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Utilizing orthosis and exoskeletons has drawn a lot of attention in many applications 

including medical industries. These devices are used in the area of physical therapy to 

facilitate the patient’s exercises and as an assisting device to help the elderly carry out 

their daily activities. In this paper, the RoboWalk body-weight support assist device is 

introduced and its performance is analyzed by studying its influence on a human model. 

For this purpose, the forward kinematics of the human model and the inverse kinematics 

of RoboWalk are introduced in the first step. The dynamics of the human and a 

comprehensive model for RoboWalk are then obtained using the Newton-Euler method 

without considering the contact forces. These forces are then included in the model using 

the jacobian of contact points. The obtained models are then augmented to estimate the 

RoboWalk joint forces and torques, and those of the human model. The Recursive 

Newton Euler Algorithm and ADAMS software are used to verify the modeling obtained 

from the non-recursive Newton-Euler algorithm. The recursive algorithm is suitable for 

implementation purposes due to its low computational cost. After ensuring the accuracy 

of the obtained models, a control strategy is designed and implemented on RoboWalk. 

The performance of RoboWalk is then investigated by defining some criteria, e.g. floor 

reaction force and human model joint torques, before and after using RoboWalk. 
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1. Introduction  

Orthosis and exoskeletons are devices used for 
curing people suffering from medical impairments by 
enabling the user to exercise the impaired limbs 
repeatedly. Another common field of application of 
such devices is the military for enhancing soldier 
strength. The Rehabilitation exoskeletons consist of two 
categories of treadmill-based immobile exoskeletons 
and mobile devices. The major difference between these 
categories is that in mobile devices treadmill isn’t used 
and hence, the user walks with the device attached to it. 
In some cases, the user utilizes a walking stick to get 
help for maintaining stability. Robotic gait rehabilitation 

trainer[1], Lokomat[2], ALEX[3] and LOPES[4] are 
examples of treadmill-based devices. HAL[5], National 
University of Singapore orthosis[6], ReWalk[7] and etc. 
are some examples of portable rehabilitation devices. 

The other main category of exoskeletons are strength 
augmentation and assistive systems. The first group is 
used in military armies and industries by a healthy 
subject to carry heavy weights for long period of time. 
The most famous exoskeleton of this kind is BLEEX[8] 
which is manufactured by University of California, 
Berkeley. Robo-Knee[9] and the MIT augmentation 
device[10] are other types of this category. 
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The assistive exoskeletons are mechanical devices 
that aim to reduce the physiological or metabolic cost 
during user’s daily activities. They are classified into 
two groups of passive and active walking devices. 
Passive devices assist the user using elastic elements in 
their structure. The passive ankle exoskeleton[11], 
MoonWalker[12],  XPED2[13], Bodyweight support 
device with compliant knee[14] and Ottawa  passive 
device[15]. As for active assistive exoskeleton systems 
one can mention HULC[16], Honda’s stride 
management [17] and bodyweight support device.  

This paper lies in the continuity of previous 
works[18-20] done in the context of modeling, design 
and performance analysis of RoboWalk exoskeleton. 
After an introduction to RoboWalk compartments and 
its functionality, the kinematics of the user and 
RoboWalk is presented. In the next step, the human and 
the device are modeled by Newton-Euler’s method. The 
modeling is performed in the sagittal plane and all the 
calculations are done in single support phase (SSP). The 
obtained models are then confirmed by modeling the 
human and the device using Adams software and 
Recursive Newton Euler Algorithm (RNEA). Then, a 
control strategy is proposed and the performance of this 
device under the function of this strategy is analyzed. 
The conclusions of this study are summarized in the last 
section. 

2. Introducing RoboWalk 

Figure 1 depicts the designed assistive robot 
(RoboWalk). This device comprises a pair of shoes, 
joints connecting the shoes to the expansion and 
contraction mechanism (lower frame and upper frame), 
a transmission mechanism, rails, bearings in the rails to 
transmit force from RoboWalk to the and a seat. Each 
rail is linked to one of the upper frames using two 
rollers. The only active joint in this robot is the knee 
actuator which is placed at the top rear part of the 
corresponding upper frame for the sake of ease of leg 
swinging motion. The torque of each motor is 
transferred to the RoboWalk knee joint by a 
transmission mechanism. The lower frames are 
connected to the shoes by a spherical joint. The user 
places its feet in the shoes. Then, the robot is turned on 
and the seat is raised until it is placed under the groin 
region of the human. The mechanism remains between 
the legs of the user in the entire gait. This design 
provides capability of maintaining the least moment of 
inertia during the gait. The rollers and guide rails of 
RoboWalk permit the hip joint to have 3-DOF. In 
addition, the knee joint is a 1-DOF joint in sagittal plane 
and the spherical joint used in the ankle provides a 3-
DOF motion for user in the ankle. When the robot is in 
its standing position, the seat is stuck to user pelvis and 
therefore, its kinematics motion is related to user motion 
and specified uniquely.  

