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Abstract. The lower extremity exoskeleton robot is a type of power assisted robot which can
enhance the human walking function. A fundamental problem in the development of the
exoskeleton is the choice of lightweight actuators. Thus in the mechanical structure design in this
paper, the linear motor is selected as it greatly reduces the complexity of the mechanical structure.
Furthermore, the limit switch inside the motor improves the safety performance. Based on the last
version of the exoskeleton, the band positions, length adjusting holes and mechanical limit
structures are increased. In addition, a control system based on DSP is designed. Furthermore, a
kinematics analysis is carried out using the D-H parameter method and a dynamic analysis is
developed using the Newton-Euler method. The driving force of every joint is obtained during the
simulation using ADAMS software.

Keywords: exoskeleton, kinematic analysis, simulation, Newton-Euler.
1. Introduction

Recently, lower limb exoskeletons have become a subject of great research interest as they run
parallel to a wearer’s legs. Exoskeletons can perform particular functions such as: walking
assistance; carrying a heavy burden; and physical therapy support for patients who are unable to
walk again. However, portable power supplies, lightweight actuators and high-efficiency
transmissions are some of the most important factors that still need to be improved [1].

A brief summary of the commercial exoskeleton is presented below.

Currently, about four kinds of exoskeletons are commercially available: HAL, ReWalk,
eLEGS and Rex. The latest version of HAL has 3 active joints with 1 degree of freedom (DoF) at
the hip, the knee and the ankle. Otherwise HAL is designed to only be worn on one side of the
body. Rex provides an actuated flexion/extension of the hip, the knee and the ankle, as well as hip
abduction/adduction and ankle inversion/eversion. It does not need additional support to maintain
a balance, like crutches, but it is only used by patients who sit in wheelchairs and operate hand
controls. ReWalk and eLEGS actively support the flexion/extension at the knee and the hip joints,
and the wearers of both would need walking sticks to maintain a balance.

Other exoskeletons still remain at a research stage, for example SUBAR and WPAL.

An exoskeleton has been designed in the author’s laboratory to improve the walking ability of
the elderly with linear actuators. Thus a simple and convenient actuation module makes an
exoskeleton more compact. The first version of a lower limb exoskeleton has been designed, as
shown in Fig. 1. However, in experiments some shortcomings limited the robot’s ability to work
with humans. In this paper, the improved version is introduced. The structure of the paper is as
follows: the mechanical design is demonstrated in Section 2; the kinematic and dynamic analyses
are performed in Sections 3 and 4; and finally, conclusions are drawn in Section 5.

2. The hardware design of the lower limb exoskeleton
The exoskeleton is a type of robot which is integrated with the wearer’s body. An improved

version is introduced in this section. The lower limb exoskeleton is designed with 2 active
actuators at the hip and knee and the ankle has 1 DoF without an actuator. A design of the
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improved version can be seen in Fig. 2. A circular pipe shape has been selected for the thigh and
shank because of its lightness and ease of processing. Aluminum is the main material used due to

its lightness and inexpensiveness [2-6].

Fig. 1. The first version of the lower limb exoskeleton Fig. 2. The improved version

2.1. The length adjustment in the thigh, shank and waist

To make it comfortable for the wearer, an exoskeleton is supposed to be adjustable in length.
The ratio of the body part to height, which ranges from 160 cm to 180 cm, is shown in Fig. 3.
Thus the variation range is approximately 6 cm for the thigh and shank and 3 cm for the waist.
The mechanical design is shown in Fig. 4. The length of the thigh and shank can be fixed at
390 mm, 410 mm, 430 mm or 450 mm, and the length of waist can be fixed at 392 mm, 408 mm
or 424 mm. The regulation holes are circled in red.
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Fig. 3. The ratio of the body part to its height Fig. 4. The mechanical design of the thigh, shank and waist

2.2. The stop block of the knee

Careful consideration should be given to safety issues when designing the exoskeleton,
especially in the knee. In the sagittal plane, the rotation range of the knee is about —120 degrees
to 0 degrees. To avoid the knee joint going beyond this range, a stop block module is installed at
the knee. As shown in the Fig. 5, the module is painted green. When the red borders of the joint
run into the stop block, the knee will rotate to the limit position. Because a human’s hip can extend
or flex in a wide range, no limit block is installed in the hip joint.

