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Abstract 

This article is aimed at developing software and hardware 

solutions in the field of creating a universal robot designed to 

perform various simple tasks, with the purpose of replacing 

human labor, in a remote and autonomous mode. The article 

presents an approach to the development of a robot arm 

control system - a 7-axis collaborative anthropomorphic 

manipulator, whose links are driven by actuators with 

controlled stiffness. The proposed approach is featured with 

the implementation and experimental study of a system 

consisting of 7 actuators with controlled stiffness in the 

MATLAB R2017a environment. The article describes the 

control system architecture, as well as the study of the control 

system response to step input and the analysis of joint 

coupling of the links. 

Keywords: robotics, control system, manipulator, controlled 

stiffness, collaborativeness, joint coupling. 

 

INTRODUCTION 

Introduce the Problem 

Currently, there is high activity and a significant increase in 

the number of developments and research in the field of 

creating collaborative human-like robots interacting with 

people. Prototypes of human-like robots have appeared which 

have multi-link manipulator arms and grabbers, capable of 

performing complex manipulations with the surrounding 

objects while helping people or replacing them. 

At the same time, such robots must have a high degree of 

safety for working with people, because unlike traditional 

industrial robots which operate in protected boxes without 

access of personnel, collaborativeness means sharing of the 

common working space with people. The required level of 

safety is achieved with the help of software-design solutions, 

for example - the use of servo actuators with controlled 

stiffness of the output shaft [1], which automatically stop the 

robot in collision with a person, without harming him. 

However, such solutions lead to the complication of both the 

design itself and the control system. 

Let us consider servo actuators with controlled stiffness in 

more detail. In the design of the actuators of the manipulator 

rotary links as part of collaborative robots, special designs of 

servo actuators can be used in which the common output shaft 

is driven by two electric motors rotating in different 

directions. The following elastic elements are located between 

the output shafts of these motor gears and the common output 

shaft: springs and elastomers [2]. The counter rotation of the 

actuators ensures forced compression of the springs, which 

increases the output shaft stiffness. Synchronous position 

control of a pair of motors in an actuator with controlled 

stiffness allows for adjustment of stiffness depending on the 

required operating mode. For example, when a person 

approaches the robot, the stiffness can decrease. 

The so-called series elastic actuators [3] are a variety of 

actuators with controlled stiffness, which, in fact, are half of 

the servo actuator with controlled stiffness. A single electric 

motor is used, in which an elastic element is installed between 

the output shafts. Such actuators do not allow changing the 

output shaft stiffness, but, nevertheless, similar structures 

enable to accumulate impact loads, providing protection 

against external influences. 

The use of actuators with controlled stiffness has a number of 

advantages compared to traditional actuators with a rigid 

connection due to the possibility of indirectly detecting the 

presence of an external applied force without the use of 

special sensors [4].  
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The main advantages of servo actuators with controlled 

stiffness should be noted: 

 protection of manipulator fixtures and motor gear 

from impact loads; 

 backlash removal; 

 measurement of the developed torque and the 

external applied force. 

Thus, in the implementation of design-layout solutions of 

manipulators of collaborative robots, servo actuators with 

controlled stiffness of the output shaft can be used. 

The problem considered in this article is the construction of a 

robust control system for a 7-degree-of-freedom robot arm 

that has a total of 7 actuators with controlled stiffness (each 

consisting of two DC motors, totaling 14 actuators). 

The decision was made to develop own design of the 

manipulator. It was decided not to use the ready-made 

manipulators of foreign manufacturers because of their high 

cost and the lack of structures with controlled stiffness of the 

joints, as well as due to their completeness and impossibility 

of configuring the structure. Thus, application of actuators 

with controlled stiffness provides greater safety in the 

simultaneous operation of the robot and human, which is 

consistent with the identified trends. 

Section 2 provides the description of the structure of the 

manipulator arm control system. 

Section 3 describes the plan for experiments to study the 

control system. 

The experimental results are given in section 4. 

 

Explore Importance of the Problem 

One of the main problems of developing collaborative robots 

with controlled stiffness is the complexity of designing the 

control system. It should provide high safety for working with 

humans, which requires a small stiffness of the system. On the 

other hand, high stiffness is required to achieve high accuracy 

and operation speed, reduce vibrations in case of sudden stops 

and external inputs, and eliminate resonance, self-oscillations, 

instability of the system and other problems arising from the 

use of springs. 

