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Figure 6.3: GEOMETRIC REPRESENTATION OF EQUIVALENT CONTROL [5].

towards the sliding mode and maintain the state errors in the sliding mode, a robust control law is

warranted. In order to keep s at zero, a robust control law urb is defined for when s is outside of

S(t)
1
2

d
dt

s2 ≤ −η | s | (6.11)

where η is strictly positive constant known as the robustness tuning parameter.

Equation 6.11 utilizes a Lyapunov-like function that guarantees the system trajectories

decrease exponentially towards S(t), which is depicted in Figure 6.2. Equation 6.11 also implies

that once the sliding mode is attained the trajectories remain on the surface and it allows for

disturbances and dynamic uncertainties to be tolerated, i.e.,(
d
dt

+ λ

)n−1

e = 0, (6.12)

where the finite reaching time to reach the sliding mode is defined by

0− s(t = 0) = s(t = treach)− s(t = 0) ≤ −η(treach − 0). (6.13)

Using equation 6.13 to satisfy Equations 6.12 and 6.14, the robust control law can be

written as the right-hand-side of Equation 6.11 with a sgn function with s, giving

urb = −η | s | sgn(s) (6.14)

The robust control law in Equation 6.14 cannot be physically achieved unless a system has an

infinitely fast control response. Although this control law allows for robust and high performance

tracking, due to the transient phenomenon in real systems, this high speed switching results in
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chattering (sometimes called dither) around the sliding mode as illustrated in Figure 6.4. Chatter,

dither, and high frequency oscillations can cause premature wear and damage in physical

systems, especially in systems with moving component interfaces and mechanical hard stops.

Figure 6.4: CHATTER DUE TO SWITCHING ABOUT THE SLIDING SURFACE [5].

6.1.4 CONTINUOUS APPROXIMATION OF SWITCHING CONTROL LAWS AND TUNING

The greatest detriment of a SMC law is the discontinuous robust control law that helps

maintain the sliding condition. The chattering the robust control law will introduce in most

mechanical systems is unacceptable and must be eliminated. Chattering can be eliminated with

the introduction of a boundary layer B(t) around the sliding surface,

B(t) = x, | s(x; t) |≤ Φ Φ > 0, (6.15)

where Φ is the boundary layer thickness, and ε = Φ/λn−1 is the boundary layer width. This

defined boundary layer introduces a first-order filter like smoothing action on the discontinuous

switching control law. Mathematically, the sgn(s) function is replaced by a saturation function,

sat( s
Φ ). This saturation function guarantees tracking within ε precision around the boundary

layer. Replacing the sgn function with a sat function, the robust control law becomes

urb = −η | s | sat
(

s
Φ

)
(6.16)

Additional switching control law actions can be applied to the robustness term, including time

variant boundary thickness and gain margins.
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The true tracking performance of s and tracking precision ε can be defined by the

mathematical bounds set on sliding surface s from the tuning parameters λ and Φ and the order

of the surface i, which can be related to bounds on the error vector e. The true tracking

performance is represented by

∀t ≥ 0, | s(t) |≤ Φ ∀t ≥, | ei(t) |≤ (2λ)iε f or i = 0, ..., n− 1, (6.17)

where the bounds written more concisely are

| ei |≤
(

Φ
λn−1−i

)(
1 +

λ

λ

)i

= (2λ)iε. (6.18)

Equation 6.18 allows for an analytical approximation of the true tracking performance.

TUNING

Tuning the parameters of a SMC system can be tedious. It is commonly accepted that

SMCs are experimentally tuned. A general experimental tuning procedure for the parameters, λ,

η, and φ are as follows:

1. Set λ = 0, Φ = 1, and η = 0.

2. Increase λ incrementally until the equivalent control law marginally tracks the desired

trajectory. Marginal tracking implies the equivalent control law tracks the general shape of

the desired trajectory but not perfectly.

3. Incrementally increase η from 0.

4. Simultaneously adjust Φ to the neighborhood of a desired tracking performance at the given

λ.

5. Increase η and make adjustments to Φ as needed.

6. Introduce a proportional gain Kp and increase or decrease value incrementally, while

repeating 2 through 5.

CONCLUDING REMARKS ON SLIDING MODE CONTROL DESIGN FUNDAMENTALS

The design of SMC laws applied to nonlinear systems is a proven method in motion

control applications. While more theoretically complex than classical methods like PID, the

performance gains and the inherent robustness can be easily demonstrated. The aforementioned

approaches will be applied in the following sections for PAMs and HAMs.
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6.2 PNEUMATIC ARTIFICIAL MUSCLE CONTROLLER DESIGN

This section presented SMC designs that were first presented in [63] and [123] using the

linear dynamic PAM model in [124] by Slightam and Nagurka.

6.2.1 SLIDING MODE POSITION CONTROL OF PNEUMATIC ARTIFICIAL MUSCLES

A linearized model of a PAM is used to define a position sliding mode controller in this

section. Traditional SMC approaches for PAMs use an integral sliding surface s =
( d

dt + λ
)m ∫ e,

where m is the order of the differential equation of the system to be controlled [5, 52, 124]. The

linearized PAM dynamic model is defined by

Mẍ + cẋ + kx =
P(3L2 − b2)

4πn2 , (6.19)

where k is the linearized rubber tube stiffness model. Differentiating Equation 6.19 and

substituting the pressure dynamics, Equation 4.62 and solving for
...
x gives

...
x =

1
M

(
3LPL̇
2πn2 +

P(3L2 − b2)2

4πn2(b2L− L3)
L̇ +

3L2 − b2

b2L− L3 RTṁ− cẍ− kẋ
)

. (6.20)

The third-order equation of motion for the PAM system can be simplified to

...
x = f̂ + ĝu, (6.21)

where f̂ is

f̂ =
1
M

(
3LPL̇
2πn2 +

P(3L2 − b2)2

4πn2(b2L− L3)
L̇− cẍ− kẋ

)
, (6.22)

and

ĝ =
1
M

(
3L2 − b2

b2L− L3 RTΨ
)

. (6.23)

This results in a third-order sliding surface for a PAM tracking control problem. It is

proposed that the constant λ be raised to the power q to increase the gradient of the error dynamic

poles from absement (integral of position) to position and higher order terms [63, 125]. Then the

sliding surface is

s =
(

d
dt

+ λq
)m ∫

e (6.24)

where q is a new tuning parameter. For a PAM, where m = 3, expanding Equation 6.24,

s = ë + 3λq ė + 3λ2qe + λ3q
∫

e. (6.25)
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Differentiating Eqn. 6.25 with respect to time

