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Abstract 

A novel robot mechanism-tetrahedral rolling robot is introduced in the paper. The robot comprises of 26 extension struts and 9 nodes. 

When the COG of tetrahedron exceeds the stability region, the robot will roll. The structure of the 12-TET robot is described. 

Designing method of the robot is given, and it is proved correct and feasible through simulation. Kinematic models in different 

motion phases are analysed in the paper, and the rolling critical condition is formulated. The effectiveness of the method is testified 

through simulation. The study of the paper will provide important reference for the dynamic analysis, optimization design and control 
of the tetrahedral rolling robot. 
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1 Introduction  

 

A cutting-edge technology is Tetrahedral Robotics (TR), 

which involves active trusses made up of extensible 

structural members (struts) and interconnections (nodes) 

arranged in a tetrahedral mesh [1]. This conception is 

originally presented by Hamlin and Sanderson. The 

movement of a tetrahedral robot is realized through 

length change of the truss, and it is a novel mechanism 

with multi-DOF and multi-loop [2]. The robot moves by 

changing the lengths of several struts, which changes the 

location of the centre of gravity (COG). If the centre of 

gravity (COG) of the robot exceeds the stable region, it 

may cause the robot to “tumble”. The number of 

tetrahedra, or TETs, is an indicator of the complexity of a 

TR robot and the behaviours and shapes it can take on 

[3]. 

Tetrahedral Walker Robots provide greater mobility 

than conventional wheeled or track robots. This includes 

the abilities to [4]: 

1) Traverse terrain more rugged in terms of slope, 

roughness, and obstacle size. 

2) Conform to virtually any terrain. 

3) Avoid falling down or getting stuck 

permanently. 

4) Be easily maintained due to its modularity. 

5) Avoid failure through compensatory gait (limp). 

Tetrahedral Walker Robots architecture is being 

developed at NASA Goddard Space Flight Center 

(GSFC) for Lunar or Martian exploration [5]. The current 

line of work at GSFC on TR began in 2004 with the 

development of the 1-TET, a one-tetrahedron 

reconfigurable truss that demonstrated basic movement 

and control of a determined system [6]. The second-

generation 12-TET was deficient in a number of ways 

because of its weight. The third-generation TR 12-TET is 

so complex that it cannot move, and now the control 

method is in research [7, 8]. 

 

2 Mechanism design of tetrahedral walker robot 
 

The mechanism sketch map of a variable 12-tetrahedral 

robot is shown in Figure 1.  

 
FIGURE 1 The configuration of a variable 12-tetrahedral robot 

This 12-TET robot has an interior node for a payload 

and more continuous motion. The tetrahedral framework 

acts as a simple skeletal muscular structure [5]. The 12-

TET is a mechanism with 9 nodes, and 26 struts which 

can look a lot like a box with a central node connected to 

each corner by a strut. There is a strut along each edge of 

the box and a diagonal strut on each face. 
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The geometry of the strut is a back-to-back double 

sided geometry expanding in two directions, improving 

the extension ratio with fewer segments and reducing 

crowding at the nodes. For actuation we have developed a 

system of nested screws Figure 2 within an exoskeleton 

Figure 3, which has a greater extension ratio than we 

believe has previously been achieved. 

 
FIGURE 2 Screw design 

 

 
FIGURE 3 Exoskeleton design 

Exoskeleton cannot spin, which keeps the last nut 

from spinning, which makes the makes the system 

progress linearly when the motor spins the inner screw. 

 

3 Kinematic models analysis 

 

The variable 12-tetrahedral robot’s movement is defined 

from the base configuration of the 12-TET shown in 

Figure 4a. The structure has 4 nodes that connect 7 struts 

(node 1, 3, 5 and 7), 4 nodes that connect 4 struts (node 2, 

4, 6 and 8) and a centre node (node C) 

 
FIGURE 4 The base configuration of a variable 12-tetrahedral robot 

 

3.1 TUMBLING MOVEMENT 

 

We assume that the mass of the struts are negligible 

compared to that of the nodes, and each node’s mass of 

the variable 12-TET robot is equable. The variable 12-

TET robot has different kinds of motion pattern, and one 

pattern that included two movements is chosen to 

analyse: Tumbling occurs over one of the four sides of 

the base (Square 1278). Supposing that robot would 

topple over the 78 strut. In the process of movement, 

node 3, 4, 7, 8 and node C is always located in the same 

Plane. For the first movement, the struts between nodes 

Node a and Node b (
abL ) will be extending with the 

following length constraints (L is the initial length for the 

struts): 
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The rest of the struts do not change their lengths. 

Now we consider the geometry of the robot and find 

the conditions under which the robot tumbles. We will 

show that tumbling occurs at certain ratios of the sides of 

the robot base. We should therefore change its 

dimensions accordingly. Once the torques about the 78 

strut equals each other, the robot is going to topple.   is 
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the angle that rectangle 4378 relative to its initial 

position. The toppling critical condition is: 

 2 0 0

2
2 2 2 cos cos 2 cos

2
ol l l l        , 

 
2 2 2

1 2
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5 13 10
cos

8

l l L

Ll
 

 
   (2) 

3.2 KINEMATIC MODEL ANALYSIS BEFORE 

TOPPLING 

 

3.2.1 Jacobi [J] and Hessian [H] 

 

According to the mechanism characteristic and motion 

pattern of the variable 12-tetrahedral robot, the 

coordinates are established as Figure 5.  

