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Abstract. The paper presents the results of a study that makes it possible to calculate power of drives in the degree 
of freedom of a medical robot with regard of dynamics of its actuator. Kinematic scheme of the robot is proposed, 
shown as a direct graph that contains no cycles. Values of the Denavit–Hartenberg parameters and reachability 
matrix have been obtained. The SolidWorks design system, elements of robot's design were developed, and values 
of masses, Torques of inertia, center of mass coordinates and other parameters of its main units required for 
simulation were obtained. Using an application specially developed in the MATLAB software package, a simulation 
was made, and numerical values of the matrix elements that are included into equation of the robot dynamics, as 
well as values of drives power in degrees of freedom were obtained. 
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Introduction 

When studying and designing robots, 
developers use various methods of building 
mathematical models of their actuators [1,2,3,4,5]. It 
is advisable to select methods that make it possible to 
analyze the diversity of robots' kinematic structures, 
have good software for researching and designing 
them and make it possible to synthesize algorithms of 
controlling their movement.  

One such method has been proposed in work 
[6]. It is based on sharing the d'Alembert principle, 
matrix theory (4x4) that have been widely used in 
robototronics [3], and graph theory [7]. The method 
makes it possible to obtain the mathematical model 
of the robot's actuator with an arbitrary kinematic tree 
structure. This takes into account its movableness on 
a stationary base and availability of external 
disturbing forces and Torques applied to the actuator. 
The software developed makes it possible to 
determine numerical values of matrix coefficients of 
robot dynamics, power of drives in the degree of 
freedom, forces and Torques of links reaction 
imposed on a tree actuator [8,9]. 

 
Main part 
Selecting the kinematic scheme of a medical robot 

During medical operations [10] robot's 
gripper should be able not only to move the tool, but 
also to orientate it in space, i.e. have the necessary 
value of coefficient of service [1]. Created by nature 
and developed in the course of working practice, 
the human (surgeon's) hand has coefficient of service 
ranging from zero (at the border of the work area) to 
unity in some areas of the working zone. 

Upon selecting the kinematic scheme (KS) 
of a medical robot, a human hand is taken as the 
biological prototype. Using the method described in 
[11], we obtain the seven-degree structure with 
rotational kinematic pairs. Such a structure makes it 
possible to obtain the necessary amount of working 
area and an acceptable coefficient of service. 
However, such structures have a significant error of 
gripper positioning, which can be mitigated by using 
precision drives in robot's degrees of freedom [2]. In 
order to select drives, one has to know the required 
values of torque and power in degrees of freedom 
calculated basing on dynamics robot actuator. 
Let us use the method of building mathematical 
models proposed in [6], which makes it possible to 
analyze the kinematics and dynamics of robots with 
arbitrary kinematic structure. The resulting KS of a 
robot built by Denavit–Hartenberg rules [3], is shown 
in Fig. 1. It can also be represented as a direct graph 
where actuator links are considered vertices, and their 
joints are considered edges [7]. Vertices of the graph 
are connected in series, as any of them will have no 
more than two adjacent vertices (Fig. 2) 

Let's choose vertex "0" as root, since the 
zero element is the fixed rack. Edges of the tree are 
oriented in such a way that each vertex has a direct 
path from the root. Thus, the resulting reachability 
graph represents an outgoing oriented root tree and 
reflects the order of the links of the mechanism and 
their mutual reachability. Using the graph, it is easy 
to determine the number of father link for link i-
parameter f(i) and parameter ns (i), showing what the 
sibling count of link i to link f(i) is [6]. 
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Fig. 1. KS of a medical robot with designated 
Denavit-Hartenberg coordinate systems 
 

 
Fig. 2. Medical robot actuator reachability direct 
graph 
 
In Fig. 1 the following designations are adopted: 

0 - fixed link; 1 - rotation link; 2 - shoulder swing 
link; 3 - shoulder; 4 -forearm; 5 - wrist; 6 - gripper 
swing link; 7 - gripper rotation link. 

