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Abstract 

Compliant actuators are much safer than traditional stiff joint actuators, but at the cost of 

high overshoot, positional accuracy, and speed. A damper that varies its damping torque 

during motion is introduced to alleviate these downsides. The equations of motion for the 

system are derived and simulated. The simulations demonstrated a decrease in the 

overshoot and ringing time. A physical proof of concept was manufactured and tested. 

The results from the physical model were inconclusive due to a fault in the physical 

model. A more accurate physical test model using an MR damper is proposed and 

simulated. The simulation is shown to capture both the static and dynamic nonlinearities 

of the damper. 
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Chapter 1 

Introduction 

1.1 Background 

At present, most robots are designed for precise positioning, and rapid motion. In 

industrial settings, high precision allows for tight control over the variations between 

successive parts, and rapid motion increased the throughput of the robot.  

However, robots are increasingly seen as potential assistants for humans. The 

National Robotics Initiative, for instance, is a NSF program to encourage research into 
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co-robots acting in direct support of individuals and groups. These co-robots will work 

directly alongside humans in homes and work areas.  

In 1979, Robert Williams was killed in an Industrial accident when he was struck 

by a robotic arm in a casting plant in Flat Rock, Michigan [1]. In 1981, Kenji Urada was 

killed when he was pushed into a grinder while attempting routine maintenance on a 

robot he neglected to properly shut down [2]. Accidents such as these can be prevented 

by using safety measures such as light curtains that stop the machine if something 

breaches the workspace of the robot, safety fences that restrict access to the work area, 

and pressure pads that stop the robot if they detect an increase in pressure [3]. These 

safety measures and precautions have been codified for the USA in the ANSI/RIA 

R15.06-1999 [4], and work on the basis of restricting access to the work area of the robot 

while the robot is in motion, and immediately shutting down the robot if a foreign object 

enters the work area. These safety measures are impractical in situations where a robot 

must work closely with a human such as robot assisted rehabilitation and co-robot 

assembly.  

The root cause of the accidents mentioned above is the lack of compliance within 

the robot design. By introducing compliance, robot parts can run into other robots and 

humans without generating forces high enough to cause damage, and therefore safely 

work in close proximity with humans and other robots. 
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1.2 Compliant Actuators 

There are many implementations of compliant actuators. The two with the most 

publications behind them are presented below. They are Series Elastic Actuators (SEAs), 

and Magnetorheological Actuators (MRAs).  

 

1.2.1 Series Elastic Actuators 

One implementation of a compliant actuator is the Series Elastic Actuator as 

described by Pratt and Williamson [5]. SEAs are actuators with a spring in series between 

the actuator and the actuated link, as shown in Figure 1. 

There are variations on the concept, such as Robinson and Pratt’s hydraulic SEA 

[6], Park and Song’s compact non-linear spring setup [7], and Wang and Huang’s 

variable stiffness actuator [8]. In all of these cases, the spring serves as the compliant 

element, and its inertia is dramatically lower than the inertia of a gearbox and motor. 

Since the spring is in series with the actuator and the link, the deflection of the spring 

corresponds directly with the force applied from the actuated link to the actuating link. 

 Figure 1: A Series Elastic Actuator 
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Measuring the deflection gives the component of the force or torque acting along the 

joint. Figure 1 demonstrates an example. The torque acting on the load,   , causes the 

 

Figure 2: Force measurement in an SEA 

spring to displace by   . By measuring    however,    can be predicted via Hooke’s law 

(       ). Altwegg uses this property to implement a torque controller for an SEA 

[9].  

The ease of measuring the force acting on a joint has found use in medical 

applications. Sensinger and Weir proposed a non-back driveable SEA that would not 

require power to remain in place, for use in braces meant to assist with physical 

rehabilitation [10] [11]. Oblak, Cikajlo, and Matjacic developed a system for arm and 

wrist rehabilitation using an SEA [12], and Lagonda, Schouten, Stienen, Hekman, and 
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van der Kooij designed an SEA for a robot that would assist in gait rehabilitation training 

[13]. Kong, Bae and Tomizuka developed and tested a control algorithm for SEAs used 

in powered assist applications [14]. 

Another interesting property is the use of the spring for temporary energy storage, like a 

capacitor. While working on developing jumping gaits, Curran and Orin showed that in 

each optimal gait, the springs in the SEAs are compressed just before the motor is driven 

forward [15]. This advantage has been used by others in developing legged robots [16] 

[17]. 

SEA's are limited by their springs, however. Like pneumatic systems, SEAs offer 

excellent force control at the cost of positional accuracy and unwanted dynamic 

characteristics. Wyeth demonstrates a control method that provides accurate velocity 

control, but not position control [18]. Other limitations of Wyeth’s method include the 

inability to deal with discontinuous velocity profiles, slower rise time, and greater energy 

consumption. 

 

1.2.2 Magnetorheological Actuators 

In an MRA, an MR fluid damper is used as the compliant element. Much like the 

SEA, the MR damper is placed in series between the motor and the load. A MR fluid is a 

fluid whose rheology is affected by magnetic fields within the volume of the fluid [19]. 

One example of the changing rheology of MR fluids is a MR fluid clutch, where the 

viscosity of the fluid can be raised high enough to lock the input and output shafts 

together, and lowered to decouple the shafts. In an MR damper, an electromagnet is used 
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to control the magnetic field within the damper. By varying the current to the  

 

Figure 3: Schematic of a Magnetorheological Damper [19] 

electromagnet, the viscosity of the fluid, and therefore the damping coefficient, can be 

controlled. A close relative of MR fluid is Electrorheological (ER) fluid whose rheology 

changes in an electric field. ER dampers are not commonly used however because ER 

fluid requires very high electric fields, and cannot increase its viscosity to the same 

degree an MR fluid can. Figure 3 shows a schematic of a MR damper. When a magnetic 

field is present, the MR fluid behaves like a Bingham plastic [20]. Takesue, Furusho, 

Kiyota, and Sakaguchi demonstrated quick response and accurate torque control using a 

MR actuator [21] [22] [23]. Shafer and Kermani further demonstrated that it is possible to 

get accurate torque control, and low reflected inertia without using an explicit torque 

sensor when controlling a MRA [24]. Ahmed and Kalaykov built a MRA and conducted 

physical tests to demonstrate the safety of these actuators under collisions [25] [26]. 
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Like the SEAs presented earlier, MRAs are safe enough for use in medical 

applications. Kikuchi, Oda, and Furusho developed and utilized a MRA for use in leg 

braces designed to prevent spastic movement in brain damaged patients [27]. 

It should be noted that MRAs and SEAs are not compliant in the same manner. 

SEAs use a spring to allow for relative motion, while MRAs can disengage and allow one 

part to freely rotate around another. In this sense, compliance refers to a mechanism that 

allows two parts to passively move when acted upon by an external force.   

 

1.3 Advantages and Disadvantages of Compliance 

Traditional robot construction guidelines dictate that joints must be as stiff as 

possible [28]. Non-stiff joints introduce errors in the measured position and actual 

position. These small errors are compounded over multiple joints within the arm to the 

point where the end effector can be significantly offset from the desired position. Non-

stiff joints also introduce unwanted dynamic characteristics such as noticeable harmonics, 

large overshoots, longer rise times, and longer settling times [29], all of which increase 

the amount of time required before the arm reaches a desired position and remains there.  

Stiff joints do not suffer from the problems of incorrect position measurement and 

unwanted dynamic characteristics, which is why they are overwhelmingly popular in 

traditional industrial robots. However, as robotics moves towards co robot systems, the 

disadvantages of stiff joints become a concern. Simple tasks like handing a part off to 

another robot require very high precision, since even small offsets will result in large 

reaction forces. If any link is ever near an obstacle, careful trajectory planning and 
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tracking is required to avoid crashes, since even small bumps will create large reaction 

forces in the joints. These forces can be large enough to permanently damage the joint. 