 

 

Figure 1. The CAD model of RoboWalk 

 

3. Kinematic Modeling 

In this section the kinematic model of both human 
and RoboWalk are discussed.  

3.1. Human kinematic model 

In this study, the human model consists of eight 
limbs and its movement is constrained in sagittal plane. 

This model includes trunk, pelvis, left and right legs 
(i.e., foot, shank and thigh). All the upper limbs are 
substituted by the trunk for the sake of simplicity. The 
links are numbered from one to eight in a tree-structure 
topology by assuming the pelvis as the floating-base of 
the system. In order to formulize the kinematics of this 
system, a reference coordinate system is attached to the 
CoG of pelvis of the user. Pose and orientation of this 
coordinate is estimated with regard to the inertial 
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coordinate system placed on the ground as demonstrated 
in figure 2. Other coordinate system’s alignment and 
position are defined regarding the floating-base 
coordinate. 

 
Figure 2. Coordinate frames on human and Schematic of 

human and robot . 

 A set of minimal generalized coordinates that define 
the motion of RoboWalk is stated as: 

𝑞 = [𝑥𝑝 𝑧𝑝 𝑞𝑝 𝑞𝑝 𝑞ℎ 𝑞𝑘 𝑞𝑎]
𝑇
 (1) 

where 𝑞𝑡, 𝑥𝑡 and 𝑧𝑡 are 1 × 3 vectors which define 
the motion of the pelvis reference coordinate regarding 
to stationary coordinate system. 𝑞𝑓, 𝑞𝑘, 𝑞ℎ and 

𝑞𝑝 represent the rotational motion of foot, knee, hip and 

pelvis joints regarding its parent limb. Since our study is 
performed in sagittal plane, these joint rotations 
represent a 1-DoF revolute joints and are all scalars. 
Hence, the human model is a 10-DoF kinematic tree 
structure. 

Since the pelvis is chosen to be the floating base, the 
angle of rotation of other limbs are calculated by adding 
the successive angles from each parent to each child. In 
other words  

𝑞𝑝𝑒𝑙𝑣𝑖𝑠 = 𝑞𝑡 + 𝑞𝑝 

𝑞ℎ𝑖𝑝 = 𝑞𝑡 + 𝑞𝑝 + 𝑞ℎ 

𝑞𝑘𝑛𝑒𝑒 = 𝑞𝑡 + 𝑞𝑝 + 𝑞ℎ + 𝑞𝑘 

𝑞𝑎𝑛𝑘𝑙𝑒 = 𝑞𝑡 + 𝑞𝑝+𝑞ℎ + 𝑞𝑘 + 𝑞𝑎 

(2) 

Since the kinematic data don’t usually possess the x 
and z position (position of the floating-base with respect 
to the inertia), when obtaining the kinematics of human, 
they must be estimated. In order to estimate these 
positions numerically, the first step is to find the 
contacting part of the foot. 

𝑧𝑡/𝑝1 = 𝐿𝑡 cos 𝑞𝑡 + 𝐿𝑝 cos 𝑞𝑝𝑒𝑙𝑣𝑖𝑠 + 𝐿𝑡ℎ cos 𝑞ℎ𝑖𝑝

+ 𝐿𝑠 cos 𝑞𝑘𝑛𝑒𝑒

+ 𝐿𝑝1 cos(𝑞𝑎𝑛𝑘𝑙𝑒 + 𝑞𝑝1) 

𝑥𝑡/𝑝1 = 𝐿𝑡 sin 𝑞𝑡 + 𝐿𝑝 sin 𝑞𝑝𝑒𝑙𝑣𝑖𝑠 + 𝐿𝑡ℎ sin 𝑞ℎ𝑖𝑝

+ 𝐿𝑠 sin 𝑞𝑘𝑛𝑒𝑒

+ 𝐿𝑝1 sin(𝑞𝑎𝑛𝑘𝑙𝑒 + 𝑞𝑝1) 

