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Abstract 
Exact location calculation between each part of a parallel groove clamp when connecting a power line 

with a jumper is addressed in this paper. The relative location between a concave clamp and convex 

power line cannot be measured directly in live-line manipulation. We propose a concave arc surface 

collision detection method embedded in motion simulation. The relative location between irregular 

concave parts in the manipulation process can be obtained. The method is found to be computationally 

less expensive than convex partitioning collision detection techniques. This research provides a 

foundation for further study on robot hand manipulation with irregular assembly. 
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1. INTRODUCTION 

Outage-free maintenance of electrical power lines is a basic demand in the electrical power 

industry. Parallel groove clamp manipulation, which is used in connecting a transmission line 

with a jumper, remains a dangerous procedure for line workers [1]. Therefore, it is inevitable 

a robotic worker to take the place of a human worker for switching on the jumper in live 

power line maintenance. Robotic applications for the maintenance of electrical live power 

lines began in the 1980s [2-3]. The current research directions are power transmission line 

inspection [4-5], teleoperation [6] and the development of mechanism design [7-8]. Robot 

technology plays an important role in solving this problem, but a robot cannot exactly mimic 

a person when manipulating the parallel groove clamp. Robotic hand and gripper designers 

have been interested in researching dexterous manipulation for many decades. However, 

robotic manipulation of rigid objects is still a problem that is worthy of further research. Liu 

et al. [9] developed a soft robotic gripper that can be used in grasping size-varied vulnerable 

objects. Vincent et al. [10] proposed a method for grasping objects lying on a flat surface. 

Bohg et al. [11] reviewed different methodologies for robot grasping. Wyk et al. [12] tested 

peg-in-hole manipulation control strategies. There have been many research efforts to 

examine the dexterity and robustness of robot grasping. To date, the grasping object has 

always been a single body or a part with little or no interaction with other objects (for 

example, the peg-in-hole task). It remains a challenging task to grasp or manipulate 

assemblies consisting of several parts. 

Currently, research on assembly manipulation concentrates mainly on virtual assembly, and 

the main technologies are assembly sequences and collision detection [13-14]. Assembly 

sequence planning is an N-P hard combinatorial problem in which more than one objective 

function has to be optimized simultaneously to obtain a feasible sequence [15]. For the 

parallel groove clamp, the assembly sequence can be acquired by summarizing human 

operating experience due to the small number of parts. In addition, collision detection is 

always used for path planning in robotics. For assembly manipulation, the relative positions 

between each part can be calculated by collision detection. The collisions of parallel groove 

clamp manipulation occur mostly between power lines and splint grooves. However, convex 

bounding volumes are the main research objects for most collision detection methods [16]. 

The convex partitioning method is always used in the collision detection of concave volumes, 

which detects each object collision after dividing the objects into several pieces [17-18]. The 

disadvantage of the convex partitioning method is that the detail of edges is lost if the number 

of pieces is low; on the other hand, the computing time of collision detection grows as the 

number of pieces increases. Another common method for position detection is image 

detection. The spherical coordinate transform is always used for calculating the relative 

positions between each object [19]. The main disadvantage of image detection is that it cannot 

work in live environments. 

Fortunately, Brozos-Vázquez et al. [20-21] provided a method to detect the positional 

relationship between ellipsoid and an elliptic paraboloid, which has inspired our work. 

Furthermore, the splint grooves in the parallel groove clamp can be considered an arc surface 

due to the design and product. Motivated by the above background, this paper examines a 



 

 

new method of collision detection based on arc fitting. Then, the combined assembly 

sequence and the parts motion for parallel groove clamp manipulation are simulated. The 

clamping experiments show that the relative position between each part can be calculated 

accurately. The main contribution of this paper summaries as follow: 

1. A new method for collision detection between a concave volume and a convex body is 

proposed. 

2. The assembly sequence and position detection method supply a basis for further study of 

the parallel groove clamp. 