ṡ =
...
e + 3λq ë + 3λ2q ė + λ3qe. (6.26)

The equivalent control law can be expressed using Filippov’s equivalent dynamics principle

ueq =
1
ĝ

(
...
x D + f̂ − 3λq ë− 3λ2q ė− λ3qe

)
(6.27)

With a Lyapunov-like function, 1
2

d
dt s2 ≤ −η | s |, the robust control law is determined to be

urb = −η | s | sgn
(
s
)

(6.28)

to keep the sliding surface s at zero, where sgn(s) = +1 if s > 0 and sgn(s) = −1 if s < 0. To

minimize chatter from the high speed switching, a saturation function is introduced to act as a

first-order filter, with the saturation of s/φ being at ±1, where φ is a constant that decreases the

rate of switching.

urb = −η | s | sat
(

s
φ

)
(6.29)

Combining the equivalent and robust control laws and introducing a proportional gain, Kp,

results in the 3rd-order integral sliding surface SMC law,

uSMC =
Kp

ĝ
(...

x D + f̂ − 3λëq − 3λ2q ė− λ3qe− urb
)

(6.30)

with the tuning parameter q. With the parameter q, the control law is assumed sufficiently robust

such that observation and input-output feedback linearization are not needed. Eliminating f̂ and

ĝ, the SMC becomes

uqSMC = Kp
(...

x D − 3λq ë− 3λ2q ė− λ3qe− urb
)

(6.31)

For benchmark comparison, a traditional SMC using observation, where q = 1, is

uSMC =
Kp

ĝ
(...

x D + f̂ − 3λë− 3λ2 ė− λ3e− urb
)

(6.32)

The tuning parameters determined empirically for both control laws are listed with the controller

results in Chapter 7.

6.3 HYDRAULIC ARTIFICIAL MUSCLE CONTROLLER DESIGN

This section details the linear and sliding mode impedance and position control

approaches for a HAM. These control laws are derived using the detailed system models and are

experimentally tested and compared with the linear controller counterparts. The performance of

each controller is then assessed.
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6.3.1 LINEAR IMPEDANCE CONTROL (LIC)

A second-order linear impedance control law is compared to a model-based impedance

control method. This linear impedance control law is the form presented by Hogan in [126] with

the addition of a proportional gain.

u = Kp

(
Fint − Fd −Me(ẍ− ẍd)− Be(ẋ− ẋd)− Ke(x− xd)

)
(6.33)

where Kp is the proportional gain, Fint is the measured interaction force, Fd is the desired

interaction force, Me is the virtual mass, Be is the virtual damping, Ke is the virtual stiffness, and

xd is the desired position. The desired force is set to zero for interaction type tasks.

6.3.2 SLIDING MODE IMPEDANCE CONTROL (SMIC)

The impedance control system developed in [127] used a linear stiffness dynamic HAM

model which has the form

Mẍ + Ff (x, ẋ, P) + kx = P
3L2 − b2

4πn2 , (6.34)

Equation 6.34 can be differentiated with respect to time to enable the substitution of the pressure

dynamics from Equation 4.66. This differentiation and substitution makes the desired position a

function of the command voltage u, resulting in a simplified third-order differential equation for

the system dynamics
...
x = f̂ + ĝu, (6.35)

where f̂ is

f̂ =
1
M

[
3LP
2πn2 ẋ− 3L2 − b2

4πn2
βV̇
V
− cẍ− µk NAb

(
P(bθ̈ cos(θ) + ẍ

− βV̇
V

(bθ̇ cos(θ) + ẋ)
)
− kẋ

] (6.36)

and ĝ is

ĝ =
βKavCD

√
2∆P/ρ

MV

[
3L2 − b2

4πn2 − µk NAb(bθ̇ cos(θ) + ẋ)
]

. (6.37)

For the impedance controller, a sliding surface is defined as the traditional method presented by

Slotine [5], related to the interaction force, Fint, and desired force Fd, that is set to zero.

s = Fint − Fd −
(

d
dt

+ λ

)m−1

e, (6.38)

where λ is the tuning parameter defining the location of the error dynamics poles and slope of the

sliding surface, d/dt is a time derivative, e is the desired continuous trajectory error (e = x− xd),
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and m is the order of the controlled system (m = 3 for HAM system). Equation 6.38 defines the

sliding surface with respect to actual and desired interaction forces rather than to only a position

trajectory. Expanding this normally becomes s = ë + 2λė + λ2e [5]. Rather than following this

approach for position tracking, the tuning parameters λ are replaced with the desired impedance

properties, resulting in λ2 = Ke, 2λ = Be, and supplementing ë with Me. Expanding Equation 6.38

with these replacements gives

s = Fint − Fd −Me ë− Be ė− Kee. (6.39)

Taking the time derivative of Equation 6.39 results in

ṡ = Ḟint − Ḟd −Me
...
e − Be ë− Ke ė. (6.40)

Applying Filippov’s principal of equivalent dynamics with Equation 6.35-6.40 results in the

nonlinear equivalent control law for the HAM.

ueq =
Keq

ĝ

(
...
x d − f̂ − ṡ−Me

...
e
)

(6.41)

A robust control law can be defined using a Lyapunov-like function as used in [63] and [128], in

addition to the robustness tuning parameter η and a filtering constant φ with a sgn and the

saturation function gives the robustness control law,

urb = −η | s | sat
(

sgn(s)
φ

)
. (6.42)

Combining Equations 6.41 and 6.42 with a proportional gain, Keq, gives the SMIC:

u =
Keq

ĝ

(
...
x d − f̂ − ṡ−Me

...
e − η | s | sat

( sgn(s)
φ

))
(6.43)

The impedance and experimentally determined controller parameters for the LIC and SMIC are

listed in Chapter 7.

