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Mechanical design and trajectory
planning of a lower limb rehabilitation
robot with a variable workspace
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Abstract
The early phase of extremity rehabilitation training has high potential impact for stroke patients. However, most of the
lower limb rehabilitation robots in hospitals are proposed just suitable for patients at the middle or later recovery stage.
This article investigates a new sitting/lying multi-joint lower limb rehabilitation robot. It can be used at all recovery stages,
including the initial stage. Based on man–machine engineering and the innovative design for mechanism, the leg length of
the lower limb rehabilitation robot is automatically adjusted to fit patients with different heights. The lower limb reha-
bilitation robot is a typical human–machine system, and the limb safety of the patient is the most important principle to be
considered in its design. The hip joint rotation ranges are different in people’s sitting and lying postures. Different training
postures cannot make the training workspace unique. Besides the leg lengths and joint rotation angles varied with different
patients, the idea of variable workspace of the lower limb rehabilitation robot is first proposed. Based on the variable
workspace, three trajectory planning methods are developed. In order to verify the trajectory planning methods, an
experimental study has been conducted. Theoretical and actual curves of the hip rotation, knee rotation, and leg
mechanism end point motion trajectories are obtained for three unimpaired subjects. Most importantly, a clinical trial
demonstrated the safety and feasibility of the proposed lower limb rehabilitation robot.
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Introduction

According to the statistics from the China Disabled Per-

sons’ Federation, in 2010 the number of patients with limb

disorder was about 24.72 million in China. There are about

1.5 million people being affected by a stroke every year,

and most stroke patients lose their walking ability.1,2 The

problem of aging population is becoming more and more

serious and the number of people over 60 was over

220 million in 2016.3 The elderly are the main risk group

for cerebral vascular disease and stroke. These diseases

may also cause limb motor dysfunctions to elderly
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people.4–7 Meanwhile, due to the occurrence of traffic

accidents and natural disasters, the number of patients with

nerve damage and limb injuries increases.8 The patients

with physical disabilities have difficulty in independently

performing daily life activities.9,10 The treatment for limb

motor dysfunctions requires a lot of manpower, material,

and financial resources, which creates an enormous burden

on society. Robotic systems have been applied to the reha-

bilitation field.11,12 They are highly accurate, can work for

very long periods of time, can automatically feedback the

progress, and perform a wide range of forces and

motions.13 Thus practically applicable rehabilitation robots

are urgently needed. At present, the research on lower limb

rehabilitation robots (LLR-Ros) has become a hot spot,14–

18 and several LLR-Ros have been developed. They can be

divided into single degree of freedom rehabilitation robots,

wearable rehabilitation robots, suspended rehabilitation

robots, and sitting/lying rehabilitation robots. The effect

of a single degree of freedom rehabilitation robot is not

good as it just can realize only one rehabilitation move-

ment. The wearable rehabilitation robot would be adopted

when the patients have high abilities to walk independently

in the later recovery stage.

Wang et al. proposed a suspended rehabilitation trainer

and a patient-driven control strategy to motivate patient

participation.19 The Lokomat,20,21 developed by Hocoma

AG (Volketswil, Switzerland), is the first driven gait ortho-

sis that helps to improve the walking movements of patients

who are gait-impaired. Colombo et al.22 gave a detailed

description of the Lokomat. Other typical suspended gait

trainers include LOPES,23,24 RAGT,25 Haptic Walker,26

LokoHelp,27,28 and Gangtrainer GT I.29

Carleton University made a Virtual Gait Rehabilitation

Robot (ViGRR) for bedridden stroke patients. It can pro-

vide the average gait motion training as well as other tar-

geted exercises such as leg press, stairstepping, and

motivational gaming.30 Swortec company made the most

advanced sitting gait trainer, the MotionMaker.31–33 The

system is composed of two robotic orthoses comprising

motors and sensors, and a control unit managing the

transcutaneous electrical muscle stimulation with real-

time regulation. Yıldız University of Science and

Technology in Turkey made a sitting/lying gait trainer, the

Physiotherabot, helping patients do passive training and

active training.34 A wire-driven leg lying rehabilitation sys-

tem was developed by the National Institute of Advanced

Industrial Science and Technology of Tsukuba.35

Although researchers have developed many kinds of

LLR-Ros, there are not many robots that are suitable for

patients at all injury levels. Most of the suspended gait

trainers are suitable for patients in their middle and late

stages of recovery who are already able to stand up. Stroke

patients would recover better, if they start rehabilitation

training earlier after the stabilizing state of the illness.36

So the sitting/lying rehabilitation trainer has a strong

advantage. This article proposes a new applicable sitting/

lying LLR-Ro. This innovative mechanism design makes it

different from the other sitting/lying rehabilitation robots.

The mechanical structure comparison with the other sitting/

lying lower limb trainers is shown in Table 1.

Besides, this article first proposes a variable workspace

of the sitting/lying LLR-Ro. Based on the variable work-

space, three trajectory planning methods are put forward,

including the largest circle trajectory planning, the largest

linear trajectory planning, and the arbitrary curve trajectory

planning. The largest circle trajectory planning and the

largest linear trajectory planning allow the patient’s joints

to move with the largest rotation range. Based on the level

of their recovery, the arbitrary curve trajectory planning

allows patients to design the trajectory by themselves to

improve the initiative of the patients.

