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Humanoid robotic arm design with S-R-S
configuration, redundant swivel angles
analysis, and collision-free trajectory planning

Yi-Hao Zhu, Hsien-Ting Chang, and Jen-Yuan (James) Chang

Abstract— In recent years, high-DOFs robotic arms have been
investigated for various labor force shortage applications, such as
welding and assembling, because of the brought flexibility. High-
DOFs configuration can reduce the occurrence of the singularity
and bring the possibility of optimization. However, it becomes
more unintuitive for neophytes to operate. To compensate for this
drawback, transferring human arm movements directly to the
robot is more intuitional. For this purpose, the mechanical design
of the humanoid robotic arm to meet the simplified kinematic
model of the human is presented first in this research.
Furthermore, the redundant characteristics of the 7-DOF
humanoid robotic arm were analyzed to optimize the end-
effector’s manipulability by adjusting swivel angles without
changing the position and the orientation of the end-effector. Last,
obstacle avoidance was also considered and achieved by using the
oriented bounding box, which can decrease the computation time
and provides the closest collision point with obstacles. The result
shows that the mechanism can mimic human-like motions, and the
algorithm can optimize the manipulability and the obstacle-free
trajectory.

Index Terms— Humanoid robotic arm, manipulability,
obstacles avoidance, oriented bounding box, swivel angle.

I. INTRODUCTION

S ince high-DOFs robotic arms have become an essential part
of flexible manufacturing system (FMS), the robot’s
mechanism and corresponding optimized strategies in
operations evidentially need to adapt to various applications to
match the manufacturing flexibility. Contrary to commonly
used 6-DOFs industrial robots require more stiffness,
preciseness, and maximum velocity. The critical aspect of using
high-DOFs robotic arms is to allow transferring of human skills
more intuitively in numerous tasks. The simplest high-DOFs
robotic arm model is a serial mechanical chain with 7-DOFs
[1], and this structure is adopted in this research. In addition to
the high-DOFs of the robotic arm for FMS, flexibility in the
robot arm’s endOeffector is also critical. The design of an end-
effector that is in the form of the human hand is adopted in the
present study not only because it is more relevant to the modal
problem but also because its structure can provide adaptation to
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objects being grasped. This design can provide an intuitive
control interface with the 7-DOFs robotic arm to mimic human
whole-arm grasping movement.

The German Aerospace Centre (DLR) has been working on
7-DOFs serial robot arms since the 1990s and transferred this
technology to the KUKA Robot Group in 2004. Since then,
several commercial robotic arms [2-4], as listed in TABLE I,
have been developed. Although it is motivated by human arm
and control strategies that may be perfect for the 7-DOFs serial
robot, their objective was not to design humanoid robots but
merely to add one more DOF to the existing 6-DOFs industry
robots. In the robot’s last two degrees of freedom, the pitch-roll
configuration is chosen for applications using tools, such as
drilling operations, for instance. Each joint is offset by a linear
distance to increase the moving range, and the whole length of
the robotic arm is often longer than the human arm, intending
to reach a bigger working space. Thus, to mimic the whole-arm
grasping movement, it is necessary to change the traditional
mechanical design [5, 6] for the 7-DOFs serial robot in this
study.

TABLE |
ROBOTIC ARMS
REFERENCE ROBOTIC ARM COMPANY
[2] URS Universal Robots
[3] JACO Kinova
[4] LBR iiwa KUKA

Besides the kinematics model fitting the anthropomorphic
structure, the control method also needs to be developed.
Moreover, human-like path planning can facilitate human-robot
collaboration. Since human beings can predict the
corresponding robot’s motions, they may adjust their actions to
avoid possible collisions or even to enhance the partnership
between the human and the robot. To achieve this goal, the
direct use of the actual demonstrations of a human being as a
reference is commonly seen in literature [7]. The precise
coordination between the robot’s joint movements brings about
human-like movements. But the quality of the demonstration is
usually found to be inconsistent. The length of the real arm not
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being equal to the mechanical structure of the robot is one of
the reasons. Therefore, there must be an optimized method to
solve this problem. There are plentiful techniques and strategies
to optimize human moves, such as facilitated imitation learning
and kinematics methods [8, 9]. Imitation learning depends on
estimating the peculiarities of the demonstrated motion in a task
or joint configuration. This method collects anthropometrical
data from massive experiments and then analyzes the data to
form a model, such as the regression model. This method is
suitable for people intuitively solving the problem and
generating motion data from task inputs. However, its
drawback is a lack of generality. What’s worse is that thousands
of experiments need to be conducted over and over when tasks
and the environment change. It not only wastes vast amounts of
time but also needs more careful demonstration to get better
results.