3. A new robot solution for live power line maintenance is put forward. 

2. ASSEMBLY SEQUENCE OF THE PARALLEL GROOVE CLAMP 

To plan an assembly sequence, three factors must be considered: the part shapes, initial and 

final states, and connection relationships. Fig. 1 presents an exploded view of the parallel 

groove clamp and power lines, which consists of seven parts. For on-site operation, line 

workers do not start from the scattered state. The initial and final assembly states of the 

parallel groove clamp are shown in Fig. 2, which provides an anchor for assembly sequence 

planning. 

 

Fig. 1. Exploded view of the parallel groove clamp and power line. 

 
(a)                               (b) 

Fig. 2. Assembly states of the parallel groove clamp. (a) Initial state; (b) final state. 

The problem of assembly process planning can be regarded as permutations and 

combinations of motion of various parts [22]. The connection relationships provide constraint 

rules for these combinations. For parallel groove clamp manipulation, the connection 

relationships 𝑐𝑖𝑗 between 𝑃𝑖 (𝑖th part) and part 𝑃𝑗 can be divided into four types: 

𝑐𝑖𝑗 = {0, 𝑃𝑖  does not connect with part 𝑃𝑗.1, screw joint2, convex object collision3, concave arc surface collision  (1) 
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1 up splint 

2 down splint 
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5 nut

6 power line

jumper7



 

 

Then, the connection relationships matrix 𝐶 in Fig. 2 (b) can be given by Eq. (1), as shown 

in Table 1 below. 

 

Table 1. Connection relationship matrix 𝐶 in the final state. 

 𝑷𝟏 𝑷𝟐 𝑷𝟑 𝑷𝟒 𝑷𝟓 𝑷𝟔 𝑷𝟕 𝑷𝟏  0 0 2 2 3 3 𝑷𝟐   3 2 0 3 3 𝑷𝟑    2 0 0 0 𝑷𝟒     1 0 0 𝑷𝟓      0 0 𝑷𝟔       0 𝑷𝟕        

The assembly sequence planning of the parallel groove clamp does not require a complex 

algorithm due to a smaller number of parts. The assembly steps are reduced to four steps 

through a standard analysis of operation and the experience of line workers, as shown in Fig. 

3. 

move parallel 

groove clamp

Step 1 Step 2 Step 3 Step 4 
move jumper

move down splint

& lock nut

(a) 

move parallel 

groove clamp

Step 1 Step 2 Step 3 Step 4 
move jumper

move down splint

& lock nut

 

(b) 

Fig. 3. Assembly steps. (a) 3D view; (b) cutaway view. 

Grasping one part in the assembly leads other parts to follow. 𝑃𝑖|𝑃𝑗  denotes that part 𝑃𝑗 
follows the movement of part 𝑃𝑖 . Therefore, the assembly sequence in Fig. 3 is 𝑃1|𝑃2𝑃3𝑃4𝑃5 → 𝑃7 → 𝑃2 → 𝑃5|𝑃3𝑃4. 

3. CONCAVE ARC SURFACE COLLISION DETECTION 

3.1. Collision Model Between Each Part 

Because of assembly sequence constraints, there may be only one collision type or none 

between each pair of parts in the whole process. For the screw joint, the relative translation 

between the bolt and nut is achieved by screwing one of them. The scale factor between the 

rotation distance and translation distance is determined by the diameter and pitch. 

For convex object collisions, the calculation of the distance between a point and the closest 

point on a plane or line segment is the basis of all detection algorithms. The collision 

detection method is based on an oriented bounding box (OBB) fit to detect these convex part 

collisions. A rectangular block is utilized as the oriented bounding. There are many possible 

representations for an OBB. For example, a centre point plus an orientation matrix and three 



 

 

halfedge lengths are commonly the preferred representation for OBBs. The OBB-based 

collision detection method is used when the down splint collides with bolt, as shown in Fig. 4. 