The importance of solving this problem is determined by high 

responsibility and complexity of designing and tuning such a 

system. 

It should be noted that in case of wrong selection of the 

control system architecture or inaccurate adjustment of its 

parameters, the robot can not only damage its own structure, 

but also inflict harm to a man. 

It is also important to choose the right modeling package. The 

MATLAB software package is one of the most suitable tools 

for solving this problem. It allows for design and adjustment 

of a robot control system, as well as for virtual simulation for 

its debugging. After setting up the system in MATLAB, it is 

planned to test the finished system in the Gazebo dynamics 

simulation environment. 

Currently, the market presents a large number of different 

components and ready-made manipulators. Industrial 

manipulators of the leading manufacturers have high speed 

and positioning accuracy, however they all have a common 

significant drawback - a high price. The cost of one 

manipulator starts from twenty thousand US dollars. 

Moreover, none of the serial manipulators has actuators with 

controlled stiffness in their composition. Therefore, it is 

advisable to consider the possibility of developing 

manipulators of own design on the basis of finished 

components. 

 

RELATED WORK 

When analyzing information sources, high activity was 

revealed [5-7] among studies of manipulator control systems 

based on actuators with controlled rigidity to ensure human 

safety. In addition, the use of elastic elements as energy 

storage devices makes it possible to reuse the elastic 

deformation energy, which significantly increases the power 

efficiency of the system [8].  

The development of a compact software-driven SEA actuator 

for use in systems with multiple degrees of freedom and small 

robotic systems is presented in [9]. The actuator uses an 

elastic element to transfer motion from the shaft to the robot 

joint.  Twisted, rigid springs can be used as a flexible element, 

in combination with ball-screw actuators or planetary 

reducers. Two of these actuators can be combined into a 

single design, enabling to adjust the stiffness of the output 

shaft (see Figure 1).  

The use of such a motor has the advantage over conventional 

actuators with a rigid coupling due to the possibility of 

indirectly determining the presence of an external applied 

force. 

 

Figure 1: Compact SEA module prototype 
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[10] presents a joint with variable stiffness and a control 

circuit for position and stiffness of such a joint for use as 

actuators of robot manipulators. 

To ensure safe operation, the authors have developed a four-

link mechanism for the transfer of traffic, which provides 

increased load capacity. Two motors and two springs to 

control stiffness and position are used in the design. Such a 

design (see Figure 2) enables to provide different stiffness of 

the joint without changing the position of the output shaft.  

 

Figure 2: Scheme with elastic element 

 

The results of experimental studies of the actuator show that 

the use of joints with controlled stiffness in the robot can 

prevent injury to a person in the event of a sudden collision.  

[11] describes the design and development of an actuator with 

adjustable stiffness, which is planned to be used for robots 

working together with people. As robots are increasingly 

being used in teamwork with humans, the main issue has been 

providing safety. Man is endangered due to the rigidity of 

traditional industrial robots. In this regard, the developed 

linear elastic drive reduces the inertia of the attached mass 

and, therefore, reduces the collision force, by means of an 

intermediate element between the actuator and the robot, 

which separates the actuator inertia from the load.  

While safety is the main task, another problem is the energy 

supplied by the actuator system to perform the necessary 

actions. The energy supplied from the actuator system can be 

reduced by using elastic elements such as energy storage 

devices that can accumulate the potential or kinetic energy of 

the system and which can be returned to the system.  

In the article [12] the author describes the development of an 

improved version of the actuator with adjustable stiffness. The 

novelty in this article is that the position of the spring and the 

point of the load application to the shaft remain constant 

during the movement. Thus, theoretically, the compression of 

the spring can vary from zero to infinity, which implies that 

the stiffness of the output shaft can be set to either very low or 

completely rigid.  

