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“Do you know what you are?

You are a manuscript a divine letter.
You are a mirror reflecting a noble face.
This universe is not outside of you.

Look inside yourself; everything that you want,

you are already that.”

— Rumi (Persian poet)
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Abstract

The twisted string actuation system is particularly suitable for very compact, low-cost
and light-weight robotic devices, like artificial limbs and exoskeletons, since it allows
the implementation of powerful tendon-based driving systems, based on small-size DC

motors characterized by high speed, low torque and very limited inertia.
The following activities has been done using the Twisted String Actuation System:
- The basic properties of the twisted string actuation system.

- An ongoing work for verifying the behavior of a twisted string actuator in contact

with a sliding surface or guided through a sheath.

- The implementation of a variable stiffness joint actuated by a couple of twisted

string actuators in antagonistic configuration.

- The design and the implementation of a force sensor based on a commercial op-
toelectronic component called light fork and characterized by the simple construction

process.

- A twisted string actuation module with an integrated force sensor based on opto-

electronic components.

- The preliminary experimental study toward the implementation of an arm rehabil-

itation device based on a twisted string actuation module.

- A 6 DoF cable-driven haptic interface for applications in various robotic scenarios.



xii

- A wearable hand haptic interface driven by a couple of twisted string actuators.



Table of contents

List of figures xvii
List of tables xxiii
1 Introduction 1
2 Twisted String Actuation (TSA) System 5
2.1 Modeling of the TSA . . . . . . . . .. ... 7
3 Twisted String Actuation with Sliding Surfaces 17
3.1 Modeling of the TSA in contact with external elements . . . . . . . . .. 18
3.2 Input-Output Characteristic . . . . . . . . .. . . ... .. ... ..... 25
3.3 Output Feedback Control . . . . . . ... .. .. ... ... ....... 29
3.4 Conclusions . . . . . . . .. . e 30
4 A Varriable Stiffness Joint Based on TSA System 33
4.1 Dynamic Model of The Varriable Stiffness Joint . . . . . .. .. ... .. 34

4.2 Control Algorithms . . . . . . . . . . . ... 38



xXiv

Table of contents

4.3 System Design
4.4 Actuation Module
4.5 System Identification

4.6 Conclusions

5 Force Sensor

5.1 Sensor Design

5.1.1

5.1.2  Sensor Working Principle
5.1.3 Compliant Frame Design

5.2 Specimen Design and Experimental Evaluation

0.2.1

5.2.2

5.2.3

0.2.4

5.2.5

5.3 Conclusions

Sensor Structure

Experimental Setup

Specimen Design and Comparison

Static Calibration

Dynamic Sensor Response

Evaluation of measurement noise

6 Actuation Module

6.1 System Description

6.1.1

6.1.2 Sensor Working Principle

TSA Module Structure



Table of contents XV

6.1.3 Force Sensor Design . . . . . ... ... Lo 87

6.1.4  Validation of the Actuation Module Design . . . . . . .. ... .. 88

6.2 Experimental Evaluation . . . . . . ... ... ... 89
6.2.1 Experimental Setup . . . . .. .. ... Lo 89

6.2.2 Force Sensor Calibration . . . . . . ... .. .. ... ... .. .. 91

6.2.3 Input-Output Characteristic . . . . . . . . ... ... ... .. .. 92

6.2.4 System Responses . . . . . . . .. ... Lo 92

6.3 Conclusions . . . . . . . .. 94

7 A Wearable Robotic Device Based on TSA 97
7.1 System Description . . . . . . . ... 99
7.1.1 TSA Module Design . . . . . . ... .. . ... ... .. ... 100

7.2 Experimental Evaluation of the TSA Module as an Assistive Device . . . 103
7.2.1 Hardware and setup overview . . . . . . ... ... . ... .... 103

7.2.2  Experiment Configuration, Control Scheme and Results . . . . . . 104

7.3 Conclusions . . . . . . . .. 109

8 A Haptic Interface based on TSA 111
81 System Design. . . . . . . . ... 114
8.1.1 Overall System Description . . . . . .. .. ... ... ... ... 114

8.1.2 The TSA Module . . . . . ... ... ... ... .. ... ..... 116

8.2 Conclusions and Future Works . . . . . . . . . . . .. ... ... 117



xXVi Table of contents

9 A Wearable Robotic Hand Exoskeleton 119
9.1 System Description . . . . . . . ... L 122
9.1.1 Fingers Structure . . . . . . .. ..o 122

9.1.2 Design of the Hand Exoskeleton . . . . . . ... .. ... .. ... 122

9.1.3 Control of the System . . . . . .. ... ... ... ... ..... 125

9.2 Conclusions . . . . . . . . . 125
10 CONCLUSIONS 127
Appendix A Feedback Linearization of VSA Based on TSA 131
A.1 Control Algorithms . . . . . . . . .. ... .. 131
A.1.1 Static Model Inversion . . . . . ... ... ... ... ... .. 132

A.1.2 Feedback Linearization . . . . . . .. .. ... ... .. ...... 134

A.1.3 Control of the Feedback-Linearized System . . . . . . ... .. .. 137

A2 Conclusions . . . . . . . .. 142
Appendix B PUBLICATIONS 145

References 149



List of figures

2.1

2.2

2.3

24

2.5

2.6

3.1

3.2

3.3

3.4

Using ropes in transmission systems in ancient time.. . . . . . . . . . ..
Using ropes in military application in ancient time. . . . . . . . . . . ..
Basic concept of the twisted string actuation system. . . . ... .. ...

Twisted string transmission sections for different values of the parameters
n and rec . (a) String section with n = 6. (b) Two-string section with null

coreradius (n = 2).. . . . . ...

Schematic representation of the helix formed by the strands that compose

the twisted string. . . . . . . . . ...

Simplified geometry and force distribution of the twisted string transmis-

sion (sectional view, m =2)... . . . ...

Experimental setup of the TSA guided by the teflon tube and environ-

mental constraints. . . . .. ... Lo
Schematic representation of the TSA in contact with an obstacle.

Schematic representation of the dynamic model of the TSA in contact

with environmental constraints (s denotes the Laplace variable). . . . . .

Input output position characteristic with constant load. . . . . . . . . ..

22



xviii List of figures
3.5 Input output position characteristic with spring-like load. . . . . . . . .. 25
3.6 Output load position control with ramp setpoint. . . . . . . .. .. ... 26
3.7 Output load position control with 0.5Hz sinusoidal setpoint. . . . . . .. 28
3.8 Output load position control with 1Hz sinusoidal setpoint. . . . . . . .. 28
3.9  Output load position control with 2Hz sinusoidal setpoint. . . . . . . .. 30
3.10 Output load position control with step setpoint. . . . . . . ... ... .. 31
4.1 Schematic representation of the rotative joint with two twisted string

transmission systems. . . . . . ... Lo oL 0L 34
4.2 Stiffness of the link versus motor positions, no external load is assumed. . 35
4.3 Admissible external torque across possible motor positions. . . . . . . .. 36
4.4 Position of the motor 4 (top) and p (bottom) over the joint stiffness and
position variation range. . . . . . . . ... Lo oL 38
4.5 Top view of the experimental setup. . . . . . . . .. ... ... ... ... 40
4.6 Detail of the actuation module. . . . . . .. .. ... ..o 41
4.7 Identification of the joint characteristics. . . . . . . . . . ... ... ... 44
4.8 Identification of the motor response. . . . . . . . .. ... L. 45
4.9 Identification of the joint response. . . . . . . . ... ... L. 47
5.1 Schematic view and design of the proposed force sensor: the compliant
frame structure and the detailed view of the light fork and obstacle ar-
rangement. . . ... L L L L L L Lo L o6
5.2 Detailed view of the light fork (from OMRON EE_SX1108 datasheet). . 57



List of figures Xix

9.3

5.4

9.5

5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

6.1

6.2

6.3

Schematic representation of the LED-PD interaction. . . . . . . .. ... 58
Measuring circuit for the force sensor based on optoelectronic component. 60

Responsivity curve of the light fork: it is possible to note the variation

of the PD current (about 70%) with respect to the obstacle displacement

(0.12 mm) form the point A to the point B. . . . . ... ... ... ... 61
Responsivity curve of the light fork. . . . . . . ... ... ... ... ... 62
Deflection of curved beam . . . . . . . .. ... 64
Overview of the experimental setup. . . . . . . . . ... ... .. .. ... 68
FEA of the four compliant frame specimens. . . . . . . . . .. ... ... 71

Comparison between theoretical, FEA and experimental deformation of

the three compliant frame specimens. . . . . . . . .. .. ... ... ... 72
Static calibration of the sensors. . . . . . . . . ... .. ... ... .. .. 74

Evaluation of the response to a chirp signal varying from 0.1 to 20 Hz for

the four sensor specimens. . . . . . . .. ... 75

Experimental evaluation of the force sensor hysteresis for the different

specimens at frequencies ranging from 0.2 to 2 Hz. . . . . . . ... . . .. 7
Measuring circuit with PWM LED modulation for noise reduction. . . . 78

Comparison of the measurement spectrum with and without LED pulsing. 78

Schematic representation of the twisted string actuation system structure. 82

Conceptual view of an elbow exoskeleton based on the twisted string

actuation module. . . . . . . L 3

Detail of the twisted string actuation module. . . . . . .. ... .. ... 84



XX List of figures
6.4 Scheme of the sensor structure and component arrangement. . . . . . . . 85
6.5 Finite Element Analysis (FEA) of the compliant frame. . . . . . . . . .. 87
6.6 Deformation of the motor module in the direction of the transmission:comparison

between experimental values and FEA. . . . . .. .. ... ... .. ... 88
6.7 Overview of the experimental setup. . . . . . . . .. ... ... ... ... 89
6.8 Static Calibration. . . . . . .. .. ..o 90
6.9 Input output position characteristic with constant load (right) and with
spring-like load (left). . . . . . . ... oo 91
6.10 Experimental evaluation of the constant load . . . . . . . . ... ... .. 93
6.11 Experimental evaluation of the Spring-like load . . . . . . . .. ... .. 94
7.1 Conceptual view of an elbow exoskeleton based on the twisted string
actuation module. . . . . . ..o 98
7.2 Detailed view of the TSA module prototype and control electronics. . . . 100
7.3 Overview of the experimental setup. . . . . . . . .. ... ... ... ... 102
7.4 Plots for the lifting task without the assistive device support. . . . . . . . 105
7.5 Variable stiffness control scheme of the TSA module for the assistive ap-
plication. . . . . . . L 107
7.6 Plots for the lifting task with the assistive device support. . . . . . . .. 108
8.1 CAD rendering of the proposed haptic interface. . . . . . . . .. .. ... 113
8.2 Schematic view of the haptic interface and actuators arrangement. . . . . 114
8.3 Using ropes in transmission systems in ancient time.. . . . . . . . . . .. 115



List of figures xxi
8.4 Detail of the TSA module design. . . . . . ... .. .. ... ... .... 116
8.5 Detailed view of the TSA module prototype and control electronics. . . . 117
9.1 Detailed view of the hand exoskeleton. . . . . . . ... ... ... .... 120
9.2 Detail of the actuation module. . . . . .. ... ... ... 121
9.3 Detailed view of the fingers structure. . . . . . . . ... ... ... ... 122
9.4 Detail view of the hand exoskeleton. . . . . . . . .. ... ... ... ... 123
9.5 Detailed veiw of the finger supports. . . . . . . .. ... ... ... ... 124
A.1 Top view of the experimental setup. . . . . . . . . ... .. ... .. ... 132
A.2 Position and stiffness response with constant stiffness setpoint. . . . . . . 133
A.3 Position and stiffness response with variable stiffness setpoint. . . . . . . 134
A.4 Simulation of the joint system with feedback linearization control: sinu-

soidal position setpoint and constant stiffness. . . . . . ... ... ... 138
A.5 Simulation of the joint system with feedback linearization control: con-

stant position setpoint and sinusoidal stiffness setpoint. . . . . . . . . .. 139
A.6 Simulation of the joint system with feedback linearization control: sinu-

soidal position setpoint and sinusoidal stiffness setpoint. . . . . . . . . .. 143






List of tables

4.1

5.1

5.2

9.3

5.4

9.5

0.6

Identified joint response parameters. . . . . . . . ... ... ... ..

Parameters of the four compliant frame specimens. . . . . . .. ... ..

RMS errors with respect to the experimental deformation measurements
of the four compliant frame specimens (values are expressed as a percent-

age of the maximum deformation). . . . . .. ... .. ... ... ...,
Maximum deformation of the four compliant frame specimens. . . . . . .
Linearity error of the calibration curve . . . . . .. ... ... ... ...

