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Abstract 

The increasing presence of robots in sectors involving physically or mentally unhealthy tasks, such 

as high-repetition jobs, chemical synthesis, and high-temperature environments, has led to 

advancements in robotics for tasks requiring complex environmental interaction, such as grinding, 

polishing, and assembly. However, the structural rigidity of most industrial robots, which 

contrasts with the flexibility of human muscles, limits their effectiveness in such tasks. Impedance 

control, a widely studied framework for managing robot-environment dynamics, has been 

expanded to address these challenges but struggles with vibrations and collision dynamics. To 

address these issues without sacrificing flexibility, this study proposes integrating a non-

Newtonian fluid-based damping element into impedance control, leveraging fluid dynamics to 

improve vibration damping and collision safety, enhancing robotic performance in interactive 

applications. 
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1. Introduction 

In recent years, particularly following the global pandemic of 2020, the transfer of human-

performed, skill-intensive tasks to robotic systems has gained noticeable momentum in 

both industry and academia. However, research and efforts to enable robots to replicate 

human tasks have been ongoing since the introduction of optimal control theory in the 

1980s. While robots have been widely utilized in industry, human motor skills and 

reasoning capabilities have generally outperformed robots, especially in handling 

complex tasks requiring interaction with the environment. A significant breakthrough in 

this field occurred in 1984 when Hogan [1] introduced the impedance control theory, 

which garnered substantial attention. Impedance control models the interaction between 

a robot and its environment as a virtual mass-damper-spring system, allowing indirect 

manipulation of the interaction by altering the system's parameters. 

Initially adopted for robotic contact-rich tasks, this method evolved significantly over 

time. In 2006, Pyung Hun Chang [2] advanced the concept by introducing a nonlinear 

impedance model, incorporating time delays into the system to enhance the dynamics of 

robot collisions. Building on this, Chow Yin Lai [3], in 2012, developed a generalized 

nonlinear impedance model. By analytically determining parameter stability limits, he 

successfully reduced excessive forces during robot collisions.  

Interestingly, one of the inspirations for this study came from a study outside the robotics 

field. In 2018, Abuobaker Gherbi [4] investigated the use of nonlinear viscous damping 

elements in structural control and vibration attenuation. His findings demonstrated that 

nonlinear damping elements offer superior vibration suppression and impact 

characteristics compared to their linear counterparts, providing valuable insights for 

robotic applications. Another out-of-field research on non-linear damping was presented 

in [6] by Golzar et al. Here, the authors designed a re-centring viscous damper with non-

Newtonian damping and explored the contact damping characteristics of such a device. 

The findings were pointing to the fact that the viscous device provides consistent rate-

dependent dissipative behaviour. In [5], researchers used a nonlinear viscous damping 

fluid in their polishing head design which had substantial improvements on vibration 

damping for polishing applications. Their approach however, limited the adaptability of 

damping characteristics since a physical fluid with fixed viscoelasticity is present in the 

end effector.  

While these efforts on non-linear impedance formulations are substantial developments 

in the field, most of them lacks the intuitiveness, ease of implementation, and adaptation. 

Furthermore, the primary focus in most of them is a single objective, such as vibration 

compensation or collision dynamics enhancements, which are essentially two conflicting 
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tasks since to dampen the vibrations, one must increase the stiffness and damping of the 

robot which in turn yields worse contact and collision characteristics. This work proposes 

to introduce a non-Newtonian Fluid based nonlinear damping model into the standard 

impedance model for robotic applications with complex dynamic contacts. This approach 

is intuitive and easy to implement, allowing the system to be tuned for specific 

applications and needs without dwelling into highly nonlinear models and optimization 

procedures. The model parameters can be designed to resist high-frequency, low-scale 

vibrations while accommodating low-frequency, high-scale forces or vice-versa. This 

capability is particularly critical in tasks such as collaborative robotic polishing, where 

vibration damping from the polishing head is necessary to maintain precision, but 

excessive damping must be avoided to ensure safety in scenarios where a human might 

contact the robot. Ou, Yang, et al [12]. proposed an end effector employing pneumatic-

electric linear force control for polishing applications, as depicted in Figure 1. However, 

similar to the methodology presented in [5], their approach is inherently linear and 

hardware-centric, posing significant limitations in terms of adaptability and multitasking 

capabilities. 