In [13] a safe actuator mechanism is presented which consists 

of several devices with variable stiffness. They include a 

variable-stiffness block with motors, two rings that consist of 

arc-shaped magnets and a linear guide (the stiffness is 

adjusted based on the magnet overlap area) and variable 

passive stiffness based on the shoulder mechanism. Usually, 

additional actuators are used to control the stiffness, which 

increases the weight and dimensions of the device. As an 

original solution, the author proposed an unusual design for 

the motion transmission mechanism and the safety 

mechanism. The mechanism consists of two elements: a linear 

spring that absorbs impacts and a dual mechanism of a sliding 

electrical contact that determines the level of the external 

force so that the safety mechanism works only in response to a 

large external force. It is noted that exclusively with the use of 

passive mechanical elements, the capabilities of the nonlinear 

spring are realized without compromising the positioning 

accuracy and provision of collision safety.  

The article [14] presents the principles of the operation of 

controlled stiffness mechanisms used in the joints of the hand 

and arm with the anthropomorphic movable hand system 

developed in the German Aerospace Center DLR. The main 

emphasis in the development of the hand with the 

anthropomorphic arm is aimed at creating a system of reliable 

grabbing of objects and dynamics peculiar to man.  

However, in the last generations of robots there is a lack of 

dynamics for performing certain tasks. For example, when 

catching a ball, the anthropomorphic arm DLR Hand II 

produces the maximum force of 30N at the fingertips. Thus, 

when catching only 80-gram ball a mechanical design limit is 

reached while hitting the fingertips at a speed of 25 km/h, 

whereas a handball goalkeeper can withstand a 480-gram ball 

load at a speed of 120 km/h.  

Since human-like robots are necessary for work among people 

in a nondeterministic surrounding, collisions with the 

environment are inevitable.  

The arm actuator system DLRH and II can increase the speed 

of motion by 2.6 times due to the kinetic energy stored in the 

elastic elements, while in the case of rigid robots much more 

energy is required to perform a similar action. 

Application of power efficient Floating Spring Joint (FSJ) on 

the basis of DLR robot is described in [15]. 

Let us consider the articles in which control systems for 

robots with controlled stiffness are presented. The principle of 

constructing a control system for the DLR manipulator 

collaborative hand with controlled stiffness is presented in 

[16]. In [17], a controller for a variable stiffness actuator is 

considered which operates in systems with uncertain 

dynamics. In the article [18], a stiffness control module was 

developed for mechanisms with variable stiffness (VSA 

Devices), operating on the basis of measuring only the force 

and position. The article [19] considers the DLR robot hand 

control with tendon having variable stiffness. The angular 

position and stiffness are input signals of the control system. 
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The article [20] deals with stiffness-position control system of 

a robot with antagonistic actuated joints. The article [21] 

presents the optimal control of the DLR Lightweight Robot III 

having joints with variable stiffness for maximizing robotic 

link velocity. 

 

CONTROL SYSTEM DEVELOPMENT 

Using solid modeling package, Solid works, a 3D model of 

the mobile dual-arm assistant robot was developed (see Figure 

3). The robot arms have 7 degrees of freedom (without taking 

into account the fingers of the hand) and repeat the kinematics 

of the human hands. 

 

Figure 3: 3D model of mobile dual-arm assistant robot 

 

To develop the manipulator arm control system a robot arm 

with 7 degrees of mobility without fingers was considered 

(Fig. 1). The arm is fixed on the torso, which is a fixed base 

(the base link). Note that by default the gravity vector is 

specified in Simulink in the -Y direction. 

 

Figure 4: 3D model of 7-axial manipulator arm 

 

The 3D model of the arm was ported to MATLAB Simulink. 

Let us consider the general structure of the control system in 

Simulink. It includes 3 main units:  

 a mechanical unit containing mass-inertial 

parameters of links, ported from SolidWorks; 

 link control module; 

 target signal generation unit. 

Let us consider a fragment of a mechanical unit containing 

mass-inertial parameters (Fig. 5). For each joint, the input and 

output of the mechanical coupling B and F, the input for the 

moment t, the feedback according to the position q, and the 

speed w are specified. 

 

 

 

Figure 5: Unit of mass and inertial parameters of the links 
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A unit was developed that simulates the behavior of a spring 

with controlled stiffness using the MATLAB tools. For this 

purpose, the standard library element Rotational Hard Stop 

(source - hardstop.scc) was modified. The unit is a spring 

working in a certain range. The spring stiffness is set by 

means of the external input. The stiffness increases by several 

orders of magnitude outside of the specified range. The unit 

has the following parameters (Figure 6). 