Innovative design of the LLR-Ro

Based on the theory of innovation and modularity, the

LLR-Ro is mainly divided into the left leg mechanical

module (LLMM), the right leg mechanical module, the

mobile seat, and the control box (as shown in Figure 1).

There are four universal casters installed under the mobile

seat, so the seat could be separated from the LLR-Ro to

Table 1. Mechanical structure comparison with other sitting/lying trainers.

Features LLR-Ro MotionMaker VIGRR Physiotherabot

Rehabilitation joint Hip, knee, and ankle
joint

Hip, knee, and ankle joint Hip, knee, and ankle joint Hip and knee joint

Leg length adjustment
method

By motor By hand — By hand

Knee joint motor
installation position

At the rear end of the
thigh assembly

At the front-end of the
thigh assembly

— At the front end of the thigh
assembly

Hip/knee joint torque
measurement
method

Torque sensors are
installed at the joint
axis to obtain the
robot torque directly

Force sensors are installed
on the ball screw drive
to get the robot joint
torque indirectly

Force sensors are
installed on the foot
assembly to get the
robot joint torque
indirectly

Force sensors are installed
on the thigh and calf
assembly to get the robot
joint torque indirectly

Conveying function It has a mobile seat It needs assistance tool It needs assistance tool It needs assistance tool
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transfer the patient from the bed to the LLR-Ro or vice

versa. The LLMM is symmetric with the right one. The

workspace of the LLMM needs to meet the demand of

patients with a height ranging from 1500 to 1900 mm.

Three joint rotation ranges of motion of the LLMM, which

are consistent with patient legs, can be achieved. How-

ever, the below three joint rotation ranges are shown in

Table 2. They are just designed to satisfy the patient’s

daily activity needs.

Foot assembly structure design

The foot assembly consists mainly of the ankle joint drive

assembly, the ankle rack, and the plantar plate assembly as

shown in Figure 2. The foot assembly has two protection

modes, namely the limit switch protection mode and the

mechanical protection mode, which make it highly reliable

and safe. The limit switch is installed at the ankle joint

extreme position. When the foot assembly rotates almost

at the ankle joint extreme position, the control circuit would

be cut and the robot stops the mechanical leg motion to

protect the patients from being harmed. The motor encoder

is utilized to measure the ankle joint rotation’s angle. There

is a pull-press sensor installed on the plantar plate assem-

bly. During the rehabilitation training, while the patient’s

foot is on the pedal of the LLR-Ro and the ankle joint

rotates, the pull-press sensor can get the voltage signals

which can be transformed into plantar force values. This

design can acquire the ankle torque based on the force the

patient’s foot applies on the robot. It reduces the dimen-

sions and the costs, in comparison with a structure that

adopts a torque sensor, as most of the small dynamic torque

sensors are more expensive than the force sensors.

Calf assembly structure design

The calf assembly contains the calf length adjustment

mechanism, the torque measurement mechanism (see

Figure 3), the knee joint drive chain, the calf rack I, the

calf rack II, the limit switch and the absolute position enco-

der (see Figure 4). The calf assembly design also considers

two protection modes to prevent the patient being second-

harmed. The absolute position encoder, which is installed

to measure the knee joint rotation angle directly, can elim-

inate measuring errors and make the training trace more

accurate. One end of the torque sensor is installed on the

calf rack II and the other end is installed on driven gear.

And both the torque sensor and the driven gear are con-

nected with bearing inner rings. The bearing outer rings are

fixed on the thigh rack II. The design of the torque sensor

installation structure ensures that it only measures the tor-

que without the axial force and the radial force and no

fictional moment.

LLMM
Right leg

mechanical 
module 

Control Box

Mobile seat

Figure 1. Prototype of the LLR-Ro. LLR-Ro: lower limb rehabi-
litation robot.

Table 2. Three joint rotation ranges of motion.

Joint Minimum value Maximum value

Hip (q1) 0� 80�

Knee (q2) �120� 0�

Ankle (q3) �15� 30�

Hinge pin Plantar plate rack

Ankle rack Pull-press
sensorReducer

Motor

Driving gear

Driven gear

Limit switch

Calf rack
(a) (b)

Figure 2. Foot assembly structure design: (a) the ankle joint drive
assembly and (b) the plantar plate assembly.

Pushrod

Slide rail

Calf rack I

Slider 

Calf rack II

(a) (b)

Driven gear Medium gear

Torque sensor

Thigh rack II

Calf rack II

Sensor connecting

Figure 3. Calf assembly structure design: (a) calf length adjust-
ment design and (b) knee torque measurement design.
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Thigh assembly structure design

The thigh assembly includes the thigh length adjustment

mechanism, the swinging frame, the torque sensor, the

absolute position encoder, and the hip drive chain (see

Figure 5). The working principle of the thigh length adjust-

ment mechanism is as follows. One end of the pushrod is

connected to the thigh rack, while the other end is con-

nected to the swinging frame; the slider is installed on the

thigh rack and the slide rail is installed on the swinging

frame; so when the length of the pushrod is changed, the

thigh rack is in motion with respect to the swinging frame.

The other merit of the thigh assembly design is that the

knee joint drive components are installed at the rear end

of the thigh assembly, so the weight of the knee drive

components acts as a balance weight and reduces the hip

joint drive power.