6.3.3 SLIDING MODE POSITION CONTROL

For the HAM system, a SMC law with input-output feedback linearization uses a sliding

surface s =
( d

dt + λ
)n ∫ e, resulting in a third-order sliding surface described by the position error

dynamics.
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For position control, Equation 4.9 is differentiated and the state equation for the pressure

dynamics, Equation 4.67, is substituted. The third-order equation of motion is solved for in terms

of
...
x . In terms of the control signal u,

...
x = f̂ + ĝu, (6.44)

where f̂ represents model terms not directly influenced by the command input u and ĝ describes

dynamic terms that are a direct function of the control input u, giving f̂ and ĝ to be, respectively,

f̂ =
1
M

[
b2 − β3L2

4πn2V
ẋ
(

At − µk NAb(bθ̇ cos θ + ẋ)
)
− cẍ− µk NPAb(ẍ− bθ̈ sin θ) (6.45)

+8πt
(

1− L0

x

){
2πn2C3β(−3L2 − b2)ẋ

4πn2V(b2 − 3L2)
− 6πn2C3Pẋ

b4 − 9L4

}
− L0 ẋ

x2

{
σMR −

2πn2C3P
b2 − 3L2

}]
and

ĝ =
KavCD

√
2∆P/ρ

M

[
At − µk NAb(bθ̇ cos θ + ẋ) + 8πt

(
1− L0

x
)2πn2C3

b2 − L2

]
.

For this system, where the order m = 3, an integral sliding surface is defined by Slotine [5] as

s =
(

d
dt

+ λ

)m ∫
e = ë + 3λė + 3λ2e + λ3

∫
e, (6.46)

where λ is a tuning parameter that determines the error dynamics pole locations and where the

error for a continuous position trajectory of the HAM is e = x− xD. Differentiating s to get the

sliding mode, ṡ = 0, results in

ṡ =
d
dt

s =
...
e + 3λë + 3λ2 ė + λ3e. (6.47)

Using Filippov’s construction of the system equivalent dynamics, the equivalent control law is

derived for the third-order model and the sliding mode ṡ.

...
x − ...

x D + 3λë + 3λ2 ė + λ3e = f̂ + ĝu (6.48)

Solving for u gives the equivalent control law for the HAM.

ueq =
1
ĝ

(
...
x D − f̂ + 3λë + 3λ2 ė + λ3e

)
. (6.49)

The robust control law is defined by a Lyapunov-like function 1
2

d
dt s2 ≤ −η | s |, giving the robust

control urb,

urb = −η | s | sat(s/φ) (6.50)

where sat is a saturation function at ±1, the constant η is a robustness gain to compensate for

unmodeled dynamics and uncertainties in the system, and φ is a filtering parameter to eliminate
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chatter, thus having the same effect as a first-order low-pass filter. Combining the equivalent and

robust control laws and adding a proportional gain Kp results in the SMC law for the HAM.

uSMC =
Kp

ĝ

(
...
x D − f̂ + 3λë + 3λ2 ė + λ3e− η | s | sat(s/φ)

)
(6.51)

The tuning parameters were experimentally determined for the SMC law and a baseline PID

controller and are listed in Chapter 7.

6.3.4 CONCLUDING REMARKS ON CONTROL DESIGN

This section details the design of four different SMC laws for AMs. This includes two

different position sliding mode controllers for PAMs, a sliding mode impedance controller for a

HAM, and a sliding mode position controller for a HAM. Results reported in the literature

comparing linear control methods to SMC methods for PAM position control suggest that this

comparison is not warranted herein. However, the little literature on the control of HAMs

warrants the comparison of the SMC methods to classical methods. Chapter 7 reports the results

of these control system designs.
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CHAPTER 7

CONTROL EXPERIMENTS WITH FLUIDIC ARTIFICIAL MUSCLES

7.1 SLIDING MODE POSITION CONTROL OF PNEUMATIC ARTIFICIAL MUSCLES

Four tracking experiments were conducted with two continuous trajectories to compare

the performance of the control laws defined in Equation 6.31 and 6.32. The controller tuning

parameters are listed in Table 7.1 using the method outlined in Chapter 6. Two third-order

low-pass filters were used to filter the measured encoder signal and numerical differentiation

noise for error dynamic and observer derivatives; these are denoted as LPF1 and LPF2,

respectively.

Table 7.1: PAM SMC CASE STUDY 1 PARAMETERS.

SMC Eqn. 6.32 qSMC Eqn. 6.31
Parameter Value Parameter Value

LPF1 300 Hz LPF1 300 Hz
LPF2 0.5 Hz LPF2 0.5 Hz
Kp 0.00025 Kp 0.0002
λ 225 Hz λ 10 Hz
η 25.4 mm/s3 η 10.2 mm/s3

φ 2.54 mm/s2 φ 0.51 mm/s2

q 1 q 1.75

For trajectory 1, a square-like seventh-order polynomial trajectory with an amplitude of

5.4 mm and an offset of 11.8 mm, with 0.2 Hz transitions between set points and a 0.1 Hz resting

period, is tracked; in experiment 2, the same trajectory with no steady-state period is tracked. The

seventh-order trajectory is determined by methods presented in Niku and is needed to provide a

continuous-time trajectory for higher order differential terms in the control law [129].

Figures 7.1 and 7.2 show the results of the tracking experiments 1 and 2, respectively.
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Figure 7.1: TRACKING EXPERIMENT 1.

Figure 7.2: TRACKING EXPERIMENT 2.

The controller experiments are performed on the PAM described in detail in [123]. Figure

7.1 and 7.2 show the desired and actual positions of the PAM in the top subplots and the tracking

errors in the bottom subplots. The red dashed line indicates the results for the control law in

Equation 6.32 and the green dashed line indicates the results for the control law in Equation 6.31.

Both controllers consistently track the desired trajectory with maximum tracking errors below 0.3

mm maintained. The maximum tracking, steady-state (s.s.), and root-mean-square (RMS) errors
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for both controllers and experiments are listed in Table 7.2.

Table 7.2: PAM SMC CASE STUDY 1 CONTROLLER PERFORMANCE.

Index Experiment SMC (Eqn 6.32) qSMC (Eqn 6.31)
max(|e|) 1 292 µm 272 µm

s.s. e 1 ± 15 µm ± 15 µm
RMS(e) 1 43.2 µm 35.6 µm
max(|e|) 2 284 µm 291 µm
RMS(e) 2 43.2 µm 55.3 µm

The controllers in both tracking experiments exhibit tracking errors of 0.3 mm or less. For

the tracking experiment with a 10 s resting period the steady-state accuracy of the controller was

15 µm for both controllers.