The joints themselves have very large reflected inertias. Reflected inertia is a measure of 

how much force it takes for a joint to move when under external forces i.e. not being 

driven by the actuator. In an unpowered actuator, this is the force required to back drive 

the gearbox and motor. When moving under power, the control loop may attempt to 

compensate for the external force by increasing the motor torque, thereby increasing the 

reflected inertia.  

1.4 Compliance with Precision 

Compliance with precision is the concept behind the work presented in this thesis. 

An actuator that is compliant and precise has high precision, and the capability for rapid 

motion, while still maintaining compliance. Rapid motion does not refer only to how 

quickly the joint moves. Rapid motion refers to how quickly the joint converges to 

commanded positions.  

An example of a case where precise and compliant actuators are superior to other 

actuators is the insertion of a peg into a closely fitting hole. A stiff actuator would have to 

move to the location, then slowly and accurately position, and orient its end effector to 

slide the peg into the hole. A compliant system would take time to move to the position, 

wait for the arm to settle, repeating as necessary if the arm did not settle close enough to 

the hole, and finally push the peg into the hole. The compliant system does not have to 

accurately position and orient the peg, since the reaction forces generated by 

misalignment of the peg will cause the joints to move to reduce the reaction forces. A 

precise and compliant actuator would rapidly move to the new position, like the precise 
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actuator, and insert the peg using the reaction forces to align the peg like the compliant 

actuator.   

 

1.5 Thesis layout 

The rest of this thesis is laid out as follows. Chapter 2 begins by introducing the 

implementation of the precise and compliant actuator presented in the rest of the thesis. 

Section 2.1 derives the equations of motion for an SEA and an SEA-CD, and their 

simplifications for purposes of testing. Section 2.2 presents the results from the 

simulation. Section 2.3 presents an alternative control strategy for the damper, and 

compares the results against the results presented in 2.2. 

Chapter 3 experimentally tests the results of the simulation. Section 3.1 compares 

the rotor caliper to a MR damper and shows they are broadly similar. Section 3.2 presents 

the design and fabrication of the test bed. Section 3.3 shows how compliance was 

implemented in the test bed. Section 3.4 presents the off the shelf components used to 

complete the test bed. Section 3.5 presents the control scheme used, and how the control 

scheme was implemented in LabVIEW. Section 3.6 presents the test scenarios and 

criteria.  

Chapter 4 presents and analyses the results of each of the test cases. Section 4.1 

presents the data from the Stiff joint case, Section 4.2 presents the data from the Standard 

SEA case, Section 4.3 presents the data from the SEA-CD case, and Section 4.4 analysis 

the results of the tests. Chapter 5 begins the process of making a new test platform by 

modeling a SEA-CD that uses an MR damper. Section 5.1 presents the method used to 
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model an MR damper, and Section 5.2 gives a brief overview of selecting an MR fluid 

for the damper. Section 5.3 outlines key dimensions that affect damper performance, and 

Section 5.4 simulates the system using an MR damper. The thesis concludes by 

suggesting work that can be done to advance this area of study.  
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Chapter 2 

SEA with Controllable Damping 

 

Figure 4: SEA (upper) and SEA-CD (lower) comparison 

 

The implementation of a precise and compliant actuator described in the rest of the 

thesis is an SEA with a controllable resistive element in parallel with the spring, as shown 
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in the lower half of Figure 4. The spring serves as the compliant element as in an SEA 

and the damper is added to impede the relative motion between the load and the motor. If 

the damper has extremely high damping, the velocity of the load will be locked to the 

velocity of the motor, just like a conventional stiff actuator. High damping is also as safe 

as a stiff actuator since the damper will resist any increase in the relative velocity caused 

by a part of the robot running into another robot or human. On the other hand, if the 

damper has extremely low damping, it cannot impede much of the relative motion 

between the motor and the load, and the motion of the load will be dictated by the spring, 

like an SEA. Low damping is also as safe as an SEA, since the damper will not resist 

much of the relative motion caused by a part of the robot hitting another robot or a 

human, which allows the spring to absorb and dissipate the energy of the collision. By 

controlling the damping rate during motion, the relative velocity and position between the 

motor and the load, and the safety of the joint can be controlled. 

High damping means the relative velocity between the motor and load will be very 

small, as mentioned earlier. With small relative velocities, the motor position and load 

position will converge or diverge very slowly. With low damping, the relative velocities 

can be much larger; therefore, the motor position and load position will converge or 

diverge quickly. For a precise and compliant actuator, the speed of divergence should be 

slow, but the speed of convergence should be high. If the damping force can be changed 

during the motion of the joint, the damper could have high damping when the motor 

position and load position are diverging and low damping when the motor position and 

load position are converging. 
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To further illustrate the need for variable damping, consider a step input. A joint is 

commanded to a new position, and the motor quickly moves to the new position. During 

the motion of the motor, the position of the load and the position of the motor is 

diverging quickly. Activating high damping in this period will slow the diverging rate. 

Depending on the motor, however, this period of time may be extremely brief, and using 

the damper during this time may not show any noticeable improvement. Once the motor 

has reached its desired position, the spring will cause the load position to converge to the 

motor position. If the damping remains high in this period, the relative velocity between 

the motor and the load will be small, so the load will converge very slowly. In contrast, 

lowering the damping in this period will allow for higher relative velocities, which in turn 

lets the load position converge to the motor position quickly. The low damping during 

this time also means that if the arm hits something, it will respond like an SEA, allowing 

the spring to dissipate the impact. 

Once the load position has reached the motor position, the inertia of the load will 

cause the load position to overshoot the motor position (assuming an under damped 

system), and the load position and motor position will once again begin diverging. 

Continuing with the low damping from before will mean the inertia of the load is 

counteracted mostly by the spring, and the low damping will gradually decrease the 

magnitude of each overshoot until the load position eventually converges to the motor 

position. However, using high damping from the point in time when the load position 

crosses the motor position to the point when the load position reaches its maximum 

overshoot, allows the damper to dissipate more of the kinetic energy of the load, thereby 

reducing the magnitude of the overshoot. After the maximum overshoot, the load is once 
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again converging to the motor position, so reducing the damping will allow the load to 

converge faster. Using this method, subsequent overshoots have much more reduced 

magnitudes than with constant low damping. 

In the rest of this chapter, a mathematical model for the equation of motion of the 

system is derived for both a SEA, and SEA-CD. The models are simulated using Matlab, 

and the results are compared. Finally, two damper control strategies are modeled and 

compared.  

 

2.1 Mathematical Model 

In order to compare the performance of the SEA and the SEA-CD, the governing 

equations for both systems are derived and simulated. 