Mathematical model of LLR-Ro’s variable
workspace

Relationship between the terminal position and the
joint angles

This article defines the length of the thigh as l1 and the

length of the calf as l2. The linkage model of the LLR-Ro

can be simplified as shown in Figure 6, O represents the hip

joint, O1 represents the knee joint, O2 represents the ankle

joint, q1 and q2 represent the rotation angle of the joints,

and the rotation shaft center of the hip joint is the origin of

the coordinate system. As the lengths of the thigh and the

calf are much longer than the foot, in the following trajec-

tory planning methods, the ankle joint motion is designed

separately to obtain large ranges of motion, so here O2 is

chosen as the end point, which can be expressed as

xO2 ¼ l1 cosq1 þ l2 cosðq1 þ q2Þ
yO2 ¼ l1 sinq1 þ l2 sinðq1 þ q2Þ

�
ð1Þ

Solution of the variable workspace mathematical
model

As the LLR-Ro is a typical human–machine system, the

limb safety of the patient is the most important principle to

be considered in its design. There is a safety angle

between the thigh and the upper part of the body in both

sitting and lying posture training as shown in Figure 7. If

the upper part of the body is at the dotted line position and

the thigh is at the full line position, it would bring the

patient a secondary damage. So the sitting and the lying

posture training have different training workspaces, and

the patient’s training safety is a high priority, the variable

workspace of the robot is proposed.

Pulley tension device

Limit switch

Medium gear

Driven gear II
Cam

Driven gear III
Pushrod

Reducer
Driven pulley I

Driving gear II

Absolute position
encoder

Calf rack II

Slider
Slide rail

Knee joint
drive assembly

Figure 4. Thigh assembly structure design.

Foot assembly

Calf assembly

Thigh assembly Swinging rack

Hip joint drive assembly

Figure 5. Mechanical leg structure design.
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2

1l
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0y

1y

2y

3y
0x

2x 2l

3x
Joints of lower limb

Segment length of lower limb P

2O

1O

θ

θ

O

Figure 6. The linkage model and the coordinate system
establishment.

Calf 
Thigh

Foot

Upper part of the body

Figure 7. Training posture sketch of the patient.
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Meanwhile, for a particular patient, during different

recovery stages, the LLR-Ro allows to adjust the rotation

angles’ limits of the hip and knee joints according to the

physician’s recommendations, so the workspace area of the

LLR-Ro changes. The trajectory planning should be carried

out in the workspace, so the first step is solving the variable

workspace. Using the geometrical method to get the solu-

tion is simple and pictorial. The workspace consists of four

circle arcs as shown in Figure 8. The point O represents the

hip joint, q11 is the minimum angle of the hip joint, q12 is

the maximum angle of the hip joint, q21 is the minimum

angle of the hip joint, and q22 is the maximum angle of the

hip joint. The curve S1 represents the trajectory of the end

point when the hip joint rotates within its range of rotation

while the knee is bent to the maximum. The curve S2 rep-

resents the trajectory of the end point when the hip joint

rotates within its range of rotation while the knee is bent to

the minimum. The curve S3 represents the trajectory of the

end point when the knee joint rotates within its range of

rotation while the hip is at the maximum position. The

curve S4 represents the trajectory of the end point when

the knee joint rotates within its range of rotation while the

hip is in the minimum position. In order to express the arc

Siði ¼ 1; 2; 3; 4Þ expediently and easily, we assign

Si ¼ ðxi; yi; ri;ai;biÞ ð2Þ

In equation (2), ðxi; yiÞ is the center of the arc Si, ri, ai, bi

are the radius, the start angle, and the end angle of the arc

Si, respectively.

The figure F enclosed by these four curves

Siði ¼ 1; 2; 3; 4Þ is the robot variable workspace, by apply-

ing the geometrical method the workspace can be

expressed as

F ¼

S1

S2

S3

S4

2
6664

3
7775 ¼

x1 y1 r1 a1 b1

x2 y2 r2 a2 b2

x3 y3 r3 a3 b3

x4 y4 r4 a4 b4

2
6664

3
7775 ð3Þ

where

x1 ¼ y1 ¼ x2 ¼ y2 ¼ 0

x3 ¼ l1 � cosq12

y3 ¼ l1 � sinq12

x4 ¼ l1 � cosq11

y4 ¼ l1 � sinq11

r1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2
1 þ l2

2 � 2� l1 � l2 � cosð180þ q22Þ
p

r2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2
1 þ l2

2 � 2� l1 � l2 � cosð180þ q21Þ
p

r3 ¼ r4 ¼ l2

a3 ¼ q12 � q21

a1 ¼ q11 � arccos
r1

2 þ l2
1 � l2

2

2� r1 � l1

a2 ¼ q11 � arccos
r2

2 þ l2
1 � l2

2

2� r2 � l1

a4 ¼ q11 þ arccos
l2
2 þ l2

1 � r2
2

2� r1 � l1

b1 ¼ q12 � arccos
r1

2 þ l2
1 � l2

2

2� r1 � l1

b2 ¼ q12 � arccos
r2

2 þ l2
1 � l2

2

2� r2 � l1

b3 ¼ q12 � q22

b4 ¼ q11 � q22

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

ð4Þ

Solution of different trajectory modes
in variable workspace

Three training trajectory planning modes are proposed,

including the largest circle trajectory mode, the largest lin-

ear trajectory mode, and the arbitrary curve trajectory

mode. The largest circle trajectory mode and the largest

linear trajectory mode are adopted to ensure the largest

rotation range for the movements of the patient’s joints,

and as a result, the effectiveness of the rehabilitation pro-

cess on the patient increases. The arbitrary curve trajectory

mode can meet the needs of all users and make the training

more customizable, as it allows patients to design the tra-

jectory by themselves based on the level of their recovery.