 
Values of Denavit-Hartenberg parameters, 

as well as f(i) and ns(i) are shown in Table 1. 
 
Table 1. Denavit-Hartenberg parameters for KS 
of robot's actuator links 
 

 
 

Using direct graph, let us define the 
reachability matrix D, which describes its kinematic 
structure. The considered robot has open (linear) 
kinematic circuit, so the matrix D (7x7) will be a 
diagonal unity matrix [7]. 

 
2. Medical robot actuator design engineering 

The robot was designed in SolidWorks 
environment in accordance with the developed KS. 
Robot general drawing was obtained as well as 
assembly drawings of individual actuator links. Table 
2 shows weights and coordinates of links' centers of 
mass, and Table 3 shows Torques of inertia of 
actuator links. 
 
Table 2. Weights and centers of mass coordinates 
of robot's actuator links 

 
 
Table 3. Torques of inertia of robot's actuator 
links 

 
 
Equation of robot actuators dynamics 

Let's write robot actuator dynamics equation 
in the following form [6]: 

0 0
в в(q) q (q,q) (q) f (q) n τA B C H       

,                   (1) 
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where q is the vector of generalized coordinates of 
the actuator; 

[Tetha] - is column-vector of Torques 
developed by robot's actuators; 

 - block matrices of external 

forces and Torques applied to links from 
environment; 

Matrix coefficients , , 

 and  are calculated in accordance with 

[6]. 
If manipulator gripper or any actuator link 

has external connections, the actuator dynamic 
equation can be written as [8]. 

 =           (2) 

Matrix coefficients A(q), B(q, Jt(q), (q), 

, P(q), are defined in accordance with [9]. 

Equation (2) makes it possible to determine the 
motion of the robot's actuator with an arbitrary 
kinematic tree structure with imposed kinematic 
connections and arising from this reaction forces and 
Torques of these connections. 
 
3. Calculation of robot's actuator drives power 

The calculation was made by simulation in 
MATLAB environment using a specially designed 
set of procedures written as m-files. The advantage of 
this set of procedures is that it is applicable for 
studying the actuator with an arbitrary kinematic 
structure. Feature for a specific KS is reflected in the 
content of the start-up file that stores information 
about Denavit–Hartenberg parameters, weights, 
Torques of inertia, center of mass coordinates, etc. 
[9]. 

 
Table 4. Torques and power by robot's degrees of 
freedom 

 
 

By simulation results, numeric values of 

matrix elements  (7x7),  (7x1), 

 (7x7) и  (7x7) in equation (1) were 

obtained. The maximum values of the column-vector 
[tau] (7x1) of torques developed by robot's actuators 
and values of power N in robot's degrees of freedom 
are presented in Table 4. 

Conclusion 
The paper describes the main stages of 

designing medical robot actuator drives. It is shown 
that choice of robot's KS should be performed taking 
into account peculiarities of the operations that it will 
perform. To derive kinematics and dynamics 
equations of the robot's actuator, the method based on 
the shared use of d'Alembert principle, matrix theory 
(4x4) and graph theory is recommended. A 3D model 
of robot's activator has been developed, and its mass 
and inertial characteristics have been calculated. 

Numeric values of matrix elements in robot's 
dynamics equation have been obtained, as well as the 
torque values and power by degrees of freedom. 

The work results are the basis for further 
research in order to create a medical robot. 

 
Conclusions 

In course of designing medical robot's 
drives, its actuator dynamics should be considered. 
Using the method of building equations of kinematics 
and dynamics developed for actuators of robots with 
tree KS, for robots with linear (open) kinematic 
circuit, makes it possible for the designer to analyze 
various KS and to choose the best option. 

The software simulation suite developed in 
the MATLAB environment can be used for studying 
dynamics of robot's actuator with an arbitrary KS, 
including a linear one. Information about specific KS 
parameters is contained in program start-up file. It 
makes it possible at the design stage to explore a 
variety of actuator KS versions, changing only the 
data in the startup file. 

Such an approach makes it possible to 
optimize choice of KS and to considerably reduce 
duration of robot actuators design. 
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