 

2.1.1 Series Elastic Actuator Model 

 

 

Figure 5: Block diagram of an SEA 
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Using Figure 5 as the block diagram for an SEA and torques toward the right 

denoted as positive torques in a right handed co-ordinate system, the system was divided 

into the motor, spring, and load sections. Newton's method gives the following equations 

for the motor and the load 

    ̈            (1) 

    ̈        (2) 

Where    = Inertia of the motor,      = Inertia of the load,  ̈  = Rotational acceleration of 

the motor,  ̈  = Rotational acceleration of the load,    = External Torque acting on the 

motor,    = Torque from the spring,    = External torque acting on the load, and     (Not 

shown in Figure 5) is the lumped internal damping of the armature, bearings, and 

gearbox. It is modeled as a simple damper 

       ̇  (3) 

Where   = Damping constant, and  ̇  = Rotational velocity of the motor 

Assuming the system is using linear springs, they can be modeled as, 

     (     ) (4) 

where   is the Torsional spring constant,    is Rotational position of the motor, and    is 

Rotational position of the load 

Inserting Equations (3) and (4) into Equations (1) and (2), 

    ̈    ̇   (     )     (5) 
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    ̈   (     )     (6) 

 

2.1.2 Series Elastic Actuator with Controllable Damping Model 

 

 

Figure 6: Block diagram of a SEA-CD 

 

Using Figure 6 as the block diagram for the SEA-CD and following the same 

procedure as before, 

    ̈           (7) 

    ̈           (8) 

     (     ) (9) 

 

Where    = Torque from the damper 
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In order to model the damper, the damping coefficient   is replaced with a 

nonlinear function  (       ) and assumed to account for all the damping of the system, 

including     as described in Equation 3. Thus the damper can be represented as: 

 
     (       )  

 

  
(     ) 

(10) 

 

Inserting Equations 9 and 10 into Equations 7 and 8 gives: 

 

 
   ̈  [ (       )  

 

  
(     )]   (     )     

 (11) 

 
   ̈  [ (       )  

 

  
(     )]   (     )     

(12) 

 

Note that the only difference between Equations 11 and 12 and Equations 5 and 6 is the 

addition of the damping term. Thus only one set of equations needs to be programmed to 

simulate either an SEA or an SEA-CD. Equation 11 and Equation 12 form a basis for the 

governing dynamic equations for the SEA-CD.  

 

2.1.3 Simplification of the Equations of Motion 

Assuming the physical system has no torques acting on the motor and no load,    

and    are equal to zero. Assuming  ̇ , and    are known and can be supplied as the 

input, and only the arm response is being tested, Equation 12 can be simplified to 
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    ̈    (       )( ̇   ̇ )   (     ) (13) 

 

Since Matlab’s ODE solver only solves first order ODEs, Equation 13 must be 

placed in state space format 

 
 

  
 ⃑  [

  

 
 

  
 
 (       )

  

]  ⃑  [

  
 

  

 (       )

  

]  ⃑⃑ 

 

 (14) 

where  ⃑  [
  
  
]  [

  
 ̇ 
], and   ⃑⃑  [

  
  
]  [

  
 ̇ 
] 

In the simulation of the system with controlled damping, the damping tem 

 (       ) is simplified by splitting it into    and  , where    represents the lower 

damping rate of the variable damper, and b represents the high damping rate of the 

variable damper. The damper is assumed to switch between the two rates much faster 

than the response of the components in the joint. Hence, there was no need to put in a 

ramp where the damping ramps up to the maximum value. This may not always be an 

accurate model, since real dampers have maximum damping force they can provide such 

as the maximum torque before any components fail or deform. 

The damping control is modeled as a bang-bang system that switches between the 

low value and a high value given by 

 (       )   {
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The damper switches to the high value when the difference between motor position and 

arm position crosses zero (      ). It stays in this ‘high’ state for 0.4s, then returns to 

the low value (    ). To simulate a Heaviside step function at t = 1,  ̇  is manually set 

to a delta function. 

Equation 14 was solved using Matlab’s ODE45 solver that implements a Runge-

Kutta method with a variable time step for efficient computation. The initial conditions 

were all zero, and the time range was 6 seconds. The rest of the simulation parameters are 

listed in Table 1. 

 

Table 1: Simulation Parameters 

Parameter Numerical Value Units 

L 5 kg·degree
2 

k 80 N·m/degree 

b0 2 (N·m s/deg) 

 

After running the simulation with these parameters, two plots are created. The first 

plot shows the motor position over time, and the arm position over time. The second plot 

shows the difference between the motor and arm position over time. 

The Matlab code used to implement Equation 14 is in Appendix A. 
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2.2 Comparison of the Models  

The next section presents the results from the simulations of the mathematical models 

derived in Section 2.1.3. Various maximum damping rates are tested, and their dynamic 

responses are compared. Specifically, the maximum overshoot, and the ringing time (time 

taken to converge to 5% of the motor position) are compared.  

 

2.2.1 Series Elastic Actuator Case 

The first step was to simulate the system where the damper is never activated and 

remains at its baseline value for the entire motion of the arm. This represents the response 

of a typical SEA.  

As is expected, the arm position behaves like a typical under damped second order 

system. The arm takes 1.39s to reach the commanded position (the motor input position). 

Even after 15 s, the system still hasn’t settled to the commanded position. There is a high 

initial offshoot, and a long ringing time.  
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Figure 7: Result of the SEA Simulation 

 

Figure 8: Error between the arm and motor position in the SEA case 

Figure 8 presents the data to be compared against the following cases. Since the 

ideal case is a rigid joint, the error between the motor and the arm (arm-motor error) 

should be zero, or extremely close to zero at all times. 
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2.2.2 Series Elastic Actuator with Controllable Damping Cases 

In order to test the effectiveness of different maximum damping rates on the 

response of the actuator, various maximum damping rates were selected as test cases. The 

test cases are presented in Table 2. The lower maximum damping rates reflect the 

behavior of the system if space/weight constraints allowed only for a relatively weak 

damper, and the higher damping rates demonstrate cases where stronger dampers are 

used. 

Table 2: Max damping rates for the controlled damping cases 

Case Damping Rate (N·m s/deg) 

I 10 

II 20 

III 50 

IV 100 

V 200 

 

Case I: The maximum damping rate was chosen to be 10 (N·m s/deg). Even with 

this small of an increase in maximum damping, there is a marked improvement in the 

overshoot and ringing time as can be seen in Figure 9 and Figure 10. The maximum 

overshoot is around 80, instead of 100, and the system is beginning to settle after 6 

seconds, instead of more than 15. There is no change in the time to the first zero crossing 

(the time to reach the commanded position), which is to be expected since the system has 
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the same dynamics as a SEA while the damper is inactive, and the damper is inactive 

until the first overshoot. 

 

Figure 9: Comparison of the arm response for each test case 

Case II: Further improvements in the dynamic response is demonstrated. The 

maximum overshoot of the arm-motor error has been reduced further to around 60, and 

the ringing time has decreased to around 4 s. Thus, even with a weak damper, drastic 

improvements in the dynamic characters of a SEA-CD over a SEA can be seen.  

Case III: Case III continues the trend of decreasing arm-motor error overshoot, 

and reduces the ringing time to 2.5s. The arm-motor error overshoot was decreased to 

around 40. 
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Case IV: Diminishing returns from high damping rates is becoming evident. The 

overshoot is down to 20 degrees, but the ringing time is still around 2 s.   

 

Figure 10: Arm-motor error at varied damping rates 

 

Case V: Case V shows what would happen if the damper is powerful enough to 

almost instantly dissipate the kinetic energy of the load. The system behaves almost like a 

stiff joint.   

After looking at these tests, there are a number of observations that can be made. 

Using this control scheme for the damper, increasing the damping force has no effect on 

the rise time of the system, however, the ringing time, and magnitude of overshoot are 
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reduced. Low damping rates have a high impact on the ringing time, but significantly 

reducing the overshoot requires more powerful dampers with high damping rates. More 

importantly adding the variable damper does improve the response of the load in two 

areas. Firstly, the maximum overshoot is significantly reduced, and secondly the ringing 

time is significantly reduced. 

 

2.3 Alternative Damper Control Strategy 

An alternative damper control strategy is to use high damping at the start of the 

motion of the load, and use the previous control strategy the rest of the time. The damper 

is kept inactive until just before the step input. It is then activated, and kept active for a 

short period just after the step input. The damper then activates again once the arm 

position crosses the motor position. This control strategy is more complex since it 

requires knowledge of the planned trajectory before it is executed.  

This strategy keeps the damper inactive during the trajectory execution, so during motion, the reflected inertia 

motion, the reflected inertia of the joint is governed by the inertia of the spring, just like an SEA. The crossing 

an SEA. The crossing time (the time taken for arm to first cross the motor position) is given in  

given in  

 

Table 3. Figure 11 through Figure 15 compare the results of the simulation. Control 

1 refers to the control scheme used in the previous results (Figure 9 and Figure 10). 

