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EXECUTIVE SUMMARY 

This document is a deliverable of the CoLLaboratE project that presents the results of task 3.2 

“Active Constraints Enforcement for Increased Safety During HRC”. The task aims at developing 

an active constraints enforcement control module to increase safety during collaborative 

manipulation tasks. 

The presentation of the conducted research is divided in 3 sections. Starting from the introduction 

(Section 2), an outline of the developed method is presented, along with its scientific contribution. 

Section 3 is dedicated to the presentation of the developed, novel dynamic active constraints 

enforcement methodology.  

Finally, Section 4 describes the interconnection of T3.2 to project tasks. Specifically, to T5.3, which 

is responsible for the construction of the dynamic active constraints. Moreover, in case the vision 

system, which is the core of T5.3, fails to produce its output in time, owing to a possibly fast human 

motion, occlusions etc., and the developed herein collision avoidance control module is combined 

with the compliant enforcement methodology of T3.1 to further increase safety. 
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1 INTRODUCTION 

This deliverable reports the work performed in T3.2 – “Active Constraints Enforcement During 

HRC” that started in M6 and was completed in M34. The task aimed to develop an auxiliary control 

module, to be used in the methodologies developed in T3.1 to increase human safety during 

human-robot collaborative tasks. 

1.1 OUTLINE 
In collaborative tasks, such as the assembly operations that consist the use-cases of this project, 

human-robot cooperation and obstacle avoidance are necessary functionalities. Specifically, 

InKolector’s use-case, which considers the assembly of car starters, the human inspects the whole 

process and intervenes, during the autonomous operation of the robot, whenever necessary to 

make the appropriate corrections. 

In Arcelik’s use-case, a TV frame is transferred along a conveyor belt, while an assembly of two 

boards needs to be performed on that frame. From one side of the conveyor, a robot places two 

different boards on it, while from the other side, the operator secures the boards into place using 

an electric screwdriver. 

In Romaero’s use-case, there is a need to develop a methodology that exploits trajectory planning 

for a collaborative robot to avoid obstacles and exploit kinematic redundancies. Therefore, 

creating a safe environment for the human working in close proximity to a robotic manipulator is 

mandatory. In that respect, the robot should: 

 recognize when it is working in close proximity to the human collaborator; 

 avoid any collision with the human collaborator or its environment; 

 maintain task efficiency. 

1.2 CONTRIBUTION 
In the context of human-robot collaboration –an integral part in several use-cases of this project- 

robots should actively assist humans to execute tasks. In such a framework, guaranteeing safety 

of the human operator, while maintaining task efficiency, is a top priority. Hence, human motion 

should be monitored at all times and the manipulator should act proactively to enable safe task 

execution. Towards this goal, dynamic active constraints (virtual constraints) are constructed on 

the fly in T5.3 to define regions in the manipulator’s task space that the robot should definitely 

avoid. Enforcing such constraints is a major problem, whose difficulty escalates further owing to 

their dynamic character, the manipulator structure and its unknown dynamics.  

Several techniques have appeared in the literature to address the problem of constraining the 

motion of a manipulator. Discretization of the task space and utilization of discrete algorithms [1], 

[2], probabilistic roadmaps [3], [4] and random trees [5] are known techniques. However, they do 

not address the control aspect of the problem. To alleviate this, feedback-based motion planning 

techniques have been developed and studied extensively. The latter offers low complexity closed-

form solutions and the analysis is performed directly in terms of the arising closed-loop system, 

thus taking into account the dynamics of the system in question. In [6], [7] the navigation function 

and artificial potential fields methodologies are proposed respectively. These methodologies have 

been extensively studied and further developed [8], [9], [10], [11]. 
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Common drawbacks of the aforementioned methodologies are the consideration of simplified 

system dynamics (usually single integrators are considered) and, more importantly, the 

environment is static.  

2 COLLABORATE SOLUTION FOR ACTIVE CONSTRAINTS ENFORCEMENT 

DURING HRC 

2.1 ACE COLLABORATE SOLUTION 

2.1.1 Collision avoidance from tool-tip/single obstacle  
We consider the case where a manipulator has to perform a specific task however, the correct 

fulfilment of its objective is prevented owing to the presence of a possibly moving obstacle, which 

blocks the tool-tip motion. More specifically, let us consider a robotic manipulator with a frame 

attached at a kinematically known position 𝑝𝑡  (end-effector). We further assume that the task 
space is inhabited by an obstacle O and that the distance of the end-effector from O, 𝑑(𝑝𝑡 , 𝑂) is 

available. A switching logic is implemented as follows. We distinguish two modes of operation 

termed “avoidance” (𝜈 = 2) and “nominal” (𝜈 = 1) as indexed by the variable𝜈. In the nominal 

mode, the manipulator is operated by a nominal controller 𝑢𝑛 that has been designed in advance 

to guarantee the achievement of the robot’s primary task, and a switch occurs to “avoidance” if 
𝑑(𝑝𝑡 , 𝑂) becomes less than a designer specified threshold 𝑑𝑙 . When the system is in “avoidance” 

mode, the control signal is the sum 𝑢𝑛 + 𝑢𝑎 , where 𝑢𝑎  is an auxiliary signal produced by the 

collision avoidance control module. When the distance becomes greater than �̅� (a user specified 

positive constant), a switch to nominal mode occurs and task execution is fully restored. The 

proposed scheme is summarized in the block diagram of Figure 1. 