2.3. The actuator

Electric motors have been selected for the actuator due to their convenience and compact
structure, when compared to a hydraulic actuator. The linear motor, which has been remade as
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shown in Fig. 6, is chosen as the actuator due to its several advantages. First of all, its output is a
linear motion and the mechanical structure design is greatly simplified. Moreover, the limit
switches are installed on both ends of the range, which ensures the wearer’s safety. The stroke of
the DC motor is 100 mm, it needs 24 V power supply and its normal rated thrust is 2000 N. When
the positive and negative poles of input power are exchanged, the motor will change its direction
of motion. The motor controller that is matched to the linear motor is adopted, as shown in Fig. 7.
One motor controller can control two motors at the same time.

Fig. 5. The stop block of the knee Fig. 6. The linear motor

Motor 1

Interface Interface

Control
Signal
Interface

Motor 2
Interface

Fig. 7. The motor controller

2.4. The control system design

Since multi-sensor data fusion has been selected as a control method for the synchronization
of the robot and human body, the positions of the thigh and the shank that are detected by sensors
should be known. Thus IMU sensors are attached to the thigh and shank to receive motion
information and encoders are installed at each joint to measure the rotation. The linear
displacement transducers are installed with the DC motors to check their distance range and force
sensors are installed on the surface of the feet to detect the distribution of gravity.

There are 4 DSP modules for controlling the exoskeleton. One is the main module for
calculating and saving data. Two DSPs are used to collect information from the sensors fixed on
the left and right legs, which they then send to the main DSP by CAN (Controller Area Network).
The main DSP then sends orders to the last DSP which controls the linear motors.

3. Kinematic analysis

Following the overview of the mechanical design, the motion process will be introduced in
this section.

There are three rotary motions on each leg of the lower limb exoskeleton. The waist, thigh and
shank are considered to be rigid links in the sagittal plane. Thus the exoskeleton consists of a
series structure with six DoFs [9, 10].

Firstly, the standing posture is defined as the initial position. The origin O of the base
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coordinate system OXYZ is selected at the right ankle. The X axis is horizontally forward. Then
the coordinate system 0,X,Y;Z; is established at the right ankle, and the origin O, coincides with
the origin 0. The Z axis is perpendicular to the surface, and coincides with the spin axis of the
joint. The X axis is along the direction of the shank, and the Y axis is determined by the right-hand
rules. The other coordinate systems are set up in the same way, as shown in Fig. 8. The D-H link
parameters for the exoskeleton are shown in Table 1.

Table 1. The D-H link parameters for the exoskeleton

i 91‘ a; a; di
1 0, 0 0 0
2 0, 0 L 0
3 9 0 I, 0
4 0, 0 0 I
5 0 0 I 0
6 0, 0 I 0

Fig. 8. The D-H model of the exoskeleton
and axes on the joints

The link transformation matrix between the neighboring coordinate systems can be expressed
by the generalized transformation matrix formula, as provided in Eq. (1):

A; = Rot(z,6;)Trans(0,0,d;)Trans(a;, 0,0)Rot(x, ;). €))

Then the link transformation matrix A; between coordinate OXYZand coordinate 0, X;Y;Z;
can be expressed using the following Eq. (2):

A, = Rot(z,6,)Trans(0,0,d,)Trans(a,,0,0)Rot(x, a,)
= Rot(z,6,)Trans(0,0,0)Trans(0,0,0)Rot(x, 0)

cosf; —sinf; 0 O]Jf[1 0 O O cosf; —sing; 0 O 2)
sinf; «cos8; O Of|j0 1 0 O sinf; (:056?1 0 0

| o 0 1 offo o 1 0‘ I 1 of
0 0 0 110 0 0 1 0 1

In the same way, when i = 2, 3, 5, 6, the matrix 4; from the i —1th to the ith coordinate, may
be constructed as:

A; = Rot(z,6;,)Trans(0,0,0)Trans(l;_,,0,0)Rot(x,0)

cosf; —sing; 0 O][1 0 O I, cosf; —sinf; 0 [;_;cosb;
_|sinf; cosf; 0 Off0 1 0 O sinf; cosf; O 0 3)
| o 0 1 0ffo 010 | [oO 0o 1 o

0 0 0 11lo0 0 0 1 0 0 0 1

Additionally matrix A, from coordinate 03X;Y3Z5 to 0,X,Y,Z, can be expressed as:

A, = Rot(z,0,)Trans(0,0,l3)Trans(0,0,0)Rot(x, 0)

cosf, —sinf, 0 OJf[1 O O O cosf, —sinf, 0 O

sind, cosf, O O|[0 1 O O|_|sin8, <cosfd, O O 4
1 o 0 1 o0|fo o1 L[| o 0 1 I

0 0 0 110 0 0 1 0 0 01
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Thus, the position and posture at the end of exoskeleton can be represented in the base
coordinate system as:

Ny Ox Ay Py

n [0) a p
A = A1 Ay A3A,A546 = nJZ/ 0: a: P: ' N
0 0 0 1

The posture at the end in the base coordinate is:
nx OX ax
Ry = [ny 0y ayl_ 6)
nZ OZ aZ
And the position at the end in the base coordinate is:
Te = [Px Py p]". (7

In order to determine its precision, the special values when the exoskeleton is standing upright
are taken into Eq. (5).

Where: 6; =90°, 6, =0°,6; =0°, 06, =180°, 85 =0°, 65 = 0°.

The matrix A becomes Eq. (8), which is consistent with the actual situation:

0 100
-1 00 0

A=1o0 0 1 1 ®)
0 000

4. Dynamic analysis and simulation

The aim of this section is to test and verify whether the motor’s driving force is suitable. In
order to do this the Newton-Euler method is adopted and a simulation is carried using the ADAMS
software.

4.1. The Newton-Euler dynamic formulation

Using Fig. 8 as a basis, the Newton-Euler Dynamic Formulation is used to solve its dynamic

equation.
Firstly, the rotation matrixes for each coordinate system are as follows:
' cosf; —sing; 0] cosf; sinf; 0
1T, = [sing; cosf; O, 'Tj-y =|—sind; cosh; Ol 9)
0 0 1 0 0 1
Thus:
0T, =°T\' Ty, °T3="T%Ts, °Ty="T°Ty, °Ts="T,*Ts, O°Te="Ts Ty,

ZTO

3T22T0, 4To = 471337101 5To = 5T44To, 6To = 6TssTo-
The initial conditions are listed as follows:

Wg=wo=v=0, 1p=(0 g 0).
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4.1.1. The calculation of each joint’s angular velocity
The angular velocity of rotary joint 1 is:
1 To(l)l =1 To(wo + Zoél),

where Z, =[0 0 1]7.
In the same way, when i = 2, 3,4, 5, 6, the angular velocity of rotary joint i is:

ITow; = 1 Tiy (7 Towioq + Zo;).
4.1.2. The calculation of each joint’s angular acceleration
The angular acceleration of rotary joint 1 is:
LTody = 1 To(@g + Zob; + wg X Zy0).
In the same way, when i = 2, 3,4, 5, 6, the angular acceleration of rotary joint i is:
PTot; = T Tioq (T Toioq + Zob; + (71 Towi—1) X Zo6;).

4.1.3. The calculation of each joint’s linear acceleration

The position vector of the origin 0; in the coordinate system whose origin is 0;_ is p;.

The linear acceleration of rotary joint 1 is:
10y = (P Tow) X (* Topi) + (F Towy) X [(F Towy) X (* Top1)] + * Tovo,

wherep; =[0 0 0]7.
In the same way, when i = 2, 3,4, 5, 6, the linear acceleration of rotary joint i is:

FTov; = (FTow;) X (P Top;) + (CTow;) X [(FTow;) X (CTop)] + * Tia (7 Tobi—),
Where iTop;:k = [li—l 0 O]T (l = 23 39 59 6)9 + Topz = [0 0 l3]T'

4.1.4. The calculation of the centroid acceleration of each link

(10)

(11)

(12)

(13)

(14)

(15)

The origin of the base coordinate system and coordinate system O0;X;Y;Z; is the same.
Therefore link 1 can be thought of as the place where the two endpoints coincide. The centroid
acceleration of link 1 is equal to the linear acceleration of rotary joint 1 as expressed in Eq. (16):

1Tyas = 1 Tov,.