Mean hysteresis areas for different frequency values (areas are expressed

73






Chapter 1

Introduction

The twisted string actuation system is a very simple, extremely low-cost, compact and
lightweight actuation system, particularly suitable for highly integrated robotic devices
designed or interacting with humans and unknown environments like artificial limbs and
exoskeletons, since it renders a very low apparent inertia at the load side, allowing the
implementation of powerful tendon-based driving systems, using small-size DC motors
characterized by high speed, low torque and very limited inertia. The basic properties

of the twisted string actuation system have been discussed in Chapter 2.

In Chapter 3, an ongoing work for verifying the behavior of a twisted string actuator
in contact with a sliding surface or guided through a sheath is presented. One of the
major limitations of this actuation system is by now related to the fact that the string
should not be in contact with any obstacle, because this contact will alter the twisting
angle propagation along the string and, eventually, completely stop the string twisting.
This design constraint imposes a straight path between the motor and the linear load
attached to the other string end. A model of the twisted string in contact with a sliding
surface is discussed and the behavior of the system has been then experimentally verified

and discussed. A preliminary evaluation of control strategies for compensating the side
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effects generated by the contact of the twisted string with the sliding surface is also

presented.

In Chapter 4, the implementation of a variable stiffness joint actuated by a couple
of twisted string actuators in antagonistic configuration is presented. A simple PID-
based motor-side algorithm for controlling simultaneously both the joint stiffness and
position is discussed, then the identification of the system parameters is performed on

an experimental setup for verifying the proposed model and control approach.

The design and the implementation of a force sensor based on a commercial optoelec-
tronic component called light fork and characterized by the simple construction process
is presented in Chapter 5. The proposed sensor implementation is designed to measures
the force applied by a cable-based actuation, called twisted string actuation system, by
detecting the deformation of a properly designed compliant structure integrated into
the actuation module. Despite this, the design method here presented allows to adapt
the sensor to a large set of robotic applications, thanks to its simplicity in the con-
struction and low cost. The main advantages of the proposed sensor consist in the use
of a very compact commercial optoelectronic component, called light fork, as sensing
element. This solution allows a very simple assembly procedure together with a good
sensor response in terms of sensitivity, linearity and noise rejection to be achieved us-
ing an extremely simple electronics, thereby obtaining in this way a reliable and very
cheap sensor that can be easily integrated in actuation modules for robots and can easily

adapted to a wide application set.

Chapter 6 implements a twisted string actuation module with an integrated force
sensor based on optoelectronic components. The adopted actuation system can be used
for a wide set of robotic applications, and is particularly suited for very compact, light-

weight and wearable robotic devices, such as wearable rehabilitation systems and ex-



oskeletons. Then the preliminary experimental activity toward the implementation of

an arm rehabilitation device based on a twisted string actuation module is reported.

A conceptual design of a wearable arm assistive system based on the proposed actu-
ation module is presented in Chapter 7. Moreover, the actuation module has been used
in a simple assistive application, in which surface-electromyography signals are used to
detect muscle activity of the user wearing the system and to regulate the support action
provided to the user to reduce his effort, showing in this way the effectiveness of the

approach.

In Chapter 8, a 6 DoF cable-driven haptic interface for applications in various robotic
scenarios is presented. The device takes advantage of four force-controlled twisted string
actuators to generate a force in the Cartesian space while providing a considerable force-
weight ratio and low inertia. The system consists of a frame fixed to the ground, where
the four twisted string actuation modules are arranged, and by a mechanical interface
devoted to the physical connection of the actuators with the forearm of the human
operator. This mechanical interface allows to secure the forearm of the user while leaving
to her/him the freedom to use the hand to accomplish other tasks, such as teleoperating
a robotic gripper. The four twisted string actuators allow to control the three linear
DoF of the haptic interface, allowing both Cartesian position and a force regulation.
The design and the preliminary implementation of the haptic interface are presented in

this work.

Chapter 9 presents a wearable hand haptic interface driven by a couple of twisted
string actuators. This device is able to provide independent force feedback to the thumb
on one side, and to the the index to little fingers grouped together on the other side.
This configuration has been selected to provide the user with force feedback during the

execution of grasping tasks by means of a teleoperated robotic manipulator. Therefore,
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the design of the hand exoskeleton, the description of the actuation system and of the

embedded controller has been presented.

In Appendix A, a theoretical investigation about the use of the TSA principle for
the implementation of a variable stiffness mechanism using two actuators in antagonistic
configuration is reported. Then aiming at improving the control system performance,
a feedback linearization approach and a linear optimal control strategy are adopted to

achieve fully decoupled control of the position and the stiffness profiles.



Chapter 2

Twisted String Actuation (TSA)

System

The string is known as one of the oldest means of transmitting power over a distance [1].
Several thousand years ago humans started using ropes in transmission systems such
as woodworking and making the fire, see Fig. 8.3. Twisted rope transmission systems,
were used in construction (windlasses), in military applications [2], such as catapults
and ballistae and in many different applications, see Fig. 2.2. This actuation is able to
transmit high forces with a very low input torque, while remaining mechanically simple

and reliable.

Some similar actuation concept can be found in the literature. In [3], [4] and [5],
the LADD actuator composed of number of cells connected end to end, and each cell
consists of two rings joined by several high strength fibers. As each cell is twisted, the
distance between the rings decreases, thus transforming rotary motion into linear motion.

The Twist Drive actuator [6] and [7], uses two short strings that twist on each other to
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produce a pulling force. The Twist Drive uses a DC motor with a speed reducer allowing

a compact implementation of the actuator.

The Twisted String Actuation (TSA) concept [8, 9] represents a very interesting
design solution for the implementation of very compact and low cost linear transmission
systems. Indeed, with an proper choice of the strings parameters (in particular the
radius and length), it is possible to easily satisfy the usually tight requirements for
the implementation of miniaturized and highly-integrated mechatronic devices. As a
proof of its benefits and advantages, the TSA has been already successfully used for the
implementation of different robotic devices like robotic hands [10, 11], exoskeletons [12]
and tensegrity robots for space applications [13]. The mathematical model of the TSA
and, in particular, the analysis of its force/position characteristic and of the resulting
transmission stiffness has been investigated in [9]. Recently, the TSA model has also
been improved taking into account the characteristics of different type of strings and a

non constant string radius in [1] and its stiffness variability [14].

The basic idea of the actuation system is quite simple: as schematically illustrated in
Fig. 2.3, a couple of strings are connected in parallel on one end to a rotative electrical
motor and on the other end to the load to be actuated. The rotation imposed to the

strings by the electrical motor reduces their length, generating a linear motion at the

load side.

The main advantages of this actuation system compared to conventional solutions,
consist in the direct connection between the motor and the tendon without any inter-
mediate mechanisms such as gearboxes, pulleys or ballscrews. This actuation concept,
because of its high (though nonlinear) reduction ratio, permits the use of very small and
lightweight electric motors and therefore is very interesting in applications where size

and weight are of crucial importance.
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Draw posts together by twisting the rope.

Secure stick”
during work.

(b) Using rope in some appli-
(a) Making fire . cation?.

“www.karenswhimsy.com *www.finehomebuilding.com

Fig. 2.1 Using ropes in transmission systems in ancient time.

2.1 Modeling of the TSA

The kinetostatic model[9] takes into account the effects of the finite string dimensions
and elasticity, together with the case of multiple strands forming a single string. This
analysis will provide some useful information for the design of the actuation system and
for the choice of the driving motors as well as indicates the limits of the stroke and

reduction ratio of the transmission system.

As a simplifying hypothesis, it is assumed here that some strands do not contribute
to the total axial force: these fibers form the core of radius r. of the helix [see Fig. 2.4a].
The load force F, is balanced by the n external strands of radius rs which form n coaxial
helices of radius r = ry + r. . As a limit case, Fig. 2.4b shows a string formed by a pair
of twisted strands, for which r. = 0 and thus r = r, , considering the helices formed by

the strand axes.

In order to obtain the relationships describing the statics of the TSA system, we

assume that the strands constituting the string form an ideal helix of constant radius
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(a) catapult *. (b) ballistae®.

“www.ancient-origins.net “www.pinterest.com

Fig. 2.2 Using ropes in military application in ancient time.

r =r.+ rs along the whole range of the motor angular position . The kinematic rela-
tionship between the motor angle and the load position can be easily derived from the
geometry of the helix formed by the strings, see in particular Fig. 2.5, which implies the

following straightforward relations:

L =/6%r2 +p? (2.1)

Or
i = — 2.2
sina = — (2.2)
cosa = — (2.3)
0
tan o = — (2.4)
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Twist Actuation
Angle Length
[rad] [mm]
50.00 X
0

48.40

Fig. 2.3 Basic concept of the twisted string actuation system.

e

(a) (b)
Fig. 2.4 Twisted string transmission sections for different values of the parameters n and

rc . (a) String section with n = 6. (b) Two-string section with null core radius (n = 2)..

where « is the helix slope, L is the strand length and p is the length of the trans-
mission system or, in other words, the load relative position wrt the motor. Note that
eq. (2.1) can be easily obtained by “unwrapping” the helix of total length L and radius

r and applying Pythagoras’ theorem to the resulting triangle.

From egs. (2.1), (2.2), (2.3) and (2.4) it follows that:

L =pcosa+frsina. (2.5)
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4,

L
IN
F; p
N
; T Or
(a) Lateral and axial view. (b) Unwrapped helix.

Fig. 2.5 Schematic representation of the helix formed by the strands that compose the
twisted string.

The static model of the actuation system can be easily obtained looking at Fig. 2.5,

where the external torque 77, is balanced by the tangential force F, | i.e.:

F,= (2.6)

Assuming that the load is equally distributed over the n strands that form the string,

one obtains

L =F;sina= 71, =rnF,sina (2.7)
n

where F; is the longitudinal feasible force in each strand. The resulting total axial

force Fz acting on the transmission system is

9 2
F,=nF,cosa = 1, = Fyrtana = FZL (2.8)
p
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Fig. 2.6 Simplified geometry and force distribution of the twisted string transmission
(sectional view, n = 2)...

In this analysis, the strings are assumed to act as linear springs, with the capability
of resisting tensile (positive) forces only. With respect to the unloaded length L, the
total length of a string L changes according to the fiber tension F; and the string stiffness

K (normalized with respect to the length unit), i.e.

K K/ ————
Fi = L_O (L — Lo) = L_ < p2 + r26% — Lo) (29)

0

where r is the string radius, 6 is the motor angle and p is the resulting length of the trans-
mission system. It is worth noticing from (2.9) that the string acts as a spring whose
deformation is defined as v/p? + r260? — Ly and, therefore, can be modulated through the

motor angular position #. It follows that the transmission length p is given by:
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F\?
p= \/Lg (1 + g) — 62r? (2.10)

whereas, from the helix geometry, the pitch ¢ of the helix is related to the string

length p and to the motor rotation angle 6 by the relation

2mp = b (2.11)

The external torque 7, provided by the motor and the load force Fj, can be derived

from (2.9) and by the geometrical considerations on the system

HTQK LO
0,p) =2 1l — —— 2.12
7.(6,p) Lo < \/m> (2.12)

Fu(0,p) = 2=~ <1 - L) (2.13)

Moreover, the stiffness S of the transmission system can be modeled by computing

the derivative of the load force Fy, in (2.13) with respect to the load position p:
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OF
1 1 p?
=2K | — — 2.14
<Lo N (P + 7«202)3/2) (214)

The previous relations show that the motor torque and the force along the string as well

as the transmission stiffness depend on the twist angle § and actuation length p.

The maximum actuator stroke (contraction) is computed by considering the maxi-
mum motor rotation angle before the string becomes closely wound. Fig. 2.6 shows a
limit condition for the case of two strands (n = 2): due to their finite radius, a maximum
value of the angle « exists such that the strands form a closely wound helix. With ref-
erence to Fig. 2.6 and with some simplifications on the system geometry, in the general

case of n strands, this condition is given by

Combining 2.10 and 2.11, the maximum motor angle and actuation contraction in

the case of no load (i.e., F, =0, F; = 0) can then be defined as

emax = 77— Pmin = el (216>
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and the maximum no-load relative contraction is

LO — Pmin 1
=1 — 2.17
T, pm (2.17)
r2n? 1

It is important to note that in case of null core radius (rc = 0,n = 2), the maximum
actuation contraction is about 46% of the maximum string length L0 .

