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Abstract. The structure of graphic database specifying the shape and the work envelope 
projection position of an android arm mechanism with various positions of the known in 
advance forbidden zones is proposed. The technique of analytical assignment of the work 
envelope based on the methods of analytical geometry and theory of sets is represented. The 
conducted studies can be applied in creation of knowledge bases for intellectual systems of 
android control functioning independently in the sophisticated environment.  

1.  Introduction 
Creating universal algorithms for examination of manipulator mechanism functionality is still a topical 
problem [1-4]. In this respect 3D development of the virtual environment to model experiments to 
analyze the behavior of independently functioning androids in organized environments is one of the 
important problems of robotics [5-7]. The solution to the specified problem is inter-related with work 
envelope construction of the robot arm mechanism taking into account the known in advance 
environment. An analytical assignment of the work envelope allows analyzing goals position of the 
synthesized trajectory for the output link and defining their attainability at the initial stage of arm 
motion realization [8-9]. The most frequent motional task for an android is putting a working object on 
or taking it off the tool rack. Therefore let us examine the influence of the forbidden zones on the work 
envelope of android arm mechanism, these zones being the tool racks of different height.  
2. Problem statement 
In Figure 1 the images of android AR-600E arm mechanism kinematic diagram and forbidden zones 
Р1 and Р2 are shown.  These forbidden zones specify the position of tool-racks Р1 and Р2. The figure 
illustrates the virtual safe zone of lδ = 50mm in thickness around obstacles. In the course of 
experiments this zone proves to be forbidden, the intersection of arm configuration and this zone as a 
result of a calculation error not resulting in the damage of mechanism or working objects and tool-
racks. In Figure 1 points О1, О2 and so on define the origin of coordinates used for assignment of a 
kinematic chain model. The values of generalized coordinates assigned by the vector q (q1, …, q5) 
(Fig. 1) are varied within the specified range and defined by the inequalities:  

 

 qi
min ≤ qi ≤ qi

max                      (1) 

where qi
min, qi

max are the innermost and outermost limits of generalized coordinates. In the considered 
example the specified values are equal to qi

min (-10°, -100°, -90°, -120°, -120°) and qi
max (10°, 120°, 

120°, 120°, 120°) respectively. The parameters xt and x11 in Figure 1 then define the assigned safe 
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distance between the body and the tool-racks and minimum permissible value of the coordinate x11 
specifying the center О11 of the output link (OL). The coordinates xВ1 and zВ1 specify the position of 
the reference point B1 of the forbidden zone P1.  

 

 
Figure 1. Relative position of the android arm mechanism and tool-racks.  

 
Let us construct the set of gripping centers positions (possible positions of point О11) defining the 

work envelope of an android arm mechanism provided the intersection of the arm configuration and 
forbidden zones is absent. Let the alteration in pitch of generalized coordinates Δqi be equal to 5° in 
construction of the work envelope.  
3. Computational results for the work envelop projection of android arm mechanism with 
forbidden zones taken into account  
The block diagram in Figure 2 represents the construction of OL center (point О11) positions set of the 
work envelope.  

 

 
Figure2. The algorithm of points construction of android arm mechanism work envelope taking the 

position of forbidden zones Р1 and Р2 into account.  
 
The following notation is introduced in Figure 2: 1 – data input, n, qi

min, qi
max, Δqi, x11

min, xB1, zB1, xB2, 
zB2 and zP; 2 – condition test q1 < q1

max; 3 – q2 < q2
max; 4 – q3 < q3

max; 5 – q4 < q4
max; 6 – q5 < q5

max; 7 – 
calculation р1 = 0 if qi > qi

max, if not р1 = 1, calculation р2 = 0 in case the intersection of the arm 
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configuration and the obstacle is absent, if not р2 = 1; 8 – condition test р1 = 0 (if values of qi satisfy 
the limit values of generalized coordinates); 9 – condition test р2 = 0 (the condition of the 
configuration and the obstacle intersection); 10 – x11 > x11

min (where x11
min — assigned minimum 

permissible values of the coordinate x11, in the considered example x11
min =  400 mm); 11 – Point 

belongs to the section of the working region. Imaging the given point; 12 – q5 = q5 + Δqi; 13 – q4 = q4 
+ Δqi , q5 = q5

min; 14 – q3 = q3 + Δqi , q4 = q4
min

 , q5 = q5
min; 15 – q2 = q2 + Δqi , q3 = q3

min
 , q4 = q4

min
 

, q5 = q5
min; 16 – q1 = q1 + Δqi , q2 = q2

min
 , q3 = q3

min
 , q4 = q4

min
 , q5 = q5

min; 17 – array extraction of 
point data belonging to the section of the work envelope.  
Figure 3abc shows an image of the work envelope for accordingly specified values zB1 = 350 mm, zB1 
= 200 mm and zB1 = 500 mm at xB1 = 400 mm. The parameter zp is set to be 100 mm. Figure 3d 
presents the top view of the work envelope being the same for all three represented versions of the 
work envelope in Figure 3abc. The work envelope is designed for the configurations of the arm not 
intersecting the forbidden zones Р1 and Р2 and being located at the safe distance of lδ < 50 mm.  
 

 
(а)   (b)   (c)  (d) 

Figure 3. Representation of the work envelope with the tool-racks position on the elevation and top 
views being taken into account when xB1 = 400 mm: (а) − zB1 = 1200 mm; (b) − zB1 = 1350 mm; (c) −  

zB1 = 1500 mm; (d) − representation of the work envelope on the top view.  
 