Five additional tracking experiments were conducted using the controller presented in

Equation 6.31. The controller tested followed a sinusoidal trajectory of 1 and 0.5 Hz with an

amplitude of 12.7 mm and an offset of 15.88 mm, as well as a square-like seventh-order

polynomial trajectory with an amplitude of 12.7 mm and an offset of 15.88 mm, at 0.2 Hz

transitions between set points, with no steady state period and a resting period of 0.1 Hz. The

tuning parameters for the additional five experiments are listed in Table 7.3.

Table 7.3: PAM SMC CASE STUDY 2 SMC PARAMETERS.

Parameter Value
FO− LPFco 100 Hz

φ 25 mm/s2

Kp 1.3
λ 10 Hz
η 0.05 mm/s3

Ki 0.125

A string potentiometer was used for the controller defined in Table 7.3, where q = 2.

Figures 7.3 and 7.4 show the tracking of a sinusoidal wave at 0.5 and 1 Hz, respectively. The

tracking experiment of the sinusoidal wave at 0.5 Hz showed a maximum tracking error of

approximately 0.71 mm just past the inflection points of the sine wave when retracting towards its

original length L0.
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Figure 7.3: SINUSOIDAL TRACKING AT 0.5 HZ.

Figure 7.4: SINUSOIDAL TRACKING AT 1.0 HZ.

Tracking of the sinusoidal wave at 1 Hz illustrated a maximum tracking error of

approximately 1.9 mm at the same locations.

Figures 7.5 and 7.6 show the tracking results of a continuous square-like wave with

seventh-order polynomial transitions at a frequency of 0.2 Hz, without and with a resting period

of 10 s, respectively.
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Figure 7.5: SEVENTH-ORDER TRAJECTORY TRACKING WITHOUT REST PERIOD.

Figure 7.6: SEVENTH-ORDER TRAJECTORY TRACKING WITH 0.1 HZ REST PERIOD.

Both seventh-order trajectory tracking experiments exhibited tracking errors of 0.38 mm

or less. These two experiments also show improved tracking characteristics for the PAM being

pressurized as opposed to depressurized. For the seventh-order trajectory tracking experiment

with a 10 s resting period the steady-state accuracy of the controller was approximately 50 µm.

The setpoint response tracking and tracking error are depicted in Figure 7.7, with Figure 7.8

illustrating the zoomed error for the setpoint response experiment.
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Figure 7.7: STEP RESPONSE AND ERROR.

Figure 7.8: ZOOMED ERROR OF STEP RESPONSE.

The step response of the PISMC for the PAM illustrates no overshoot and the actuator

achieves sub 100 µm accuracy in less than 0.5 s. After 5 s, 50 µm accuracy is achieved. From the

phase plane trajectory of the step response this controller does not follow the typical slope of −λ

when in the sliding mode, as shown in Figure 7.9.



87

Figure 7.9: FINITE REACHING AND SLIDING MODE OF STEP RESPONSE.

The maximum tracking and steady-state (S.S.) errors are listed in Table 7.4.

Table 7.4: PAM SMC CASE STUDY 2 CONTROLLER PERFORMANCE.

Trajectory Max. Error [mm] S.S. Error [mm]
Sine (0.5 Hz) 0.71 –
Sine (1.0 Hz) 1.9 –

7th-Ord. 0.37 –
7th-Ord. w/ Rest 0.38 0.05

Step – 0.05

7.2 HYDRAULIC ARTIFICIAL MUSCLE CONTROL EXPERIMENTS

The SMIC and the position SMC law for the HAM were described in 6.43 and 6.50,

respectively. The control laws were compared to classical approaches, which were a linear

impedance controller (LIC) and a PID position controller. The following section reports the results

of the tracking experiments for the nonlinear and linear control laws for HAMs.

7.2.1 SLIDING MODE IMPEDANCE CONTROL

The impedance and experimentally determined controller parameters for the LIC and

SMIC are listed in Table 7.5.

Three different trajectories are tracked to compare the impedance control laws for HAMs.

The trajectories include a constant set point position in the middle of stroke, a continuous
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Table 7.5: HAM IMPEDANCE CONTROLLER PARAMETERS.

LIC Eqn 6.33 SMIC Eqn 6.43
Parameter Value Parameter Value

Kp 20 Keq 0.25
Me 4.5E-4 kg λ 10 kHz
Be 1.75E-3 N-s

mm η 25.4 m/s3

Ke 0.876 N
mm φ 254 m/s2

– – Ke 0.876 N
mm

– – Be 1.75E-3 N-s
mm

– – Me 4.5E-4 kg

square-like wave, and a sine wave at 0.25 Hz. The set point position experiment is conducted a

second time for each controller with random disturbances introduced to the load cell (the load cell

is manually pushed and pulled) to analyze the behavior of the controllers. The set point desired

position was set to 12.7 mm and the responses for both controllers are depicted in Figure 7.10.

Figure 7.10: SETPOINT COMMAND CONTROLLER RESPONSE

The top subplot shows the desired setpoint with the solid blue line and the position of the

HAM using the LIC and the SMIC, in the red dashed and yellow dashed lines, respectively. The

top subplot also shows close up views of the settling and the lagging action of both controllers.

The bottom subplot shows the position errors of each controller over time, with the LIC shown as

the solid blue line and the SMIC shown as the red dashed line.
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The 2% settling time was found to be 0.87 s and 0.95 s for the SMIC and traditional

impedance controller, respectively, when the system powers on after 10 seconds. It was also

observed that the SMIC lag from the initial command was 0.04 s compared to 0.08 s for the LIC.

The reduction in settling time by 80 ms equates to approximately 8% reduction in settling time and

the 40 ms reduction in lag time equates to a 50% reduction in lag time using the SMC method.

Steady-state error was found to be ± 15µm for both controllers for this given setpoint.

The 0.25 Hz sine wave tracking experiment, with an amplitude of 6.4 mm and offset of

12.7 mm, is shown in Figure 7.11.

Figure 7.11: SINE WAVE TRACKING (0.25 HZ).

The results of the 0.25 Hz sine wave tracking experiment are reported in the same format

as Figure 7.10. It was found that the maximum tracking error for the LIC was 1.69 mm on the

unpowered stroke and 0.756 mm on the powered stroke, while the SMIC maximum tracking error

was 1.21 mm on the unpowered stroke and 0.511 mm on the powered stroke. When using the

SMIC compared to the LIC, 28% and 32% improvements were observed for the unpowered and

powered stroke, respectively. The tracking results of a square-like continuous trajectory with a

lower bound of 6.4 mm and upper bound of 19 mm are shown in Figure 7.12.
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Figure 7.12: SQUARE-LIKE WAVE TRAJECTORY TRACKING.