(3) 

Where, 𝑧𝑝/𝑝1 and 𝑥𝑝/𝑝1 represent the height and 

horizontal distance of pelvis CoG with regard to point 
p1. Lt represents the length between top of pelvis and 
trunk CoG. Lp1 is the distance between the ankle and p1. 
Lp, Lth and Ls represent the pelvis, thigh and shank 
lengths, respectively. 𝑧𝑝/𝑝2, 𝑧𝑝/𝑝3, 𝑧𝑝/𝑝4, 𝑥𝑝/𝑝2, 𝑥𝑝/𝑝3 

and 𝑥𝑝/𝑝4 are written correspondingly. derivative of the 

mentioned relative positions are calculated by 
differentiating them with respect to time.  

 Height of floating-base with respect to the ground 
(𝑧𝑡) is obtained by the following. 

𝑧𝑝 = 𝑚𝑎𝑥(𝑧𝑝/𝑝1. 𝑧𝑝/𝑝2. 𝑧𝑝/𝑝3. 𝑧𝑝/𝑝4) (4) 

This equation specified the foot point of contact. 
This point is also used to define the horizontal position 
of the floating-base regarding the inertial coordinate.  

𝑥𝑝(𝑖) = 𝑥𝑝(𝑖 − 1) + �̇�𝑝(𝑖 − 1) × Δ𝑡 (5) 

where Δ𝑡 is the sampling time. The horizontal and 
vertical velocity of the floating-base is calculated using 
the contact point (by assuming that p1 is the contact 
point): 

�̇�𝑝 = �̇�𝑝/𝑝1  ,  �̈�𝑝 = �̈�𝑝/𝑝1 

�̇�𝑝 = �̇�𝑝/𝑝1  ,  �̈�𝑝 = �̈�𝑝/𝑝1 
(6) 

It is assumed that the seat and the rails are stuck to 
human pelvis, hence, the seat’s pose is the same as the 
pose of human pelvis. Another assumption is made for 
simplicity of modeling the human-robot interaction. In 
this regard it is supposed that the shoes are a part of user 
foot and any force applied by the robot through lower 
frames are directly exerted to human foot (figure 2). 

3.2. RoboWalk kinematic model: 

𝐹1
⃗⃗  ⃗ and 𝐹2

⃗⃗  ⃗ are the forces exerted to the human by 
RoboWalk through the seat. These forces are generated 
because of the contact between the rollers and the seat, 
hence they are perpendicular to the arc guides and their 
direction is toward the approximate CoG of the user 

(friction is neglected). The direction of 𝐹1
⃗⃗  ⃗ and 𝐹2

⃗⃗  ⃗ can be 
obtained by kinematic approaches. One can think of the 
lower frame, upper frame and the distance between the 
rollers and human’s COG (the arc’s radius) as links of a 
3-link robot. This concept is shown in Fig. 3. 
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Figure 3. Finding assistance force directions and RoboWalk 
kinematics. 

Where L2 and L3 are the length between the robot’s 
knee joint and first and second roller, respectively. R is 
the seat’s arc radius (which is assumed to be the third 
hypothetical link). (𝑥0,𝑧0) and (𝑥𝑒,𝑧𝑒) are the positions 
of the ankle of robot and the human’s COG in inertial 
coordinate frame, respectively. In this approach, if the 
orientation of both hypothetical links were obtained, the 

orientation of forces 𝐹1
⃗⃗  ⃗and 𝐹2

⃗⃗  ⃗is resulted. Hence, by 
solving the inverse kinematics of two 3-link robot at 

once, the orientation of 𝐹1
⃗⃗  ⃗and 𝐹2

⃗⃗  ⃗are obtained. (7) and 
(8) show the forward kinematics for the first 3-link 
robot (consisting of L1, L2 and R): 

𝑥𝐸 − 𝑥0 = 𝐿1𝑐𝑜𝑠𝜃1 + 𝐿2 cos(𝜃1 + 𝜃2)
+ 𝑅𝑐𝑜𝑠(𝜃1 + 𝜃2 + 𝜃3) 

(7) 