Since humans naturally can minimize unknown objective
functions during performing tasks, correspondingly, human
movement can be investigated by applying optimization
approaches with the appropriate cost function [10, 11].
Kinematics methods apparently use knowledge about human
arm kinematics and biomechanics to solve the joint trajectories
by optimizing the performance index and considering the joint
constraints. The resolution of this approach is much better than
the former one as it offers better repeatability. However, the
performance index needs to be chosen carefully and must be
proficient in Denavit—Hartenberg (D.H.) coordinate system. In
the case of a redundant robotic arm with more than 6 DOFs, its
inverse kinematics provide several or infinite solutions. To
account for human arm movement, the natural approach is to
apply the anthropomorphism criterion to the infinite solutions
to reach solutions of human-like movements. Conventionally,
the optimized approaches, like minimizing the traveled distance
and avoiding singularity, seem to be not enough [12-14]. In this
research, we explore manipulability [15], standing for the
mobility for the end-effector in the current joint configuration,
to figure out how it affects the robotic hand’s efficient grasping
posture by increasing the major-axis alignment of
manipulability.

While reaching the grasping posture, collision avoidance
must be considered in motion planning. For the computation of
the distance between obstacle and robot, in literature, geometry
bounding methods [16] are commonly adopted. Which method
is hierarchically organized to simplify the robot’s contact
region. One of the bounding methods is the bounding sphere
method. This method checks the distance between the centers
of robot structures and obstacles to decide whether the collision
can occur or not. If it is less than the sum of their radii, then the
collision happens. Approximating the model with more spheres
can improve collision detection accuracy, but the trade-off is
the computational resources [17]. In this research, instead of the
bounding-sphere method, we apply a bounding-box method to
fit the collision region of the robot’s linkage at once. Not only
does it meet the actuator’s appearance, but it also can increase
the calculation speed. Finally, the avoidance direction is
decided by generating the virtual force with the vector of the

collision point and center of the obstacle.

Since the mechatronics and coordinate systems for the
human-like robotic arm are proposed, developed, and discussed
in this paper, the kinematics methods are first adopted as the
backbone of the study. The contents of this paper addressing the
research divides into three-part. The first part is about the
mechanical design based on the anthropometric studies of the
human arm, consisting of the shoulder, elbow, and wrist. We
map the motion data directly collected from humans into the
robotic arm to ensure the feasibility of the mechanical design.
In the second part, the 7-DOFs joint coordinate system is
constructed by applying the D.H. method. An optimized
method with maximization of the major-axis alignment
criterion is proposed. In the third part, we validate the obstacle-
avoiding algorithm in a robot simulator without the issue of
interference with hardware. The objective of this research aims
at creating a mechatronic system, including a humanoid robotic
arm having 7-DOFs and a human-like motion planning
algorithm. The organization of this paper is therefore structured
as follows. Section 2 shows the anthropomorphic mechanism
design. Section 3 discusses the optimized process. Section 4
applies the obstacle-avoiding algorithm to motion planning.
Section 5 demonstrates the feasibility of mechanical design by
directly mapping the motion data collected from humans and
proposing a performance index to accomplish the pouring task.
Finally, conclusions are drawn in Section 6.