 

 

Figure 1: Structure diagram of gas-electric hybrid linear end effector [12] 

 

2. Materials and Methods 

This section will present an analysis of the characteristics of a non-Newtonian viscous 

damper element and the definition of the desired impedance model for the robot's end 

effector. Subsequently, the formulation will be integrated into the conventional 
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methodology of robotic impedance control. Consequently, a state-space representation 

will be provided that models the contact dynamics of the end effector of the robot. A 

qualitative analysis based on the phase portraits for different nonlinear parameters will 

be presented and discussed to facilitate a more comprehensive understanding of the 

potential applications of this approach. 

2.1. Nonlinear Damping Formulation 

In the field of energy dissipation systems, fluid viscous dampers have an important place. 

These tools are equipped with a chamber, together with a piston and a viscous fluid. 

When the damper is subjected to motion, fluids viscosity while passing through orifices 

crate friction which dissipates kinetic energy into heat. The damping force is typically 

proportional to the velocity of the moving element with higher speeds resulting in greater 

resistance. Figure 2 shows a standard viscous fluid damper diagram. 

 

 

 

Figure 2: Viscous Fluid Damper [4] 

The viscosity of this fluid is often assumed to be in linear and proportional to the sheer 

strain, which in turn gives the following well-known damping force equation [7]: 

 

𝐹 = 𝐶𝑥̇ (1) 

 

Where 𝐹 is the damping force, 𝐶 is the damping coefficient and 𝑥̇ is the velocity. This 

equation assumes that the viscous fluid inside the chamber has a fixed viscosity and thus 

provides a linear relationship between velocity and damping force. If the fluid in the 

chamber presents nonlinear viscosity, equation (1) takes the form [8]: 

 

𝐹 = 𝐶𝑥̇α (2) 

or equivalently; 

 

𝐹 = 𝐶𝑠𝑖𝑔𝑛(𝑥̇)|𝑥̇|α (3) 
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Where signum function is defined as,  

𝑠𝑖𝑔𝑛(𝑥) =  {
1
0

−1

𝑥 > 0
𝑥 = 0
𝑥 < 0

 (4) 

 

and the parameter 𝛼 is an exponential parameter that characterises the non-linear nature 

of damping. For values bigger than 1, the damping is increased exponentially with 

velocity, while for values smaller than 1 the damping becomes almost constant with 

increased velocity. The effects of this parameter can be seen in Figure 3  

 

 

Figure 3: Damping Force and Velocity for Different 𝛼 Values 

 

 

2.2. Impedance Control Formulation 

The general dynamic equation for a robotic manipulator with n degrees of freedom in 

joint-space can be written as [9]: 

 

𝐵(𝑞)𝑞̈ + 𝐶(𝑞, 𝑞̇)𝑞̇ + 𝜏𝑓(𝑞̇) + 𝐺(𝑞) = 𝜏 − 𝐽𝑇(𝑞)𝐹ext (5) 

 

Where 𝐵(𝑞), 𝐶(𝑞, 𝑞̇), 𝜏𝑓, 𝐺(𝑞), 𝜏 , 𝐹ext  corresponds to robot inertia matrix, Coriolis and 

centrifugal effects matrix, friction torques, gravity torques, torque commands to the robot 

joints and external forces acting on the end effector respectively. 𝐽(𝑞) is the geometric 
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jacobian of the robot while 𝑞 is the 6x1 vector of generalized joint coordinates in radians. 

To compensate for the nonlinear terms related to robot dynamics, one can define the 

control torque 𝜏 as; 

 

τ = 𝐵̂(𝑞)α + 𝐶̂(𝑞, 𝑞̇)𝑞̇ + τ𝑓̂(𝑞̇) + 𝐺̂(𝑞) + 𝐽𝑇(𝑞)𝐹ext (6) 

 

Where elements with ∗̂ correspond to the identified or estimated counterparts of the real 

elements. The identification of the robot dynamics is a field of research on its own and 

parameters can be found using up to date identification techniques such as [11] and [12]. 