𝑧𝐸 − 𝑧0 = 𝐿1𝑠𝑖𝑛𝜃1 + 𝐿2sin(𝜃1 + 𝜃2)
+ 𝑅𝑠𝑖𝑛(𝜃1 + 𝜃2 + 𝜃3) 

(8) 

In this equation, 𝜃1 is the angular displacement of L1 
from horizontal line. 𝜃2 is the angular displacement of 
L2 with respect to L1 and 𝜃3 is the angular displacement 
of R with respect to L2. The inverse kinematics problem 
for the second 3-link robot (consisting of L1, L3 and R) 
is obtained as: 

𝑥𝐸 − 𝑥0 = 𝐿1𝑐𝑜𝑠𝜃1 + 𝐿3 cos(𝜃1 + 𝜃2 + 𝛾)
+ 𝑅𝑐𝑜𝑠(𝜃1 + 𝜃2 + 𝛾 + 𝜃4) 

(9) 

𝑧𝐸 − 𝑧0 = 𝐿1𝑠𝑖𝑛𝜃1 + 𝐿3sin(𝜃1 + 𝜃2 + 𝛾)
+ 𝑅𝑠𝑖𝑛(𝜃1 + 𝜃2 + 𝛾 + 𝜃4) 

(10) 

Where 𝛾 is the angular difference between L2 and L3 
and 𝜃4 is the angular displacement of L3 with respect to 
L1. By solving these four equation numerically for each 
time step, the four unknowns (𝜃1. 𝜃2. 𝜃3and 𝜃4 ) are 
obtained. 𝜃1 and 𝜃2 are the angle of the contraction and 
expansion mechanism and 𝜃3 and 𝜃4 are equal to the 

direction of the forces 𝐹1
⃗⃗  ⃗and 𝐹2

⃗⃗  ⃗. 

4. Dynamics Modeling: 

In this section, we aim to develop dynamics model 
for a human and the assistive robot having general 
interaction with environment. In order to state the set of 
equation of motion in a valid form for all phases, first, 
the human is considered as free body without any 
interaction with environment. The set of unconstrained 
equations can be stated as[19]: 

𝑀(𝑞)�̈� + 𝑉(𝑞. �̇�) + 𝐺(𝑞) = 𝐵𝜏 (11) 

Where M is a (10 × 10) matrix. Also, V, G and 𝐵𝜏 
are vectors with (10 × 1) elements. Left hand side of is 
composed of inertia effects, Coriolis and centrifugal and 
gyration, and gravity effects. 𝐵𝜏 represents generalized 
forces acting on the robot and is different during various 
phases of motion and B is a 7 × 10 matrix presented by: 

𝐵 = [07×3  𝐼7×7]
𝑇 (12) 

And vector 𝜏 is defined as:  

𝜏 = [01×3   𝜏𝑝   𝜏𝑟ℎ    𝜏𝑟𝑘   𝜏𝑟𝑎    𝜏𝑙ℎ    𝜏𝑙𝑘    𝜏𝑙𝑎]
𝑇
 (13) 

Which 𝜏𝑝, 𝜏𝑟ℎ, 𝜏𝑟ℎ, 𝜏𝑟𝑘, 𝜏𝑟𝑎, 𝜏𝑙ℎ, 𝜏𝑙𝑘 and 𝜏𝑙𝑎 are 

pelvis, right and left hip, knee and ankle joint torques, 
respectively. There are various methods to obtain the 
dynamics equation mentioned in (11) such as Lagrange, 
Newton and Newton-Euler (NE) algorithms. One of the 
most notable properties of Lagrange formulation is the 
capacity to eliminate all internal reaction forces of the 
system from the final equation of motion (EoM), in 
contrast to the Newton and Newton-Euler formulation 
where there they are explicitly accounted for. Since one 
of the future goals of our project is to minimize the 
forces in certain joints in human body, Newton and NE 
techniques were used for obtaining the EoM. 