Control 2 is the new control scheme proposed in this section. 
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Table 3: Comparison of Crossing Times 

Case Original time (s) Alternative time (s) 

I 0.39 0.32 

II 0.39 0.29 

III 0.39 0.23 

IV 0.39 0.18 

V 0.39 0.13 

 

 

Figure 11: Comparison of two damper control strategies for b = 10 
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Using the lowest damping rate, there isn’t much difference between the two control 

schemes. There is a slight improvement in the crossing time and overshoot, but not 

enough to justify the increased complexity of the second control scheme. There is also 

negligible difference in settling time. 

 

Figure 12: Comparison of two damper control strategies for b = 20 

With increased damping, the difference between the control schemes is becoming 

increasingly pronounced. The crossing time and overshoot show greater improvement. 

The effect on settling time is still very small however. 
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Figure 13: Comparison of two damper control strategies for b = 50 

The higher damping rate now shows a significant improvement in the crossing 

time, overshoot and settling time. This trend continues in the next two tests as well. 



29 

 

 

Figure 14: Comparison of two damper control strategies for b = 100 

 

 

Figure 15: Comparison of two damper control strategies for b = 200 
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At this high damping rate, the system almost behaves like a zero order system. The 

crossing time has been greatly reduced, and the overshoot is almost nonexistent. 

However, comparing the response between Figure 14, and Figure 15 shows that the 

system behaves almost the same at only half the damping rate.  

These tests demonstrate that when using a lower damping rate, the more complex 

damper control scheme doesn’t have much effect on the response. Increasing the 

damping rate will bring better improvements to a point, after which the improvements 

start diminishing again.   
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Chapter 3 

Experimental Validation 

A suitable variable damper for use in a precise and compliant actuator is an MR 

damper. However, a prototype MR based SEA-CD would be expensive, and a more 

reasonable priced alternative would be tested first, to see if the variable damper idea had 

any merit. The primary cost in the MR damper is the MR fluid itself, which is only sold 

in bulk. The volume of MR fluid used in each damper is quite small however, so the cost 

of the MR fluid per device is low. 

As a substitute for the MR damper, a disk brake type rotor-caliper setup was used. 

The rotor-caliper can vary its damping torque by adjusting the normal force the brake 

pads exert on the rotor. The caliper used for the physical model has a spring loaded lever 
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that controls the normal force the pads apply on the rotor. Compared to a MR damper, the 

rotor-caliper has similar responses in most areas, and similar nonlinearities, but the rotor-

caliper is more difficult to align and mount, takes more space than a comparable MR 

damper, and its modulation speed and range is dictated by the device actuating the 

caliper. The assembled test bed is shown in Figure 16. 

 

Figure 16: The entire test bed 

3.1 Rotor-Caliper Validation    

To validate the rotor-caliper setup, the behavior of each system is checked in the 

two operating regimes of concern. Namely their behavior in the static and dynamic 

regions is compared. Please note that the following four figures (Figure 17, Figure 18, 

Figure 19, and Figure 20) are not to scale, and are merely meant to demonstrate the 
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differences between a rotor-caliper type variable damper and an MR fluid based variable 

damper. 

 

 

Figure 17: Friction force vs. velocity in a caliper at different normal forces on the caliper. Higher damping force 

magnitude corresponds to higher normal forces. 

 

Figure 17 shows the damping force generated by the brake pads vs. the velocity of 

the rotor at different normal forces on the caliper. The rotor cannot move until the static 

braking force is overcome, at which point, the rotor begins moving, and the brake pads 

produce a constant damping force. The force applied by the brake pads depends only on 

the normal force acting on the brake pads. Increasing the normal force means a higher 

motive force is required to move, and the pads supply a higher damping force.  
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Compare this behavior to the Shear stress vs. velocity graph of a MR damper. 

When no magnetic field is present, the system behaves like a fluid damper using a 

newtonian fluid. Higher relative motion between the plates leads to higher shear stress, 

and therefore higher damping. This corresponds to the blue line in Figure 18. Once a 

magnetic field is applied, however, the fluid begins behaving like a Bingham plastic [30]. 

The output cannot move until the motive force reaches a certain threshold, the yield stress 

which is dependent on the magnetic field. Upon reaching the yield stress, the MR fluid 

behaves like a fluid, but with an offset corresponding to the yield stress.  

 

 

Figure 18: Shear stress vs. Velocity in a MR damper. Higher stress magnitudes correspond to higher magnetic 

fields. 
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Figure 19: Motive force vs. Friction force in a rotor-caliper 

 

Figure 19 is a diagram of the motive force vs. the damping force generated by a 

rotor-caliper setup, under a constant normal force. The damping force exactly matches 

the motive force to a set point, as predicted by coulomb friction using, 

         

Where      is the friction force,    is the coefficient of static friction, and    is the 

normal force. When the motive force exceeds the maximum static friction, the rotor-

caliper setup enters the dynamic friction zone, and provides a constant damping force 

regardless of the motive force. Compare this to the same diagram for a MR fluid damper 

at a constant magnetic field strength. Until the threshold is reached, the damper provides 

exactly enough force to counter the motive force. When the motive force exceeds the 

threshold, the damping depends on the velocity.  
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Figure 20: Shear stress vs. Motive Force in a MR damper 

 

The rotor-caliper and MR damper behave similar enough in the static and dynamic 

region that one can be made to look like the other. The normal force on the rotor-caliper 

can be modulated so that the damping force increases at higher velocities, like an MR 

damper, and the magnetic field in a MR damper can be modulated to get a flat damping 

rate independent of the velocity. The transition between the two static and dynamic 

zones, however, is very different between the two systems. 

The force plot is discontinuous at the transition point for the rotor-caliper where the 

magnitude of the damping force jumps to a lower value. In the case of the MR damper, 

only the derivative of the damping force with respect to the motive force changes to a 

new value. While this discrepancy is somewhat mitigated when considering that over the 

entire motion, the system has very few points when the damper switches between the 
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static and dynamic regions, the joint response when using a rotor-caliper type variable 

damper will be slightly different from the joint response when using a MR fluid based 

variable damper. 

It should be noted, however, that neither the rotor-caliper based variable damper, or 

the MR fluid based variable damper follow the damping behavior of the variable damper 

used in the simulations in Chapter 2. The simulations in Chapter 2 are quick studies into 

whether or not a hypothetical variable damper can theoretically improve the response of 

an SEA. The physical model is not meant to be compared to the simulations in Chapter 2. 

 

3.2 Design and Manufacturing 

 

Figure 21: SolidWorks Model of the Test Bed 
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The test bed was first designed in SolidWorks, as shown in Figure 21, and key parts 

were tested using the inbuilt finite element analysis to ensure the part would not yield. 

Since the test bed is made to prove the concept, rather than demonstrate a prototype, it is 

made primarily from plastic to reduce costs. Large parts were remade into pieces that 

could be made on a 2D laser cutter. The smaller pieces were made using a Rapid 

Prototyping Machine.  

 

Figure 22: Image of the error from the laser cutter cutting too thick of a plastic. The square edges should be 

flush. 

Many of the parts are laser cut, but the thickness of the plastic load bearing 

elements meant the laser cutter could not make straight cuts into the plastic. Figure 22 

shows an example of this. The teeth were designed to lie flush against each other, but the 
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errors in cutting caused introduced the gaps seen in the figure. This created some errors in 

alignment, which increased the friction between some sliding surfaces. The RPM pieces 

are also quite soft, and repeated testing caused some interfaces to deform. Most notably, 

the interface between the RPM shaft the springs and rotor are clamped to, and the motor 

deformed to the point where either the motor or the shaft could move by 2
0
 without 

affecting the other. This degree of slack was measured by moving the rotor and checking 

the motor position 

 

3.3 Compliance 

 

Figure 23: The antagonistic spring setup 
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To keep the system inexpensive, simple, wound music wire torsional springs are 

used, as shown in Figure 23. The two springs are mounted in an antagonistic fashion, and 

are pre compressed to half their useable range so that the springs remain in compressed 

range even when moving counter to the direction of compression. This also gives the 

spring setup a linear spring rate, and eliminates any slack in the spring subsection. 