Wheni = 2,3,4,5, 6, the centroid acceleration of link i is:
'Toaf = (" Tow;) X ((Tosy) + (F Towy) X [(F Tow;) x (F Tos)] + £ Tovy,
where { Tys; = (—li21/2 0 0)T (i =2,3,5,6),*Tys, =[0 0 —I3/2]".
4.1.5. The calculation of the force on each link

The force on link 6 is:
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®Tofs = me® Toag. (18)
Wheni =1, 2,3,4,5, the force on link i is:

"Tof; = ' Tier (! Tofien) +my' Toaf. (19)
4.1.6. The calculation of the torque on each link

The inertia matrix of link i relative to its centroid in coordinate system (X, Yo, Z;) is 1;.
The torque on link 6 is:

®Tone = (° Tops + © Tose) X (Me® Toag) + © ToNg, (20)

where the total external torque on link 6 is:

®ToNe = (° Tols® Tg) (° Towe) + (° Towg) X [(° Tols® Te) (° Tows)]. (21)
Wheni =1,2,3,4,5, the torque on link i is:

PTony = ' Tiga [ Tongyq + (1 Top)) X (1 Tofi1)] 22)
+(" Top; + 1 Tosp) x (m* Toaf) + ' ToN;.

The total external torque on link i is:
FToN; = ((Toli* T (F Toady) + (F Tow) X [(F Tl Ty (F Tow,)]. (23)
4.1.7. The calculation of the torque on each joint’s actuator
The torque of the actuator on joint 6 is:
T = (° Tong)" (° TsZo). (24)
Wheni = 1,2, 3,4, 5, the torque of the actuator on joint i is:
7 = ((Ton)" ( Tim1 Zo). (25)
4.2. Dynamics simulation

For the purposes of the simulation the three-dimensional model made by SolidWorks is
imported into the ADAMS software [11]. The exoskeleton is then divided into seven parts and
each part is dyed a different color, as shown in Fig. 9. There are two masses on the exoskeleton’s
feet that imitate a human’s legs. The driving function on each joint is set according to the motion
data of the human lower extremity joint.

Following the simulation, the driving force of each joint can be obtained from the
ADAMS/Postprocessor module. As shown in Fig. 10, this is the variation curve of the hip joint’s
driving force. Whereas, in Fig. 11, it is the variation curve of knee joint’s driving force. The
variation curve of the ankle joint’s driving torque is shown in Fig. 12. Thus the biggest driving
force of the hip joint is about 2000 N, the biggest driving force of the knee joint is about 600 N
and the biggest driving torque of the ankle joint is about 6.5 Nm. Because the driving torque of
the ankle joint is far less than that of the knee and the hip joint, there is no actuator on the ankle
joint. Therefore, it can be seen that the linear motors are appropriate for the improved design in
this paper.
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% 1500.0
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Fig. 10. The required driving force of the hip joint
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Fig. 11. The required driving force of the knee joint
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Fig. 12. The required driving torque of the ankle joint

5. Conclusions

In this paper, a type of lower limb power assisted exoskeleton for the elderly has been
designed. Based on human-machine coordination, the mechanical structure was improved by
increasing the band positions, stop blocks and other factors. The control system which is based on
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DSP and multi-sensors has been introduced and kinematics analysis has been carried out according
to the D-H parameter method. Furthermore, the parameters of the special positions were brought
into equations to verify the imprecision, and these were seen to be consistent with the actual
situation. The dynamics modeling analysis of the exoskeleton was developed by using the Newton
Euler method and subsequently the required driving force of each joint of the lower extremity was
obtained. Using ADAMS software, the 3D model was simulated as if it was a real situation.
Subsequently the driving force of the hip, knee and ankle joint were attained, which provided an
important reference for the selection of the motor. The dynamics analysis in this paper provided
an important foundation for the control system and also offered a significant reference for the
study of a humanoid robot’s dynamic walking.
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