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Variable Twist Angle of Flexible Electromagnetic 
Hyper Redundant Robot 
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Abstract— Denavit Hartenberg (D-H) Kinematic structure representation of robot having revolute joint normally have fix arm length 𝑎, 

offset distance  𝑑, twist angle  𝛼 and only varied joint angle 𝜃. This paper introduce two (2) inputs variable of twist angle  𝛼 and joint 

variable 𝜃 besides fix value of arm length 𝑎 and offset distance 𝑑. Variable value of 𝛼 and 𝜃 are dependent on polar electromagnetic 

actuator actuation sequence. The actuator extension and their combination will determine the joint variable value of joint angle 𝜃 and twist 

angle  𝛼. This electromagnetic muscle is arranged in four (4) polar arrays around disk body. Even though the electromagnetic muscles are 

classified as prismatic joint, their sequence and combination of operation producing two joint variables of joint angle 𝜃 and twist angle𝛼. 

Output from this forward kinematic model is the end effector 𝑁𝑂𝐴𝑃 matrix and its yaw, pitch and roll orientation representation. This novel 

module is intended for building a high assemblage of Hyper Redundant Robot. A low cost polycarbonate plastic and spring are used for 

structure of flexible body module. Coil of more than 1000 𝑡𝑢𝑟𝑛𝑠 is employ in order to generate distance extension. The Programmable 

Logic Controller (PLC) is used to manage the sequence of energizing the coils for having value of ∝ and 𝜃. 

Index Terms— Snake Robot, Low Cost, Flexible Body, Kinematic Model    

——————————      —————————— 

1 INTRODUCTION                                                                 

ENAVIT Hartenberg [1] representation of single degree 
of freedom robot requires four parameters such as arm 
length 𝑎, offset distance  𝑑, twist angle 𝛼 and joint angle 

𝜃. Arm length 𝑎 is the arm extension distance between adja-
cent joint, offset distance d is the distance between the origin 
of two neighbouring coordinate frame along Z reference axis, 
twist angle ∝ is the angular different between Z axis of both 
joints and joint angle is the angular displacement between X 
axes measured about reference Z axis of the specified degree 
of freedom. Normally joint angle 𝜃  become joint variable for 
revolute joint and offset distance d is a joint variable for pris-
matic joint [2].  

This kind of representation is used to model industrial ro-
bot successfully from 1950’s. Since the current trend of robotic 
research is diversifying into service, humanoid and bio-
mimetic robot which having large numbers of degree of free-
dom, a new approach is required to serve this computational 
intensive requirement.  Using Denavit Harternberg requires 
four parameters to describe a single degree of freedom or 
joint. In hyper redundant robot design normally requires more 
than 30 degree of freedom [3]. Refer to Chirikjian and Burdick 
[4], the term hyper-redundant is to describe robots which have 
a very large number of independent degrees of freedom. A 
simple approach is needed in order to model just one module 
or segment of snake robot.  

Since D-H algorithm is an established and standard meth-
od to model any robot, a modification of D-H system is re-
quired for high degree of freedom robot. Maintaining D-H 
approach with novel simplification will retain the robustness 

of robot modeling while reducing the computational burden 
in hyper redundant robot design. This simplified approach 
will accommodate four degree of freedom into a single repre-
sentation of Denavit Hartenberg algorithm.  

In this work a robot module or segment consist of four 
prismatic joints is being developed. The combination of this 
module will become an assemblage for multiple degree of 
freedom of hyper redundant robot or snake robot. Normal 
approach is to treat a single prismatic joint as a single degree 
of freedom with four Arm matrices. A unique approach in this 
research is to model this four degree of freedom into single 
arm matrix representing a segment or a module. The actuator 
extension and their combination will determine the joint vari-
able value of joint angle 𝜃 and twist angle  𝛼. This electromag-
netic muscle is arranged in four (4) polar arrays around disk 
body. Even though the electromagnetic muscles are classified 
as prismatic joint, their sequence and combination of opera-
tion producing two joint variables of joint angle 𝜃 and twist 
angle 𝛼. Output from this forward kinematic model is the end 
effector 𝑁𝑂𝐴𝑃 matrix and its yaw, pitch and roll orientation 
representation. This novel module is intended for building a 
high assemblage of Hyper Redundant Robot.  Employing this 
actuation sequence representation technique 40 DOF system 
requires only ten arm matrices in contrast to normal modeling 
of using 40 arm matrices. 
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2 PROTOTYPE OF ROTATING SEGMENT 

2.1 Actuator Description 

The actuator is cylindrically symmetrical configuration shown 
in Figure 1. It consists of three polycarbonate plastic layers, a 
spring and four armatures in polar array.   
 