From 2.2, 2.3, 2.4 and 2.11

2
tana = (2.18)

and from 2.15, it is possible to note that the maximum helix slope is

r

(2.19)

tan aner =
nr

The nonlinear kinetostatic model of the actuation system is summarized by the re-
duction ratio and by the relationship between the motor angle and the load displacement,
derived as follows. From 2.8, 2.18 and 2.11, the generalized reduction ratio of the trans-

mission can be found as

0
= rtana = — (2.20)
p
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and it goes from h(#,p) = 0, when 6§ = 0, to h(0,p) = ﬁ, when 0 = 6,,,, and r. = 0.
n
The transmission length in unloaded and unwrapped configuration is equal to the string

length L0 and the actuation stroke Ap is given by

Ap = L() —p= k(p) (2.21)






Chapter 3

Twisted String Actuation with

Sliding Surfaces

Even if in literature, some variants of the TSA exploiting environmental constraints
to change or adjust the characteristics of the TSA [15], have been proposed, one of
the major disadvantages of TSA is related to the fact that, by now, the transmission
system should be not in contact with other structures because the generated friction
will introduce deviations from the ideal behavior of the system. This fact limits in some
way the applicability of the TSA concept or increases the space need for the actuators,
in particular in case of robotic hands. Indeed, in the DEXMART Hand [11], the whole
forearm length is exploited to host the TSAs driving the wrist and the fingers, and the
TSAs are connected to a conventional tendon-based transmission system just before the
wrist to avoid any TSA contact with the hand structure. The possibility of using the
TSA even if the string is in contact with structural elements may introduce significant
improvements in the design of such a robotic hand, reducing the space needed for hosting

the actuation and allowing the optimization of the actuator arrangement.
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In this chapter, an ongoing work for evaluating the TSA in contact with a sliding
surface or guided by means of a Teflon sheath is reported. Particular attention is posed
in both the modeling and the experimental verification of the hysteresis introduced in the
transmission system by the friction. The chapter reports also the preliminary activity

for the experimental evaluation of the system behavior and related control strategies.

3.1 Modeling of the TSA in contact with external

elements

In Figure. 3.1 an overview of the setup used for the evaluation of the TSA in contact with
external elements is reported. The experimental setup is composed by a rotative motor
used to twist the string on one end and a linear motor (LinMot-37x160) attached to the
opposite string end acting as a load for the TSA. The linear motor is equipped with a load
cell for measuring the load-side force and with a integrated high-resolution encoder (1um)
for load position measurement and it can be controlled to act as a modulable inertia or
to apply a constant force compensating for the slider friction [16]. The rotative motor
is hosted in a suitably developed motor module [17, 18] with integrated force sensor,

position sensor and motor power electronics.

As can be seen in the detailed view of the experimental setup reported in Figure. 3.1,
the twisted string is not straight from the rotative motor to the linear load, but it is de-
viated by three external elements, i.e. the sliding surfaces, emulating the environmental
constraints or the structural parts of the robot, to form an arc of 90 degrees from the
rotative motor to the load. In the investigation reported in this chapter, both the cases
in which the string is directly in contact with the environmental constraints and the

case in which the twisted string is passed through a Teflon tube to reduce the friction
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Fig. 3.1 Experimental setup of the TSA guided by the teflon tube and environmental
constraints.

between the string and the environment are considered. The environmental constraints
guiding the TSA are also equipped with load cells for measuring the resultant constraint
force: this information allows to estimate the friction acting on the string, but these
data are not reported here for brevity and will be subject to future investigation. This
particular structure of the experimental setup allows a deeper investigation of both the
friction effects and the TSA behavior, since the state of the system can be evaluated in
some intermediate points along the curvature from the rotative motor to the load. In
particular, it is here assumed that the string parts not in contact with the obstacles

behaves as ideal TSA according to the model described in Sec. 2.1 (see [9] for further de-
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Titlr = Ti — Tf;

fi+1 = f1 - ffl

(a) Transmission and friction forces along the  (b) Friction effects on a TSA section in contact
obstacle. with an obstacle.

Fig. 3.2 Schematic representation of the TSA in contact with an obstacle.

tails). On the other hand, the contact of the TSA with a sliding surface will be modeled
adopting the same assumptions regarding the distribution of the load along the string
typical of tendon-based transmission systems, and the effect of the string twisting will be
included for completing the system model. According to what reported in [19] about the
modeling of tendon-based transmission systems, the string path can be represented as an
arc connecting the input and the output string directions, as schematically represented
in Figure. 3.2a. In this picture, the force fy, represents the overall friction effect along
the string on the ¢-th sliding surface characterized by a curvature angle 3; = 30 deg and
by a radius r,, = 100 mm, whereas f,,, represents the normal force acting on the sliding
surface given by the combined effect of the string deviation and tension force. It follows
that, referring to f; as the input force applied to the twisted string on the rotative motor
side of the sliding surface, the output force on the load side is decremented by the effect
of friction, i.e. fi11 = fi — f5,. Differently from the case of conventional tendon-based
transmissions, in the case of TSA also the torque propagation from the motor to the

load side of the sliding surface plays a crucial role since this torque causes the twist of
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the string itself. In Figure. 3.2a also the input and the output torques acting on the
twisted string, 7; and 7,41 respectively, are represented. While in the case of ideal (with
no contact) TSA, the torque is constant along the whole string length, in case of contact
with some obstacle (i.e. the sliding surface), a friction force f,, emerges, generating a
counteracting torque also, namely 7. From the schematic representation of a section
of the TSA interacting with an obstacle reported in Figure. 3.2b, it can be seen that
the obstacle surface friction generates a counteracting torque proportional to the TSA
radius. Assuming for simplicity that the overall effect on the TSA torque propagation
of the i-th obstacle is concentrated in a single point, it is possible to write 7, = 27 f,,
where 7 represents the string radius. It follows that 7,41 = 7, — 75,. As a simplifying
assumption, we assumed the friction fy, affecting the string transmission force and the
friction force f,, can be independently treated, allowing to deal with the force and torque

propagation as two independent phenomenon.

Following the analysis reported in [19], the normalized value of the friction coefficient

fiq, and of the normal load f,, are introduced:

v, = sign(vy,) (3.1a)

B |1 — g Hd Bivsi‘ _ TR
(vg,) = ————— [, = jlg,— 3.1b
,U/dl (U z) 1 + e—pd Bivsi lu i lL[/dZ ,ud ( )
Fri(vs,) = fi+ fin = fi (L4 e7#afiv) (3.1c)

where 4 and ps are the friction and the stiction coefficients respectively, while v, is the
relative velocity between the string and the sliding surface. Note that the normalized
friction coefficient fig, — 0 if 8; — 0, while g, — 1 if 3; — oo. In particular, this latter

case means that the system cannot move since the friction is always equal to the tendon
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Fig. 3.3 Schematic representation of the dynamic model of the TSA in contact with

environmental constraints (s denotes the Laplace variable).

tension. Finally, the friction model used to describe the effects of friction on the i-th

sliding surface can be rewritten as:

ffi(UTi) = fsz' + b Ur,

where w is the Stribeck velocity [20] and b; is the viscous friction coefficient. In these

equations, the dependence of the various functions from v,, has been omitted for brevity.
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This approach has been already successfully used for the study of the friction effects in
tendon driven robots [19]. It is important to note that the friction model (3.1), (3.2) can
be used for computing the friction force acting on both the string translation and the
string rotation. So, in case of the friction generated by the string translation, v,, = v;,
where v; is the string translation velocity, while v,, = 2r 0; in case of friction generated
by the string rotation. Future work will be devoted to the validation of the model here

proposed by means of simulations and comparison with experimental results.

A schematic representation of the joint dynamic model is reported in Figure. 3.3. In
this scheme, the model has been divided in two main parts, the upper horizontal part
modeling the rotation of the motor and of the string (inside the red dashed box), and
the lower horizontal part modeling the translation of the string and the load (inside
the green dashed box). The friction caused by the contact between the string and the
environment partially prevents both the contraction and the propagation of the twisting
angle along the string loop. In this model, we suppose the friction acting on the string
caused by the contact with the environmental constraints can be split in two separated
phenomena: one friction effect acting on the translation part of the string (the “Friction
Model” block in the lower part), and a separated friction effect affecting the rotation
of the string (the “Friction Model” block in the upper part). Both these friction effects
have been modeled as reported in (3.1) and (3.2). It is also assumed that the friction
can be concentrated in a single central point for each obstacle, and that the string
loop before and after this point can be considered as a chain of ideal TSAs connecting
the rotative motor with the obstacles contact points and the load. For this reason, the
rotative (upper red box) and the linear (lower green box) part of the model are connected
by vertical blocks (inside the blue dashed boxes) representing the geometric relations
characterizing the TSAs as described in Sec. 2, (2.1)—(2.13). It is worth noticing that

these vertical blocks take also into account the finite stiffness of the string. The TSA
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Fig. 3.4 Input output position characteristic with constant load.

sections in which the overall actuation length has been divided are then connected by
friction blocks, representing the effects of the obstacle contacts on both the rotation
(inside the purple block) and the translation (inside the light blue box) of the TSA.
Because of the limited space, the effect of one obstacle only is reported in the scheme,
and horizontal dots are inserted to represent the repetition of the previous blocks for
modeling the other obstacles. Indeed, all the TSA portions going from an obstacle to
the following one can be modeled as reported in the blue boxes, whereas the effect of
friction of each obstacle can be modeled as in the purple (for the rotation) an the light
blue (for the translation) blocks. The model shown in Figure. 3.3 has been used for
simulating the system behavior, the simulation results are described in the next section

for a better comparison with the experimental results.
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Fig. 3.5 Input output position characteristic with spring-like load.

3.2 Input-Output Characteristic

In this section, the input-output characteristic of the TSA in contact with guiding el-
ements is investigated by means of the experimental setup is depicted in Figure. 3.1.
Moreover, aiming at verifying the effects of different material characterized by different
surface friction, the experiments here reported have been performed with the TSA di-
rectly in contact with the obstacle material (ABS plastic) or guided inside a Teflon tube

for reducing the friction coefficient.

The input-output characteristic has been evaluated in two different load conditions.
It is worth noticing that the linear motor acting as a load for the TSA is provided with
a real time controller making it response very close to an ideal mass-damper system,
compensating also for the slider friction [16]. At first, the load is programmed to apply a
constant force on the TSA output side, then the rotative motor has been programmed to
move from the initial zero position (untwisted string) to a maximum value of 720 rad with

trapezoidal trajectory. The simulated input-output position characteristic is reported in
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Fig. 3.6 Output load position control with ramp setpoint.

Figure. 3.4a, whereas the experimental one is reported in Figure. 3.4b: in the plots on
the right column show the response of the system without the introduction of the Teflon
tube, whereas the ones in the left column reports the experiments where the Teflon tube
guiding the TSA is introduced. From these plots, different properties of the system can
be evaluated: first, by looking at Figure. 3.4b, the plot in lower right corner in which
the system is evaluated in the worst conditions from the friction effects point of view,
corresponding the case in which the load is applying a constant load of 5N without the
Teflon tube, a large hysteresis cycle between the input and the output position can be
clearly seen. Moreover, it can be seen that starting from the zero initial position, the

system quickly converge to the aforementioned hysteresis cycle. Now, if the attention is
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moved to the upper plots, corresponding to increasing value of the load force (20 N and
40 N respectively), it can be seen that the hysteresis cycle caused by friction reduces as
the load increases. This appends because the overall friction effect on the string twisting
is less evident for large string tension. On the other hand, increasing the load, the overall
system response takes longer to reach the final hysteresis cycle, this phenomenon can
be ascribed to the slower propagation of the string twist angle from the contact point
closer to the rotative motor to the one near the load. It can be also noted that for
the larger load (40 N) the motor torque is not sufficient to reach the desired angular
position (700rad) because of the high friction caused by the load. Another important
point to note is that, by comparing the plots on the right and in the left column, the
introduction of the Teflon tube significantly reduce the effect of friction. Indeed, the
hysteresis decreases in case the Teflon tube is present, fact that suggest the reduced
friction coefficient reduces the system hysteresis as expected. It is also worth noticing
that the convergence of the TSA to the steady state behavior seems slower in all the load
conditions when the Teflon tube is introduced. From the simulation results reported in
Figure. 3.4a, it can be seen how the developed model is able to qualitative reproduce
the most evident effects observed during the experiments, like the asymmetric hysteresis

and the load dependent input-output relations.