Based on the degree of their lower limb injury, patients

choose their training trajectories, as different training tra-

jectories can help the patient recover different joint ranges

of motion. All training trajectories consisted of the joint

ranges to satisfy the patient’s daily activity needs.

Solution of the largest circle trajectory mode

For the workspace variability and randomness, the patient

has many circle trajectories in it. The largest circle trajec-

tory mode is proposed. This mode contains a series of

largest circle trajectories to satisfy patient-demanded joint

y θ

θ

β
α

α
α

α

β

β

βθ

θ x

1S

2S
4S

3S1l
2l

11

21

12

22

O

3s

3s

2s
2s

1s

1s

4s

4s

Figure 8. The variable workspace of the robot.
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motion. The trajectories can be divided into four domains.

The circle Oijði ¼ 1; 4; j ¼ 2; 3Þ is tangent to the circles Si

and Sj simultaneously as shown in Figure 9. OSiðxi; yiÞ is

the center of the arc Si. O Sjðxj; yjÞ is the center of the arc

Sj. Oijðxij; yijÞ is the center of the circle Oij. rij is the radius

of the circle Oij. rij is the variable and its size depends on

the user choice. The radii of the circles require more than

50 mm to ensure that the training is effective each time.

The trajectory can be solved through the geometrical

method in the following equation

ðxij � xiÞ2 þ ðyij � yiÞ2 ¼ ðrij � riÞ2

ðxij � xjÞ2 þ ðyij � yjÞ2 ¼ ðrijþrjÞ2

(
ð5Þ

The trajectories are verified through the computer

simulation. The thigh length and the calf length are 420

and 330 mm, respectively. The maximum hip joint and the

minimum hip joint are 70� and 10�, respectively. The

maximum knee joint and the minimum knee joint are

�10�and �110�, respectively. The least radius of the cir-

cles is 50 mm and the radius increases by 5 mm. From the

simulation, the workspace and circle trajectories are

achieved, as shown in Figure 10.

Solution of the largest linear trajectory mode

Picking the start point is important to get the largest

linear trajectory. Based on the patient joint motion range

natural recovery situation, the point K is selected as the

start point, which is the intersection of the circles S2 and

S3. To make largest linear trajectory more choices avail-

able, KM is changed with the qKM varying from �60� to

60�, the length of the line KM is at least 50 mm to

ensure the patient training effectively. The point M on

the line should be on the workspace periphery as shown

in Figure 11.

The trajectory can be expressed by a matrix L

L ¼ ðxK ; yK ; qk ; xM ; yM Þ ð6Þ

where

xK ¼ rS2 cosqK

yK ¼ rS2 sinqK

qK ¼ q12 � arccos
r2

S2 þ l2
1 � l2

2

2� rS2 � l1

yM ¼ tanqKM � ðxM � xKÞ þ yK

ð7Þ

In formula (6), ðxK ; yKÞ is the coordinate of the start

point K, qK is the incidence of line OK, ðxK ; yKÞ is the

coordinate of the end point M.

In equation (6), xM is a variable. qKM increases by 5�.
The trajectories are verified through the computer simula-

tion, as shown in Figure 12.

Solution of the arbitrary curve trajectory mode

The arbitrary curve trajectory mode implies that patients

can draw the training trajectory in their workspace by them-

selves. The patient draws curves on the screen. Then the

robot will deal with the curves automatically and estimate

whether they are in the workspace. If the curves are beyond

the patient workspace, the curves need to be modified. If

not, the robot will save the curves and help the patient do

the recovery training exercises. The user can draw regular

figures (circular or linear trajectories) and irregular figures

as shown in Figure 13.

For the circular trajectory, the user clicks in the work-

space, then the point will be defined as the center. As the

mouse moves, the coordinates of the end point will be

obtained. The distance between the center and the end point

is the radius of the circle trajectory. For the linear trajec-

tory, the point the user clicks in the workspace is set as the

starting point of the trajectory, and the second click point is

the end point.

For the irregular figure, the clicks will be set as the

waypoints. Waypoints are connected with each other

through some lines. Those lines compose an irregular fig-

ure and the figure will be processed to be a smoothed one.

For example, there is an irregular figure with several way-

points as shown in Figure 14. Waypoints would be con-

nected by the curves meeting the following conditions. The

first curve connects the first waypoint and the second way-

point and the last curve connects the last waypoint and the

second-to-last waypoint through the quartic polynomial

interpolation method. The curves connect the rest of the

points through the trinomial interpolation method.

In order to ensure the continuous velocity condition, the

velocities of the first waypoint and the last waypoint are

zero. The speeds of the other adjacent two points are equal.

To ensure the continuous acceleration condition, the accel-

eration of the first waypoint and the last waypoint is zero.

The acceleration of the other adjacent two points is equal.

The trajectory after interpolation is obtained as shown in

Figure 14. From Figure 14, it can be found that the trajec-

tory after interpolation is similar to the trajectory before

x1 2( )( )S SO O O

y

3SO 13O3S

1S

2S
4S

34O

12O

24O

4SO

Figure 9. The training trajectories in the largest circle trajectory
mode.
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interpolation, but it is smoother than the trajectory before

interpolation.

Preliminary experimental trials on healthy
subjects

In order to verify the trajectory planning of the robot, an

experiment has been conducted with three normal subjects.