 

3.4 Components 

 

Figure 24: The motor, gearbox and encoder 
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The system uses a Globe motors 415A832 12 V dc motor [31] with a built in 

encoder (As shown in Figure 24), and an s4 360-250-B-D US digital encoder [32] for the 

arm (Figure 27). The motor encoder has a 0.18° resolution and the arm encoder has a 

0.25° resolution. The brake rotor and caliper are Avid 160 mm rotors with a BBDB 

caliper [33] (Figure 25) which is actuated by a Hitec HS-485HB servo [34] by means of a 

steel cable. The steel cable had a kink in it to hook into the servo horn, as shown in 

Figure 26, and the other end was clamped in the caliper (Figure 25). The spec sheets for 

the motor, arm encoder and servo are listed in Appendix B. 

 

Figure 25: Image of the rotor-caliper setup 

Since the caliper is meant to work with cable brakes in bicycles, it had a jaw and a 

screw that could be tightened to secure the cable in place. This end was adjusted so that 
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the caliper was fully closed when the servo was fully closed, in order to prevent breakage 

from the servo pulling too hard on the cable. The servo itself was secured to a metal 

bracket which in turn was secured to the arm. 

 

Figure 26: Image of the servo connected to the rotor-caliper setup 
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Figure 27: The US Digital encoder connected to the arm 

 

3.5 Control 

In order to control the motor, servo, and gather data from the encoders, Phidgets 

USB boards [35] are used. These were chosen for their ease of use, and high data 

collection rate. The Phidgets boards are controlled using a LabVIEW VI [36]. Interfacing 

with the Phidgets boards was handled from within the LabVIEW VI using the API 

provided by Phidgets. Before starting the test, the arm is moved so it points straight 

forward and the encoders are zeroed to the position. Since the arm is only performing a 

     sweep, there is no need for exact zeroing.  
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Unfortunately, the datasheet for motor had the wrong gearbox value. The data sheet 

for the encoder states that it is 500 counts per revolution encoder, but without the gearbox 

reduction, the encoder counts per revolution of the gearbox output shaft was unable to be 

determined. A workaround was devised where the servo locked the input and output 

shafts, and the arm was moved around. Since the arm encoder reported the position of the 

arm in degrees, and the motor and arm were locked together, the arm position must 

correspond to the motor position. A motor was given a sinusoid signal, and the resulting 

motor encoder counts and arm encoder counts were recorded. This data was plotted in 

excel, and using Excels inbuilt linear regression tool, an equation to relate motor encoder 

counts to degrees was found, as shown in Figure 28. The hysteresis is due to the slop 

between the gearbox output shaft, and the RPM shaft with the springs and rotor.  
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Figure 28: Motor encoder calibration 

 

Another limitation discovered during testing is the servo response time. The servo 

takes .2s to travel 60°, which is approximately the degree of travel between just open, and 

fully clamped. This complicated the tests, since the .2s delay means the arm has moved 

well past the motor position before the high damping activates. An unexpected side effect 

of this delay portrayed the destabilization of the system with improper damping 

actuation. The damper would engage at the point of maximum overshoot, release, then 

engage at maximum overshoot in the other direction; doing this repeatedly to incite 

resonance. The magnitude of the maximum overshoot was bounded, but the system was 

not settling to a point. To prevent this from happening, the gains of the PID loop 
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(explained in the next section) were adjusted. Specifically, the ki gain was reduced till 

this phenomenon could not be recreated.  

Preliminary testing showed that the motor used to drive the system was too easily 

back driven to give a step input to the system. Therefore, a PID control loop was used to 

control the position of the arm. The output from the PID is the direction and duty cycle 

with which to drive the motor. The PID loop is a simple sub VI that accepts the current 

position error from the main VI. It then stores this value as the previous error for use in 

the next time step. The integral of the error is calculated by taking the current error, 

multiplying it by the time step (.005 s), and adding it to a running sum of the error. The 

derivative of the error is calculated by taking the current error, subtracting the previous 

error, and dividing by the time step (.005s). Each of these values, the position error, 

integral of the error, and derivative of the error is multiplied by a unique gain. The gains 

were tuned with the servo holding the caliper open to prevent interference. They were 

first tuned to elicit an under damped response from the arm. After noting the resonance 

behavior from the first set of gains, ki was lowered to prevent the above noted behavior. 

In doing so, the system no longer settles to zero quickly, but since the thesis is not 

concerned with optimal control, this tradeoff was deemed acceptable. The output from 

the PID is a percentage of the full speed the motor should be driven at. This output would 

regularly exceed 100%, especially just after the step, so a saturating function was placed 

that would replace any value above 100% with 100%, and any value below -100% with -

100%. 
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Table 4: PID gains 

Gain Value 

kp 2.5 

ki 0.01 

kd 2.0 

  

At the start of the program, the Phidgets API was called to initialize each board, 

and open the servos, encoders, and motor to receive commands, set the encoders to zero 

at their current position, set the maximum motor acceleration, and set the servo type. The 

servo settings include values such as the maximum speed the servo can achieve, the range 

of PID signals accepted as valid position commands, etc. The API includes the standard 

servo settings for the Hitec servo, so these settings were used to control the servo. The 

timer is also started at this point. The main portion of the program is contained within a 

while loop that terminates when a stop button on the front panel is pressed. 

The while loop is divided into three sections. The first section reads the current 

position from both encoders, and converts the reading from counts to degrees. After this, 

two errors are calculated. One is the error between the arm position and the commanded 

position, which is passed to the PID loop, and the other is the error between the arm 

position and the motor position, which is passed to the servo control loop. The next 

section calculates the output from the PID loop and the servo control. 

The servo control is another sub VI that accepts the current error between the arm 

and motor, and the type of actuator being tested. Type 1 is a standard SEA, and the servo 
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is commanded to fully open the caliper. Type 2 is a rigid joint, and the servo is 

commanded to clamp the caliper to the rotor with maximum force. Type 3 is the SEA-CD 

being tested, and the servo is commanded to start at a position where the calipers are 

barely touching the rotor. The servo is then commanded to close the caliper for .4 s when 

the arm-motor error crosses zero. The output from the servo control is a position the 

servo should move to. 

The last section of the main program sends the PID output to the Phidgets motor 

control board, and the servo control output to the Phidgets servo control board. It also 

assembles the time and position data, and prints it to a text file in a tab delineated format. 

Once the stop button on the front panel is pressed, the program stops execution of the 

while loop, sets the motor speed to 0, the servo to open, and finally frees up the Phidgets 

control boards.  

 

3.6 Testing 

Testing consists of giving the arm a step input to move     , and recording the 

position of the motor and arm at 5 ms increments. The PID control for the motor is reset 

between tests, but the gains are left unchanged. There are 3 basic situations to test. 

No damping: This replicates the behavior of the joint, if it were a standard series 

elastic actuator. This test gives us a baseline with which to compare future tests. 

High damping: This replicates the behavior of the joint, if it were a traditional, stiff 

joint. This gives the best possible dynamic behavior of the system. 
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Variable damping: The results from this test will provide a comparison between 

the prototype to the baseline and best case scenario. Unfortunately, the alternative control 

strategy discussed in section 2.3 cannot be implemented here, since it requires a damper 

that can modulate orders of magnitude faster than the servo can provide. 