A second experiment set has been performed with a different behavior of the load.
In this case, the load is programmed to act as a spring. From the experimental results
reported in Figure. 3.5b, where the system input-output characteristic has been evalu-
ated with a load stiffness of 1000, 2500 and 5000 N /m respectively, also in this case with
and without the Teflon sheath covering the TSA, it can be seen that the main response
characteristics highlighted in the previous case are preserved, even if the hysteresis cycle
results more evident in all the plots. Moreover, in these plots it is also possible to see

that a quite evident height-shaped hysteresis cycle emerges. This can be ascribed to
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Fig. 3.8 Output load position control with 1Hz sinusoidal setpoint.

the different load behavior, i.e. the spring-like load response causes the load to decrease
for lower string twisting angle, fact that make the friction more evident in the initial
motion region (the region closer to the zero coordinates) and cause the twisting angle
to propagate faster during the release phase because of the decreasing load. Also in
this case, from the simulation results reported in Figure. 3.5a, it can be seen how the
developed model is able to qualitative reproduce the most evident effects observed dur-
ing the experiments, like the height-shaped hysteresis and the large direction-dependent

dead-zone close to the lower left corner in the plots, especially for low value of the load

stiffness.
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3.3 Output Feedback Control

In this section, the control of the load position by means of the TSA in contact with
sliding surfaces, as depicted in Figure. 3.1, assuming that the system output (i.e. the
load position itself) can be measured is taken into account. In the experimental setup,
the load position can be measured by means of the linear motor integrated encoder, and
a digital PID controller is adopted because of its implementation and tuning simplicity

for the preliminary evaluation of the control performance.

In Figure. 3.6, the response of the system starting from untwisted conditions (i.e.
0 = 0) is reported. The load is programmed to apply a constant force of 10 N, and the
initial load position is -2 mm (because of the initial load force). The TSA is required to
apply a load position setpoint composed by a trapezoidal trajectory from 5 mm to 10 mm,
with a ramp duration of 0.5s in both the positive and the negative direction. The upper
plot in Figure. 3.6 shows the string twisting angle, whereas the middle plot reports the
actual load position and the position setpoint. The load position error is reported in
the lower plot. From these plots, it can be seen that the control system rapidly reaches
the desired output position after the control activation at time ¢ = 8s, and that the
setpoint tracking of the trapeziodal trajectory is quite good. It is worth noticing from
the upper plot reporting the string twisting angle that, when the trapezoidal trajectory
starts, the rotative motor position present a transitory to the steady-state response. This
phenomenon is due to the friction preventing the twisting angle to propagate immediately
from the input to the output, while the forward and backward motion of both the
rotative and the linear motor allows the system to reach the steady state behavior after

approximately 4 cycles of the trapezoidal trajectory.

Further experiments have been carried out to evaluate the system response. In the

experiment reported in Figure. 3.10 the PID controller shows a fast step response and
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Fig. 3.9 Output load position control with 2Hz sinusoidal setpoint.

the steady-state error is almost zero thanks to the introduction of the integral action
in the controller. It is possible to see from Figure. 3.10 that the load position shows
a small overshot to the step setpoint, moreover the overshot is not symmetric because
of the non-linearity of the TSA transmission characteristic. For evaluating the system
bandwidth, the response to sinusoidal setpoints with different frequency has been verified.
In Figure. 3.7 a 0.5 Hz sinusoidal setpoint has been applied: the lower plot, reporting the
tracking error, shows that the PID controller is able to track this setpoint compensating
for the effect of friction both in the case the teflon tube is present or not. Increasing
the setpoint frequency, the tracking error rapidly increases, as reported in Figure. 3.8
and Figure. 3.9 where the response to a 1 Hz sinusoid and a 2 Hz sinusoid are reported
respectively, denoting the bandwidth of the system at around 2Hz. A more precise

identification of the system bandwidth will be object of future research.

3.4 Conclusions

In this chapter, an investigation on the behavior of this actuation principle in the case the

string is in contact with obstacles or constraints guiding the string itself is investigated.
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With respect to the conventional TSA working conditions where the string is straight
and no contact is present along the string, this solution opens the scenario to a wider
TSA application, reducing the design constraints and enabling more compact actuation
system implementations. In the analysis here reported, the TSA has been evaluated
with different loading conditions and including a Teflon tube covering the twisted string
for reducing the surface friction. An experimental setup for the evaluation of the TSA
characteristics has been developed, and the characterization of the input-output position
system response has been carried out. The comparison between simulation and exper-
imental results shows that the developed model is able to reproduce the main effects

observed in the system experimental response. Finally, a PID regulator for controlling
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the load position has been introduced and experimentally evaluated, showing the pos-
sibility of compensating the effect of friction introduced along the string by means a
simple and standard controller. Future activities will be devoted to further characteriz-
ing the behavior of the system, to a better identification of the system parameters and
to the evaluation of different control strategies on the experimental setup presented in

this chapter.



Chapter 4

A Varriable Stiffness Joint Based on

TSA System

A relevant research interested all over the world is devoted to the implementation of
Variable Stiffness Joints (VSJs) [21] because they allow to solve several safety issues
related to the interaction of robots with unknown environments and humans. Many
different VSJ implementations can be found in literature, the most noticeable are the
VSA-II [22], where the variable stiffness is obtained by coupling two electric motors to
the joint through a belt and a pretensioning system, the DLR VS-Joint [23] where the
circular spline of the harmonic drive is connected to the joint frame by a modulated
spring, the IIT Pneumatic Joint [24] actuated by McKibben motors, the AwAS-IT [25]
based on the moving pivot concept and the Energy-Efficient Variable Stiffness Actuators
[26] developed by the Twente University. Recently, Vanderborght et al. published a

review of different VSJ implementations [27].

The TSA is used for the implementation of a Variable Stiffness Joints. The system is

composed by a couple of TSA in antagonistic configuration connected to a rotating link,
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as shown is the scheme reported in Fig. 4.1. The intrinsic non-linearity and configuration-
dependent stiffness of the TSA [9] is exploited for this purposes. The design of a VSJ

and its dynamic model has been described.

4.1 Dynamic Model of The Varriable Stiffness Joint

The structure of the considered VSJ is illustrated schematically in Fig. 4.1: two TSAs
are connected in antagonistic configuration to the rotating link on one end and to the
DC motors on other end respectively. The connection between the TSA and the link
is implemented by a pulley driven by tendons, the tendons are then connected to the

TSAs by linear guides to avoid the twist of the tendon itself.

In this implementation, conventional DC motors are used to drive the TSAs. Since
the electric dynamics is usually very fast in comparison to the other effects and then it
can be neglected, a simplified dynamic model for the DC motors is assumed. Taking

into account the symmetry of the actuation system, in the following we will distinguish
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Fig. 4.2 Stiffness of the link versus motor positions, no external load is assumed.

the two actuators by using the subscript 4 and g respectively. Moreover, the length
of the transmission in the zero joint position is called py, and the maximum transmis-
sion length is limited by the controller to limit the joint motion range into the interval
[—60, 60] deg. Assuming a certain minimum tension force of the TSA and considering
inextensible tendons for the connection with the joint, it follows from the scheme in

Fig. 4.1 that the length of the two TSAs p4 and pg can be computed as:

pa = po — 1;0; (4.1)

pB = po +1;0; (4.2)

where 0; and r; are the link rotation angle and the link pulley radius. Finally, the link
dynamics can be modeled considering the equilibrium of the forces exerted by the two

TSAs on the link pulley. It results that the complete joint dynamic model can be written
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Fig. 4.3 Admissible external torque across possible motor positions.

as:
JmémA + BmémA + Tra =Ta (43)
JonOmp + BmémB + 7L = TB (4.4)
J;0; = ri[Fpa — Frg) + 7 (4.5)
where
TL{A,B} = TL <9m{A,B}7p{A,B}> (4.6)

Friapy = Iy (em{A,B}ap{A,B}> ; (4.7)
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Omia,By and T(4 py are the motor position and the (commanded) input torque of the DC
motors 4 and g respectively, J,,, and B,, the rotor inertia and the viscous friction of the
DC motors, J; and 7. are the link inertia and the external load torque applied to the
joint respectively. Then, the eqs. (4.3) and (4.4) describe the motor 4 and g dynamics
respectively and eq. (4.5) represents the link dynamics. Note that the viscous friction

acting on the joint is neglected because of its very small value.

The link stiffness S; can be defined as the partial derivative of the external torque
7. with respect to the link position 6; in static conditions, i.e. when 6; and 0,,14,5) are

constant. Then, considering eqs. (2.14) and (4.5), it results:

87'6 [6FLA 8FLB‘| 9
S = = —7r, — —— | =7r7[Sa+ SE]
700, 71 00, 00; J
4k 2kr26% B 2kr20%, (4.8)
Lol +r203)"" (oh +r263)" |
Sta,By = S(01a,8y,(4,B}) (4.9)

It is clear from that equation that the joint stiffness varies with its position 6; and the
motor angles 0,,¢4 . Figure 4.2 illustrates the stiffness characteristic of the joint over
the admissible range of motor positions. In this plot, the joint is in static conditions, i.e.
no external torque is applied to the joint. In Fig. 4.3 the admissible external torque the
joint can support over the admissible range of motor position is reported. From these
plots, it is possible to see that the joint stiffness can be adjusted independently from
the external torque since their variation direction wrt the motor coordinates are almost

orthogonal.
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Fig. 4.4 Position of the motor 4 (top) and g (bottom) over the joint stiffness and position

variation range.

4.2 Control Algorithms

In the following, a simple control algorithm is based on the inversion of the static equa-
tions describing the system behavior and on standard PID motor position controllers is

described and evaluated. In these experiment, the joint stiffness is measured from the

joint and motors positions according to eq. (4.8).
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The inversion of the system equations consists in finding the desired motor positions
014,14 given the desired joint position ¢;4 and stiffness S;jq according to egs. (4.5) and
(4.8) assuming that the external torque 7. is measurable and the joint is in static con-
ditions (i.e. éj = O,éj = 0). To this end, the resulting transmission lengths p4 p are
computed from eqgs. (4.1) and (4.2) given the desired joint position #;4. Then, substitut-
ing pa p into egs. (4.5) and (4.8), these equations should be inverted to obtain a couple of
equation providing the desired motor positions. Unfortunately, the closed form inversion
of egs. (4.5) and (4.8) is not directly possible since it will result in an implicit function.
To solve this problem and to allow an easy realtime computation of the desired motor
positions, the term of the type 1/y/p? + 7262 in eq. (2.13) is fitted with a 2D polynomial
interpolation of proper order over the desired range of p and 6 using a SVD decomposi-
tion. This technique has the advantage of producing a least-squares best fit of the data

even if those are overspecified or underspecified.

Considering also that, computationally speaking, computing the solutions of a poly-
nomial of order higher than 3 could be quite expensive, a 3rd-order polynomial interpo-
lation is selected for our purposes as a good trade-off between computational complexity
and error. This approach allows an easy computation of the motor positions given the
desired joint position and stiffness, even in a realtime system. Fig. 4.4a and Fig. 4.4b
show the computed reference motor position over the range of admissible joint position

and stiffness.

4.3 System Design

A picture of the experimental setup for the verification of the VSJ characteristics and
the evaluation of the controller described in this chapter is shown in Fig. 4.5. The link is

partly made in ABS plastic using rapid prototyping to reduce the mass, inertia and cost
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Position Sensor Tendons Twisted Strings Force Sensors DC Motors

Fig. 4.5 Top view of the experimental setup.

and it is equipped with an optical position sensor [28] able to detect the absolute joint
position over a range of motion of £60 deg. The joint is connected to the two antagonistic
TSAs by means of tendons and linear guides to prevent the twisting of the tendon itself.
Two identical DC motors are used to drive the TSAs. FEach motor is equipped with
an incremental encoder and an optical force sensor [17, 18] for the measurement of
the actuation force. Moreover, also the motor power electronics is integrated into the
motor module. This sensor equipment allows to measure both the joint and the motor
positions, moreover the joint and motor velocities are computed using numerical filtering
techniques [29]. On the other hand, the transmission force sensor can be exploited for

the online estimation of the joint stiffness [30].