 

(a)                                    (b) 

Fig. 4. OBB-based collision detection. (a) Down splint collides with bolt; (b) simplified OBB collision. 

The collision model between the down splint and bolt can be simplified as two rectangles 

due to the limitation of the relative motion along the ±𝑧-axis directions. The mathematical 

description of rectangle 𝐴 is given as follows. 

{𝑃𝐴,[𝐴𝑥 𝐴𝑦],𝐻𝐴,𝑊𝐴, centre pointorientation matrixhalfedge extents along the axis (2) 

There are four kinds of positional relationships between the down splint and bolt, as shown 

in Table 2 below. 

Table 2. Four kinds of positional relationships for the down splint and bolt. 

Positional 

relationship 
Legend 

Mathematical 

description 

1) No 

collision 

 

{  
  Bp1x < AH1xBp3x < AH1xBp2x > AH2xBp4x > AH2x 

2) One-point 

collision 

 

Bp1x = AH1x 

or Bp2x = AH2x 

or Bp3x = AH1x 

or Bp4x = AH2x 

3) Two-point 

collision on 

the same side 

 

Bp1x = Bp3x = AH1x 

or Bp2x = Bp4x = AH2x 
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B
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H1 H2
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A

B
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4) Two-point 

collision on 

the diagonal  

 

{Bp1x = AH1xBp4x = AH2x 

or {Bp3x = AH1xBp2x = AH2x 

*𝐵𝑝1𝑥 means the values on the 𝑥-axis of vertex 𝑝1 of rectangle 𝐵, and 𝐴𝐻1𝑥 denotes the values on the 𝑥-axis of 

the left edge 𝐻1 of rectangle 𝐴. 

The constraint of the bolt helps us acquire the motion track of the down splint, as listed in 

Table 2, although the starting and ending positions remain unknown. The down splint 

connects with the down splint when the up splint is grasped and leads the parallel groove 

clamp to move integrally. The grooves of the upper splint collide with the power line and 

jumper when the parallel groove clamp manipulation is completed. These collision methods 

can be regarded as collisions between the arc surface of the concave and convex cylinders. 

The cylinder can be regarded as the swept volume of a circle, and the arc surface can be 

regarded as the swept volume of an arc. Therefore, the starting and ending positions of the 

down splint can be calculated by distinguishing the position relationship between the arc and 

circle. In addition, collisions between the up splint and power lines are also acquired by this 

method. 

3.2. Concave Arc Surface Collision Model 

The Concave Arc Surface (CAS) collisions of the parallel groove clamp are beneficial for 

adapting different diameter sizes of power lines during manipulation. There are five CAS 

collisions during the parallel groove clamp manipulation process, as shown in Fig. 5. 

 

Fig. 5. CAS collision cutaway view. 

Through the analysis above, the position model can be simplified into the position 

relationship between an arc 𝑂𝑀�̂� and a small circle 𝑂, as shown in Table 3. A small circle 

means that the radius of the circle is less than the radius of the arc. 

Table 3. Positional relationship between arc and small circle. 

 Inside Outside Intersect 
Exterior 

contact 

Interior 

contact 

Major arc 

   
  

A
P1

P4

H1 H2

Concave Arc Surface Collision

M

N

𝑂𝑀�̂� 𝑂 

M

N

𝑂𝑀�̂� 𝑂 

M

N

𝑂𝑀�̂� 𝑂 

M

N

𝑂𝑀�̂� 

𝑂 
M

N

𝑂𝑀�̂� 𝑂 



 

 

Minor arc 

 
 

 
  

For Concave Arc Surface collision detection (CAS-CD), considering only the situation of 

minor arc fitting CAS, the mathematical description can be expressed as: 

1) The small circle 𝑂 is inside the area 𝛤𝑀�̂�, which is enclosed by arc 𝑂𝑀�̂� and line segment 𝑀𝑁: 𝛤𝑀�̂� ∩ 𝑂 ≠ ∅ (3) 