As the figure indicates the specified graphic images of top views are defined with six lines li and three 
second-order curves that is parabolas mi. The parabolas are most accurately fit the contours of the 
work envelop. The work envelop contour on the top view is assigned by the radial arc р.  
 
4. Analytical assignment of the work envelop projection contours 
Mathematical models of graphic images λ0

i for the work envelop projection regions are defined based 
on theory of sets [9]. Lines li position data and parabolas mi position and shape are prescribed by 
algebraic equations coefficients for these graphic objects in the inertial system with the graphic data 
base depending on the values of zВ and zР.  
To define the goals belonging to the work envelop let us assign this envelop with the theory of sets, 
these goals prescribing the end position of the OL center on synthesized trajectories [9]. The work 
envelop is defined as the intersection of regions Δ1, Δ2, ... Δ9 on the elevation view.  
The regions Δ1-6 (assigned by the lines l1 – l6 on the elevation view) are defined by inequalities of the 
form (Fig. 3abc): 
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 Аi xo + Bi yo + Ci ≥ 0, (3) 

 
where xi

0, zi
0 and x0

i-1, z0
i-1 are the point coordinates wherethrough lines l1 – l6 are  drawn, x0, z0 are 

the coordinates of the current point line respectively.  
The three regions on the elevation view Δ7, Δ8 and Δ9 are defined by the parabolic curves m1, m2 and 
m3 (Fig. 3abc). The points assigning inequalities within the regions Δ7-9 appear as follows: 
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where mx

Δ7, my
Δ7, pΔ7, φΔ7 and so on define the form and position parameters of the curves m1, m2 and 

m3 determining points within the regions Δ7-9 (Fig. 4ab). The parameters mx
Δ8, my

Δ8 in Figure 4 define 
the center of the coordinate system O'x'z' connected with the parabola. The parabola point has the 
coordinate z' = 0 (Fig. 4ab). The parameter φΔ8 assigns the inclination angle of the axis x' determining 
the parabola inclination to the axis xo. The value pΔ8 prescribes a focus point of parabola. The 
inequalities (4) are obtained by transforms of coordinates assigning the transition from the system 
O'x'z' to the system O0x0z0 (Fig. 4ab). Figure 4ab shows the position of the three lines l2, l3, l6, the 
curve m2 and the region λ2

0 resulted from the intersection of regions Δ2, Δ3, Δ6 and Δ8 with parameters 
zB1 = 500 mm, zB1 = 350 mm and xB1 = 400 mm.  
 

 
(a)     (b) 

Figure 4. Different versions of analytical assignment of the region λ2
0 of the android arm mechanism 

work envelop fragment on the elevation view at: а) − zB1 = 500 mm, xB1 = 400 mm; (б) − zB1 = 350 
mm, xB1 = 400 mm.    

 
In Figure 4 the value of the parameter lx defines the outermost point of region λ2

0 of the work envelop 
fragment from the line l6. The intersection of regions is performed with the operations of Boolean 
algebra [9]:  
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 (5) 

 
The set of R-functions reflecting the logic of work envelops projection graphic imaging (5) is also 
predetermined in the array, based on regions ∆i these envelops are defined by the lines l1 - l6, 
parabolas m1 - m3 and curve p.. The graphic database structure fragment is shown in Tables 1 and 2.  

 
Table 1. Coefficients values of lines l1 ÷ l6 equations.  

zp 

mm 

zB 

mm 

l1 l2 l3 
A1 B1 C1 A2 B2 C2 A3 B3 C3 

100 
1200 0 -210 69300 0 -210 60900 0 -210 48300 
1500 0 -210 132300 0 -210 123900 0 -210 111300 

zp 

mm 

zB 

mm 

l4 l5 l6 
A4 B4 C4 A5 B5 C5 A6 B6 C6 

100 
1200 0 -210 39900 -80 0 28000 -80 0 31200 
1500 0 -210 102900 -80 0 28000 -80 0 31200 

 

 
Table 2. Coefficients values of parabolas m1 ÷ m3 equations.  

zp 

mm 
zB 

mm 
m1 m2 m3 

mx
Δ7 my

Δ7 φΔ7 pΔ7 mx
Δ8 my

Δ8 φΔ8 pΔ8 mx
Δ9 my

Δ9 φΔ9 pΔ9 

100 

1200 622 1535 108 249.4 510 1212 73 2.64 432 1136 77 3.61 

1500 413 1755 111 2.69 494 1572 63 2.55 627 1524 73 251.1 

 
5. Conclusion 
In Figure 5 the results of movements synthesis along the velocity vector [8] using the graphic database 
with a focus on working object transfer from the point Ан to the point Ак are presented.  The points Ан 
and Ак in the figure are specified by the projections А1

н , А2
н, А1

к and А2
к. At the initial stage of 

android motion virtual modeling the algorithm defines the goal Ак membership in the region λ2
0 (Fig. 

3abc). If a specified point is in the region λ2
0, motion synthesis is performed in specified trajectory 

sections along the velocity vector. 
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Figure 5. The result of motion synthesis to the end point of the synthesized trajectory. 

 
The results of computational experiments demonstrate the calculation time reduction for tests related 
to putting a working object on or taking it off the tool rack with the use of the developed graphic 
databases. The presented research results can be applied in virtual modeling of an android motion in 
the known in advance sophisticated environment.  
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