4.4 Actuation Module

Fig. 4.6 show a detailed view of the actuation module [18]. A plastic ABS frame manu-
factured by 3D rapid prototyping composes the mechanical structure along with a pair
of axial-symmetric compliant beams. These beams function as a linear spring granting
a certain compliance to the structure as well as the implementation of the force sensor.
A DC motor is located in this module along with an optical encoder for position sensing

while the output shaft is supported by an axial bearing at the point of the twisted string
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Mounting rail Flexible beams Force sensor

Fig. 4.6 Detail of the actuation module.

connection. A silicon tube is used to join the motor and transmission shafts to provide
ample flexibility in order to solve problems regarding misalignment of the rotational axes
of the motor and the transmission shaft. The particular structure of the motor module
consents the transmission force to be completely supported by the output shaft through
a combined bearing while the motor is only used to transmit the necessary torque for

driving the twisted string actuation to the output shaft.

The integration of a force sensor into the actuation module is necessary to successfully
measure the force which the actuators apply directly to the load [17]. Placing the force
sensor between the frame connection point on the robot structure and the actuation
module is one of the possible proposed solutions. In this setup, all of the components of
the actuation system are integrated, thus optimizing encumbrance. A digital interface
to input and output signals required for the actuation system control can be provided
by the placement of the actuator electronics, including both the motor power electronics
and the conditioning system for both the optical encoder and the force sensor, in a single

printed circuit board.
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4.5 System Identification

Several experiments are executed for verifying the stiffness variation of the developed
VSJ by applying a deviation of 10 deg from the resting position to the link and then
suddenly releasing it. The motion of the joint is recorded and the data are used for the
identification of the joint stiffness and damping, assuming that the link inertia is known
(it has been computed from the CAD files), that the stiffness and damping are constant
over the joint motion range considered for the experiment, neglecting static friction be-
cause of it very low value and assuming that the joint behaves as a second-order linear
dynamic system with transfer function expressed by:

0;(s) w?

=K - 4.10
Te($) s2 + 20w, s + w2 (4.10)

where K, w,, 6 and s are the gain factor, the natural frequency, the damping factor
and the Laplace variable respectively. For identification purposes, the joint dynamics is

redefined as:

Ji0; + b;(04,08)0; + ki(04,05)0; = . (4.11)

where the dependence of the damping b;(64,05) and the stiffness k;(64, ) coeflicients
from the motor configuration (64, 0p) represents the damping and the stiffness variabil-

ity of the joint. By moving eq. (4.11) to the Laplace domain it follows:

0;(s) 1/J;
T.(s) $24+50;(04,05)/J; + k;j(04,08)/J; (4.12)
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Then, by matching the coefficients of eq. (4.10) and (4.12) it results:

k?j = Jju}i, bj = 2Jj5wn, K= 1/]{3] (413)

where the dependance from (64, ) is omitted for brevity. In particular, the parameters
0 and w, can be easily identified by looking at the response of the system to a proper
input function, e.g. a step input. In our experiments, the step input is reproduced by
imposing to the joint the necessary external torque to deviate it of 10 deg from the zero
position (to compare the joint motion over the same range, the external torque is not
measured) and then releasing the joint. We assume in this way that the input torque
goes from its initial value to zero instantaneously. The results of four tests executed
with different desired joint stiffness are shown in Figure. 4.7: the blue line represents the
experimental response while the red dashed line represent the response of the second-
order linear dynamic system reported in eq. (4.10) with the parameters identified from
the experimental response. These plots show that the real system behavior is well
approximated by eq. (4.10) within the considered motion range. The damping and
stiffness parameters identified from these experiments and the commanded joint stiffness
k; are reported in Tab. 4.1. The experiments are numbered from 1 to 4. From these
results, it is possible to conclude also that a significant damping variation is induced in
the system by the variation of the transmission configuration, the investigation on this

aspect is out of the scope of this chapter and will be subject of future research.

After the verification of the joint stiffness variability, the response of the whole system
under the control of standard PID motor position controllers is evaluated in dynamic
conditions. This control approach is selected because it is particularly simple and be-

cause it does not require sensor feedback from the joint, fact that may introduce stability
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Fig. 4.7 Identification of the joint characteristics.
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Fig. 4.8 Identification of the motor response.
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Symbol | Unit Exp. 1 | Exp. 2 | Exp. 3 | Exp. 4
J; kgm? | 2.44E-3 | 244E-3 | 2.44E-3 | 2.44E-3
K Nm 13 10 7 5
k; Nm 12.57 10.88 6.37 5.83
b Nms! 0.15 0.11 0.04 0.03

Table 4.1 Identified joint response parameters.
issues due to the limited joint stiffness. On the other hand, this control approach is based

on the perfect knowledge of the system model and parameters, fact that may introduce
significant errors when applied to the real system. To reduce these side effects, an accu-
rate identification of the system parameters and the verification of the models need to

be performed.

First, the motor response is evaluated, as can be seen in the plots reported in Fig-
ure. 4.8. To verify both the accuracy and the bandwidth of the motor position con-
trollers, a sweep signal with amplitude 50 rad and frequency ranging from 0.1 to 20 Hz
is used as a setpoint for the motor position controllers. The top plot in Figure. 4.8a
shows the motor position setpoint of one of the two motors, whereas the bottom plot
reports the motor effective position. From this plots it possible to see that the motor
follows quite precisely the position setpoint at least within a certain frequency range.
For an easier evaluation of the motor position control bandwidth, the FFT analysis of
the motor setpoint and actual position is shown in Fig. 4.8b: this plot confirms that
the motor controller accurately regulates the motor position within a frequency range
up to 60 Hz. After this frequency, the amplitude of the motor output position rapidly
decreases. Moreover, looking at the motor position Bode plot reported in Figure. 4.8c,
it possible to see that the motor position controller behaves like a second order low-pass

filter with cut-off frequency of about 90 Hz.

After the evaluation of the motor response, the response of the VSJ is tested. Also in

this case, a sweep signal is used as joint position setpoint, but the amplitude is reduced
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Fig. 4.9 Identification of the joint response.
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to 10 deg while the frequency ranges from 0.1 to 20 Hz, as in the previous case. In
Fig. 4.9a the joint position setpoint and the actual joint position are reported in blue
and red respectively. Since the controller is based on the inversion of the model static
equations and on PID motor position controllers, a certain deviation of the joint position
from the desired one can be expected, as shown in Fig. 4.9a. Anyway, the tracking of
the desired joint position is quite good at least within a frequency range up to 40 Hz,
as can be seen from Figure. 4.9b reporting the FF'T of both the joint position setpoint
and actual position. In Figure. 4.9c the Bode plot of the joint response is shown: from
this plot it is possible to see that, also in this case, the joint behaves as a second order
low-pass filter with a cut-off frequency of about 48 Hz. It is important to point out
that the frequency response of the joint changes with the commanded joint stiffness.
Indeed, the experiment here reported corresponds to the case in which the commanded
stiffness is the same adopted in the experiment 1 shown in Fig. 4.7a, see also Tab. 4.1.
In particular, it can be easily verified that the frequency response of the system reported
in eq. (4.10) with the parameters reported in Tab. 4.1 for the first experiment match the
one reported in Fig. 4.9c. The same can be verified also for the other value of the joint
stiffness obtained during the other experiments, but the results are not here reported

for brevity.

4.6 Conclusions

In this chapter, the use of this actuation principle for the implementation of a VSJ by
using two actuators in antagonistic configuration is investigated by deriving the dynamic
model of the system. An experimental setup for the evaluation of the VSJ characteris-
tics is developed. An experimental setup for the evaluation of the VSJ characteristics

is developed, and the identification of the main system parameters is carried out. A



4.6 Conclusions 49

simple controller based on the inversion of the device static model is introduced and ex-
perimentally evaluated. Future activities will be devoted to the experimental evaluation

of different control strategies on the experimental setup presented in this chapter.






Chapter 5

Force Sensor

Nowadays, advanced robotic systems are conceived for dealing with unstructured envi-
ronments, therefore the physical interaction and their coexistence with humans plays a
crucial role. With respect to their precursors, these robots are provided with enhanced
cognitive capabilities, making them able to adapt to dynamically changing conditions. A
number of innovative features are required to achieve this goal, among them the physical
interaction with the environment and human-robot interaction are enabled by the avail-
ability of the interaction forces measurement. Force and torque sensors are of primary
importance also in the developments of wearable and assistive robotic devices, such as
servo-actuated prostheses and exoskeletons, in which physical human-robot interaction
is of paramount importance, providing proper information for detecting the human inten-
tions. These devices cover a wide application set, ranging from rehabilitation and human
assistance to military tasks and haptic operations. In last few years, the applications
of exoskeletons to support the hand and lower/upper-limb mobility have significantly

grown [31, 32].

Several uniaxial force sensor and multi-axis force/torque sensors are available on the

market, and almost all of them are based on strain gauges, consisting on both thin-film
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resistors or semiconductors. Conventional strain-gauge based force sensors measure the
strain induced on the mechanical structure by the external force. The main advantage of
these sensing elements are mainly the extremely good linearity, at the expense of quite
complex electronics for the signal acquisition, sensitivity to electromagnetic noise and
temperature variations. Moreover, strain gauges require properly designed supporting
structures that can pose some difficulty during their integration into complex mechanical
systems like robots. Another critical point with that sensing technology is that the strain
gauge assembly procedure is a quite complex and error-prone task, requiring significant
experience and careful implementation. This results in significant limitations of the
design customization, fact that brings robot designers to rely very often on commercial

non-application-optimized products.

Several advantages in the field of force measurement can be introduced by alternative
sensing solutions. One alternatives is provided by force sensors based on piezoelectric
sensing elements, as proposed in [33]. Another promising solution relies on the use of
optoelectronic components as sensing elements for the implementation of force sensors,
as already proposed in literature by several authors [34-37]. These kind of sensors exploit
the scattering and/or the reflection of a light beam emitted by a source and received
by suitable detectors to detect the deformation of a compliant structure or the relative
displacement between elastically coupled elements caused by the external force. In [36], a
force sensor based on the use of discrete optoelectronic components for the measurements
of the robotic hand tendon force at the actuator side is presented for force control and
friction compensation purposes [38]. In [39], an optical micrometric force sensor based
on the differential measures of the light intensity is presented, while [40] presents a sensor
based on changing coupling of optical power between a photodiode and a vertical-cavity
surface-emitting laser facing each other and separated by a deformable transducer layer.

In [34] the authors adopt optoelectronic devices mounted on a compliant structure to
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measure human-robot interaction forces. Hirose and Yoneda implemented an optical
6-axis F/T sensor adopting a 2-axis photosensor for measuring the deformation caused
by the external load on a compliant structure [41]. Other optoelectronic devices such as
fiber bragg gratings have been exploited for the implementation of force tactile sensors
[42]. An optoelectronic force sensor based on CCD or CMOS camera to acquire the
deformation of a surface caused by external force is presented in [43]. In [44] and [45]
the light beam of a Light Emitting Diode (LED) is scattered by a silicon dome and a
urethane foam cavity respectively: the compression of the dome or the cavity due to
applying an external force, causes a scattered energy density variation that is detected
by several PhotoDetectors (PDs). In [46] an optical tactile sensors based on a matrix of
LED/PD couples covered by a deformable elastic layer is reported. In [47] an example
of tactile/force sensor exploiting the reflection of the light cone emitted by an LED on a
silicon rubber dome is reported. In [48] another alternative solution has been proposed
by a fiber optic force sensor using Fabry-Perot Interferometery that is compatible in
the high-field Magnetic resonance imaging (MRI). In [49] machine learning techniques
are investigated to dynamically compensate for environmental biases affecting multi-axis

optoelectronic force sensors, such temperature and ambient light.

This chapter reports an innovative solution for the implementation of an optoelec-
tronic force sensors for robotic applications. The basic sensor elements are a compliant
frame, manufactured in ABS plastic by 3D printing or in DELRIN® by CNC milling,
and a commercial optoelectronic component, a light fork embedding in a compact and
high-sensitive device both the LED and the PD required for measuring the compliant
frame deformation. The same working principle adopted for the implementation of the
proposed force sensor has been exploited by the one of the authors in [28] for the im-
plementation of joint position sensors in highly-integrated robotic hands [11]. In the

case here reported, an optoelectronic element integrating both the LED and the PD
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has been exploited for improving the sensitivity, the compactness, the noise rejection
and reduce the assembly complexity. Moreover, in this case the working principle is
applied to the measurement of a linear force instead of an angular position. The main
advantages of the proposed solution consist in the design and assembly simplicity, the
low-cost, the sensitivity, the noise rejection and the possibility of an easy integration
in the same monolithic structure of an actuation module manufactured by 3D printing.
In particular, the proposed sensor structure has been investigated for the integration of
an affordable force sensor in a twisted string actuation module [9]. The chapter reports
the description of the sensor working principle, the design of the compliant frame, its
theoretical model and Finite Element Analysis (FEA), the experimental characteriza-
tion of the light fork used as sensing elements and the mechanical properties validation
for four sensor specimens characterized by different physical dimensions, manufacturing
modality and materials. The sensor specifications, such as sensitivity, linearity, hystere-
sis area and bandwidth, have been experimentally verified by means of static calibration
procedure and evaluation in dynamic conditions. Finally, the noise attenuation obtained

by means of a simple modulation and filtering technique.