Il.  ANTHROPOMORPHIC MECHANISM DESIGN

This research presents a mechanical design of the humanoid
robotic arm to meet the simplified kinematics model of the
human arm and thus can transfer human arm movements
directly to the robot arm. The human arm consists of 7 joints.
The first 3 joints’ axes are perpendicular to each other to form
a spherical joint, and so do the last 3 joints to form the spherical
wrist joint. It is found in practice that the traditional model of
7-DOFs serial robots in the industry suffers from gimbal lock
problems when imitating human wrist motion. The gimbal lock
causes the system to rotate in a degenerate space, so the moving
range of the end-effector is less than usual. To implement the
spherical trajectory movement of the human’s wrist, the
rotational axes of the last two DOFs must intersect at one point,
and these axes need to be orthogonal to the forearm’s axis. An
assembly of the first DOF, the pitch, and the second DOF, the
yaw, therein offer an ability to mimic human wrist motion. This
research provides insight by discussing two versions of the
wrist mechanism based on the pitch-yaw configuration and
demonstrates the pros and cons in engineering practices.

A modular wrist design can connect the mechanical joint
between the hand and wrist. As shown in Fig.1, the first version
is inspired by Cheng-Yu’s method [6]. Their work provides a
compact wrist design based on two coupled four-bar linkages
and two motors fixed at the structure of the forearm. This design
achieves a human-like appearance and obtains a high gear ratio
by a ball screw. However, its nonlinear dynamic behavior of
coupling four-bar linkages was observed to cause problems in
positioning when operated at high speed. This problem can
cause the trajectory following the operation of the end-effector
(hand) to fail. Inspired by Rosheim’s design concept, the second
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version is illustrated in Fig. 2. The actuators for the second DOF
(yaw) are located directly at the joint without any offset. This
design makes the drive unit quite simple, and the response time
from the motor to the linkage is shorter than in the former
model. Since the design priority is placed on short response
time in developing a 7-DOFs humanoid robotic arm for real-
time control, the second design is chosen in this research.

7? R4\ eI
Fig. 2 Spherical movement of human’s wrist with the second design

The next step is to build up the whole 7-DOFs mechatronic
system. The first three DOFs of the model humanoid arm
represent the shoulder, the fourth DOF indicates the elbow, and
the last three DOFs mimic the forearm and wrist. The shell and
the housing need to be as light as possible to save energy while
executing tasks, so aluminum material was chosen. Also, the
seven motors need to be controlled at the same time. Therefore
bulk-reading for multiple devices is an essential requirement.
Most importantly, it is vital to consider cost, so RS-485 rather
than EtherCAT is selected as a communication protocol for
implementing bulk-read of commands and responses from the
seven motors. In this paper, the Dynamixel Pro-series motors
[18] are chosen to construct the humanoid robotic arm. With the
implementation of the second wrist design, the total length of
the humanoid arm is decreased by 15%, and the torque
transmission rate increases. The whole mechanism became
more compact, and the final design of the 7-DOFs humanoid
robotic arm is shown in Fig. 3.

Shoulde

Fig. 3 Final design of 7-DOFs humanoid robotic a}m.

I1l.  KINEMATIC MODEL

The purpose of developing the 7-DOFs robotic arm is to
overcome two technical shortcomings of the 6-DOFs robotic
arm reported in the literature. The first is that the 6-DOFs
robotic arm will not change pose without affecting the end-
effector under the particular configuration. The second is the
uneven and non-continuous distribution of joint displacement
to reach a specific pose because only finite solutions can be
calculated. Therefore, the collision between the 6-DOFs robotic
arm and obstacles in the workspace cannot be avoided in some
scenarios.