Their heights, calf lengths, and thigh lengths have been

recorded as shown in Table 3. The hip joint ranges and

knee joint ranges of the subjects are limited to mimic the

patient status, as shown in Table 4.

Before the clinical test, approval for all studies was

obtained from Yanshan University ethics committees, and

all subjects gave written informed consent. According to

the subjects’ joint ranges and leg lengths, the robot calcu-

lated the subjects’ workspace in the largest circle trajectory

mode. In this experiment, the training trajectories are cho-

sen tangent to the boundary curves S1 and S2. As r12 is the

variable, here defines r12 equaling 110 mm. It will take the

robot 20 s to complete one round of the trajectories. The

robot calculated the subjects’ training trajectories and

assisted the subjects completing the training movements.

Figure 15 shows the experimental process of subject II, as

Figure 10. The largest circle trajectories verified through the simulation: (a) the solution of the circle O13, (b) the solution of the circle
O24, (c) the solution of the circle O12, and (d) the solution of the circle O34.

O x

y

P

θ
θ

θ

θK

M

3S

2S

12

K

PK
KM

2Sr

1S

4S

Figure 11. The line KM in the workspace.
Figure 12. The simulation of the KM.
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the experimental processes of subject I and subject III are

almost the same as subject II. Three subjects with different

heights completed it safely.

Theoretical trajectories of the subjects’ ankle joint axis

are shown in Figure 16. Based on the theoretical trajec-

tories, the robot calculated LLR-Ro knee joint theoretical

motion curves and hip joint theoretical motion curves as

shown in Figures 17(a) and 18(a). The robot also obtained

LLR-Ro hip joint actual motion curves and knee joint

actual motion curves through the absolute position sensors

as shown in Figures 17(a) and 18(a). The errors of the hip

and knee joint actual motion data with theoretical motion

data are shown in Figures 17(b) and 18(b). Actual trajec-

tories of the subjects’ ankle joint axis are calculated

through equation (1) as shown in Figure 16. The leg end

point motion error curves of three subjects are obtained as

shown in Figure 19.

Figure 13. The simulation of the arbitrary curve trajectory planning: (a) the circular trajectory, (b) the linear trajectory, and (c) the
irregular figure trajectory.

440 460 480 500 520 540 560 580 600 620 640
-140

-120

-100

-80

-60

-40

-20

0

20

40

60

Trajectory after interpolation
Trajectory before interpolation

X/mm

Y
/m

m

Figure 14. The irregular figure being processed to be smooth by
the computer.

Table 3. Physical size of the subjects.

Subject Gender Age
Height
(mm)

Thigh length
(mm)

Calf length
(mm)

I Female 25 161 440 345
II Male 26 167 469 372
III Male 24 183 526 421

Table 4. Joint ranges of the subjects.

Subject
Maximum of
hip joint (�)

Minimum of
hip joint (�)

Maximum of
knee joint (�)

Minimum of
knee joint (�)

I 80 0 0 �120
II 50 10 �45 �100
III 80 0 0 �120

8 International Journal of Advanced Robotic Systems



Figure 15. The experimental process of subject II.
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Figure 16. The leg end point motion curves of the three subjects: (a) the leg end point motion curves of subject I, (b) the leg end point
motion curves of subject II, and (c) the leg end point motion curves of subject III.

Figure 17. Theoretical and experimental curves of knee rotation: (a) theoretical and experimental knee rotation curves of the three
subjects and (b) the knee joint rotation errors of the three subjects.
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Clinical trials of LLR-Ro

In order to test the feasibility and safety of LLR-Ro, 60

stroke patients with lower limb dysfunction in the First

Affiliated Hospital of Xinxiang Medical College were cho-

sen to carry out the clinical trial. The trials lasted from

January 19, 2015 to April 8, 2015. Before the clinical test,

approval for all studies was obtained from local ethics

committees, and all subjects or their legal representatives

gave written informed consent. According to the experi-

mental requirements, patients were divided into two

groups, named the experimental group and the control

group. Each group consisted of 30 people. Basic informa-

tion of the two groups was recorded, including age and

disease course. The age of the two groups was compared

as shown in Table 5 and the disease course of the two

groups was compared as shown in Table 6. The compar-

isons between the two groups were similar (p > 0.05).

The experimental group did the rehabilitation training

with LLR-Ro, while the control group did the training

through the other quality LLR-Ro (YKXZFK-9, Xiangyu

Medical Equipment Co., Ltd [Anyang, China]). The speed

and the motion range of the robots were set slow and small,

Figure 18. Theoretical and experimental curves of hip rotation: (a) the theoretical and experimental hip rotation curves of the three
subjects and (b) the hip joint rotation errors of the three subjects.

Figure 19. The leg end point motion error curves of the three subjects: (a) the leg end point motion errors along x-axis, (b) the leg end
point motion errors along y-axis.

Table 5. Age comparison between the two groups.

Group Amount Min Max �X+ SD t p

Experimental
group

30 25 70 47.50 + 10.99 1.309 0.196

Control
group

30 19 67 44.00 + 12.62
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respectively, at the start of the rehabilitation training. Then

they would be set faster and larger based on the patients’

rehabilitation condition and the physician’s suggestion.

The patients in both groups attended the rehabilitation

training one time a day and each time 30 min. The patients

rested on Sunday to get stamina for the next week. Each

patient’s rehabilitation training lasted 4 weeks. The patients

were assessed with Clinical Neurological Functional Defi-

cit and Fugl-Meyer assessment before and after treatment.