Assuming that there is a perfect compensation, substituting equation (6) into equation (5) 

yields; 

 

𝑞̈ = 𝑎 (7) 

Where 𝑎 is called resolved acceleration in joint-space terms and it will be our control 

parameter. 

The desired end effector contact dynamics can be represented by an impedance model 

with a standard formulation as 

 

𝐾𝑀Δ𝑋̈ + 𝐾𝐷Δ𝑋̇ + 𝐾𝑃Δ𝑋 = 𝐹ext (8) 

 

Where 𝐾𝑀 , 𝐾𝐷 and 𝐾𝑃 represent nxn diagonal matrices for mass, damping and spring 

coefficients respectively while Δ𝑋 = 𝑋𝑑 − 𝑋 represents the position error of the robot end 

effector in cartesian space. Substituting the nonlinear damping in equation (3) to equation 

(8) we have: 

 

𝐾𝑀Δ𝑋̈ + 𝐾𝐷𝑠𝑖𝑔𝑛(𝑋𝑑̇ − 𝑋̇)|𝑋𝑑̇ − 𝑋̇|
α

+ 𝐾𝑃Δ𝑋 = 𝐹ext (9) 

 

As can be seen, equation (9) defines the impedance in the cartesian space for the end 

effector of the robot. This approach makes sense since we are usually dealing with the 

work being done by the end effector of the robot. Nevertheless, the torque commands are 

usually being sent to the motors in the joints. Referring back to the equation (7), a 

transformation should be done to transform this control law into joint space. By using 

robot kinematics, 𝑎 in equation (7) can be shown to be equal to 

 

𝑞̈ = a = 𝐽−1(𝑞)(𝑋̈ − 𝐽(̇𝑞, 𝑞̇)𝑞̇) (10) 
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Isolating 𝑋̈ from equation (9) and substituting into equation (10) gives the control law 

 

τ = 𝐵̂(𝑞) [𝐽−1(𝑞) ((𝑋𝑑̈ + 𝐾𝑀
−1(𝐾𝐷𝑠𝑖𝑔𝑛(𝑋𝑑̇ − 𝑋̇)|𝑋𝑑̇ − 𝑋̇|

𝛼
+ 𝐾𝑃Δ𝑋 − 𝐹ext)) − 𝐽(̇𝑞, 𝑞̇)𝑞̇)] +

𝐶̂(𝑞, 𝑞̇)𝑞̇ + τ𝑓̂(𝑞̇) + 𝐺̂(𝑞) + 𝐽𝑇(𝑞)𝐹ext (11)
 

 

Equation (11) gives the control torques necessary for the end effector of the robot to have 

contact characteristics defined in equation (9). One can easily validate this by substituting 

equation (11) into equation (5).  Now focusing on equation (8) and defining state variables 

as X = [X1, X2] where, 

 

X1 = 𝑋𝑇 ,  𝑋 ∈ 𝑅𝟙𝑥𝟞 

X2 = 𝑋𝑇̇ ,  𝑋 ∈ 𝑅𝟙𝑥𝟞 

 

The state space form of the system can be expressed as follows, 

 

 

𝑋̇ = [
X1̇

X2̇

]  =  [
X2

𝑋𝑑̈ + 𝐾𝑀
−1(𝐾𝐷(𝑋𝑑̇ − X2)

α
+ 𝐾𝑃(𝑋𝑑 − X1) − 𝐹ext)

] (12) 

 

The system represented by equation (12) is that of a non-autonomous, nonlinear mass-

spring damper system. It can be seen that the aforementioned formulation negates the 

terms associated with the nonlinear effects of robot dynamics, leaving us with the system 

presented with a state space representation. Moreover, the selection of impedance 

matrices as diagonal matrices facilitates decoupling of the system, thereby enabling 

independent control of each degree of freedom. This indicates that the vector 

representations in equation (12) can be omitted, allowing for the analysis of a single 

degree of freedom system. 