 
FIGURE 5 Coordinates of the variable 12-tetrahedral robot 

Inertial frame (O-XYZ) and moving coordinates (C-

xyz) is shown. Mid-point (O) of 12L  for origin of inertial 

frame (O-XYZ), Axis X is perpendicular with plane 1234, 

Axis Y is superposed on line 12, and Axis Z can be 

deduced by the right hand rule. Centre node (C) for origin 

of moving coordinates (C-xyz), Axis z is perpendicular 

with △8C7, Axis x is superposed on midline of △8C7, 

and Axis y can be deduced by the right hand rule. Thus it 

can be seen, angle   between z and Z is the dihedral 

angle between plane 8C7 and plane 1278. 

An arbitrary vector ( R ) in the moving coordinates 

(C-xyz) transformation to inertial frame (O-XYZ) given 

by: 

 R T R PABC  , (3) 

wherein 
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Supposing that the position and the pose of 

component i ’s centre of the variable 12-tetrahedral robot 

is expressed as 
iU , 

i , and 
iU , 

i  is the non-linear 

function of joint variable l ,  1 2 3, ,
T

l l l l . The equation 

is 

 1 1 2 3, ,iU f l l l  (6) 

 2 1 2 3, ,i f l l l   (7) 

The first differential coefficient of them are the 

velocity 
iv  and angle velocity 

i  of component i . The 

equation is  
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The second differential coefficient of them are the 

acceleration 
ia  and 

i  of component i . The equation is  

, , , ,i i T i T i T i T ia U J l J l H l J l     , (10) 

, , , ,i i R i R i R i R iJ l J l H l J l       . (11) 

,T iJ , ,T iH  are the translational Jacobi matrix and Hessian 

matrix, ,R iJ , ,R iH  are the rotational matrix. 

 

3.2.2 Jacobi [J] and Hessian [H] of nodes 

 

Take centre node (C) for example, the position and the 

pose of C’s centroid is: 
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According to formula (8) ~ (11), the velocity 
Cv  and 

angle velocity 
C  of node C is: 

 , 1 2 3, ,
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the acceleration 
Ca  and 

C  
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Similarly, we can obtain other nodes’ J, H and 

velocity, acceleration. 

 

3.2.3 Jacobi [J] and Hessian [H] of struts 

 

The geometry of the struts is a back-to-back double sided 

geometry expanding in two directions, and the centroid in 

the geometric centre of struts. Take strut C5 for example; 

the position and the pose of strut C5’s centroid in the 

moving coordinate is: 
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According to formula (3), the position and the pose of 

strut C5’s centroid in the inertial frame (O-XYZ) is: 

 5 5C CU T U P  ,  5 5C CT P     (19) 

The velocity 
5Cv  and angle velocity 

5C  of strut C5 is: 

 5 5 , 5 1 2 3, ,
T

C C T Cv U J l l l  , (20) 

 5 5 , 5 1 2 3, ,
T

C C R CJ l l l   . (21) 

The acceleration 
5Ca  and 

5C  

5 5 , 5 , 5 , 5 , 5C C T C T C T C T Ca U J l J l H l J l      (22) 

5 5 , 5 , 5 , , 5C C R C R C R C R CJ l J l H l J l        (23) 

Similarly, we can obtain other struts’ J, H and 

velocity, acceleration. 

 

3.3 FALLING PHASE 

 

The process of beginning the fall of the 12-TET robot is 

shown in fig.2. Supposing that the vector of strut 87 is: 

 87 , ,
T
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The falling path of robot is expressed 
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, cos sin xu   , 

and cos cos zu   ,   is the roll angle of the robot. 

Different walking paths can be planned through 

choosing different roll axis. Trajectory of the variable 12-
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tetrahedral robot is shown in Figure 6. It is seen that the 

tetrahedral rolling robot could change its walking 

direction anytime, so it has great agility 

 
FIGURE 5 Trajectory of the variable 12-tetrahedral robot 

 

4 Simulation 

 

The simulation model is built for validating the 

effectiveness of the kinematic analysis method. The 

parameter of the model is as follows: original length of 

strut L=1000mm.  

We simulate the theoretical relations within 

MATLAB shown in Figure 6. This movement (Figure 7 a, 

b, c) moves the COG of the structure outside of the base 

and makes the robot tumble (Figure 7 d). The second 

movement (Figure 7 e, f) that completes the motion 

pattern involves the contraction of the same struts 

involved in the first movement. The contraction of the 

struts follows the same constraints of the first movement 

as well. Repeating this sequence of movement makes the 

robot move in a tumbling way. 

The Adams simulation 12-TET robot is shown in 

Figure 8. It shows that the robot can realize the rolling 

motion according to the planned path, and then relapse. It 

indicates that the design method is feasible. The next 

movement can choose different roll axis and motion 

parameter; including direction, step length, and height. 

These can all be set neatly. 

In the paper, the velocity of the extension strut is 

slow, and the dynamic effect is small. When the velocity 

increases, the dynamic effect will become greater. The 

next work will study this problem deeper. 

 

  
a b 

  
c d 

  
e f 

FIGURE 7 Rolling gait 
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FIGURE 8 The Adams simulation 12-TET robot 
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