The maximum tracking error for the LIC was 1.96 mm for the unpowered stroke and 0.786

mm for the powered stroke. The maximum tracking error for the SMIC was 1.16 mm and 0.644

mm for the unpowered and powered strokes, respectively. Using the SMIC when compared to the

LIC for this experiment, the maximum tracking error was reduced by as much as 41%.

Setpoint tracking for the LIC and desired and achieved stiffness when random

disturbances (an external force is applied to the load cell) are introduced are shown in Figures 7.13

and 7.14, respectively.

Figure 7.13: SETPOINT TRACKING WITH DISTURBANCES FOR LIC.



91

Figure 7.14: DESIRED AND EXPERIMENTAL STIFFNESS FOR LIC.

Setpoint tracking for the SMIC and the desired and achieved stiffness when random

disturbances (an external force is applied to the load cell) are introduced are shown in Figures 7.15

and 7.16, respectively.

Figure 7.15: SETPOINT TRACKING WITH DISTURBANCES FOR SMIC.

The SMIC shows improved impedance tracking over the LIC, especially on the

unpowered stroke. Figures 7.15 and 7.16 show the stiffness behavior when force is applied to the

load cell. The positive direction is in tension (pulling on the HAM) and the negative is

compression (pushing on the HAM assembly); the retraction phase shows the response when the

applied force is released.
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Figure 7.16: DESIRED AND EXPERIMENTAL STIFFNESS FOR SMIC.

7.2.2 SLIDING MODE POSITION CONTROL

Each controller was tuned to minimize the tracking error for a 0.25 Hz sine wave.

Differentiated terms in the control laws were filtered using a low-pass filter with a cut-off

frequency of 100 Hz. The controller tuning parameters are listed in Table 7.6.

Table 7.6: HAM POSITION CONTROLLER TUNING PARAMETERS.

PID Value SMC Value
KP 3.94 V/mm λ 10.2 kHz
Ki 0.079 V/mm-s η 127 m/s3

Kd 3.94e-3 V-s/mm Kp 2.95e-8 V/mm
Nd 100 φ 2.54e6 mm/s2

Five control experiments were conducted, three of which include sinusoidal wave

tracking at 0.25, 0.5 Hz with an amplitude of 5 mm as well as sine wave tracking at 1 Hz with an

amplitude of 2.5 mm, with all sine wave tracking experiments having an offset of 16 mm (0.63

inch) from the fully relaxed position. The remaining two control experiments were tracking of a

square-like trajectory at 0.067 Hz and 5 mm amplitude with offsets of 22 mm and 5 mm from the

lowest setpoint. The sine wave experiments are used to assess the tracking performance while the

square-like wave trajectory is used to assess the robustness of each of the controllers. The 0.25,

0.50, and 1.0 Hz sinusoidal wave tracking experiment results are shown in Figure 7.17.
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Figure 7.17: CLOSED-LOOP SINE WAVE TRACKING AT 0.25, 0.5, AND 1 HZ.

Subplots (a), (c), and (e) show the tracking of a sine wave at 0.25, 0.50, and 1.0 Hz,

respectively, with the desired trajectory shown as the solid blue line, the SMC as the red dashed

line, and the PID control law shown as the yellow dashed line. Subplots (b), (d), and (f) show the

tracking errors for the PID controller and sliding mode position controller, shown as the red

dashed line and solid blue line, respectively. The three experiments demonstrate improved
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tracking performance using SMC over PID control. This is especially true on the return stroke,

which is an unpowered direction of motion for the HAM.

The maximum absolute tracking error, root-mean-square error, and mean error for PID control

and SMC in the three experiments are summarized in Table 7.7. The square-like wave tracking

experiments are illustrated in Figure 7.18.

Figure 7.18: CLOSED-LOOP SQUARE-LIKE WAVE TRACKING AT 0.067 HZ.
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Similar to the sinusoidal wave tracking experiments, tracking of a square-like wave

shows improved tracking performance using SMC over PID control. Furthermore, operating near

the limits of the stroke of the HAM shows performance degradation using PID control, as

indicated in Figure 7.18 (b). The error results of the square-like wave tracking experiments are

shown in Table 7.7.

Table 7.7: HAM POSITION CONTROLLER PERFORMANCE RESULTS.

Controller RMS(e) Mean(e) Max | e |
(Exp.) [mm] [mm] [mm]

PID (0.25 Hz) 0.257 -0.156 0.577
SMC (0.25 Hz) 0.111 -0.054 0.409
PID (0.5 Hz) 0.535 -0.325 1.01
SMC (0.5 Hz) 0.254 -0135 0.506
PID (1.0 Hz) 0.435 -0.270 0.886
SMC (1.0 Hz) 0.234 -0.131 0.700
PID (Traj. 1) 0.125 -0.115 0.309
SMC (Traj. 1) 0.018 -0.009 0.125
PID (Traj. 2) 0.125 -0.047 0.569
SMC (Traj. 2) 0.049 -0.019 0.236

PID (Traj. 1) Steady-State Error -0.096
SMC (Traj. 1) Steady-State Error -0.006
PID (Traj. 2) Steady-State Error -0.012
SMC (Traj. 2) Steady-State Error -0.006

The experimental results of the position SMC law and the PID position controller indicate

that the performance of the SMC law outperforms the classical approach. The results also

illustrate a degradation of controller performance for the PID controller when operating in regions

of the HAMs stroke that the controller was not tuned at.
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CHAPTER 8

DISCUSSION

A comprehensive model describing the behavior of fluidic AMs was developed. Using

this model, quasi-static and dynamic responses were simulated in addition to using the model to

design model-based control laws for PAMs and HAMs. This chapter discusses the developed

theory, experimental results, and potential implications of this work.