Since the addition of an extra one DOF to a traditional 6-
DOFs robotic arm demands much in computation, motion
planning of a 7-DOFs humanoid robot requires a
computationally efficient approach to calculate the robot’s joint
configurations at a given end-effector posture. This kind of
problem is known as the Inverse Kinematics (1.K.) problem. As
reported in the literature, there are two categories to solve the
I.K. problem. The first one is the iterative Jacobi method using
Jacobian pseudoinverses after each small change in the state of
the end-effector. This method uses local linearization to handle
the highly nonlinear system. The second method is the
analytical inverse kinematics utilizing classic trigonometric
descriptions to derive the relationship between the posture of
the end-effector and the joints without iterations. The second
method is adopted in this research for it is able to provide an
I.K. solution and decrease computation time for fast control
requirements. Only six constraints, including orientation and
position, are needed to reach a specific end-effector pose. We
must first set one more restriction on the 7-DOFs arm in this
study. The definition of redundant angle should match the goal
of mimicking human arm movement. The swivel angle ¢, as
shown in Fig 4, is chosen as the seventh restriction because this
motion is identical to human instinct movement. Before
illustrating the swivel angle, the plane P, needs to be
explained. This plane consists of three points: shoulder joint,
elbow joint, and wrist joint. The reference plane is the formed
plane after solving 1.K. when the end-effector’s position and
orientation are given while the third joint’s angle is constrained
to zero. The swivel angle then is defined as the angle between
the reference plane and the plane when specifying a different
angle to the third joint. These two planes are coaxial with the
vectors defined by the shoulder and wrist joints; this movement
happens to coincide with the actual movement of the human
arm.

Fig. 4 Illustration of swivel angle: the delta swivel angle is defined as the
difference between green and blue planes. Both planes consist of three points:
shoulder, elbow, and wrist joint. Only the angle of the joint is different.
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The Denavit-Hartenberg coordinate system is constructed in
TABLE I, and the transformation matrix can lead to a feasible
solution of I.K. using Shimizu’s method [9].

TABLE Il
DH PARAMETER OF THE 7-DOFS ROBOTIC ARM
i 7} a (rad) d a
1 68, -m/2 dy 0
2 6, /2 0 0
3 03 -2 dge 0
4 0, /2 0 0
5 0; -n/2 d,, 0
6 ‘A /2 0 0
7 0 0 dyye 0

The inverse kinematics is derived as follows. First, let %x,
be the vector from the shoulder to the wrist. Because the fourth
angle will not be affected by changing the swivel angle, we can
compute it using (1).

” Oxswnz - dge - dZW

cosf, = 1)
* 2 * dse dew
TABLE Il
SYMBOL DESCRIPTION
Symbol Description
IR, i" rotation matrix represented in j™ coordinate
iR Rotation matrix of swivel angle represented in j"" coordinate

Tx; i" position represented in j coordinate
Length between base to shoulder represented in j™ coordinate
i I, Length between shoulder to elbow represented in j" coordinate

Loy Length between elbow to wrist represented in j* coordinate
j Lt Length between wrist to target represented in j" coordinate
v General end-effector state vector

6 Vector of motor angles

] Jacobian matrix

Then, we solve the other six angles in (2) and (3) by using
the formal forward kinematics relationship between joint angles
and pose, including the desired position °x,and orientation °R,.
The meaning of each symbol is listed in Table IlI.

OX7 = Olbs + 0R<p ORg{ 3lse + 3R4( 4le'w + 4R7 7lwt)} (2)
0R7= OR(p ORg 3R4 4R7 (3)

IV. OPpTIMIZED APPROACH

In the previous sections, through the analysis and verification
of inverse kinematics, the 7-DOFs arm can be fully controlled.
Further, the redundant degree of freedom, the swivel angle,
must be optimized. The optimization goal of this research is to
improve the efficiency of the grasping pose at the end-effector,
which is the humanoid hand, as shown in Figs. 3 and 4. For this
purpose, the relationship between motor angles and the end-
effector’s position and orientation must be figured out so that
the Jacobian matrix can be derived. Although the position and
the orientation can be calculated based on (2) and (3), the matrix
form of orientation can’t be partially differentiated by a vector.
The pose should be transformed to three Euler angles, namely

a, B, and y angles, respectively, and be composed with three-
position values to form a new general end-effector state vector.
Thus the Jacobian matrix can be derived.

v=]6 (4)
v
J= Y ®)

Then it is necessary to calculate the manipulability for the
optimization goal of this research. The greater the
manipulability, the more efficient the grasping pose is. The
calculation of manipulability is shown in (6).