 
 
 
 
 
 
 
 
 

Figure 1: Prototype of Rotating Segment 
 

It is a special design electromagnet that consists of a coil 
and a movable iron core called the armature. When current 
flows through a wire, a magnetic field is set up around the 
wire. When the coil of the solenoid is energized with current, 
the core moves to increase the flux linkage by closing the air 
gap between the cores. The movable core is usually spring-
loaded to allow the core to retract when the current is 
switched off. The force generated is approximately propor-
tional to the square of the current and inversely proportional 
to the square of the length of the air gap. This high-speed elec-
tromagnetic actuator is highly consistent of high pressure appli-
cation. Therefore, the new actuator can provide high response 
over short strokes [5] and is suitable for variable twist angle of 
flexible electromagnetic hyper redundant module.  

2.2 Programmable Logic Controller 

A Programmable Logic Controller (PLC) is a digital computer 
used for automation of electromechanical processes [6]. A PLC 
is an example of a hard real time system since output results 
must be produced in response to input conditions within a 
limited time, otherwise unintended operation will result. 
For this work, we used PLC Omron CP1A-CPU20 with 8 bit 
input and 8 bit output relay. Table 1 is the specification of the 
PLC that we used: 
PLC Type: Compact 
Voltage Supply: 100VAC-240VAC 
Model number: CQM1H-CPU51 
I/O capacity: 512 points 
Program capacity: 7.2 Kwords 
DM Area size: 6 Kwords 
CPU Unit built in I/O points: 16 DC Inputs 
Communication ports: Peripheral/ RS-232C 
Inner board: Supported 
Communication Units: Supported 
 

We controlled the sequence of the four bits to make variation 
of twist angle α. Figure 2 and Table 2 shown the inputs and 
outputs wiring and list of input and output PLC.  

To operate the sequence, we programmed the PLC using 
ladder language to active these four actuators of a module. 

 

 
Figure 2: Wiring I/O PLC for One Segment 

 

Table 2: List of Input / Output PLC 

Item Description PLC i/o Address 

S1 Switch 1 Push Button (N/O) 000.00 

S2 Switch 2 Push Button (N/O) 000.01 

S3 Switch 3 Push Button (N/O) 000.02 

S4 Switch 4 Push Button (N/O) 000.03 

EMA1 Electromagnetic Actuator 1 100.00 

EMA2 Electromagnetic Actuator 2 100.01 

EMA3 Electromagnetic Actuator 3 100.02 

EMA4 Electromagnetic Actuator 4 100.03 

3 OPERATION OF ROTATING TWIST ANGLE MODULE 

3.1 Denavit Hartenberg Modeling 

The module consists of reference disk and orientation disk. 
The XYZ axis is attached on the reference disk while the NO-
AP orientation axis is at the outer disk (Refer Figure 2). The 
difference between origins of these two frames along X axis is 
arm length a. The offset distance d is zero since theoretically 
there is no displacement among the frame’s origin along Z 
axis. Twist angle α is a product of prismatic actuator combina-
tion. The similar value of angular variable 𝜃 is achieved with 
varied value of twist angle α. The bang-bang control scheme is 
employed in electromagnetic actuator since the objective of 
this work to show the effect of twist angle variation on NOAP 
homogeneous orientation and position matrix. In future, servo 
control for electromagnetic extension will be explored in order 
to give varied value of joint angle 𝜃 and twist angle α.  

3.2 Variable Twist Angle, 𝜶 

The combination of these four electromagnetic actuator will 
determine the twist angle α. Twist angle α is the angle between 
Z reference axis and Z transition axis about X transition axis. 
By energizing actuator number one, the frame angular dis-
placement is about 90°. If both actuator 1 and 2 is being ener-
gized the transition frame will rotate further to become 135°. 
Refer Figure 3 and Table 3 for complete transition axis rotation 
and their derived twist angle α. 
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These arm matrixes normally represent single degree of free-
dom but in this work it represents the whole single module of 
robot, 𝐴 = 𝑀 . 
 

(14) 
 

(15) 
 
 
 

(16) 
 
 

 
The position and orientation representation of the Yaw ∅, 
Pitch𝜃, and Roll 𝜓 for this twist module can be derived from 
matrix (16) as in (17) to (19). 