In order to obtain an equation similar to (11), all 
internal reaction forces must be eliminated. Hence, by 
substituting the amount of these forces by their 
kinematic values, the EoM is obtained as (11). In order 
to develop constrained dynamics model, this constraint 
is replaced by unknown forces and moments acting on a 
point on the foot sole. Then, using transpose of jacobian 
of point of contact, these forces and moments are 
mapped to the space of generalized coordinates. As a 
result, the equations of motion in the case of SSP is 
specified as: 

𝑀(𝑞)�̈� + 𝑉(𝑞. �̇�) + 𝐺(𝑞) = 𝐵𝜏 + 𝐽𝑇𝐹 (12) 

Where: 

𝐹 = [
𝐹𝑐𝑜𝑛𝑡𝑎𝑐𝑡

𝑀𝑐𝑜𝑛𝑡𝑎𝑐𝑡
] (13) 

The unknown forces are obtained by: 

[
𝜏
𝐹
]
10×1

= [𝐵       𝐽𝑇]−1
10×10

[𝑀(𝑞)�̈� + 𝑉(𝑞. �̇�)

+ 𝐺(𝑞)] 
(14) 
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When the user utilizes the RoboWalk, the EoM in 

SSP changes into 

[
𝜏
𝐹
]
10×1

= [𝐵       𝐽𝑇]−1
10×10

[𝑀(𝑞)�̈� + 𝑉(𝑞. �̇�)

+ 𝐺(𝑞) − 𝐽𝐿𝐴
𝑇 𝐹𝐿𝐴 − 𝐽𝑅𝐴

𝑇 𝐹𝑅𝐴

− 𝐽𝐶𝑂𝐺𝐹𝐶𝑂𝐺] 

(15) 

In this equation, 𝐽𝐿𝐴, 𝐽𝑅𝐴 and 𝐽𝐶𝑂𝐺  represent the 

jacobian of robot left and right ankle that are connected 

to the user’s shoe and the jacobian of user’s COG. 𝐹𝐿𝐴, 

𝐹𝑅𝐴 and 𝐹𝐶𝑂𝐺  are known forces acting on those 

positions. Hence, in SSP 𝜏 and F are uniquely specified. 

If the human is in double support phase (DSP) the EoM 

is changed into 

𝑀(𝑞)�̈� + 𝑉(𝑞. �̇�) + 𝐺(𝑞) = 𝐵𝜏 + 𝐽𝐿
𝑇𝐹𝐿 + 𝐽𝑅

𝑇𝐹𝑅 (16) 

Where 𝐽𝐿 and 𝐽𝑅 are the jacobian of the left and right 
foot contact point, and 𝐹𝐿 and 𝐹𝑅 are the contact forces 
of left and right foots, respectively. Because the number 
of unknown parameters in DSP is larger than the 
number of equations, there is more than one answer for 
dynamic model in this phase. So that, pseudo inverse is 
used for solving the dynamic equations to obtain 
minimum norm answer. Pseudo inverse of an arbitrary 
matrix A is as follow: 

𝐴+ = 𝐴(𝐴𝑇𝐴)−1 (17) 

In the next step, the exoskeleton is modeled by the 
Newton’s technique. In order to do so, the free-body and 
kinetic diagram of the links of the robot is shown in Fig. 
5. Since the equations for both sides are the same, only 
one of robot’s feet is shown. 

 

Figure 4. FBD of RoboWalk upper link. 

In this figure, 𝐹1
⃗⃗  ⃗ and 𝐹2

⃗⃗  ⃗ are forces applied to the 
robot seat through the upper frames by the two rollers in 
the seat’s slider. Since the rollers only apply normal 
forces, the only interaction between the robot seat and 
human body is modeled by F1 and F2. Ax, Az and M are 
internal forces and motor torque exerted on the robot’s 
knee joint, respectively. 
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(20) 

the CoG of human which is assumed to be the center 
of arc rails. 𝜃1 and 𝜃2 are upper and lower frame angles 
with respect to vertical, respectively. 

 

Figure 5. FBD of link (a) of transmission mechanism. 
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Figure 6. FBD of link (b) of transmission mechanism. 
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Figure 7. FBD of RoboWalk lower link. 
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where Bx and Bz are forces exerted by the spherical 
joint to ankle of the robot. As a result of these equations, 
there are 12 equations for each RoboWalk leg.  

Since the directions of 𝐹1
⃗⃗  ⃗ and 𝐹2

⃗⃗  ⃗ is known by 
knowing the kinematics, there exists 13 unknowns, e.g. 

𝐹1
⃗⃗  ⃗, 𝐹2

⃗⃗  ⃗, 𝑇𝑚, 𝑎𝑥 , 𝑎𝑧 , 𝑏𝑥 , 𝑏𝑧 , 𝑐𝑥 , 𝑐𝑧 , 𝐴𝑥 . 𝐴𝑧, 𝐵𝑥 and 𝐵𝑧. 