2) The small circle 𝑂 is outside the area 𝛤𝑀�̂�: 𝛤𝑀�̂� ∩ 𝑂 = ∅ (4) 

3) The small circle 𝑂 intersects arc 𝑂𝑀�̂�: 𝑑𝑂𝑝 < 𝑟𝑂 (5) 

The distance 𝑑𝑂𝑝 between the centre point of the small circle 𝑂 and the point 𝑝 in arc 𝑂𝑀�̂� 

is less than the radius 𝑟𝑂 of the small circle 𝑂. 

4) The small circle 𝑂 contacts arc 𝑂𝑀�̂�, and there is only one cross point. 𝑑𝑂𝑝 = 𝑟𝑂 (6) 

4.1) The cross point is not the endpoint 𝑀 or 𝑁 in 𝑂𝑀�̂�: 𝑑𝑂,𝑀�̂� = {|𝑟𝑜 + 𝑟𝑀�̂�|, exterior contact|𝑟𝑜 − 𝑟𝑀�̂�|, interior contact  (7) 

4.2) The cross point is the endpoint 𝑀 or 𝑁 in 𝑂𝑀�̂�. If the cross point is the endpoint 𝑀, 

draw a circle 𝑃𝑅𝑄 with centre 𝑀 and radius 𝑟𝑂, join 𝑂𝑀, and carry it through to the point 𝑃; 

the lines 𝑂𝑀 and circle 𝑃𝑅𝑄 intersect at 𝑄. Draw 𝑅𝑀 from 𝑀 perpendicular to 𝑂𝑀. If the 

centre of the small circle 𝑂 is located on arc 𝑂𝑃�̂�, the small circle 𝑂 contacts the exterior of 

arc 𝑂𝑀�̂�, as shown in Fig. 6 (a). If the centre of the small circle 𝑂 is located on arc 𝑂𝑅�̂�, the 

small circle 𝑂 contacts the interior of arc 𝑂𝑀�̂�, as shown in Fig. 6 (b). 

 

(a)                                     (b) 

Fig. 6. The small circle 𝑂 contacts arc 𝑂𝑀�̂� at point 𝑀. (a) Exterior contact; (b) interior contact. 

4. SIMULATION AND DISCUSSION 

4.1. Virtual Movement 

The assembly sequence and CAS collision detection can be combined together in virtual 

movement if the physical structure of the parallel groove clamp transforms into a virtual 

simple model. Java 2D may help us complete this task through a virtual movement program. 

M

N

𝑂𝑀�̂� 

𝑂 

M

N

𝑂𝑀�̂� 

𝑂 

𝑂 

M

N

𝑂𝑀�̂� 

𝑂 

M

N

𝑂𝑀�̂� 

𝑂 

M

N

𝑂𝑀�̂� 

𝑂 

M
N

P

Q

R 𝑂𝑀�̂� 𝑂 
M

N
P

Q
R 𝑂𝑀�̂� 𝑂 



 

 

Fig. 7 gives the flow diagram of the virtual movement algorithm of the parallel groove clamp. 

The final states remain the same regardless of whether the parallel groove clamp manipulation 

is accomplished by the robot, virtual simulation or line worker. Therefore, the absolute error 

of different part positions acquired in final states is a key index to verify this method. When 

the distance between the up splint and down splint is minimized in the assembly, the final 

state can be acquired. The final state of the virtual simulation based on CAS-CD is shown in 

Fig. 8 below. 

Start
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Yes
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Fig. 7. Flow diagram of the virtual movement algorithm of the parallel groove clamp. 

 

Fig. 8. Final state based on CAS-CD. 