 
𝜙 = 𝑎𝑡𝑎𝑛2(𝑛 , 𝑛 )                                                                       (17) 
𝜃 = 𝑎𝑡𝑎𝑛2(−𝑛 , 𝑐𝑜𝑠𝜙. 𝑛 + 𝑠𝑖𝑛𝜙. 𝑛 )                                        (18) 
𝜓 = 𝑎𝑡𝑎𝑛2(𝑠𝑖𝑛𝜙. 𝑎 − 𝑐𝑜𝑠𝜙. 𝑎 , −𝑠𝑖𝑛𝜙. 𝑜 + 𝑐𝑜𝑠𝜙. 𝑜 )           (19) 
 

4 RESULT ANALYSIS 

Consider the combination of individual module into a hyper 
redundant robot system represented symbolically in Figure 4. 
The configuration can be scaled into any number of N degree 
of freedom.  Tables 4 summarize the Denavit Harternberg ta-
ble for the total segment or module. The result for every indi-
vidual segment and their incremental value is displayed in 
Table 5 and Table 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
Figure 4: Three-Link Segment with Twist Angle, 𝛼 = 90° 

 
 

Table 3: D-H Parameters for Six Segments 

Tw(1,0,0,0) 

Link 𝑎  𝛼  𝑑  𝜃  

1 25 90° 0 15° 

2 25 90° 0 15° 

3 25 90° 0 15° 

4 25 90° 0 15° 

5 25 90° 0 15° 

6 25 90° 0 15° 

 
 

Table 5: Result NOAP for Six DOF 

Variable Twist Angle, 𝛼 = 90° for each joint module  

M
o

d
u

le
 

Position 
(mm) 

Orientation (°) 

𝑃   𝑃   𝑃   
Yaw, ∅ 

𝑎𝑡𝑎𝑛2(𝑛  , 𝑛  ) 

Pitch, 𝜃 

𝑎𝑡𝑎𝑛2(−𝑛  , 𝑐𝑜𝑠∅. 𝑛  
+ 𝑠𝑖𝑛∅. 𝑛  ) 

Roll, 𝜓 

𝑎𝑡𝑎𝑛2(𝑠𝑖𝑛∅. 𝑎  
− 𝑐𝑜𝑠∅. 𝑎  , −𝑠𝑖𝑛∅. 𝑜  
+ 𝑐𝑜𝑠∅. 𝑜  ) 
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Table 6: Result NOAP for Six DOF 

Variable Twist Angle, 𝛼 = 360° for each joint module  

M
o

d
u

le
 

Position 
(mm) 

Orientation (°) 

𝑃   𝑃   𝑃   
Yaw, ∅ 

𝑎𝑡𝑎𝑛2(𝑛  , 𝑛  ) 

Pitch, 𝜃 

𝑎𝑡𝑎𝑛2(−𝑛  , 𝑐𝑜𝑠∅. 𝑛  
+ 𝑠𝑖𝑛∅. 𝑛  ) 

Roll, 𝜓 

𝑎𝑡𝑎𝑛2(𝑠𝑖𝑛∅. 𝑎  
− 𝑐𝑜𝑠∅. 𝑎  , −𝑠𝑖𝑛∅. 𝑜  
+ 𝑐𝑜𝑠∅. 𝑜  ) 
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5 CONCLUSION 

Denavit-Hartenberg (D-H) is an accepted robot modeling 
technique since 1950’s. It is being used successfully to model 
Six degree of Freedom modern industrial robot in industries. 
Since the current trend of robotic is to move toward the ser-
vice and military application which requires robot in great 
number of degree of freedom deviate from a standard six de-
gree of freedom, a new mathematical modeling is required.  
 

This work shows the improvement of Denavit - Hartenberg 
usage in robot modeling which reduce the computational bur-
den. Normally one degree of freedom robot requires one arm 
matrices as proposed by D-H method. This research proposes 
the compression of four degree of freedom robotic system into 
single module M. The robustness of Denavit Hartenberg is 
retained while improving the computational efficiency. The 
outcome of this work is lay foundation for the new robotic era 
that mimic biological creature such as snake robot which pos-
ses a high number of degree of freedom. The spiral gait mo-
tion for climbing or planar surface locomotion can be achieved 
easily by employing the incremental twist angle or constant 
value of 360° of twist angle. 
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