As stated before, our goal is to compensate 33% of 
user’s weight. The only way for the robot to assist the 
user (apply force to user) is through the seat. Hence, the 
resultant vertical force applied to human by the robot 
should be equal to 33% of the user’s bodyweight. This 
notion is illustrated in (27) as follow. 

𝐹1𝑧
+ 𝐹2𝑧

= 𝑝𝑊 (27) 

    Where W is the weight of the user and p is a number 

between 0 and 1 (1/3 in this case study). By obtaining 

this equation, the number of equations are equal to the 

number of unknowns and the dynamics is completely 

solvable. 

Another approach to model the human motion is 
using the Recursive Newton Euler Algorithm (RNEA). 
This algorithm uses NE algorithm and solves the 
problem by 6 × 1spatial coordinates instead of 3 × 1 
common representations (Refer to [21] for more 
details). In Fig. 4 the free body diagram of body i is 
shown. 

 
Figure 8. Forces acting on body (i) 

 

In this figure, 𝜆(𝑖) is the parent, 𝑓𝑖 is the force exerted 
by the parent to body i, 𝑓𝑖

𝑥 is the external force exerted 
on body i. They are regarded as inputs to the algorithm; 
that is, their values are assumed to be known. Other 
forces are the forces exerted by body i to the children 
bodies.  

The spatial equation of motion states that the net 
force acting on a rigid body equals its rate of change of 
momentum: 

𝑓𝑖
𝐵 =

𝑑

𝑑𝑡
(𝐼𝑖𝑣𝑖) = 𝐼𝑖𝑎𝑖 + 𝑣𝑖 ×∗ 𝐼𝑖𝑣𝑖  (28) 

  

Where ×∗ is spatial force product, 𝑣𝑖, 𝑎𝑖 and 𝐼𝑖  are 
spatial velocity, acceleration and inertia respectively and 

𝑓𝑖
𝐵 is the net force acting on body i. it can be concluded 

from Fig. 4 that: 

𝑓𝑖
𝐵 = 𝑓𝑖 + 𝑓𝑖

𝑥 − ∑ 𝑓𝑗
𝑗∈𝜇(𝑖)

 (29) 

  

which can be rearranged to give a recurrence relation for 
the joint forces: 

𝑓𝑖 = 𝑓𝑖
𝐵 − 𝑓𝑖

𝑥 + ∑ 𝑓𝑗
𝑗∈𝜇(𝑖)

 (30) 

  

𝜃𝑐𝑐 

𝑐𝑧 

𝑐𝑥 𝐴𝑥 

𝐴𝑧 

𝐵𝑧 

𝐵𝑥 

𝑚2𝑔 

Body j 

Body k 

Body l 

Body i 

Body 𝜆(𝑖) 

𝑓𝑗  

𝑓𝑘 

𝑓𝑙  
𝑓𝑖 

𝑓𝑖
𝑥 

joint i 



International Journal of Robotics, Vol. 9, No. 1, (2020), S. A. A. Moosavian, M. Nabipour, 63-72 

 

69 

 

 non-recursive algorithms calculated the dynamics via 
equations like (11), and their computational 
complexities were typically O(n4)[22]. Recursive 
algorithms are far more efficient, and they have 
computational complexities as low as O(n). 

Since our algorithms are going to be implemented on 
the exoskeleton and the inverse dynamics problem must 
be solved every few milliseconds, and solving this 
problem analytically is time consuming, using recursive 
Newton-Euler algorithm in implementation is preferred. 

5. Results and Discussion:  

In this section the dynamics of the 10 DOF human and 
the 6 DOF assistive lower limb robot is developed and 
the results for a specified walking pattern will be 
discussed and evaluated. The kinematics of the entire 
system is verified in figure 9.  

In this figure, the gait data is extracted from Opensim 
software. As it is shown, the human kinematics seems 
natural and the robot and its mechanism follows the 
human user properly. 

Because of number of degrees of freedom of the human 
and RoboWalk, the procedure of dynamics modeling is 
error prone and model verification should be carried out. 
In order to verify the dynamics model, three analytical 
and numerical methods i.e. Newton’s method, ADAMS 
software and RNEA, are exploited. 

 

 
Figure 9. Verification of human model and RoboWalk 

kinematics 

 

Sinusoidal trajectories are applied to the joints and 
obtained results from two models are compared in 
figure 10.  