Each test case was repeated 4 times for a total of 5 sets of data per test case. The 

first test is the joint response if it was a traditional stiff joint. The second test is the joint 

response if it is a SEA. The third test is the joint response as a precise and compliant 

actuator.   
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Chapter 4 

Results 

The following sections present the results from the three test scenarios. Section 4 

shows the result from the arm if it were a stiff joint. Section 4.2 presents the results from 

the arm as if it were a SEA. Section 4.3 presents the response with the joint using 

controllable damping. 

There are two main criteria used to compare the dynamic behavior of the different 

cases: the maximum overshoot, and the ringing time. The maximum overshoot is the 

maximum distance between the arm and motor position, and always occurs right after the 

first time the arm position crosses the motor position. The ringing time is the time taken 

before the system stops oscillating. In all the results, there is a distinct point in time when 

the response stops looking like a harmonic response, and asymptotically converges to the 

commanded position. 
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4.1 Stiff Joint Case 

 

Figure 29: Result for the stiff case 

This test demonstrates the best possible outcome. The maximum overshoot is 

around 180° and the system quickly stops ringing, and starts approaching the commanded 

position.  
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4.2 Series Elastic Actuator Case 

                                                                               

 

Figure 30: Result from the Undamped Case 

The SEA case reflects what is expected from an under damped second order 

system. What is interesting however, is the effect of slack in the system. In Test 1 and 3, 

the system stopped oscillating after 3 oscillations, whereas in the other tests, the system 

took 4 oscillations to stop oscillating. Figure 31 and Figure 32 show the results from test 

1, where the system stopped oscillating after three time periods. Figure 33 and Figure 34 

show the results from test 2, where the system took four time periods to stop oscillating. 

The rest of the test results are in Appendix C. The arm-motor error graphs below show 

the same result, with the average maximum arm-motor error being about 65˚. Also note 
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that the maximum overshoot is the first positive spike on the arm-motor error graphs. The 

initial negative spike is due to the motor leading the arm, which is expected since the 

motor needs to compress the springs before the springs generate enough force to move 

the arm. 

 

Figure 31: Test 1: Arm and Motor response 
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Figure 32: Test 1: Arm-Motor error 

 

Figure 33: Test 2: Arm and Motor response 
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Figure 34: Test 2: Arm-motor error 
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4.3 Series Elastic Actuator with Controllable Damping Case 

 

Figure 35: Controllably damped case 

 

Figure 35 shows that the precise and compliant joint has a similar response to the 

traditional stiff joint. There is only one oscillation before the system goes to the 

commanded position, instead of three as in the undamped cases. While the maximum 

overshoot is not affected a great amount due to the caliper actuation delay because of the 

servo, the ringing time was cut by a third. In all cases except the first one, the maximum 

overshoot was around 40°.  

Test 1 (Figure 36 and Figure 37) show the best case scenario. Normally it would 

have been discarded as an outlier, but it was included to demonstrate how a MR damper 
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would respond. Test 3 (Figure 38 and Figure 39) shows the typical response of the 

precise and compliant actuator. The rest of the tests are in Appendix D. 

 

 

Figure 36: Test 1: Arm and Motor response 
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Figure 37: Test 1: Arm-motor error 

 

 

Figure 38: Test 3: Arm and Motor response 
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Figure 39: Test 3: Arm-motor error 

 

4.4 Analysis 

 

As stated in Section 2.2, the simulations showed that adding a variable damper will 

have 2 major effects on the response of the load. Firstly, the maximum overshoot will be 

significantly reduced, and secondly the ringing time will be significantly reduced. These 

experiments were conducted to test those results, and the outcome is inconclusive. 
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4.4.1 Maximum Overshoot 

The simulations in Section 2.2 show a large reduction in the maximum overshoot 

of the load. Unfortunately, the experimental results do not demonstrate the same sort of 

improvement in the overshoot. The experimental results only show a reduction of 20° on 

average. There was a test that showed a reduction of 55°, but those results could not be 

repeated over the subsequent tests.  

The primary reason for this lack of improvement is likely the .2s delay caused by 

the servo. Looking at the speed of the arm when it cross the motor position, the arm had 

already covered a significant distance (around 20°) before the damper could respond.  

With these results, the experiment cannot be said to have confirmed the 

improvement in maximum overshoot as predicted by the simulations in Section 2.2. 

There was some improvement, but not to the degree suggested by the simulations. 

4.4.2 Ringing Time 

The simulations in Section 2.2 show a drastic reduction in the ringing time of the 

system. The experimental results validate this result as in all the cases, the ringing time 

was decreased to at least a third of the ringing time of the SEA case. The SEAs took on 

average around 4 seconds to stop ringing, while the SEA-CD stopped ringing after 1 

second on average.  

This result would suggest that either the reduction in ringing time is not as strongly 

dependent on the timing as the reduction in maximum overshoot is, or with a damper that 

could be activated during the correct point during the motion, the reduction in ringing 

time would have been even greater. A 75% reduction does not leave much room for 
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improvement however, so it is likely that while a properly timed damper could have 

improved the reduction in ringing time, on the whole the reduction in ringing time is 

tolerant of improperly timed dampers.  
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Chapter 5 

MR Fluid based Controllable SEA Design 

 

One of the main improvements that can be made to the test bed is to replace the 

rotor-caliper damper with an MR damper. The MR damper is easier to mount, and has 

inbuilt bearings to ensure the rotating surfaces are properly aligned. MR dampers can also 

respond on the order of milliseconds [21] thereby eliminating the 200 ms timing delay 

caused by the servo.  

5.1 Modeling an MR damper 

Before constructing a MR damper for use in a SEA-CD, it should be modeled and 

simulated to predict its performance, and to ensure the MR damper is neither too weak 
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nor too strong. The modeling of the damping torque from a MR damper is presented 

below 

Hongsheng, Juan, Liang, Jiong and Xuezheng provide a guide for specifying the 

outer radius of the inner disk, and the yield stress of the MR fluid based on the desired 

torque output from the clutch [37]. Specifically they provide: 
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Where      is the maximum static transmission torque,   is the inner radius of the 

inner plate,    is the outer radius of the inner plate,    is the yield stress of the MR fluid 

for a specific magnetic field strength,      is the viscous torque from the damper,   is the 

viscosity of the MR fluid,     is the difference in rotational speed between the output 

and input shafts, and   is the working clearance between the rotating plates. The sum of 

Equation 15 and Equation 16 gives the total torque produced by a single face of a disk. 

They can be modified for a multi disk MR damper by multiplying the torque from a 

single disk by the number of disks (assuming the disks are identical).  
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Where   is the total torque produced by the damper, and   is the number of faces. 
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Figure 40: SolidWorks model of a prototype 7 disk (14 face) MR damper 

Another useful equation Hongsheng, Juan, Liang, Jiong and Xuezheng provide is:  

         ⁄    
    (18) 

Equation 18 describes the static transmission torque of a single disk MR clutch as a 

function of the outer radius of the inner disk, and the yield stress of the MR fluid at a 

given magnetic field. It is derived from Equation 15, and simplified when testing showed 

that the working clearance and the inner radius of the inner plate had a very small effect 

on the maximum static torque transmission. The torque scales with the number of disks 

as shown in Equation 17.  
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Equation 18 and Equation 17 give the maximum static torque and the dynamic 

torque transmission of an MR damper of the type shown in Figure 40 as a function of the 

properties of the MR fluid used in the damper. Therefore, the next step is to select a MR 

fluid. 