 

Figure 1: Block diagram of the proposed control scheme. 
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The collision avoidance control module is designed in two steps. The first (kinematic) step 

utilizes an artificial potential to construct (via the gradient) a vector field.  Scaled by an 

appropriate transformation (inspired by the PPC methodology) of the term 𝑒 = 𝑑(𝑝𝑡 , 𝑂) − 𝜌 it is 

subsequently proposed as the virtual tip velocity, 𝑣𝑡= −𝑘𝜖
1

1+𝜉

𝜕𝑑

𝜕𝑝𝑡
. In the second step (dynamic), 

bounds are imposed (again utilizing the PPC methodology) on the joint velocity error 𝑠 =

𝐽−1(�̇�𝑡 − 𝑣𝑡) and subsequently the auxiliary signal 𝑢𝑎 is given as 𝑢𝑎 = −𝑏 
𝜕𝑇𝑠

𝜕𝜉𝑠
𝜖𝑠, with 𝜖𝑠 being a 

proper transformation of the joint velocity error. A detailed analysis of the proposed control 

scheme can be found in the Appendix.  

2.1.2 Extension to full body avoidance/multiple obstacles 
For the extension of the proposed scheme to full body avoidance and multiple moving obstacles 

inhabiting the task space, we employ closures of the manipulator’s body as depicted in Figure 2 

(the manipulator has been covered by red cylindrical surfaces) 

 

Figure 2: A robotic manipulator covered by cylindrical closures. 

and calculate the distance of each closure from each obstacle. Subsequently, a metric is computed 

by utilizing the harmonic mean as 

𝐻 =
𝑁𝑀

∑ ∑
1

𝑑(𝐶𝑗,𝑂𝑖)𝑗𝑖
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where the indices ,i j  un over the number of obstacles and the number of closures respectively. 

In the kinematic step, a joint velocity is then proposed as 

     �̇�𝑟 = −𝑘𝜖
1

1+𝜉

𝜕𝐻

𝜕𝑞
 . 

The dynamic step remains unchanged as presented in the previous subsection. 

2.2 EXPERIMENTAL RESULTS 
An experiment was conducted on a KUKA LWR4+ robotic manipulator, utilizing the scheme 

depicted in Figure 1, to verify our theoretical findings. A PD controller has been employed to 

regulate the end-effector’s position to a target position and assumes the role of the nominal 

controller. Two spherical moving obstacles are obstructions along the motion generated by the 

nominal controller’s input. Intervention of the avoidance module is required to disallow collision 

with the moving spheres, as verified by the measured distances shown in Figure 3. The link1  

points to a video demonstration of the experimental setup. 

 

Figure 3: Distances (closures-obstacles) measured. 

                                                             

1 https://youtu.be/ksnRnETzLL0 

 

https://youtu.be/ksnRnETzLL0
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3 INTERCONNECTION WITH OTHER MODULES 

The active constraints enforcement solution of CoLLaboratE that we presented in Section 3 

receives as direct input the output of T5.3 (active constraints construction). To further increase 

safety in case the vision system, which is the core of T5.3, fails to produce its output in time, owing 

to a possibly fast human motion, occlusions etc., the developed collision avoidance control module 

can be effectively combined with the compliant controller developed in T3.1. The proposed 

scheme is depicted in Figure 4.  In particular, a joint reference velocity is computed according to 

the kinematic step presented in Section 3 and transformed (via the task Jacobian) to a tip velocity 

reference. The latter feeds the DMP-based solution of T3.1, and the manipulator’s trajectory is 

appropriately reshaped to achieve safe navigation during task execution.  

 

Figure 4: Block Diagram of the proposed solution. 

EXPERIMENTAL RESULTS 
An experiment was conducted on a KUKA LBR iiwa robotic manipulator, utilizing the proposed 

solution shown in Figure 4, to validate that the ACE control module maintains its effectiveness 

when the specific scheme is incorporated. Virtual obstacles have been immersed in the task 

space, blocking nominal task execution. The avoidance module is activated to disallow any 

collisions, as verified in Figure 5, where the distances of each joint closure (defined in Section 3 

and depicted in Figure 2) from each obstacle are depicted and are seen to be bounded away 

from zero. The video demonstration given in the link2 b clarifies the experimental setup. Safe 

execution of the task is readily demonstrated. 

                                                             

2 https://youtu.be/g5tpQhtwvXQ 

 

https://youtu.be/g5tpQhtwvXQ
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Figure 5: Distances over time. 
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