This chapter is structured as follows. In Sec. 5.1, the structure of the proposed device,
its working principle and the modeling of the compliant sensor frames are presented. The
experimental evaluation and the comparisons of the four different sensor specimens are
described in Sec. 6.2 together with their static calibration and the dynamic response
of the proposed devices. Finally, Sec. 7.3 draws some conclusion about the presented

research activity.
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5.1 Sensor Design

5.1.1 Sensor Structure

A schematic view of the sensor is reported in Fig. 6.4, where its main components are
detailed. The mechanical structure is composed by two symmetric connection elements,
where the external force is applied, that allows connecting the sensor with the transmis-
sion system by means of a couple of fixing holes, one for connection element. The two
connection elements are linked by a couple of axial-symmetric compliant beams acting as
linear springs. The compliant structure is designed to be symmetric with respect to the
direction of the measured force to obtain homogeneous deformations. The connection
elements are also provided with supports for, on one end, the PCB hosting the light
fork, i.e. the sensing element, and, on the other end, the obstacle occluding the light
path going from the LED to the PD. The obstacle is provided by an offset regulation
mechanism, composed by a screw used to adjust its position with respect to the light
fork. This mechanism is used to perform a fine selection of the working point in resting

conditions along the light fork characteristic curve, the point A in Fig. 5.5.

A detailed 3D view of the compliant frame CAD of one of the specimen used during
the experimental validation is reported in Fig. 5.1b. From this picture, it can be ap-
preciate in detail how the elements composing the sensor have been implemented. The
sensor mechanical structure should be compatible with the optoelectronic component
dimensions and properly designed to achieve the linear displacement within the force

range.

The OMRON EE_SX1108 photomicrosensor, here called light fork because of it’s
“forked” structure, is the sensitive element used for the implementation of the proposed

sensor, and its design details are reported in Fig. 5.2. In particular, Fig. 5.2a portrays the
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Fig. 5.1 Schematic view and design of the proposed force sensor: the compliant frame
structure and the detailed view of the light fork and obstacle arrangement.

light fork sketch, dimensions and internal circuit, whereas in Fig. 5.2b the optoelectronic
component can be seen in detail together with its reference frame. This component
embeds both an LED and a PD (a phototransistor) facing each other and is provided
with a window restricting the light cone coming from the LED to the PD to a thin
and well-focused region. Several advantages accompany the use of this component. In
particular, a compact sensor implementation is permitted because both the LED and

the PD are embedded together in a compressed structure with precise relative position.

In order to provide an estimation of the sensor cost!, the average cost of the light fork
is about 1.29 Euro and the precision resistors for the LED and PD polarization cost about
0.3 Euro each on the retail market, while the cost of the PCB is 2 Euro. Moreover, the
cost of the compliant frame in the worst case (Specimen 1, manufactured by 3D printing
in ABS plastic) is about 20 Euro for the materials and a couple of machine hours for

the production of the part. It is worth mentioning that in case of 3D printing, the part

IThe cost reported in the following have been taken from popular worldwide electronic components
distributors, such as RS, Farnell and Digi-Key. These cost of electronic components is subject to
continuous changes according to market quotations.
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Fig. 5.2 Detailed view of the light fork (from OMRON EE_SX1108 datasheet).

is produced directly from the CAD design without any intermediate working step. It
follows that the overall cost is around 25 Euro and about 4 hours of parts production
and assembly (the time are overestimated). In contrast, a set of 4 strain gauges for a
complete Wheatstone bridge costs not less that 72 FEuro in the retail market, and the
conditioning electronics (instrumental amplifiers) for achieving the same signal level of
the proposed solution needs to be added other that the cost of the compliant frame
manufacturing and assembly time. A complete single-axis force sensor with the same
range of the one proposed in this chapter (0-80N) costs around 170 Euro in the retail

market (conditioning electronics excluded).

5.1.2 Sensor Working Principle

The sensor working principle is based on the modulation of the current flowing through
the PD achieved by means of a mechanical component, namely the obstacle, that par-
tially intercepts the light emitted by the LED and received by the PD itself. The

interaction between the LED and the PD when no obstacle limits the light flow and
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Fig. 5.3 Schematic representation of the LED-PD interaction.

assuming that the LED is a point light source and the PD a finite receiver surface, is
depicted in Fig. 5.3a: in this conditions, the current flowing through the PD depends
on the relative position between the LED and the PD only [50]. The optical axes of
LED and PD are respectively defined as nirgp and npp. « and  are the angles between
the optical axis of the LED and the distance dy, and the optical axis of the PD and
the same distance dy, respectively. It is evident that AC presents a receiving angle with

respect to fipp equal to o + 3 — 6y, while AD represents a receiving angle of a + 3 — 6,.
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In these conditions, the optical power Py can be computed through the following relation

Po=K [" 10)R(a+ 5 0)do (5.1)

01

where K is a constant representing the device characteristics, I(0) and R(6), the radia-

tion pattern of the LED and the responsivity pattern of the PD, respectively.

When an obstacle is inserted between the LED and the PD, a specific amount of
light is intercepted by the obstacle and the PD measures an optical power of P(o). The
obstacle position is defined by a variable ¢ ranging from 0 in case of no occlusion to
1 in case of full occlusion. The amount of light emitted to the PD is restricted by the
angles 0, and 0, — (0 — 01)o. Therefore, the optical power received by the PD when
considering the obstacle is a function of ¢ and can be represented as seen below

02— (62—61)o

P(o) = K [(O)R(a + 3 — 0)do (5.2)

01

where K is a constant representing the device characteristics, I(0) and R(), the radia-
tion pattern of the LED and the responsivity pattern of the PD, respectively. If o = 0,
i.e. no occlusion, P(0) = Fy, while when the obstacle is moved in between the LED and

the PD, 0 — 1 and P(0) — 0 (the total occlusion implies P(1) = 0).

Since in the light fork the optical axes of LED and PD, respectively, npgp and npp,
are aligned, v and [ are equal to zero. Furthermore, the relation between the relative

light current I, and P(o) can be defined as

I, = K; P(o) (5.3)
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Fig. 5.4 Measuring circuit for the force sensor based on optoelectronic component.

where the K7 is a constant representing the PD characteristic. The sensor output volt-

age Vo can be computed from

Vo = RPD [L (54)

The changes in light power received by the PD can be acquired by measuring the output
voltage Vo of the simple conditioning circuit reported in Fig. 5.4. Given the supply
voltage V.., the maximum sensor output voltage V.. can be selected avoiding the sat-
uration of the PD. Then, given the maximum obstacle displacement o,,,y, the PD load

resistance Rpp can be computed from (5.4) and (5.3) as follows

(5.5)

The light cone of the light fork used in the proposed sensor design is well shaped, pro-
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Fig. 5.5 Responsivity curve of the light fork: it is possible to note the variation of the
PD current (about 70%) with respect to the obstacle displacement (0.12 mm) form the
point A to the point B.

viding a very steep and linear transition region between the fully covered and the fully
free light conditions and allowing a good sensitivity and linearity to be obtained. As
shown in Fig. 5.5, where the component transition curve as a function of the obstacle
position is reported, the light current I; goes from about 10% to 90% in a quite linear
way along an obstacle displacement range of about £0.1 mm with respect to the window
center position. In this figure, the large variation of the relative light current Al over a
very limited variation of the obstacle displacement Ad in a very suitably selected region
has been highlighted in which the no-load working point A, and the maximum load
working point B are indicated respectively in the lower and higher part of the response

characteristic.

Therefore, the compliant frame design problem consists in the design of a mechanical
structure exhibiting a linear displacement of about 0.2 mm when the load force ranging
form 0 to 80N is applied. It is worth mentioning that this force range is assumed as

initial test, the force range and therefore the complaint frame design can be adjusted
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in case the particular application requirements are different. Due to the properties of
the light fork responsivity curve, only the position of the obstacle with respect to the
window along the measurement axis requires precise positioning, whereas the relative
position between the light fork and the obstacles in the other directions does not sig-
nificantly affect the sensor response within the limits of the arrangement adopted for
the sensor implementation. The assembly of the sensor is subsequently much simpler
than in the case of alternative solutions based on strain-gauges or optoelectronic com-
ponents. It is well-known in the field of load cell manufacturing that the bonding of
strain gauge on the compliant frame is a delicate phase requiring well-trained operators.
On the other hand, several optoelectronic force sensors implementations requires precise
positioning of the components. It follows that these solutions are sensitive to assembly
errors. In contrast, the proposed solution is less prone to this problem, and to verify
this point, the experimental validation of the light fork sensing characteristic has been
performed, verifying the sensitivity with respect of the obstacle position not only during
the movement along the principal measurement axis (i.e. the y-axis) but also along the
other (secondary) axes. The experimental results reported in Fig. 5.6a confirm the light
fork characteristic reported in Fig. 5.5 provided by the manufacturer, whereas Fig. 5.6b
shows that if a sufficient displacement along the z-axis is taken into account, the device is
almost insensitive to obstacle position variations. Finally, Fig. 5.6c shows that the light
fork is almost insensitive to obstacle position changes along the x-axis even for different
value of the obstacle position along the z-axis. The aforementioned relationship between
the amount of interception and the measured power can be then used to optimize the
design of the force sensor in order to fulfill the specifications in terms of linearity and

sensitivity (see Fig. 5.5).
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Fig. 5.7 Deflection of curved beam

5.1.3 Compliant Frame Design

The mechanical structure is designed to exhibit symmetric deformations along to the
measured force direction (the y-axis). Moreover, the compliant frame is designed to
achieve a linear displacement with the desired force range and must be compatible with

the dimensions of the remaining parts of the actuation module and of the light fork.

In this section, the analysis focuses on the modeling and design of the curved beams,
that are the main compliant element of the structure. The overall compliant frame is
composed by four curved beams symmetrically arranged around the symmetry axis of
the sensor (i.e. the measurement direction) to achieve linear displacement along the
measurement direction. In Fig. 5.7, the behavior of a single curved beam subject to load
along the sensor axis is shown. In this scheme, a curved uniform beam with rectangular
section is considered, and the load force F' is decomposed in its components along the
beam axes (axial force Fj,) and transverse to the beam (shear force F.). Moreover, due
to the sensor structure and beam constraints, the load force generates also a moment at
the beam ends, as schematically reported in Fig. 5.7. Generally speaking, the deflection

of the curved beam can be calculated using Castigliano’s theorem [51]

5= (5.6)
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where ¢ is the deflection, U is the strain energy and F' is the applied force. According

to Fig. 5.7, the total strain energy in the beam consists of four terms

ou, 0oU, 0Us 0U.
L, 0%  OUs  OUa

5 = 5.7
oF  O0F O0F @ OF (5:7)
where U is the strain energy due to bending moment M
M = F R sin¢
I+ M2 F2R?2  5+9¢ )
= = i d 5.8
0 / —¢ 2AekE 4y = 2AcE J=_y T (58)

where A = hb is the beam section area, being h and b the height and the thickness of
the curved beam respectively, e is the eccentricity and E is the young modulus. e is a
parameter that depends on the beam section shape, for the rectangular section it can

be assumed

e=R—nr,, 7,=

| >

where R is radius, r, is the radius of the neutral axis. U, is the strain energy due to

axial force Fj
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Fy=F sing
5+ Fy R F*R 5+
= = in®yd 5.9
/¢2AE7 2AF Jz- Smyw (5.9)

whereas Us is the strain energy due to the bending moment produced by the axial force Fy

540 Fy M F2R [5+¢
dy = in~yd 5.10
oy AE DT AR o, D (5.10)

3:

Finally, U, represents the strain energy due to the transverse shear force F

F,.=F cos¢

$+o F2CR F2CR 3+
—/ yYE dy = S AC /%<z> cos” vy dy (5.11)

where C' is a modifier dependent on the cross sectional shape (C' = 1.2 for rectangular

shape) and G is the shear modulus.