5.2 Selecting an MR fluid 

It is possible to make MR fluid by mixing iron filings with oil. However, the size of 

the filings cannot be accurately controlled without using manufacturing techniques for 

the specific purpose of making evenly sized iron filings. Without evenly sized particles, 

the performance of the MR fluid will be inconsistent. The size of the particles will also 

affect the settling behavior of the fluid. Micrometer sized iron particles are too heavy to 

stay suspended in solution, and will eventually settle out. In contrast, nano scale particles 

can remain suspended indefinitely thanks to Brownian motion. The settling issue can be 

alleviated by adding surfactants to the suspension. Adding surfactants however causes a 

decrease in the magnetic saturation limit. Magnetic saturation limits are an upper limit 

inherent in all MR fluids where increasing the magnetic field strength no longer increases 

the yield stress of the fluid. This in turn imposes an upper limit on the static torque a 

damper can produce. The magnetic saturation limit is affected by the size of the iron 

particles used in the suspension. MR fluids made using nano scale particles (more 

commonly known as Ferrofluids) have lower magnetic saturation limits than MR fluids 

using micrometer scale iron particles. 

As an alternative to personally making and characterizing batches of MR fluid, MR 

fluids can be purchased from commercial vendors, specifically from the LORD 

Corporation [38]. Since they tightly control the size of the iron particles, the oil base 
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used, and additives, these fluids would have much more consistent performance than 

personally produced batches. For the rest of the analysis, the MR fluid used is assumed to 

be Lord Corporations MR-140CG MR fluid. It has a viscosity of 0.280 Pa-s, and a max 

yield stress of around 60 kPa.  

 

5.3 Choosing key MR damper dimensions 

According to Equation 17, the two major design choices are the outer radius of the 

inner disk (  ), and the fluid gap between the disks ( ).  

 

Figure 41: Comparison of Damping torque at different angular velocities (h = .2 mm) 
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To see the effect of each on the maximum damping torque produced by the damper, 

two graphs were made. Figure 41 compares the maximum damping torque produced vs 

the angular velocity of the damper for three different    values, and Figure 42 is the same 

graph as Figure 41, but with an order of magnitude smaller fluid gap. Both graphs show 

the damping torque from a single face, so a single plate would produce double the torque. 

The other variables needed to solve the equations are listed in Table 5. 

 

Figure 42: Comparison of Damping torque at different angular velocities (h = .02 mm) 

As can be seen in the graphs,    has the largest effect on the maximum damping 

torque the MR damper can provide. In contrast, increasing   had a very small effect, and 

only increased the slope of the damping torque with respect to the angular velocity. 

Further decreasing h might have produced greater gains in terms of increasing the slope 
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over the dynamic range, but there is a lower limit on how small of a fluid gap can be 

used. Since MR fluid is a suspension of micrometer sized iron particles, the fluid gap has 

to be bigger than the particles themselves. 0.20 mm is 200 microns, which is wide enough 

for the iron particles, but 0.02 mm is 20 microns which is approaching the size of the 

particles themselves.  

In summary, when specifying the dimensions of the MR damper, the radius of the 

inner plate has the biggest effect on the maximum torque the damper can produce, and 

should be as large as possible. If space restrictions do not allow for a large enough plate, 

increasing the number of plates will also increase the maximum torque, but not by the 

same magnitude as the size of the plate. Finally, the fluid gap has a small effect and 

should be specified by machining capabilities, keeping in mind a smaller gap will use less 

of the expensive MR fluid.  

5.4 Simulation of the SEA-CD with a MR damper 

The simulation was once again an ODE placed into state space form and solved 

using Matlab. The basic equation is the same as the equation simulated in Section 2.2, but 

this time the damping torque term is more computationally intensive. The damping 

torque is split into two regions. One where the torques acting on the damper are greater 

than the maximum torque the damper can provide, and one where the torques acting on 

the damper are less than the maximum torque the damper can provide.  

In the first case (damper torque less than the external torques), the maximum 

damping torque is calculated and used to calculate the position and velocities for the 

current time step. However, calculating the damping torque requires the current velocity 
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of the damper. To overcome this situation, the current velocity is substituted by the 

velocity during the previous time step, which is assumed to be very close to the velocity 

for the current time step. In the simulation, the maximum time step is restricted to 

0.0001s, so this is a reasonable assumption. The same technique is used to calculate the 

torque from the inertia of the load, which requires the acceleration of the load to 

determine. In the second case (damper torque greater than external torques), the damper 

torque is replaced with the sum of the external torques. The other damper parameters 

required to solve Equation 18 are given in Table 5. Note that n = 2 refers to 2 faces on a 

single plate, and not 2 plates. 

Table 5: Simulated MR damper specifications 

Parameter Numerical Value Units 

   20 mm 

   80 mm 

h 0.2 mm 

n 2  

  .280 Pa-s 

   (   ) 60 kPa 

 

The rest of the simulation proceeds as before but uses different parameters. The 

load is taken to be 1 kg·radian
2
, and the spring constant to be 2 N·m/radian. Several plots 

are shown below that demonstrate the performance of the damper at various yield 

strengths, corresponding to different magnetic fields in the MR fluid. 
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Figure 43: No magnetic field 

Figure 43 shows the baseline response of the system, if the MR damper were never 

activated. There is only a small amount of damping from the dynamic damping of the 

MR damper. 

 

Figure 44: Small magnetic field          
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Figure 44 shows the response of the system when using a small magnetic field. A yield 

stress of 5 kPa is only 8.3% of the maximum yield stress of the MR fluid. The large 

improvement in the response likely means the damper is too powerful for a system like 

this. A smaller damper would probably suffice.  

 

Figure 45: Higher magnetic field           

Figure 45 shows the response at a slightly higher magnetic field. This graph also shows 

how the simulation captures the nonlinearity of the MR damper in the static region 

between t = 2.1 and t = 2.3, the position of the load does not move relative to the position 

of the arm because the external torques are not high enough to overcome the maximum 

static torque generated by the damper.  
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Future Work  

In order to eliminate some of the flaws of the physical proof of concept presented 

in Chapter 4, a more accurate test platform is required. A more accurate test platform will 

definitively prove or disprove the concept of using a variable damper to make a precise 

and compliant actuator. The present designs are tested for plastics, so a new platform 

would require a redesign of some components. Some of the parts are made for 2D 

fabrication, so they can be easily fabricated on a water jet. The smaller parts like the 

spring holders, and the rotor mount would require more complex machining. In the end 

however, a properly designed metal test bed would be much more accurate, and decrease 

the friction due to misalignment. Some parts can remain plastic, such as the arm and the 

spacers. Remaking those parts is suggested however. The current arm was designed to 

work with a rotor and caliper. Without those bulky pieces, the arm can be thinner and 

lighter.  

The MR simulation can also be improved. The MR damper model used earlier does 

not account for the hysteresis in an MR damper. Several papers referenced in section 

1.2.2 propose models to model the hysteresis. For instance, Ahn, Islam, and Truong 

propose to model the hysteresis in MR dampers via a self-tuning fuzzy control algorithm 

[20]. A downside of this model is that it requires a physical MR damper to create an 

accurate model of its hysteresis.  
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Conclusion 

Compliant Actuators are much safer than traditional stiff joint actuators, but at the 

cost of positional accuracy and speed. A solution to this shortcoming was proposed by 

adding a variable damper, and a control scheme that will modulate the damper during 

arm motion to reduce the overshoot and ringing time of the arm. The equations of motion 

for the system were derived, and simulated using Matlab. The simulation predicted that 

the precise and compliant actuator converges to the commanded position with fewer 

oscillations than the SEA, and has a lower initial overshoot than the SEA. Two damper 

control schemes were also simulated, a simple scheme that was found to be suitable for 

low damping rates, and a more complex one that was suitable for higher damping rates. 

The findings from the simulation were tested with a physical system. The results from the 

physical system were inconclusive as the oscillations before converging were reduced, 

but the initial overshoot was not reduced by the same margin the simulations showed. 

This was most likely the fault of the physical test platform, so a new test platform with a 

MR damper is proposed and simulated. The simulation captures both the dynamic and 

static nonlinearities of the MR damper. 