 

 

The transformational matrix 𝑇𝑞𝑝 = [ 𝑅𝑞𝑝 𝑃𝑞𝑝0 1 ] describes the relative position between each 

part. 𝑅𝑞𝑝  is the rotation matrix, and 𝑃𝑞𝑝  is the translation matrix. Hence, the location of part 𝑃𝑖 
is as follows: 𝑉𝑖 is the location of part 𝑃𝑖, and 𝑉𝑗 is the location of basic part 𝑃𝑗. 𝑉𝑖 = 𝑇𝑖𝑗 × 𝑉𝑗 (8) 

In an actual scene, the position of the power line is constant, which is regarded as a 

reference frame. In Fig. 8, the transformational matrixes of other parts relative to the power 

line ⑥ are: 𝑇16 = [1 0 −23.3280 1 −41.3740 0 1 ]， 𝑇26 = [0.978 −0.208 45.1720.208 0.978 −20.3740 0 1 ]， 

𝑇36 = [1 0 45.1720 1 −21.6040 0 1 ]， 𝑇46 = [1 0 45.1720 1 −120.1840 0 1 ]， 

𝑇56 = [1 0 45.1720 1 −67.7740 0 1 ]， 𝑇76 = [1 0 94.9690 1 −9.2600 0 1 ]. 
4.2. Convex Partitioning and Image Detection 

Polygons with ears are the typical method to divide concave polygons. The object with an 

arc is divided into many ears through the vertices on the arc [23]. The object of collision 

detection is the concave arc surface rather than every surface of the parallel groove clamp in 

the virtual simulation. Hence, the polygon ear method can be simplified in this situation, 

which divides the arc into a polyline. The unit radian α is used to describe the density of the 

polyline, and α is the radian of some arc that is replaced by a polyline. The collision detection 

between the polyline and circle represents the groove collision and power line, as shown in 

Fig. 9. 

 

Fig. 9. Convex partition. 

The core step of image detection is transforming the pixel distance to the physical distance 

[19]. The image detection method is shown in Fig. 10. 

 

Polyline 

Arc

Circle



 

 

Fig. 10. Image detection. 

The process is as follows: 

1) Cutting two bare conductors: one is the transmission line, and the other is the jumper. 

2) Inserting two bare conductors into the parallel groove clamp. 

3) Fastening the nut through an electric wrench. 

4) Using a camera to collect the image, which is the section of parallel groove clamp 

manipulation. 

5) Labelling the end points of the parallel groove clamp in the image. 

6) Calculating the pixel distance between each point. 

7) Measuring the physical distance by a Vernier calliper. 

8) Calculating the scale factor: the physical distance divides the pixel distance. 

9) Calculating the real distance between the up splint and down splint. 

4.3. Discussion 

Through the analysis above, the absolute error about the position of each part can be 

simplified into a comparison with the distance between the up splint and down splint in the 

final state. The tightening torque is an index of the final state in the actual assembly. An 

electric wrench is used for tightening the nut, and the distance between the up splint and down 

splint is shown in Fig. 11. 

 

Fig. 11. The actual distance. 

We plug the sizes of the parallel groove clamp into the algorithm, which is shown in Fig. 7. 

The distance between the up splint and down splint in the final state can be found in the 

output data. Then, we replace the CAS-CD method with convex partitioning. By modifying 

the size of the unit radian, this distance in different densities of polylines can be acquired. 

Finally, the image detection method is repeated. The results are listed in Table 4. 

Table 4. Distance between the up splint and down splint in the final state. 