The clinical trial research data were recorded as shown in

Tables 7 and 8.

The rehabilitation physicians finally obtained the clin-

ical trial results of LLR-Ro. Through t-test, there were

significant differences with regard to Clinical Neurological

Functional Deficit and Fugl-Meyer assessment in the two

groups before and after treatment (p < 0.001). The treat-

ment result of the experimental group is similar to the

control group (p > 0.05). This verifies that it is feasible to

help patients doing rehabilitation training through the LLR-

Ro. In the whole clinical trial, patients in the two groups

had no adverse events. The adverse event rates were the

same, both were 0.00%. Therefore, the clinical tests

showed that the use of LLR-Ro was safe.

Discussion

Compared with the present sitting/lying rehabilitation

robots, LLR-Ro could adjust the length of the mechanical

leg electrically through an innovative design of the length

adjustment mechanism. This merit is well received by the

rehabilitation physicians as they do not have to adjust the

mechanical leg length by hands to fit patients with different

heights. Meanwhile, the knee drive motor is installed at the

rear end of the thigh assembly, and this design needs the hip

joint driving torque to be smaller than the motor installed at

the front end. The operation life of the hip motor could be

improved. Besides, the torque sensor is installed at each

joint axis and measures the hip/knee torque directly without

intermediate transmission. This design could improve the

torque measurement accuracy.

To guarantee the safety of patients, a variable workspace

conception is first proposed, and three training trajectory

planning modes are proposed and simulated in the variable

workspace. Preliminary experimental trials on healthy sub-

jects are conducted to verify the science of the trajectory

planning methods. Figure 16(a) to (c) tells that the trajec-

tories are not at the same position for people of different

heights designed to train through a same size circle. Figure

19 tells that the actual trajectories are similar when com-

pared to the theoretical ones. The errors are quite small, and

the LLR-Ro can meet the requirements of clinical applica-

tion. In Figures 17(a) and 18(a), both the hip joint and the

knee joint motion ranges of the subject I are larger than

the subject III’s in the same trajectory size. However, both

the hip joint motion ranges contain 0�–24� and both the

knee joint motion ranges contain �120� to �85�, having

a large interaction. The hip joint motion range of subject II

is 24�–46.5�and the knee motion range of subject II is�95�

to �55�, both the hip joint and knee joint motion range

interactions with subject I are very small. So the joint train-

ing ranges generated by the LLR-Ro with the largest circle

trajectory mode could satisfy the needs of the patients with

Table 6. Disease course comparison between the two groups.

Group Amount Min Max �X+ SD t p

Experimental group 30 10 55 30.37 + 13.57 �0.495 0.622
Control group 30 10 54 32.13 + 14.07

Table 7. The comparison of Clinical Neurological Functional Deficit scores before and after treatment.

Group Amount Before treatment After treatment t p

Experimental group 30 18.43 + 5.41 13.90 + 6.05 16.796 0.00
Control group 30 21.43 + 6.47 12.90 + 6.80 12.093 0.00
t �1.948 0.052
p 0.056 0.602

Table 8. The Fugl-Meyer assessment scores in the two groups before and after treatment.

Group Amount Before treatment After treatment t p

Experimental group 30 11.97 + 5.03 20.23 + 6.46 �12.079 0.00
Control group 30 13.97 + 5.26 20.28 + 6.87 �11.169 0.00
t �1.505 0.116
p 0.138 0.908
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different joint range requirements. From Figures 17(b) and

18(b), all the absolute values of the errors are smaller than

0.3�. It tells that LLR-Ro has a high position control accu-

racy used for patient training. Besides, all the knee joint

motions of the three subjects have the largest error around

8 s. That is led by the gear clearance at the knee joint. The

errors are quite small, and the LLR-Ro can meet the

requirements of clinical application. Those methods could

generate all the trajectories proposed on the other sitting/

lying rehabilitation robots.

Only few of the sitting/lying LLR-Ros undergo clinical

trials. LLR-Ro has completed 60 clinical trials and it is

feasible to help patients doing rehabilitation training

through the LLR-Ro. However, the quantity of clinical

trials needs to be increased in the future to verify the abso-

lute safety and useful recovery of LLR-Ro. Besides, the

recovery effect comparison between the LLR-Ro and the

suspended rehabilitation robots, the recovery effect com-

parison between the LLR-Ro and the other sitting/lying

rehabilitation robots will be researched in the future.

Conclusions

A new sitting/lying multi-joint LLR-Ro is developed to

help people with lower extremity injuries in all recovery

stages. It has a great advantage relative to the suspended

LLR-Ro. The innovative mechanism design of the LLR-Ro

also makes it different from the other sitting/lying rehabi-

litation robots. The idea of the variable workspace is first

proposed, as the hip joint rotation ranges are different in

people’s sitting and lying postures. Based on the variable

workspace, trajectory planning of the arbitrary curve, the

largest linear motion and the largest circle motion methods

are put forward and simulated. All the training trajectories

can make the hip joint and knee joint motion ranges meet

daily activity requirements of normal people. The experi-

mental research results on trajectory planning prove that

the solution of variable workspace is correct and trajectory

planning of the robot is reasonable. The clinical test shows

that LLR-Ro is feasible and safe for the 30 patients. In the

future, the quantity of the clinical trials will be increased to

verify the absolute safety and useful recovery of LLR-Ro.