The beam deflection along the load force direction can be then easily computed by

integrating (5.8), (5.9), (5.10) and (5.11) along the beam curvature angle ¢ and comput-

ing the derivative in (5.7), therefore it follows

s_FR l(47r+3\/§) (5_ 1) N (47?—3\/5)01 (5.12)

124 E G
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It is worth mentioning that the curved shape of the compliant beams has been selected
mainly because of the quite simple mathematical modeling of this structure reported in
the previous equations. For manufacturing reasons and to reduce the stress concentration
at the beam connection points, corner fillet beams have been implemented, therefore the
previous mathematical modeling will be verified, as reported in the following, both by
means of FEA and experimentally. Moreover, for further validation of the proposed
approach, four different compliant frame specimens have been designed by means of the

previous mathematical model and validated.

5.2 Specimen Design and Experimental Evaluation

5.2.1 Experimental Setup

In Fig. 6.7 an overview of the experimental setup for verification of the proposed force
sensor and compliant frame specimens is shown. This setup consists of a commercial
linear motor (LinMot 37x160), which slider is attached to the force sensor compliant
frame through a rigid component in order to apply varying forces along the sensor
measurement axis. The linear motor is equipped with a strain gauge load cell used as
reference sensor that can measure a maximum force of 100 N. The linear motor is also
provided with an integrated encoder with a resolution of 1 um for the measurement of the
compliant frame deformation. The linear motor load cell is connected to the amplifier
through a shielded cable for noise rejection and the optoelectronic components of the

proposed force sensor is connected to the circuit reported in Fig. 5.4.

A low-level control system is used to drive the linear motor in order to apply different

force profile compensating on the friction acting on the motor slider [16]. A PC-104
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Fig. 5.8 Overview of the experimental setup.

Parameter | Unit | Spec. 1 | Spec. 2 | Spec. 3 | Spec. 4
Height mm 30 30 40 30
Width mm 24 14 14 24
Length mm 55 55 65 95

h mm 2.9 2.9 3.7 2.9
b mm 9 4 3 9
R mm | 17.32 17.32 17.32 17.32
o) /6 /6 /6 /6
[ mm 25 25 25 25
Omax mm 0.062 0.140 0.112 0.051

Force Sensor

Table 5.1 Parameters of the four compliant frame specimens.

running RTAI-Linux real-time operating system and a Sensoray 526 data acquisition
board is used for data collection and to control the system during the experiment. The
force sensor is mechanically fixed with the measurement axis aligned with the one of the
load cell which is mounted to the slider of the linear motor in order to obtain a ground

truth measurement of the applied force during the experiment.
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5.2.2 Specimen Design and Comparison

The comparison between four compliant frame specimens, namely Specimen 1, 2, 3 and
4 respectively, has been performed to validate the proposed design methodology and to
select the most appropriate structure to be integrated into the twisted string actuation
module. Table 5.1 reports the dimensions, design and beam parameters characteriz-
ing the four frame specimens. In Tab. 5.1, [ represents the linear distance between the
beams connection points and d,,., represent the deformation at maximum load, i.e. 80 N,
adopted during the specimen design. As can be seen, the four specimens have been de-
signed to exhibit a different maximum deformation, this will allow to evaluate which
specimen provides a better exploitation of the light fork characteristic. The frame spec-
imens 1, 2 and 3 have been manufactured in ABS plastic by 3D rapid prototyping (by
means of a Stratasys Dimension ELITE 3D printer) while the frame specimens 4 is made
of DELRIN® plastic by CNC milling. The proposed specimens have also been verified
by means of a FEA and experiments where an increasing load ranging from 0 to 80 N
is applied and the frame deformation is measured. The FEA has been carried out with
SolidWorks software with a maximum mesh size of 0.6813 mm, 0.5612mm, 0.6639 mm
and 0.6813 respectively for specimen 1, specimen 2, specimen 3 and specimen 4 .The ex-
perimental setup for measuring these data is described in detail in Sec. 5.2.1. Figure 5.9
shows the results of the FEA performed on the four specimens at the maximum load con-
ditions: this pictures allows to appreciate the differences among the specimens, to verify
that the stress, and consequently the deformation, is concentrated on the curved beams
and that the maximum stress is well below the ABS yield stress, 3.1¢™7 N/m?(from AB-
Splus Spec Sheet?) and DELRIN® yield stress, 6.2053¢*°7 N/m?(from DELRIN® Spec

Sheet?®). It results that the Factor-of-Safety is 5.5 for Spec. 1, 2.7 for Spec. 2, 3.3 for

2Stratasys, http://www.stratasys.com/materials/fdm/absplus
SDELRIN®, http://www.sdplastics.com/delrin/delrin[1].pdf
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Spec. 3 and 11 for Spec. 4.The comparison between the theoretical deformation, the one
evaluate by FEA and the experimentally measured deformation of the four compliant
frame specimens is reported in Fig. 5.10. These plots allows to evaluate that, for all
the specimens, both the theoretical model and the FEA analysis fit very well with the
experimental measurements. In particular, for all the specimens, it can be noted that
the measured deformation is slightly smaller than the FEA, which can be caused by
the manufacturing process, and that the theoretical deformation is slightly larger that
both the FEA and the measurement, that can be ascribed to model approximations and

corner fillet beam ends.

Table 5.2 reports the RMS error (over the whole measurement) between the mea-
sured deformation and the FEA epga and between the measured deformation and the
theoretical one ey, for the four specimens. Moreover, the linearity RMS error e, of the
measured deformation (i.e. the RMS error between the measured deformation and its
linear approximation over the whole measurement) is also reported in Tab. 5.2 to high-
light the linearity of the four specimen deformation. The data reported in Tab. 5.2 are
expressed as a percentage of the maximum measured deformation. In Tab. 5.3 the maxi-
mum deformation obtained by FEA (Omaxp, ) and experimental measurements (dmaxppar,)

are also reported for comparison with one adopted during compliant frame design (dpax)-

In Tab. 5.3 the maximum deformation obtained by FEA (0maxps, ) and experimental
measurements (dmaxpps; ) are also reported for comparison with one adopted during

compliant frame design (dyax)-

5.2.3 Static Calibration

For the evaluation of the static response of the four compliant frame specimens, the

optoelectronic sensing element has been mounted on each specimen and the calibration
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Fig. 5.9 FEA of the four compliant frame specimens.

of the proposed four prototypes has been performed by applying a load force ranging
from 0 to 80 N. In order to reconstruct the calibration curve of each specimen, the cor-
responding output voltage Vi has been measured using the conditioning circuit shown
in Fig. 5.4. The calibration plots of the specimens are presented in Fig. 6.8: the ex-
perimental measures are compared with a suitable linear interpolation for evaluating
the sensor linearity. The linearity error and the sensitivity of the four specimens are
reported in Tab. 5.4. It is possible to note that, even if the the specimen 2 presents a
slightly larger linearity error with respect to specimen 1, it shows a significantly larger
sensitivity, as expected considering the maximum deformation considered in the design
of the specimens. It is also important to mention that, if a larger sensitivity can be good
from the force measurement point of view, a larger deformation of the compliant frame
implies a lower actuation module stiffness, facts that can have significant (sometimes

negative from the stability point of view) implication on the control of the whole robotic
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Fig. 5.10 Comparison between theoretical, FEA and experimental deformation of the
three compliant frame specimens.

system. Therefore, having a larger sensitivity is not always a good choice, at least for

this sensor implementation, this will strongly depend on the application and this is also

the main reason why we performed this comparison among different specimens.

5.2.4 Dynamic Sensor Response

The four sensor specimens have been experimentally evaluated in dynamic conditions by

means of a time-variable input force. The force applied to the force sensor is controlled

using the experimental setup described in Sec. 5.2.1 by using of a force feedback loop

based on the data coming from the load cell mounted on the slider of the linear motor.
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RMS Error [%] | Spec. 1 | Spec. 2 | Spec. 3 | Spec. 4
EFEA 0.75 1.64 2.97 0.98
€th 1.78 4.73 8.76 2.50
er, 0.0017 | 0.0010 | 0.0014 | 0.0023

Table 5.2 RMS errors with respect to the experimental deformation measurements of the
four compliant frame specimens (values are expressed as a percentage of the maximum
deformation).

Max. Deformation [mm] | Spec. 1 | Spec. 2 | Spec. 3 | Spec. 4
Omax 6.2E-5 | 1.40E-4 | 1.12E-4 | 5.1E-5
S 6.11E-5 | 1.36E-4 | 1.08E-4 | 4.95E-5
S 6.01E-5 | 1.33E-4 | 1.05E-4 | 4.79E-5

Table 5.3 Maximum deformation of the four compliant frame specimens.

A sinusoidal signal with amplitude ranging from 0 to 80 N and with increasing fre-
quency from 0.1 to 20 Hz (close to the limit of the linear actuator) has been adopted to
evaluate the sensor bandwidth. In order to account for the actuator limitations, the com-
parison between the reference sensor (the linear motor load cell based on strain-gauges)
force, namely the input force, and the force measured by the the proposed sensor imple-
mentation, namely the output force, is reported in Fig. 5.12 for the four specimens under
evaluation. In the right column of Fig. 5.12, the input/output frequency analysis is re-
ported to ease the evaluation of the sensor bandwidth. From these plots, it is possible
to see that input to output ratio remains close to one (0 dB) along the whole frequency
range of the test signal (from 0.1 to 20 Hz), and a limited phase delay is observed to-
ward the higher frequencies. This result shows that the sensors have a bandwidth larger
than 20 Hz, since no significant variation in the frequency response can be appreciated
within the input signal frequency range. The magnitude and phase after the high input
signal frequency limit (20 Hz, about 125rad/s) is reported for completeness but is not

significant due to the limited frequency contents of the input signal in this range.
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Fig. 5.11 Static calibration of the sensors.
‘ Unit ‘ Spec. 1 ‘ Spec. 2 ‘ Spec. 3 ‘ Spec. 4
Linearity error % 1.11 1.25 1.48 1.03

Sensitivity mV /N 4.2 12.1 10.3 3.7

Table 5.4 Linearity error of the calibration curve

To highlight possible viscoelastic effects affecting the proposed sensors, the input /output
relation for some particular frequencies, 0.2, 0.5, 1, 1.5 and 2 Hz, are reported in Fig. 6.9
for the four sensor specimens. From these plots, By comparing the sensor response with
the linear interpolation, it is possible to note that a very limited hysteresis is present for
all the specimens. In Tab. 5.5 the mean values of the hysteresis areas over each cycle of
the plots shown in Fig. 6.9 are reported. These values are computed as a percentage of

the full scale measurement, i.e.
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Fig. 5.12 Evaluation of the response to a chirp signal varying from 0.1 to 20 Hz for the

four sensor specimens.
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Spec. No. | 0.2Hz | 0.bHz | 1Hz | 1.5Hz | 2Hz
1 0.4520 | 0.9933 | 0.4475 | 0.2491 | 0.5638
2 0.5293 | 0.0103 | 0.9744 | 0.2660 | 0.5887
3 0.9516 | 0.9380 | 0.0086 | 1.4533 | 0.6859
4 0.4457 | 1.2595 | 1.1368 | 0.7878 | 1.6595

Table 5.5 Mean hysteresis areas for different frequency values (areas are expressed in
N2).

‘ Unit ‘ Spec. 1 ‘ Spec. 2 ‘ Spec. 3 ‘ Spec. 4 ‘
Accuracy | N | 188 | 198 | 239 | 218 |

Table 5.6 Accuracy of the developed sensors for the four specimens.

100 Vx 2! (Fin, — Four,) AP,

CH% 7 (5.13)

where NNV is the number of measurement samples, Fi,.x =80 N is the maximum input force,
Four, is the i-th sample of the force measured by the sensor, Fiy, is the i-th sample of

the input force imposed to the sensor and AFin, = Fin, — Fin,,, is the variation of the

i+1
input force between to consecutive measurement samples. These data show that there
is no strict relation between hysteresis areas and signal frequency. Finally, considering
hysteresis error in the worst case and the linearity error reported in Tab. 5.4, the accuracy

(i.e. the error bound over the whole measurement range) of the four specimens has been

computed, and these values are reported in Tab. 5.6.