 

Distance 

between the 

up splint 

and down 

splint (mm) 

Absolute 
error (mm) 

Actual distance 31.630 - 

CAS-CD 31.530 0.100 

Convex 

partitioning 

𝛼 = 1𝑜 31.863 0.233 𝛼 = 5𝑜 31.863 0.233 𝛼 = 10𝑜 31.863 0.233 𝛼 = 20𝑜 32.196 0.566 𝛼 = 40𝑜 32.863 1.233 

Image detection 
32.534 0.904 

33.672 2.042 



 

 

29.147 2.483 

32.450 0.820 

32.619 0.989 

As shown in Table 4, the actual distance is greater than the distance acquired from the 

virtual motion based on the CAS-CD method. The main reason is that the cylinder cannot fit 

the power line. However, this is acceptable for parallel groove clamp manipulation because 

the absolute error is 0.1 𝑚𝑚 . In the simulation of the convex partitioning method, the 

absolute errors are the same when 𝛼 = 1𝑜 , 5𝑜 , 10𝑜. This means that the absolute error remains 

constant within limits. When 𝛼 = 10𝑜 , 20𝑜 , 40𝑜, the absolute errors increase due to the loss of 

details on the groove surface. The absolute error of the convex partitioning method is higher 

than that of the CAS-CD method, which can better fit the groove surface. For image detection, 

the absolute errors are unstable due to the end points being marked manually. The absolute 

error from the CAS-CD method is lower than all results from image detection. The algorithm 

complexity is also an important indicator except for the absolute error of the object position, 

as shown in Table 5. 

Table 5. Algorithm complexity. 

 CAS-CD  Convex Partitioning Image Detection 
Part Motion 𝑀(𝑛) 𝑀(𝑚𝑛) - 

Collision Detection 𝐶(1) 𝐶(𝑚) - 

Time Complexity 𝑀(𝑛𝑎) ∗ 𝐶(𝑏) 𝑀(4𝑚𝑎−1𝑛𝑎) ∗ 𝐶(𝑏𝑚) 𝑐 

*𝑎 denotes the number of movement parts, and 𝑏 denotes the number of groove surfaces. In addition, 𝑚 denotes 

the numbers of line segments on a polyline that is used for fitting the arc, and 𝑐 is a constant. 

The algorithm complexity can be divided into two parts: part motion 𝑀(𝑛) and collision 

detection 𝐶(1). For the CAS-CD method, the time complexity is 𝑀(𝑛𝑎) ∗ 𝐶(𝑏) . For the 

convex partitioning method, the time complexity is 𝑀(4𝑚𝑎−1𝑛𝑎) ∗ 𝐶(𝑏𝑚) . The time 

complexity of image detection is 𝑐 . In general, the comparative results show that image 

detection is a fast method to calculate the parts’ positions. However, this method is limited by 

the live environment, which precludes a cutaway view. The CAS-CD method has lower 

absolute error and time complexity than the convex partitioning method. Therefore, the CAS-

CD method is more suitable for calculating the parts’ positions during the process of parallel 

groove clamp manipulation. 

5. CONCLUSION 

The problem of grasping the parallel groove clamp by a robot hand, which is used for the 

maintenance of electrical live power lines, is analysed in this paper. We proposed a collision 

detection method based on CAS embedded in virtual assembly. This method is used to 

calculate the parts’ positions during the process of parallel groove clamp manipulation. This 

method supplies a basis for further study of the parallel groove clamp. While no robot hand is 

used to verify this method, we have a much better understanding of robot design, which is 

used in parallel groove clamp manipulation. We plan to further study the grasp patterns and 

the mechanism in the future. 
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Figures

Figure 1

Exploded view of the parallel groove clamp and power line.

Figure 2

Assembly states of the parallel groove clamp. (a) Initial state; (b) �nal state.



Figure 3

Assembly steps. (a) 3D view; (b) cutaway view.

Figure 4

OBB-based collision detection. (a) Down splint collides with bolt; (b) simpli�ed OBB collision.



Figure 5

CAS collision cutaway view.

Figure 6

The small circle O contacts arc O_(MN)  at point M. (a) Exterior contact; (b) interior contact.



Figure 7

Flow diagram of the virtual movement algorithm of the parallel groove clamp.



Figure 8

Final state based on CAS-CD.

Figure 9

Convex partition.



Figure 10

Image detection.

Figure 11

The actual distance.


