized in path

tracking tasks in X-Y and X-Z planes. From the two figures, we evidently see

that the oscillation of the potential energy is greatly eliminated when minimiza-

tion scheme based on ZD is performed. Table 3 shows the comparisons of PEVI

values according to (4) during the same motion control experiments of the upper-

limb exoskeleton system, and we can see that the PEVI values are significantly

decreased after potential energy minimization scheme used, i.e., from 3.816 J·s

to 0.094 J·s in X-Y plane and from 39.629 J·s to 0.243 J·s in X-Z plane. The

potential energy of the upper-limb exoskeleton system is decreased by 97.53%
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Figure 14: Potential energy P in motion control process in X-Y plane for the upper-limb
exoskeleton system during the experiment. After potential energy minimization scheme is
utilized, the oscillation magnitude of potential energy is evidently eliminated.

0 5 10 15

Time (s)

-7

-6

-5

-4

-3

-2

-1

P
ot

en
tia

l e
ne

rg
y 

(J
)

(a) Without potential energy minimiza-
tion

0 5 10 15

Time (s)

-7

-6

-5

-4

-3

-2

-1

P
ot

en
tia

l e
ne

rg
y 

(J
)

(b) With potential energy minimization

Figure 15: Potential energy P in motion control process in X-Z plane for the upper-limb
exoskeleton system during the experiment. After potential energy minimization scheme is
utilized, the oscillation magnitude of potential energy is evidently eliminated.

in X-Y plane and 99.38% in X-Z plane. These evaluations and comparisons

on the potential energy variation demonstrate the efficiency of the resolution

scheme based on proposed ZD-based potential energy minimization. Since the

X-Z plane is the vertical plane which is along the gravity acceleration, the po-

tential energy modulation effect can be more evident by the proposed method as

compared with the case in the X-Y plane. This comparisons also indicate that

the proposed method might be more efficient in weight-support applications.

6. Conclusion

In order to achieve accurate motion control of the upper-limb exoskeleton

with minimal potential energy variation, we propose a new motion planning

strategy with potential energy minimization involved. ZD method is utilized to

guarantee the elegant convergence of solution and successfully obtain the inverse

kinematics resolution accurately for real-time motion control of the upper-limb
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Table 3: PEVI values (J·s) of the upper-limb exoskeleton system during motion control ex-
periments.

Desired path plane Without potential With potential
for motion control energy minimization energy minimization

X-Y plane 3.816 0.094
X-Z plane 39.629 0.243

exoskeleton. The upper-limb exoskeleton system takes advantage of the pro-

posed scheme to achieve desired motion control goal and attempts to minimize

its potential energy. Simulation results and experimental results demonstrate

that the proposed motion planning scheme can make the upper-limb exoskeleton

system track the desired motion path accurately. Moreover, such results demon-

strate that, the potential energy variation range of the upper-limb exoskeleton

can be significantly brought down by 99.34% in both X-Y and X-Z planes.
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