8.1 THE MODELING OF ARTIFICIAL MUSCLES

A comprehensive nonlinear lumped parameter dynamic model for AMs was developed,

and predictions were compared to experimental results to validate the model. The developed

dynamic model used physics-based theories that are grounded in fundamentals of mechanical

engineering as opposed to the empirical methods reported in literature. Specifically, Hookean

mechanics of materials and Mooney’s theory of large deformation were used to develop the

models for the tube stiffness and braid deformation. The braid relative motion in the kinetic

friction model was derived using classical two-dimensional particle dynamics. These three new

constitutive models resulted in a new second-order equation of motion that can predict both

quasi-static and dynamic behavior of AMs.

8.1.1 MODEL PERFORMANCE

The new second-order equation of motion for AMs allows for the displacement and AM

dynamics to be predicted. In quasi-static scenarios the stiffness model is able to predict the

displacement of both PAMs and HAMs with a maximum model error of 5% or less with respect to

the maximum stroke of the specific AM. When combined with the pneumatic pressure dynamics

and simulated, the PAM system model was able to predict the dynamic behavior within 11% on

average. Dynamic percent errors were as low as 6% with the maximum error reported being 28%.

For HAMs, the dynamic model was able to predict the response within 8% on average. The

minimum error was approximately 5% while the maximum model error was observed to be

approximately 24%. The large errors observed appear to be due to the transient pressurization and

depressurization behavior. This transient behavior is due to the volumetric flow out of the HAM

being significantly less than the volumetric flow in, resulting in a transient up-down motion until

reaching a steady-state behavior. The steady-state dynamic HAM model errors were found to be
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13% or less with respect to the maximum stroke.

On average for both the PAMs and the HAMs, the quasi-static simulation accuracy was

within 5% and the dynamic simulation accuracy was within 10% with respect to the maximum

actuator stroke.

8.1.2 TUBE STIFFNESS

The new tube stiffness model, Equation 4.22, allows for the quasi-static displacement of

AMs to be predicted within 5%. This component of the dynamic model also appears to be a

governing term in the equation of motion, i.e., accurate prediction of the pressure dynamics will

result in accurate prediction of the displacement over time. The downside is that pressure

dynamics modeling errors result in significant errors in the dynamic response of the AM, and is

likely why the large dynamic model errors are observed during transient pressurization and

depressurization.

The HAM model is able to predict the displacement within 1.4 mm of the experimental

mean displacement or 8.1% or less for 10 quasi-static trials pressurizing the HAM to 7 MPa. The

simulated behavior and experimental results are similar to the free contraction data presented by

Morita et al. [130]. The actuator model coupled with the first-order pressure dynamics is able to

predict the behavior of the actuator and transient fluid interaction. Understanding this behavior is

particularly useful for new design approaches that are analogous to those presented in [47] for

PAMs and general model-based design for mechanical systems.

8.1.3 BRAID DEFORMATION

When operating at higher pressures, the braid deformation model predicts the extension

behavior of the HAM. For one HAM prototype, simulations of the braid deformation contributed

to approximately 1.5 mm of elongation in the HAM. While this deformation in the complete

model contributes to about 5% of the total HAM displacement, the theory and equations defined

are particularly useful for the design of stronger braids. For example, the stress relations can be

used to find the optimal number of braids and/or braid material. One deficit of this model is the

assumption of the AM being a cylindrical tube, which does not account for the stress

concentrations from the curvature around the end caps.
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8.1.4 MODEL LIMITATIONS

Three main limitations were found to be associated with the new comprehensive AM

dynamic model. The model limitations are as follows:

1. The variation of material properties due to the Mullins effect.

2. Mathematical bounds of the new tube stiffness model.

The limitations are discussed in further detail in the following sub-sections.

MATERIAL CONSTANT VARIABILITY DUE TO MULLINS EFFECT

Results reported in Chapter 5 indicate that the developed tube stiffness model allows for

the displacement of AMs to be predicted accurately as a function of pressure. Results also indicate

a large degree of variance in the results of actuators of the same specifications. From the statistical

analysis results, it was inferred that the model is only accurate when the material constants are

known for a steady-state value or known prior loading conditions. While this limits the model’s

utility, the experimental results showing the Mullins effect identified new technical challenges

that need to be addressed in the future, which affects different types of soft actuators using rubber

materials.

MATHEMATICAL BOUNDS OF TUBE STIFFNESS

The tube stiffness model is applicable when x > 0. This means that the integrators in the

model to find the position have a limit of 0 ≤ x < ∞. This is primarily due to unmodeled

dynamics and internal damping effects. Lifting these bounds in a model simulation illustrate the

oscillations about x = 0 due to the inertia, suggesting there are different stiffness and damping

models needed for when x ≤ 0. This oscillation is shown in Figure 8.1.
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Figure 8.1: OSCILLATIONS ABOUT x = 0 WITHOUT INTEGRATION LIMITS.

This limitation of the model means it is also limited in predicting the behavior when

connected to larger masses or loading. Possible solutions to circumvent these limitations are

discussed in Chapter 9 on future work.

8.2 MODEL-BASED CONTROL OF FLUIDIC ARTIFICIAL MUSCLES

Four model-based control laws were developed for AMs. Two sliding mode position

controllers were developed for PAMs. A sliding mode position controller and a sliding mode

impedance controller were developed for HAM prototypes.

8.2.1 SLIDING MODE POSITION CONTROL OF PAMS

A linearized version of the new model was used to derive the two sliding mode position

control laws for PAMs. One controller used the traditional approach presented by Slotine, with

the other using an integral sliding surface with an exponential modifier.

The SMC law with the exponential modifier shows that accurate sub-millimeter tracking

is possible without observers and input-output feedback linearization. There is a small difference

in the controller performance between methods, as shown in Table 7.4. This result suggests that

the simplified SMC is sufficiently robust that observation and input-output feedback linearization

are unwarranted with the conducted experiments. However, additional experiments are needed

to validate the robustness of the simplified control method. The simplified method promises to be

particularly useful in soft robotic applications where there are many degrees-of-freedom and
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computationally expensive controllers may be problematic. Both controllers were able to

demonstrate minimum tracking errors of approximately ±15 µm, or 15 µm more accurate than the

performance of the PISMC reported by De Volder et al. [71].

The results of the modified sliding surface PISMC demonstrate a positioning accuracy of

approximately 50 µm, or 20 µm greater than the accuracy reported by De Volder et al. when using

a string potentiometer [71]. The maximum tracking errors for sinusoidal waves are less than those

reported in the literature [73, 76]. The controller also shows similar response and tracking

performance compared to SMCs implemented for PAMs that utilize model

observation [50, 51, 71, 73, 76].