6] = 67 « 6 = Ty (6)

In (6), 6 represents the motor angle of the robotic arm, and J
represents the Jacobian matrix. It can be known from the above
formulathat M = JJ"describes the manipulability of the robotic
arm at the restriction of ||4||°=1. Fig. 5 shows the
manipulability changes caused by changing the swivel angle.
The red ellipse is the visualized result of the manipulability
matrix. In order to feedback control the motor angles to achieve
the desired manipulability, it is necessary to differentiate
manipulability to obtain a control gradient matrix. However, the
derivative of a matrix with respect to a vector is a tensor of order
3. To simplify the calculation, the vectorization of a matrix is
introduced in (7), where T represents the permutation matrix,
® is the Kronecker product, and j = vec()).

d vec(M) = vec(dJ]JT) + vec(JdJT)
=(JQI)*dj+ s ®)) *T *dj (7
=36 +T)J ® L) *dj

dvec(M)
T36x7 = “ o

dj
=36 +T)J ®Ig) *30

(8)

Fig. 5 Visualized result of manipulability at same end-effector position and
orientation but different swivel angle

After establishing the differential relationship between
manipulability and motor angle in (8), the input must be
considered. The manipulability M is highly nonlinear because
it is the multiplication of the Jacobian matrix. With Riemann
geometry, we can compute the difference between each
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manipulability matrix. This difference denoted as Ly e iS
defined in (9), where A and B are 6x6 manipulability matrices.

1 a1
Lexs = Loga(B) = Az x log(A"2BA™2) A2 9)

After the difference between two manipulability is calculated,
the concept of the gradient descent is employed used to make
the manipulability asymptotically toward the target
manipulability M,.

Additionally, because the Lgye is a matrix, it should be
vectorized as a 36x1 vector. This vector reflects all column
vectors in Lgy, . Finally, the overall control method is defined
in (10), in which v, is the target end-effector general velocity
calculated during trajectory planning.

Oc =) (W) + (=] 7 vec(Loxe) (10)

If the robotic arm encounters a singular point and causes the
elements of the Jacobian matrix to be infinite, the
pseudoinverse  Jacobian matrix is adopted instead.
Mathematically, the purpose of using the Jacobian matrix is to
optimize the redundant degree of freedom for enlarging
manipulability. In this research, we propose to combine
analytical solutions to assist the Jacobian matrix in calculating
the current posture. This hybrid approach for the controller is
depicted in the flowchart, as shown in Fig. 6.

Target Pose( "x1, 0R1,tp =0,L3y3)

(%7, "Ry §("x7, "Rr@=0)

Inverse Kinematics Lyxs

§0:-67)

Null-Space Control

Mandel(Lgx3) Riemannian

Geometry

;67

4

Target Angle

Fig. 6 Flowchart of the proposed hybrid controller

V. OBSTACLE AVOIDING STRATEGY

While reaching the grasping posture, collision avoidance
must be considered in motion planning. The geometry bounding
method is commonly used in the literature to compute collision
between obstacle and robot. This traditional approach can
improve collision detection accuracy by approximating the
model with an enormous number of spheres but costs more
computational resources. Instead of using spheres, in this
research, the bounding-box method is employed to fit the
collision region of the robot’s linkage at once. Not only can it
meet the actuator’s appearance, but it also increases
computation speed. The information regarding the collision is

provided by the bounding box of each robot linkage and the
obstacles. The distances from all points on the robot linkage
bounding boxes to the obstacles are then computed to figure out
the closest point as the possible collision point of the robot. The
avoidance direction is defined as a virtual force along the
direction from the collision point to the center of the obstacle.
Then null-space movements are added to avoid collision with
an external obstacle. To separate algorithm and hardware
issues, we develop the Webot simulation environment in this
research and validate different scenarios of the robot’s behavior
when encountering obstacles in the workspace. The collision-
free area is marked as green. On the contrary, the collision area
is then highlighted with red color.

Fig. 7 Robotic grasp detection: (a) Real-world implementation. (b)
Simulated-world implementation.