 

As the system represented by equation (12) is non-linear, it is possible to utilize phase 

portraits [12] in order to gain insight into the behavior of system trajectories for different 

values of α. By defining 𝐾𝑀  =  1, 𝐾𝑃  =  10 and 𝐾𝐷 = 2√𝐾𝑀𝐾𝑃 for critical damping, it is 

possible to investigate the autonomous behavior of the system with 𝐹𝑒𝑥𝑡 = 0 and a 

constant desired trajectory 𝑥𝑑 = 0. The phase portraits of the system defined in equation 

(12) for three different α values 1, 0.5, 2 are presented in Figures 4 to 6. 
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Figure 4: Phase Portraits of the System (𝛼 =  1) 

 

Figure 5: Phase Portraits of the System (𝛼 =  0.5) 
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Figure 6: Phase Portraits of the System (𝛼 =  2) 

 

When the phase portraits presented in Figure 4-6 are carefully examined, we can 

qualitatively analyze the behavior of the system depending on the variation of the 𝛼 

parameter. First, it can be observed that the system has a single equilibrium point near1 

𝑥1 = 0 and 𝑥2 = 0. 

Additionally, the nature of the system's oscillations and the characteristics of its approach 

to the equilibrium point change with variations in the 𝛼 parameter. 

 

For α =  0.5, the phase portrait behaves like a weakly damped system at high speeds. 

However, as the state trajectories approach the equilibrium point, they exhibit low 

oscillatory behavior. As the system's speed decreases, the damping force decreases more 

rapidly than the speed, causing the system to take much longer to reach the equilibrium 

point. This situation may lead to the formation of a steady-state error in the system. 

For 𝛼 =  1, the system exhibits classic critically damped behavior. It demonstrates more 

stable behavior both at high speeds and near the equilibrium point, leaving no steady-

state error. 

For 𝛼 =  2, the damping in the system increases exponentially with speed. As a result, 

high speeds are damped much more quickly. However, near the equilibrium point, the 

                                                      

1 The precise equilibrium points can be quantatively calculated by setting [
X1̇

X2̇

]  =  [
0
0

] and solving the nonlinear 

differential equation in equation (12) 
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system's trajectories tend to exhibit spiral behavior. This condition may shift the 

equilibrium point from a stable node to a stable focus. 

 

3. Result 

The method presented above can be applied to a variety of scenarios. This study focuses 

on two specific cases. The first case concerns a collaborative robotic polishing application, 

where the vibrations generated by the polishing tool must be compensated for while 

maintaining the robot's flexibility to handle large, unexpected collisions or human 

contact. The second case examines a free-drive application, where the robot is required 

to achieve precise positioning while resisting velocity exponentially to ensure safety. The 

simulations are conducted using equation (12) and MATLAB numerical ode solvers. 

3.1. Case 1 

For this application, we can think of a polishing tool attached to the end effector of the 

robot. The external forces that this tool applies to the robot can be modelled as a periodic 

function, such as, 

𝐹𝑡𝑜𝑜𝑙 = 𝐴𝑉𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑠(2πω𝑡) (13) 

 

Where 𝐴𝑉𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 represents the amplitude of the applied force in newtons (N), and 𝜔 

denotes the vibration frequency in hertz (Hz). Assuming the polishing tool operates at a 

rotational speed of 3000 revolutions per minute (rpm), corresponding to a frequency of 

50 Hz, and the amplitude of the applied force is 1 N, the resulting position response at 

the end-effector is depicted in Figure 7. 

 



 https://doi.org/10.56038/oprd.v5i1.507  
 

Online ISSN: 2980-020X https://journals.orclever.com/oprd 94 

 

 

Figure 7: Positional Displacement of the System Under Vibration for Different Values of 𝛼  

 

Figure 7 illustrates that the response and deviation from the equilibrium position remain 

relatively consistent across different values of α. This indicates that the system effectively 

dampens high-frequency, low-amplitude vibrations to a similar degree, regardless of the 

variation in the exponential parameter. 

 

Consider now a scenario where an unexpected collision occurs between a human and the 

robot at the 2-second mark with a magnitude of 50 N. This can be modelled as an impact 

input to the system, designated as, 

𝐹𝑖𝑚𝑝𝑎𝑐𝑡 = 𝐴𝑖𝑚𝑝𝑎𝑐𝑡δ(t − timpact) (14) 

 

Where 𝐴𝑖𝑚𝑝𝑎𝑐𝑡 = 50N and 𝑡𝑖𝑚𝑝𝑎𝑐𝑡 is 2 s.  By superposing equations (13) and (14), it is 

possible to create a model of the collision while the tool is subjected to vibration. 