Maintaining the performance while eliminating the need for observers in SMCs may

allow for more widespread use of this control approach. Since this method is computationally less

expensive than traditional SMC approaches, it may be useful in the implementation of more

complex multi-degree-of-freedom systems as typical robot joints using PAMs rely on antagonistic

pairs. As a result, more applications and utilization of PAMs and other similar FFA devices in

robots may be realized.

8.2.2 SLIDING MODE IMPEDANCE AND POSITION CONTROL OF HYDRAULIC ARTIFICIAL
MUSCLES

A SMIC law and a sliding mode position control law were derived for HAMs. The SMIC

was derived with a linear stiffness HAM model with nonlinear hydraulic pressure dynamics and

compared to a LIC. The position SMC law was derived with the full model presented in this

dissertation, and was compared to a PID controller.

The 2% settling time was found to be 0.87 s and 0.95 s for the SMIC and traditional

impedance controller, respectively, when the system powers on after 10 seconds. It was also

observed that the SMIC lag from the initial command was 0.04 s compared to 0.08 s for the LIC.

Using the SMIC when compared to the LIC for this experiment, the maximum tracking error was

reduced by as much as 41%. Both controllers showed steady-state errors of ±15 µm, similar to the

PAM SMC laws that used a similar model with a linear stiffness.

The SMC law using the full model achieved sub-millimeter tracking accuracy for all

tracking experiments and had a steady-state error as small as ± 6 µm, with respect to the full

stroke of 32.3 mm (1.86E-5%). This accuracy was achievable at any position within the HAMs full

stroke. Steady-state accuracy improved by as much as 96% and reduced tracking errors by 59% or
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more for the square-like wave tracking experiments using SMC. SMC significantly reduced the

RMS, mean, and maximum errors for the experiments conducted, with many performance indices

showing reductions over 50%. On average, SMC reduced the RMS, mean, and maximum absolute

errors by 60%, 65%, and 44%, respectively.

The experimental results suggest that SMC approaches offer improved performance over

linear impedance and PID position control methods for HAMs and corroborate the superiority of

model-based methods presented by Meller et al. for a feed-forward controller and Slightam et al.

for a sliding mode impedance controller [127, 131].

8.2.3 MODEL-BASED CONTROLLER PERFORMANCE IMPROVEMENTS

Throughout the development of the dynamic model for AMs and the control laws

derived using the model, results were reported for controllers using different fidelity models. The

controller implemented using Equation 6.51 utilized the highest fidelity model available. For the

HAM SMC law in Equation 6.51, the steady-state error was ±6 µm. Furthermore, maximum

tracking errors for the controllers with the linear model were approximately 0.3 mm and 0.5 mm

for PAM and HAM, respectively, when comparing similar trajectories. In addition, the SMC law

saw reductions in maximum tracking errors consistently greater than 50%, and reductions in error

as high as 96%, which is significantly greater than the improvements made by the other

approaches, which indicated improvements by as much as 41%. As the literature currently stands,

these control experiments demonstrated the highest accuracy feasible through the entire stroke of

an AM.
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CHAPTER 9

FUTURE WORK

This dissertation presented a new model to describe the motion of AMs and validated the

model. With the model limitations better understood, future research can be specifically identified.

9.1 CAPTURING THE MULLINS EFFECT

In Chapter 5, it was identified that the Mullins effect contributes to a significant amount

of uncertainty in predicting the displacement of AMs. Because soft actuators and soft robots in

general use rubber material, this problem afflicts the entire soft robotics community. Future work

will require the development of models that can accurately capture the Mullins effect so models

like the one presented in this dissertation can be used effectively.

9.2 PIECE-WISE TUBE STIFFNESS

It was found that the developed model worked for 0 ≤ x < ∞, which is problematic for

being able to predict dynamic behavior when experiencing large loads or inertias. Experiments

were conducted that highlighted this deficiency. It was found that a simple piece-wise

formulation of the AM stiffness can address these limitations of the model,

Fsti f f ness =


kmrx x > 0

klinearx = 0 x ≤ 0
, (9.1)

where klinear is a linear stiffness. When simulating this piece-wise stiffness model when k = 260

N/mm and M = 3.2 kg and increasing the damping coefficient to c = 0.5V when x < 0, the model

is able to predict more realistic behavior which the dynamic response in Figure 9.1 shows. This

model prediction is also compared to the empirical results using M = 3.2 kg.
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Figure 9.1: DYNAMIC RESPONSE OF PAM CHARGING AND DISCHARGING WITH A MASS OF M = 3.2
KG.

The result in Figure 9.1 shows that the piece-wise stiffness model is able to capture the

general behavior of the PAM when x < 0. Larger masses like the one used in this result require mg

to be included in the equation of motion, based on the configuration of the test stand. This

consideration is why the model simulation result is offset below the experimental result, as the

test stand uses an absolute encoder, which is zeroed at the start of each execution of the control

software.

Future work to further address this behavior would likely need to redefine a new

Mooney-Rivlin tube stiffness for new boundary conditions and loading conditions. Specifically,

Mooney’s methods need to be extended to Equation 9.1 for when x < 0.

9.3 FORCE CONSTRAINT CONSTANT C3

The new stiffness model developed can accurately predict the displacement of AMs when

pressurized. This new model introduces a new term, C3. While this additional term makes the

model not fully analytical, there is a clear relationships between the actuator geometry and this

constraining constant. Plotting this constant as a function of length is shown in Figure 9.2.
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Figure 9.2: C3 AS A FUNCTION OF INITIAL LENGTH.

The scatter plot in Figure 9.2 shows a negative proportional relationship between the

initial AM length and the constant C3. A scatter plot between the initial braid angle and the

constant C3 was made to identify the relationship, which is shown in Figure 9.3.

Figure 9.3: C3 AS A FUNCTION OF INITIAL BRAID ANGLE.

The relationship between the initial braid angle θ and the constant C3 appears to be a

square or power relationship. A scatter plot for the initial PAM diameter and the constant C3 is

depicted in Figure 9.4.



105

Figure 9.4: C3 AS A FUNCTION OF INITIAL DIAMETER.

The data depicted in Figure 9.4 indicate that there is likely a proportional relationship

between the initial AM diameter and constant C3.