 

 

 

 

FIGURE 10.. Human joint forces and torques with and without RoboWalk
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(a) Dynamics verification by RNEA method 

 
(b) Dynamics verification by ADAMS software 

 
Figure 11.Verification of dynamics model (a) by RNEA method, (b) 

by ADAMS software 

 

As it can be observed from this figure, both methods 
yield same results and the error between them in RNEA 
method is of the order of 10-14 , which is due to 
computation round off. Also, it seems necessary to 
mention that the sinusoidal trajectories that are applied 
to the joints do not result feasible motion for the robot 
and just considered  to apply a wide range of values to 
the joints. In Table I and II the human and RoboWalk’s 
mass and geometric properties are illustrated. 

 

Table 1. Mass properties of the human 

Link Mass (Kg) 

Foot 0.82 

Shank 2.64 

Thigh 5.67 

Pelvis 8.05 

Trunk 30.39 

Upper link mass 3 

Lower link mass 1 

Human total weight 56.7 

Robot total weight 8 

 

 

 

 

 

 

Table 2. Geometric properties of the human and RoboWalk 

Link Length (m) 

Foot length 0.25 

Ankle joint height 0.05 

Shank 0.4 

Thigh 0.4 

Pelvis 0.1 

Trunk 0.8 

Robot upper link length 0.55 

Robot lower link length 0.55 

Horizontal distance 

between robot ankle and 

human ankle 

0.05 

Vertical distance between 

robot ankle and human 

ankle 

0 

Circle arc radius 0.25 
 

 

By substituting joints trajectories from Opensim into the  
dynamics model, joints torques are computed. The 
assistive method of the robot that we used is that 
whenever a leg of the human is in its stance phase, the 
robot will assist the person (the actuator is ON) and 
when the leg is in its swing phase the actuator gets OFF. 
In figure 11 forces and torques of human Joints and in 
figure 12 the FRF of the left foot of the user, in SSP, 
with and without using RoboWalk is illustrated. 

 

Figure 12. FRF of the user 

 

As stated before, the FRF eliminates the forces and 
torque of the virtual joint in the pelvis. It is seen that 
almost 33% of the FRF is compensated.  

In Fig. 11, the red-dashed lines are the user’s joint 
torques without using RoboWalk. The blue-solid lines 
are the joint torques after the user wear the robot. 𝑇𝐻 , 𝑇𝐾  
and 𝑇𝐴 represent hip, knee and ankle torques 
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respectively. As illustrated if this figure, after using the 
robot, the joint torques of the stance leg (left leg) has 
decreased significantly in most of the gait cycle. The 
robot motor torque that caused this reduction in user 
joint torques is given in figure 13 as follow. 

 

Figure 13.Robot’s left motor torque-speed curve 

 

Considering this figure, in order to achieve the goal of 
our control strategy for compensating 33% of user’s 
bodyweight the actuator of the device should be able to 
provide approximately 25 N.m torque in maximum 
velocity of 20 rpm.  

 

6. Conclusion 

In this research, an assistive lower limb exoskeleton, 
RoboWalk, was introduced and its functionality and 
operational strategy was expressed. This exoskeleton 
was kinematically and dynamically modeled in the next 
step. The obtained model was a comprehensive model in 
sagittal plane which includes the modeling of the 
transmission mechanism of the actuating system. The 
verification was performed using two methods of 
modeling the system by RNEA method and ADAMS 
software. A control strategy was then designed and 
applied to RoboWalk model to investigate the device’s 
performance and its effect on user. The results showed 
that the robot reduces the felt bodyweight (the floor 
reaction force) of the user by 33% using a 25 N.m. 
motor in maximum 20 rpm angular velocity. The 
obtained range for the motor gives us a lot of choices for 
selecting an appropriate actuating system for 
RoboWalk. It should be mentioned that for the sake of 
safety, the actuating system must be back-drivable. 
Which makes Maxon motor flat motors (e.g. EC 90 flat 
Ø90 mm, 360 W) a very ideal choice for this system. In 
addition, in the analyzes, the knee joint force was 
chosen as a criterion to analyze the comfort of the user. 
The results showed a reduction in joint torques of the 
user in most of the gait. The next step of this research is 
finding a solution to increase RoboWalk effect on the 
remaining parts of the user gait. 
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