 

𝐹𝑒𝑥𝑡 = 𝐹𝑡𝑜𝑜𝑙 + 𝐹𝑖𝑚𝑝𝑎𝑐𝑡 (15) 

 

Subsequent to this impact, the positional displacement of the system is modified and is 

expressed as follows: 
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Figure 8: Positional Displacement of the System in Impact for Different Values of 𝛼  

 

As shown in Figure 8, the system's impact characteristics exhibit increased flexibility 

when α <  1, whereas values of α > 2 result in a stiffer response. In a scenario where the 

robot collides with a human, it is desirable for the robot to be as flexible and adaptive as 

possible. In such cases, selecting a value 𝛼 <  1would enable the desired flexibility, while 

maintaining the same vibration damping capabilities as demonstrated in Figure 7. 

 

3.2. Case 2 

 

In this case, we will assume that a human operator is recording some points using the 

free drive function of the robot. In this scenario, the human operator may apply a constant 

force of 10N to the end effector, beginning at the two-second mark. At the six-second 

mark, the human operator may apply an excessive and exponential force to the robot. 

The constant force can be modelled as follows: 

 

𝐹𝑐𝑛𝑠𝑡 = 𝐴𝑐𝑜𝑛𝑠𝑡 (16) 

 

Where 𝐴𝑐𝑛𝑠𝑡  =  10. At the two-second mark, the excessive human force can be modelled 

as an exponential input as, 

 

𝐹𝑒𝑥𝑝 = 𝐴𝑒𝑥𝑝𝑒λ(t−texp) (17) 
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Where 𝐴𝑒𝑥𝑝  =  10 and λ =  2. Super positioning equation (16) and (17), the response of 

the end effector velocities can be seen in Figure 9 below. 

 

 

Figure 9: Velocity of the End Effector for Different Values of 𝛼  

 

The velocity response of the system reveals that for values of 𝛼 <  1 or 𝛼 =  1, the velocity 

of the end effector increases exponentially in response to an exponential input. However, 

for values of 𝛼 >  1, the system's response is significantly more stable, providing a safer 

condition even when the force input is exponential. This indicates that, even with values 

greater than 1, the operator can still easily manipulate the end effector to the desired 

position by applying small amounts of force, while the system autonomously stabilizes 

in the event of excessive force. This behavior aligns with the desired functionality of a 

robot in free drive. 

 

4. Discussion and Conclusion 

The findings of this study indicate that there are encouraging enhancements in the 

functionality of robotic systems when they are subjected to environments with varying 

levels of force and interaction. The incorporation of a non-Newtonian fluid-based 

damping element into the conventional robotic impedance control framework confers a 

distinctive advantage over conventional damping methodologies. By arranging the 

exponential parameter, the robot is able to adaptively select between exponential and 



 https://doi.org/10.56038/oprd.v5i1.507  
 

Online ISSN: 2980-020X https://journals.orclever.com/oprd 97 

 

logarithmic damping, thereby enabling it to achieve the specific stability and safety 

requirements of a given task. 

Nevertheless, a number of challenges remain. A significant challenge arises from the 

incorporation of a non-linear term into the impedance equation, which introduces 

additional complexity. A stability analysis and proof for such a system would represent 

a significant avenue for future research, with the aim of aligning with the established 

frameworks set out in works such as [14]. Furthermore, the selection of the most 

appropriate exponential parameter, in conjunction with the impedance coefficients for 

specific tasks, requires further investigation. The learning of variable impedance 

parameters for different tasks has been extensively studied, with examples in [15] and 

[16]. These studies could be expanded to include the non-linear term in the equation. 

Moreover, while the proposed solution offers enhancements in vibration damping, 

further investigation is required to ascertain the scalability of these effects in more 

intricate and dynamic real-world scenarios, particularly in applications where known 

vibrations must be mitigated while maintaining the robot's flexibility. 
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