Acknowledgements

The authors gratefully acknowledge the patients for their willing-

ness to participate in the study and the members of the research

team for their help and support.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with

respect to the research, authorship, and/or publication of this

article.

Funding

The author(s) disclosed receipt of the following financial support

for the research, authorship, and/or publication of this article: This

work was supported by China Science and Technical Assistance

Project for Developing Countries (KY201501009), Special

Research Fund for the Doctoral Program of Higher Education

(20131333110006), the Hundred Talents Program of Hebei Prov-

ince and European Commission Marie Skłodowska-Curie

SMOOTH project (H2020-MSCA-RISE-2016-734875).

References

1. Zhang F, Hou ZG, Cheng L, et al. iLeg—A lower limb reha-

bilitation robot: a proof of concept. IEEE Trans Hum Mach

Syst 2016; 46: 761–768. DOI: 10.1109/THMS.2016.2562510.

2. Wang WQ, Hou ZG, Cheng L, et al. Toward patients’ motion

intention recognition: dynamics modeling and identification

of iLeg—an LLRR under motion constraints. IEEE Trans

Syst Man Cybern Syst 2016; 46(7): 980–992. DOI: 10.1109/

TSMC.2016.2531653.

3. Ministry of civil affairs of the People’s Republic of China,

statistical communiqué of the 2015 development of social

service. http://www.mca.gov.cn/article/sj/tjgb/201607/

20160700001136.shtml (2016, accessed 10 March 2017).

4. Kwakkel G, Kollen BJ and Krebs HI. Effects of robot-

assisted therapy on upper limb recovery after stroke: a sys-

tematic review. Neurorehabil Neural Repair 2007; 22(2):

111–121. DOI: 10.1177/1545968307305457.

5. Wang S, Wang L, Meijneke C, et al. Design and control of the

MINDWALKER exoskeleton. IEEE Trans Neural Syst Reha-

bil Eng 2014; 23(2): 277–286. DOI: 10.1109/TNSRE.2014.

2365697.

6. Wang WQ, Hou ZG, Tong LN, et al. A novel leg orthosis for

lower limb rehabilitation robots of the sitting/lying type.

Mech Mach Theory 2014; 74: 337–353. DOI: 10.1016/j.

mechmachtheory.2013.12.021.

7. Chen G, Chan CK, Guo Z, et al. A review of lower extremity

assistive robotic exoskeletons in rehabilitation therapy. Crit

Rev Biomed Engx 2013; 41(4–5): 343–363. DOI: 10.1615/

CritRevBiomedEng.2014010453.

8. Feng YF, Wang HB, Lu TT, et al. Teaching training method

of a lower limb rehabilitation robot. Int J Adv Robot Syst

2016; 16(57): 1–11. DOI: 10.5772/62445.

9. Prange GB, Jannink MJ, Stienen AH, et al. Influence of

gravity compensation on muscle activation patterns during

different temporal phases of arm movements of stroke

patients. Neurorehabil Neural Repair 2009; 23(5): 1–8.

DOI: 10.1177/1545968308328720.

10. Wang HB, Zhang D, Lu H, et al. Active training research of a

lower limb rehabilitation robot based on constrained trajec-

tory. In: International conference on advanced mechatronic

systems, Beijing, China, 22–24 August 2015, pp. 24–29.

IEEE. DOI: 10.1109/ICAMechS.2015.7287123.

11. Ozkul F and Barkana DE. Upper-extremity rehabilitation

robot RehabRoby: methodology, design, usability and

validation. Int J Adv Robot Syst 2009; 10(401): 1729–8806.

DOI: 10.5772/57261.

12. Westerveld AJ, Aalderink BJ, Hagedoorn W, et al. A damper

driven robotic end-point manipulator for functional rehabili-

tation exercises after stroke. IEEE Trans Biomed Eng 2014;

61(10): 2646–2654. DOI: 10.1109/TBME.2014.2325532.

12 International Journal of Advanced Robotic Systems

http://www.mca.gov.cn/article/sj/tjgb/201607/20160700001136.shtml
http://www.mca.gov.cn/article/sj/tjgb/201607/20160700001136.shtml


13. Patton JL and Mussa-Ivaldi FA. Robot-assisted adaptive

training: custom force fields for teaching movement patterns.

IEEE Trans Biomed Eng 2004; 51(4): 636–646. DOI: 10.

1109/TBME.2003.821035.

14. Dı́az I, Juan Gil J, and Sánchez E. Lower-limb robotic reha-

bilitation: literature review and challenges. J Robot 2011;

2011(2011): 759764. DOI: 10.1155/2011/759764.

15. Wang HB, Shi XH, Liu HT, et al. Design, kinematics, simu-

lation, and experiment for a lower-limb rehabilitation robot.

Proc Instit Mech Eng I J Syst Control Eng 2011; 225(6):

860–872. DOI: 10.1177/0959651811408978.

16. Lu RQ, Li ZJ, Su CY, et al. Development and learning control

of a human limb with a rehabilitation exoskeleton. IEEE

Trans Ind Elect 2014; 61(7): 3776–3785. DOI: 10.1109/

TIE.2013.2275903.

17. Chen K, Zhang YZ, Yi JG, et al. An integrated physical-

learning model of physical human-robot interactions

with application to pose estimation in bikebot riding. Int

J Rob Res 2016; 35(12): 1459–1479. DOI: 10.1177/

0278364916637659.