Future work to identify an analytical formula for C3 based on AM geometry specifications

will require looking into other factors that may influence C3 and formulating a relationship to

predict C3. This is important because it will allow for simulations to be conducted using material

properties provided in literature. From a higher level point of view, this will enable

implementation in mechanical system designs more easily.

9.4 FULL-FIDELITY SLIDING MODE CONTROLLERS

The four controllers developed in this dissertation included two sliding mode position

controllers for PAMs, a sliding mode impedance controller for a HAM, and a sliding mode

position controller for a HAM. The HAM position SMC law used the full fidelity model presented

in this dissertation, i.e., Equations 4.68 and 4.69. The other models used a linear stiffness

assumption with the driving force being Gaylord’s force model. Future work includes applying

Equations 4.68 and 4.69 to derive a SMC impedance control laws for HAMs and PAMs and a

position SMC law for PAMs. Analysis of the resulting controller performance needs to be

reported. This future work will provide a broader spectrum of data on the performance

improvements using the new high fidelity model in SMC laws.
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CHAPTER 10

CONCLUSIONS

This dissertation investigated the current state-of-the-art modeling and control techniques

for fluidic AMs. No physical model-based approaches were found to predict the motion of AMs.

This dissertation developed a comprehensive equation of motion for AMs that is able to predict

their quasi-static and dynamic behavior with model simulations. The developed models were

used to derive SMC laws that showed improved performance over classical approaches.

10.1 ARTIFICIAL MUSCLE MODEL

The equation of motion for AMs includes new models for braid deflection, kinetic friction,

and the stiffness of the rubber tube. The developed components of the equation of motion

describing AMs allow their response to be predicted. The results of simulations show the dynamic

interaction between the pressure dynamics state equations and the equation of motion, especially

with the HAM.

During quasi-static simulations, the developed model was able to predict the position of

AMs within 5% error with respect to the maximum stroke. The model was able to predict the

dynamic response of AMs within 10% error with respect to the maximum stroke on average for

both PAMs and HAMs. The ability of the model to predict the response within 10% suggests it

may be useful for mechanical system design.

Results show that the Mullins effect may significantly alter the material coefficients that

define the stress-strain curve for the rubber tubes used in AMs. Due to this effect, statistical

accuracy of the model largely depends on the known loading conditions and loading history of

the AMs. With consistent loading conditions, the model is able to predict the displacement of the

AM within ±5% of the maximum stroke (1.7 mm), throughout the stroke, at statistical power of

0.85. Future work incorporating the Mullins effect into the model may reduce the statistical

uncertainty due to unknown prior loading conditions.

10.2 MODEL-BASED CONTROLLERS

Four different controllers were developed for controlling the position and impedance of

AMs. The SMC laws developed used models of varying fidelity. The accuracy of the controllers

presented ranged from ±6 µm to ±50 µm. The highest fidelity model used for a SMC law
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demonstrated the greatest improvements in tracking performance over classical methods and the

best accuracy compared to those using models with lower fidelity. In fact, the controller

performance presented in this dissertation demonstrated the best performing controllers

compared to those reported in the literature. The controller experimental results suggest that

increased model fidelity improved the controller performance. These conclusions suggest

continuing work to develop new control laws based on the models developed in this work.
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APPENDIX A

MODEL VALIDATION: EXPERIMENTAL AND SIMULATION RESULTS

The free contraction pressure-displacement curves for the three 23 mm diameter PAMs

are illustrated in Figure A.1. The free contraction pressure-displacement curves for the three 39.4

Figure A.1: FREE CONTRACTION OF 23 MM DIAMETER PAM.

mm diameter PAMs are illustrated in Figure A.2. The error between the curve fit model and the

Figure A.2: FREE CONTRACTION OF 39 MM DIAMETER PAM.
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experimental free contraction data of the 23 mm diameter PAMs is illustrated in Figure A.3

Figure A.3: DISPLACEMENT ERROR OF FREE CONTRACTION OF 23 MM DIAMETER PAM.

The error between the curve fit model and the experimental free contraction data of the

39.4 mm diameter PAMs is illustrated in Figure A.4

Figure A.4: DISPLACEMENT ERROR OF FREE CONTRACTION OF 39 MM DIAMETER PAM.
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Figure A.5: EXPERIMENTAL AND SIMULATED RESPONSES TO SQUARE WAVE SIGNAL AT 0.5 HZ.

Figure A.6: EXPERIMENTAL AND SIMULATED RESPONSES TO SQUARE WAVE SIGNAL AT 1.0 HZ.
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Figure A.7: EXPERIMENTAL AND SIMULATED RESPONSES TO SQUARE WAVE SIGNAL AT 2.0 HZ.

Figure A.8: EXPERIMENTAL AND SIMULATED RESPONSES TO SQUARE WAVE SIGNAL AT 0.5 HZ.
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Figure A.9: EXPERIMENTAL AND SIMULATED RESPONSES TO SQUARE WAVE SIGNAL AT 1.0 HZ.

Figure A.10: EXPERIMENTAL AND SIMULATED RESPONSES TO SQUARE WAVE SIGNAL AT 2.0 HZ.
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Figure A.11: FREE CONTRACTION OF HAMS A12−14 .

Figure A.12: FREE CONTRACTION MODEL ERROR OF HAMS A12−14 .
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Figure A.13: FREE CONTRACTION OF HAMS A15−17 .

Figure A.14: FREE CONTRACTION MODEL ERROR OF HAMS A15−17 .
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Figure A.15: HAM A12 EXPERIMENTAL AND SIMULATED RESPONSES TO SQUARE WAVE SIGNAL AT
0.5 HZ.

Figure A.16: HAM A12 EXPERIMENTAL AND SIMULATED RESPONSES TO SQUARE WAVE SIGNAL AT
1.0 HZ.
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Figure A.17: HAM A12 EXPERIMENTAL AND SIMULATED RESPONSES TO SQUARE WAVE SIGNAL AT
2.0 HZ.

Figure A.18: HAM A15 EXPERIMENTAL AND SIMULATED RESPONSES TO SQUARE WAVE SIGNAL AT
0.5 HZ.
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Figure A.19: HAM A15 EXPERIMENTAL AND SIMULATED RESPONSES TO SQUARE WAVE SIGNAL AT
1.0 HZ.

Figure A.20: HAM A15 EXPERIMENTAL AND SIMULATED RESPONSES TO SQUARE WAVE SIGNAL AT
2.0 HZ.