In engineering practice, a vision system is commonly used to
mark the target but inevitably suffers from occlusions. The
robot linkage structures and their corresponding bounding box
can be assumed to be rigid since they have higher stiffness than
the interactive objects. With such a solid assumption, bounding
boxes can be applied to robot structures to determine the
collision with an external object and evaluate the theoretical
gripping position, as shown in Fig. 7. With this remedy, we can
solve occlusions. Finally, Fig. 8 shows the flowchart of the
aforementioned obstacle avoidance strategy. The main task of
this strategy is to update the target angles iteratively with null-
space control if the collision is detected by the OBB algorithm
to obtain the proper target angles, which can be executed

successfully.
& 67)

Null-Space Control

" Vector

Avoidance Strategy

Target Angle

‘ (81--87)

Forward Kinematics

¥ ("x, °Ry)

Collision Detection

§ oBB

',Nﬂ

Execute

Fig. 8 Flowchart of the proposed obstacle avoidance strategy
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Although the OBB method is useful and easy to be achieved,
the application scenario should follow the assumptions
mentioned above. When using the OBB method, any possibility
that may lead mismatching phenomenon should be considered
carefully, such as model difference, assembling error, or
deformation during dynamic motion or interaction with other
objects. Otherwise, a more margin of the bounding box needs
to be included to increase the robustness but decrease the
precision.

VI. ExperiMENTAL RESULTS

With the proposed human-like robotic arm and the pitch and
yaw DOFs, the ability to implement the spherical trajectory
movement of the human’s wrist without suffering from gimbal
lock is demonstrated by the series of screen shots as shown in
Fig. 9. Moreover, Fig. 10 shows the feasibility of the humanoid
robotic arm by directly mapping a human’s joint movement to
the model robotic arm. Fig. 11 uses hand grasping tasks to
demonstrate that the gimbal lock problem does not trap the
wrist design. Finally, the collision-free trajectory planning
algorithm with bounding boxes for the humanoid manipulator
is validated in the cyber or virtual domain first. It is graphically
illustrated in Fig. 12 and Fig. 13, respectively, for moving
without and with obstacle avoidance. By fine-tuning the robot’s
PID controllers, we can implement the trajectory from the
aforementioned cyber domain to the corresponding physical
domain or real system. As an illustrative example, as shown in
Fig. 14, the robot is set to perform a pouring task, which is more
complicated and involves dexterous motion. The results show
that we can smoothly perform the job by using a planning
algorithm based on the proposed hybrid analytical inverse
kinematics algorithm. The redundant angle during the
movement apparently meets the requirement of the joint limit,
force transmission, and obstacle avoidance.

Fig. 11 Hand grasping of various dbjects

Fig. 12 Moving without obstacle avoidance.

W 0 AN

Fig. 13 Moving with obstacle avoidance.

(a)
e

- - - i

Fig. 14 Example of the model humanoid robotic am conducting pouring task.
Fig. 9 Wrist movement without gimbal lock: (a) rotation of z-axis, (b) rotation g P 9P g

of y-axis, and (c) rotation of x-axis.
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VII. CONCLUSION

We have proposed a hybrid inverse kinematics model with a
human-like S-R-S arm configuration, manipulability
optimization through adjusting the redundant swivel angles,
and the ability of obstacle avoidance when performing the
target grasping poses. The S-R-S configuration 7-DOF robotic
arm overcomes the gimbal lock problem increasing the
flexibility of the end-effector without decoupling the gimbal at
first, as shown in Fig 9. Second, the manipulability optimization
increases the manipulability at the same position and the
orientation of the end-effector for attenuating the occurrence of
the singularity. The performance is evident, as shown in Fig. 5.
The collision-free path finding algorithm was performed in the
Webot virtual simulation environment to validate different
designs and application scenarios of the model robot’s action
when encountering obstacles in the workspace. Finally, the
algorithm was implemented in an actual or physical system.
The actual robotic arm movements were identical to the
simulated results. The contribution of this paper is indicating
valuable guidelines for 7-DOF humanoid robotic arm design,
control, and path planning to make teleoperation or the
autonomic robot arm movement more feasible instead of
complex pre-setting and teaching by users.
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