Upper bound and Lower bound are upper and lower 

boundaries of the link travel. When stiffness goes beyond 

these limits, it increases to large values (Contact stiffness at 

upper bound and Contact stiffness at lower bound). The 

damping factor is also set when these limits are reached. 

Figure 7 shows actuator unit assembly scheme. It consists of a 

DC motor, a reducer and the above-described spring unit with 

adjustable stiffness.  

Also a stiffness computation unit was developed (Figure 8). In 

this article it is assumed that the spring stiffness is 

proportional to the difference in the angular positions of the 

gear shafts. 

 

Figure 6: Variable stiffness spring unit 

 

Figure 7: Actuator unit assembly scheme 
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Figure 8: Spring stiffness computation unit 

 

Gear shaft positions are inputs of this unit and stiffness value 

is its output. 

Each link of the manipulator arm is controlled by an actuator 

with controlled stiffness, consisting of 2 DC motors with 

reducers. Springs are installed between the reduction gear 

shafts and the link. 

Let us consider link control module (Figure 9). It consists of 2 

PID-controllers (2DOF), 2 actuator units and a module for 

calculating the stiffness. The first regulator corrects the error 

in the position of the link, the second adjusts a stiffness error 

proportional to the misalignment of the angular positions of 

the reduction gear shafts. Thus, the angular positions of the 

link and the reduction gear shafts will differ by the 

compression-extension values of the springs. 

Let us consider the Reference signal generation unit (Figure 

10). By means of a switch for each axis, two variants of the 

signal specifying the angle of the link rotation are selected:  

 the initial position of the link is a constant that 

specifies the position of the minimum potential energy 

for each link (the link in this position is directed along 

the gravity vector); 

 the initial position of the link, summed up with the 

step input. 

 

 

Figure 9: Link control module 
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Figure 10: Target value vector generation unit 

 

Let us consider the designed control system (Figure 11). From 

the Reference unit, the vector of the target values q1, ..., q7 
enters the link control modules. In turn, the link control 

modules generate a vector of control signals t1, …, t7, sent to 

the mechanical unit. The mechanical unit, in turn, sends 

feedback on the angular position fb and the link speeds w. 
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Figure 11: Manipulator control system in the MATLAB environment 

 

METHOD EXPERIMENTAL DESIGN 

To assess the quality of the projected control system 

operation, experimental studies were conducted in accordance 

with the following plan: 

1) To determine the angular position of all links at the 

minimum of the potential energy. To set the found 

positions as initial. 

2) To investigate the behavior of links while applying the 

target signal being equal to the initial position. 

3) To investigate the behavior of the system (the angular 

position of the links and the spring controlled stiffness 

coefficients) during the step input on all links. 

4) To investigate joint coupling during the step input on one 

of the links. 

 

EXPERIMENTAL STUDY (RESULTS) 

Step Response of a System 

A series of experiments was conducted. Initially, the position 

with a minimum of energy was calculated - to do this, the 

actuator part was disconnected from the links in the Simulink 

and the friction for each joint was set. In this case only gravity 

was acting on the model. After starting the simulation, in a 

while the links occupied positions with a minimum of 

potential energy (in the direction of the gravity vector). The 

positions found were set as initial positions of the links. 
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Figure 12: Position of the 2nd link when supplying unit step input 

 

When applying the target signal in the initial position that is 

equal to this position, the control system of the second motor 

debugs the stiffness error, and there are significant oscillations 

appearing that die out after 1-2 seconds. Below is a curve of 

changing angular position of the second link. Further, the 

following symbols will be present on the curves: 

 Ref - target position of the link; 

 Link - current position of the link; 

 Actuator - position of the gear shaft of the 1st and 2nd 

motors (upstream the spring). 

It can be seen from the curve that, the link oscillations are 

arising at the first second within 0.3 rad. This is caused by the 

fact that the 2nd motor debugs the link stiffness error, 

increasing the angular misalignment between the reduction 

gear shafts to 0.2 rad (at the initial time it is equal to 0). It can 

be seen that at the 2nd second the link takes the required 

position. At the third second, a stepped input of 1 radian is 

applied. By the 5th second, the position error is debugged, 

with the link occupying the position between the output gear 

shafts of the 1st and 2nd motors. 