18. Gan D, Qiu SY, Guan Z, et al. Development of a exoskeleton

robot for lower limb rehabilitation. In: International confer-

ence on advanced robotics and mechatronics (ICARM),

Macau, 19–20 August 2016, pp. 312–317. IEEE. DOI: 10.

1109/ICARM.2016.7606938.

19. Wang XN, Lu T, Wang SJ, et al. A patient-driven control

method for lower-limb rehabilitation robot. In: International

conference on mechatronics and automation, Harbin, China,

7–10 August 2016, pp. 908–913. IEEE. DOI: 10.1109/ICMA.

2016.7558683.

20. Hidler J, Wisman W, and Neckel N. Kinematic trajectories

while walking within the Lokomat robotic gait-orthosis. Clin

Biomech 2008; 23(10): 1251–1259. DOI: 10.1016/j.clinbio-

mech.2008.08.004.

21. Wirz M, Zemon DH, Rupp R, et al. Effectiveness of auto-

mated locomotor training in patients with chronic incomplete

spinal cord injury: a multicenter trial. Arch Phys Med Rehabil

2005; 86(4): 672–680. DOI: 10.1016/j.apmr.2004.08.004.

22. Colombo G, Joerg M, Schreier R, et al. Treadmill training of

paraplegic patients using a robotic orthosis. J Rehabil Res

Dev 2000; 37(6): 693–700. DOI: PMID:11321005.

23. Fleerkotte BM, Koopman B, Buurke JH, et al. The effect of

impedance-controlled robotic gait training on walking ability

and quality in individuals with chronic incomplete spinal cord

injury: an explorative study. J Neuroeng Rehabil 2014; 11:

26. DOI: 10.1186/1743-0003-11-26.

24. Veneman JF, Kruidhof R, Hekman EE, et al. Design and

evaluation of the Lopes exoskeleton robot for interactive gait

rehabilitation. IEEE Trans Neural Syst Rehabil Eng 2007;

15(3): 379–386. DOI: 10.1109/TNSRE.2007.903919.

25. Srivastava S, Kao PC, Kim SH, et al. Assist-as-needed

robot-aided gait training improves walking function in indi-

viduals. IEEE Trans Neural Syst Rehabil Eng 2015; 23(6):

956–963. DOI: 10.1109/TNSRE.2014.2360822.

26. Schmidt H, Hesse S, Bernhardt R, et al. Haptic walker-a

novel haptic foot device. ACM Trans Appl Percept 2005;

2(2): 166–180. DOI: 10.1145/1060581.1060589.

27. Freivogel S, Mehrholz J, Husak-Sotomayor T, et al. Gait

training with the newly developed “LokoHelp”-system is

feasible for non-ambulatory patients after stroke, spinal cord

and brain injury, a feasibility study. Brain Inj 2008; 22(7–8):

625–632. DOI: 10.1080/02699050801941771.

28. Freivogel S, Schmalohr D, and Mehrholz J. Improved

walking ability and reduced therapeutic stress with an elec-

tromechanical gait device. J Rehabil Med 2009; 41(9):

734–739. DOI: 10.2340/16501977-0422.

29. Hesse S and Uhlenbrock D. A mechanized gait trainer for

restoration of gait. J Rehabil Res Develop 2000; 37(6):

701–708. DOI: PMID: 11321006.

30. Chisholm KJ, Klumper K, Mullins A, et al. A task oriented

haptic gait rehabilitation robot. Mechatronics 2014; 24(8):

1083–1091. DOI: 10.1016/j.mechatronics.2014.07.001.

31. Metrailler P, Blanchard V, Perrin I, et al. Improvement

of rehabilitation possibilities with the MotionMaker. In:

International conference on biomedical robotics and biome-

chatronics, Pisa Italy, 20–22 February 2006, pp. 359–364.

IEEE. DOI: 10.1109/BIOROB.2006.1639113.

32. Bouri M, Stauffer Y, Schmitt C, et al. The WalkTrainer: a

robotic system for walking rehabilitation. In: International

conference on robotics and biomimetics, Kun Ming, China,

17–20 December 2006, pp. 1616–1621. IEEE. DOI: 10.1109/

ROBIO.2006.340186.

33. Schmitt C, Metrailler P, AI-Khpdairy A, et al. The Motion

Maker™: a rehabilitation system combining an orthosis with

closed-loop electrical muscle stimulation. In: 8th Vienna

international workshop on functional electrical stimulation,

Vienna, Austria, September 2004, pp. 117–120.

34. Akdogan E and Adli MA. The design and control of a

therapeutic exercise robot for lower limb rehabilitation:

Physiotherabot. Mechatronics 2011; 21(3): 509–522.

DOI: 10.1016/j.mechatronics.2011.01.005.

35. Homma K, Fukuda O, Sugawara J, et al. A wire-driven leg

rehabilitation system: development of a 4-dof experimental

system. In: IEEE/ASME international conference on

advanced intelligent mechatronics, 20–24 July 2003,

pp. 908–913. IEEE. DOI: 10.1109/AIM.2003.1225463.

36. Sale P, Franceschini M, Mazzoleni S, et al. Effects of upper

limb robot-assisted therapy on motor recovery in subacute

stroke patients. J Neuroeng Rehabil 2014; 11(1): 1–8. DOI:10.

1186/1743-0003-11-104.

Wang et al. 13



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