The test platform can be improved by making it from tougher materials such as 

aluminium or steel. A non-backdriveable motor should also help in comparing the 

simulation results with the physical test results. Further improvements and testing should 

show that the SEA-CD is a good implementation of the concept of a precise and 

compliant actuator.   
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Appendix A 

A.1 Matlab Code for the simulation in Section 2.2 

%Code for calling the SEA or SEA-CD simulation 
%Programmed by Sid Iyer 

  
close all; clear all; clc; 

  
global L prevq tstart; 

  
L = 5; 
counter = 0; 
iter = 1; 
tstart = -200; 

  

  

  
q = [0,0,0]; 
t = [0,6]; 

  

  
options = odeset('JConstant', 'on', 'RelTol', 1e-8, 'AbsTol', 1e-8, 

'MaxStep', 1e-4); 
[time, q] = ode45(@SEDposfunc, t, q, options); 
figure(1) 
hold on 
plot(time, q(:,1),'-k') 
plot(time, q(:,3), '--r') 
xlabel('Time (s)'); ylabel('Position (degrees)'); 
legend('Arm Position','Commanded Position','Location','best') 
figure(2) 
hold on 
plot(time, (q(:,1)-q(:,3))); 
xlabel('Time (s)'); ylabel('arm-motor error (degrees)') 

 

A.2 Matlab Code for the function called in A.1. 
%Code for the ODEs 
%Programmed by Sidharth Iyer 
function [qdot] = SEDposfunc(t,q) 
global L prevq tstart 

  
k = 80; 
b0 = 2; 
Fs = k*(q(1)-q(3)); 
b = 0; 

  

  
qdot = zeros(3,1); 
%Inputs 
Fl = 0; 
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if (t < 1) 
    qdot (3) = 0; 
elseif( t < 1.02) 
    qdot(3) = 6000; 
else 
    qdot(3) = 0; 
end 

  
%Calculate b 
%Find zero crossing 

  
b = 0; 
zerocrossing = 0; 

  
if(t > 1.1) 
    if((q(1)-q(3)) < 0 && (prevq(1)-prevq(3)) > 0) 
        zerocrossing = 1; 
    elseif((q(1)-q(3)) > 0 && (prevq(1)-prevq(3)) < 0) 
        zerocrossing = 1; 
    end 
end 

  
if(zerocrossing) 
    tstart = t 
end 

  

  

  
if((t-tstart) <= .2) 
    b=50; 
end 

  

  

  
qdot(1) = q(2); 
qdot(2) = ((1/L)*Fl)-((1/L)*(b0+b)*(qdot(1)-qdot(3)))-((1/L)*Fs); 

  

  
prevq = q(:); 
end 

 

A.3 Code for the MR damper based SEA-CD 

% Code to simulate the behavior of the SEA-CD using an MR damper 
%Coded by Sid Iyer 

  
close all; clear all; clc; 

  
global L prevq tstart prevqdot prevt prevFb Fb; 

  



82 

 

L = 1; 
counter = 0; 
iter = 1; 
tstart = -200; 
prevq = zeros(3,1); 
prevqdot = zeros(3,1); 
prevt = 0; 
prevFb = 0; 
Fb = 0; 

  
%  
% sim('SED.mdl'); 
%  
% hold on; 
% plot(time,x2, '-k'); 
% plot(time,x1, '--r'); 

  
q = [0,0,0]; 
t = [0,6]; 

  
options = odeset('RelTol', 1e-6, 'AbsTol', 1e-6, 'MaxStep', 1e-4); 

  
%options = odeset('JConstant', 'on', 'RelTol', 1e-8, 'AbsTol', 1e-8); 
[time, q] = ode45(@SEDposfunc, t, q, options); 
qdeg = q.*(180/pi()); 
figure 
hold on 
plot(time, qdeg(:,1),'-k') 
plot(time, qdeg(:,3), '--r') 
xlabel('Time (s)'); ylabel('Position (degrees)'); 

 

A.4 Matlab code for the function called in A.3 

%ODE to simulate the behavior of the SEA-CD using an MR damper 
%Coded by Sid Iyer 

  
function [qdot] = SEDposfunc(t,q) 
global L prevq tstart prevqdot prevt prevFb Fb; 

  
k = 2; 
Fs = k*(q(1)-q(3)); 
taub = 0; 
prevedot = prevqdot(1)-prevqdot(3); 
n = 2; 
h = 2e-3; 
eta = .280; 
static = 'static'; 
dynamic = 'dynamic'; 

  
qdot = zeros(3,1); 
%Inputs 
Fl = 0; 
if( t > 1 && t < 1.02) 
    qdot(3) = 104.71976; 
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else 
    qdot(3) = 0; 
end 

  
%Calculate b 
%Find zero crossing 

  
%b = 0; 
zerocrossing = 0; 

  
if (t > 1.2) 
    if((q(1)-q(3)) < 0 && (prevq(1)-prevq(3)) > 0) 
        zerocrossing = 1; 
        t 
    elseif((q(1)-q(3)) > 0 && (prevq(1)-prevq(3)) < 0) 
        zerocrossing = 1; 
        t 
    end 
end 

  
% if(t > .8 && t < 1.2) 
%     zerocrossing = 1; 
% end 

  
if(zerocrossing) 
    tstart = t; 
end 

  
if((t-tstart) <= .4) 
    %Code for calculating the 'on' state 
    taub = 40000; 
end 

  
if(t ~= prevt) 
    Fb = n*(9.29357e-4)*taub; 
    Fb = Fb*sign(prevedot); 

  

     
    if(abs(Fb) >= abs(-(L*prevqdot(2))+(Fs))) 
        status = static; 
        Fb = (-(L*prevqdot(2))+(Fs)); 
    else 
        status = dynamic; 
        Fb = n*((0.00101586*taub)+((6.09313e-5)*eta*abs(prevedot)/h)); 
        Fb = Fb*sign(prevedot); 
    end 
end 

  

  

  
qdot(1) = q(2); 
qdot(2) = ((1/L)*Fl)-((1/L)*Fb)-((1/L)*Fs); 
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prevq = q(:); 
prevqdot = qdot(:); 
prevt = t; 
prevFb = Fb; 
end 
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A.5 LabVIEW VI used to control the test bed 
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Appendix B 

Hardware Spec sheets 

B.1 Hitec HS-485HB servo specifications 

  

Motor Type: 3 Pole 

Bearing Type: Top Ball Bearing 

Speed (4.8V/6.0V): 0.20/0.71 sec @ 60 deg. 

Torque oz./in. (4.8V/6.0V): 72/89 

Torque kg./cm. (4.8V/6.0V): 5.2/6.4 

Size in Inches: 1.57 x 0.78 x 1.49 

Size in Millimeters: 39.88 x 19.81 x 37.85 

Weight ounces: 1.59 

Weight grams: 45.08 
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B.2 Globe Motors motor spec sheet

 



88 

 

B.3 US Digital Optical Encoder spec sheet
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Appendix C 

Test Results 

C.1 Results from the Undamped case 

 

Figure 46: Test 3: Arm and Motor position 
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Figure 47: Test 3: Arm-motor error 

 

Figure 48: Test 4: Arm and Motor position 
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Figure 49: Test 4: Arm-motor error 

 

Figure 50: Test 5: Arm and Motor position 
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Figure 51: Test 5: Arm-motor error 
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C.2 Results from the Controlled Damping case 

 

Figure 52: Test 2: Arm and Motor response 

 

Figure 53: Test 2: Arm-motor error 
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Figure 54: Test 4: Arm and Motor response 

 

Figure 55: Test 4: Arm-motor error 
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Figure 56: Test 5: Arm and Motor response 

 

 

Figure 57: Test 5: Arm-motor error 