Let us consider the development of a step signal of the angular 

position change by all degrees. 

 

 

Figure 13: Position of links during unit step input 
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Figure 14: Adjustable stiffness curve 

 

The curve shows that the links experience oscillations within 

0.5 rad at the initial moment of time. By the 2nd second the 

system develops disturbance. At the third second, a stepped 

input of 1 radian is applied on all links. By the 5th second, the 

actuator develops the required position. 

Let us consider the change in the spring stiffness under such 

input. It was decided to assume the target value of stiffness to 

be 100 Nm/rad. The curve below shows that the actuators at 

the 1st, 2nd and 6th degrees of mobility in the initial position 

lack enough power to achieve the required stiffness. After step 

input on the 3rd second, by the 5th second, the stiffness of all 

links except the 6th reaches the target value. The stiffness 

error on the 6th actuator is explained by an incorrectly 

configured PID controller and insufficient motor power. 

 

Joint Coupling of Links 

Joint coupling of links is one of the crutial problems of the 

manipulator control system. Let us consider an example of 

such joint coupling. 

When step input is supplied to the 2nd link oscillations are 

observed on the 4th link (Figure 15). Slight joint coupling 

appears also on the 6th link. 

 

 

Figure 15: Position of the 4th and 6th links during unit step input on the 2nd link 

 

When step input is supplied to the 3rd link slight oscillations 

are observed on the 5th link (Figure 16). 

 

When step input is supplied to the 4th link oscillations are 

observed on the 2nd link (Figure 17). Slight joint coupling 

appears also on the 6th link. 
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Figure 16: Position of the 5th link during unit step input on the 3rd link 

 

 

Figure 17: Position of the 2nd and 6th links during unit step input on the 4th link 

 

DISCUSSION 

Thus, as a result of this work, a control system was developed 

for the 7-axis collaborative anthropomorphic manipulator, 

which has 7 actuators with controlled stiffness. Experimental 

studies of this system operation have been carried out.  

The control system has a high operation speed - step input is 

processed in no more than 2 seconds. The joint coupling of 

the links is small and sufficient for solving problems that do 

not require high accuracy. Also, the system has oscillations 

that last of no more than 2 seconds at the initial time when the 

system starts. Auto-oscillations and unstable operation of the 

system have not been noticed. There is an error in achieving 

the target values of the spring stiffness. The reasons for this 

problem are insufficient actuator power, errors in selecting the 

PID regulator coefficients and features of the control system 

architecture, when only one motor debugs the stiffness error.  

In addition to the studies presented in the article, many others 

were carried out, including stepped, sinusoidal, and other 

inputs in the system. Its response confirmed the adequacy of 

the model built. However, this accuracy is not enough for 

accurate operations of item grabbing and positioning and 

requires a change in the architecture of the robot control 

system - adjusting the controllers of both motors, actuating 

one link both to debug the the link positioning error, and to 

maintain the necessary stiffness. 

 

СONCLUSION 

With the current version of the control system 

implementation, the stiffness is proportional to the 

misalignment of the reduction gear shaft positions. In further 

developments, the stiffness of each of two springs will be 

proportional to the difference in the angular position of the 

link and the reduction gear shaft. Also it should be noted that 

with this architecture of the control system, one PID controller 
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with the motor debugs a link position error, and the second - a 

stiffness error. Thus, the second motor does not participate in 

the positioning error debugging by the link. The development 

of a control system with equivalent drive control systems will 

be the subject of further research – both motors must debug 

both a link position error and a stiffness error. 

The presented methodology and the results of the 

experimental study of the manipulator arm control system will 

be used to continue work on the development of an 

anthropomorphic manipulator to perform contact operations 

with environmental objects and ensure safe work together 

with humans. 

Following the results of this work, a new control system with 

eliminated current deficiencies will be developed. Virtual 

simulation of the new system operation in MATLAB and 

Gazebo will be carried out. When the proper quality of the 

control system operation is attained, it will be tested on a real 

robot. 
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