5.2.5 Evaluation of measurement noise

As mentioned in Sec. 5.1, the sensor acquisition electronics has been kept as simple as

possible to reduce the overall cost and easy the integration with other systems. On the
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Fig. 5.13 Experimental evaluation of the force sensor
mens at frequencies ranging from 0.2 to 2 Hz.
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hysteresis for the different speci-

other hand, a simple improvement that allow to significantly reduce the measurement

noise of the proposed sensor consists in switching on and off the LED at high frequency

(LED pulsing) and band-pass filtering the PD response at that same frequency to re-

move the effect of ambient light and other DC sources. In turn this solution request

a more complex electronics to control the LED power supply and to synchronize the

data sampling with the LED power source to avoid ripple induced in the measurement

by non-ideal filtering. To evaluate this solution, the acquisition system represented in

Fig. 5.14 has been implemented for the proposed sensor. The sampling of the output

voltage Vg has been executed synchronously and at the same frequency of the PWM
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Fig. 5.15 Comparison of the measurement spectrum with and without LED pulsing.

LED supply source to reduce measurement ripple. The measurements collected in this
way have been compared with the ones acquired with the LED powered with a constant
supply source in terms of power spectrum. In Fig. 5.15 the comparison of the normal-
ized measurement error power spectrum with and without LED pulsing for a 0.5 Hz full
scale (80 N) input force is reported. While the spectrum are almost overlapped in the
frequency range of the input signal, these plots clearly shows that the noise affecting
the measurement is significantly attenuated by the LED pulsing and band-pass filter-
ing. Therefore, the adopting of this acquisition technique can be taken into account for

improving the signal-to-noise ratio.
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5.3 Conclusions

This work reports the development of a low-cast and easy-to-build force sensor using as
sensing element a commercial and very compact optoelectronic component, called light
fork, embedding both the light source (LED) and the photodetector (phototransistor).
The particular structure of the proposed sensor and the characteristics of the sensing
element, the light fork, other than allowing a compact device implementation, allow the
easy implementation of the force sensor without requiring particular care or experience in
the component assembly. This allowed us to perform a quite fast evaluation of different

design implementations.

The mathematical model of the sensor compliant frame has been presented and
validated by means of both FEA and experimental evaluation of four different sensor
specimens. These results confirmed the proposed design approach. The four sensor
specimens have been also evaluated by means of static calibration and dynamic loading
experiments, showing the good linearity and sensitivity of the implemented devices,

which are also characterized by very limited hysteresis.

Future activities will be devoted to the development of robotic applications exploiting
the proposed actuation module with integrated optoelectronic force sensor. Moreover,
the use of the light fork for the implementation of multi-axis force/torque sensors will

be investigated.






Chapter 6

Actuation Module

Research laboratories worldwide are concurrently designing a novel era of robots that are
much more advanced than their predecessors in terms of cognitive capabilities and are
able to adapt to constantly changing environments. These new robots have been inten-
tionally designed for physical interaction with unstructured environments and humans.
To achieve this objective, the measurement of the interaction forces is of paramount
importance. A very important area where force and torque sensors play a key role is the
development of wearable robotic devices, such as servo-actuated prostheses and exoskele-
tons. In these devices, the force and torque measurements are used to support and fulfill
the human goals. An exoskeleton is a wearable robotic system designed for a variety of
purposes. More specifically, it is an external structural mechanism with joints and links
corresponding to those of the human body with important applications in rehabilitation
and haptic operation, ultimately benefiting all populations, both disabled and healthy.
In more recent years, the use of exoskeletons for the hand and lower /upper-limb support

applications has drastically increased [31, 32, 52].

In this chapter, a novel design of a TSA module, schematically depicted in Fig. 6.1 is

presented. This TSA module is characterized by an integrated force sensor and embed-
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Fig. 6.1 Schematic representation of the twisted string actuation system structure.

ded acquisition and control electronics. The motor module structure is manufactured
in ABS plastic by 3D printing, and a commercial optoelectronic component, called light
fork because of its forked structure, has been adopted for the force sensor implemen-
tation. The light fork hosts in its package both the Light Emitting Diode (LED) and
the Photodetector (PD) required for measuring the compliant frame deformation. This
solution presents several advantages with respect to alternative strain-gauge based or
optoelectronic based solutions, such as a simpler assembly, because of the well-defined
package, high sensitivity and low cost. The module is driven by a low-cost DC motor,
and a combined axial-radial bearing is adopted to support the output shaft at the loca-
tion of the twisted string connection. Moreover, the actuation module is also provided
with an optical encoder for output shaft position measurement. The Finite Element
Analysis (FEA) together with experimental measures has been executed to validate the
actuation module design, and the sensor calibration process has been performed. To
validate the properties of the proposed TSA module, an experiment has been performed
in dynamic conditions, and the results have been validated by means of a reference

strain-gauge based force sensor.
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Actuation Module

Bindings

Fig. 6.2 Conceptual view of an elbow exoskeleton based on the twisted string actuation
module.

This chapter is organized as follows. Sec. 7.1, describes the mechanical design of the
actuation system and the working principle of the proposed force sensor and in Sec. 6.2,
the force sensor calibration and experimental results are presented. Sec. 7.3 concludes

with some final remarks.

6.1 System Description

A schematic view of the basic working principle of the twisted string actuation (TSA)
system 1is represented by Fig. 6.1. A possible application of this device is shown in
Fig. 7.1a, where a light exoskeleton is obtained by connecting the motor module with

an integrated force sensor to the forearm of an user.
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Fig. 6.3 Detail of the twisted string actuation module.

The basic concept of the twisted string actuation system has been presented in CHAP-
TER... A couple strings that are twisted on one end and attached to a rotative electrical
motor and on the other end to the joint to be actuated comprise the transmission system.
The total length of the strings is reduced by the rotation to which they are submitted by
the electrical motor. This rotation also converts the rotative motion to a linear motion

on the other side of the strings.

The integration of a force sensor into the actuation module is necessary to successfully
measure the force which the actuators apply directly to the load. Placing the force sensor
between the frame connection point on the robot structure and the actuation module
is one of the possible proposed solutions. In this setup, all of the components of the
actuation system are integrated, thus optimizing encumbrance. A digital interface to
input and output signals required for the actuation system control can be provided by

the placement of the actuator electronics, including both the motor power electronics
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Fig. 6.4 Scheme of the sensor structure and component arrangement.

and the conditioning system for both the optical encoder and the force sensor, in a single

printed circuit board.

6.1.1 TSA Module Structure

Fig. 8.4 portrays a detailed 3D view of the actuation module CAD compliant frame.
A plastic ABS frame manufactured by 3D rapid prototyping composes the mechanical
structure along with a pair of axial-symmetric compliant beams. These beams function
as a linear spring granting a certain compliance to the structure as well as the implemen-
tation of the force sensor. A DC motor is located in this module along with an optical
encoder for position sensing while the output shaft is supported by an axial bearing
at the point of the twisted string connection. A silicon tube is used to join the motor
and transmission shafts to provide ample flexibility in order to solve problems regarding

misalignment of the rotational axes of the motor and the transmission shaft. The par-
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ticular structure of the motor module consents the transmission force to be completely
supported by the output shaft through a combined bearing while the motor is only used
to transmit the necessary torque for driving the twisted string actuation to the output

shaft.

6.1.2 Sensor Working Principle

The optoelectronic sensor is described in details in CHAPTER..., and therefore here
only a brief summary of its main features is reported. The basic idea is to have a LED
illuminating a photo-diode (PD), where the current flowing through the PD can be mod-
ulated by means of a mechanical component that partially intercepts the light emitted
by the LED.. The position of the mechanical component depends on the deformations

occurring on the sensor’s body as a consequence of the application of an external force.

A finite element analysis of the sensor and actuation module is shown in Fig. 6.5,
while in Fig. 6.6 some experimental data reporting the deformation of the module in

response to the application of external forces are presented.

The OMRON EE_SX1108, called a light fork because of its forked structure, is the
sensitive element used for the implementation of the proposed sensor. This component
is embedded with both an LED and a PD (a phototransistor) facing each other and is
provided with a window restricting the light cone coming from the LED to the PD to a

thin and well-focused region.

Several advantages accompany the use of this component. A compact sensor imple-
mentation is permitted because both the LED and the PD are embedded together in
a compressed structure with precise relative position. The light cone is well shaped,
providing a very steppy and linear transition region between the fully covered and the

fully free light conditions and allowing a good sensitivity and linearity to be obtained.
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Fig. 6.5 Finite Element Analysis (FEA) of the compliant frame.

6.1.3 Force Sensor Design

Fig. 6.4 is a detailed depiction of the force sensor being designed to be added to a motor
module. This force sensor is composed of two faced surfaces where the external force is
applied, connected by a double beam curved structure which serves as a linear spring.
These two faced surfaces have two support elements independent from the light fork,
hosted by a PCB, and the obstacle, occluding the light path for the LED to the PD,
attached to them to measure the linear displacement. An offset regulation mechanism
comprised by a screw is also available to adjust the position of the obstacle with respect

to the light fork along the measurement axis.

The relationship between the measured power and the amount of interception can
be exploited to optimize the design of the fore sensor in order to meet the specifications
in terms of linearity and sensitivity. The proposed force sensor has been implemented

following these characteristics.



88 Actuation Module

2.5

=
a1

Displacement [m]
H

0.5

O 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80

Force [N]

Fig. 6.6 Deformation of the motor module in the direction of the transmission:comparison
between experimental values and FEA.

6.1.4 Validation of the Actuation Module Design

The actuation module structure is designed to be symmetric with respect to the axes
orthogonal to the direction of the measured force (along the x axis). The mechanical
structure must be compatible with the dimensions of the optoelectronic component and
adequately designed to attain the linear displacement within the force range. Both
experimental measurements and proper Finite Element Analysis (FEA) were used to
confirm the proposed actuation module as seen in Fig. 6.5, where the maximum load
condition of 80N is applied. Fig. 6.6 portrays the comparison between the measured
deformation and FEA. The result evidences that the measured deformation is slightly
smaller than the FEA, which can be influenced by the manufacturing process. The max-

imum deformation with the maximum load of 80N is AX 4. ~ 2.34-10~* m indicating
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the compliant frame deformation is within the goal working region Ad <0.2 mm and can

be considered linear.

6.2 Experimental Evaluation

In this section, the experimental evaluation of the proposed actuation module is investi-

gated.

6.2.1 Experimental Setup

Fig. 6.7 depicts an overview of the experimental setup, used for the verification of the
proposed actuation module. This setup consists of a rotative DC motor used to twist
the strings aligned along the rotation axis of the motor and connected from one side
to the motor output shaft and the other side to a linear motor (LinMot-37x160) to be
able to apply various loads to the actuation module structure located along the motion
axis of the linear motor and equipped with a load cell able to measure a maximum
force of 100 N and an integrated encoder with resolution of 1 pum to measure the load

position. A protected cable for noise rejection connects the load cell to the amplifier.
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The linear motor is driven by a low-level control system to apply different force profiles
to compensate for the friction acting on the motor slider [16]. The DC motor is placed
into the motor module with an integrated force sensor, position sensor and motor power
electronics. Data collection and control of the system during the experiment are managed
by a PC-104 running RTAI-Linux real-time operating system and a sensoray 526 data

acquisition board.

In order to apply different forces to the actuation module during the experiment,
the actuation module is mechanically being fixed from one side and the other side is

connected by twisted strings to the load cell mounted to the slider of the linear motor.
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Fig. 6.9 Input output position characteristic with constant load (right) and with spring-
like load (left).

6.2.2 Force Sensor Calibration

A static calibration experiment was performed to calibrate the integrated force sensor
through the utilization of a load cell attached to the linear motor as a reference sensor.
The calibration curve is acquired through the application of various loads up to the max-
imum value of 80 N to the motor module through the measurement of the corresponding
output voltage Vp using the conditioning circuit displayed in Fig.5.4. The resulting cal-

ibration plot is depicted in Fig. 6.8. The experimental measures are compared with a
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suitable linear interpolation to evaluate sensor linearity. The results demonstrate that
the maximum linearity error of the proposed force sensor is 0.95% and its sensitivity is
about 5mV /N. As visible in Fig. 6.8, the prevention of any amplification of the sensor

output is prevented by the range of the output voltage V.

6.2.3 Input-Output Characteristic

To evaluate the input-output characteristic of the system, further experiments have been

performed.

At the first experiment, the linear motor is initially programmed to apply a constant
reference force of 5, 20, 40 N to the actuation module, and the rotative motor is then pro-
grammed to move with a trapezoidal trajectory from the initial zero position (untwisted

string) to a maximum value of 540 rad and the load position is then measured.

Different conditions of the load have been carried out in the second experiment. The
linear motor is programmed to act as a mass-spring-damper system with the load stiffness
of 1000, 2500 and 5000 N/m. Fig. 6.11 presents the Input-Output position characteristic
of the proposed actuation module with constant load (right) and spring-like load (left).

The load position visibly decreases as the input load increases.

6.2.4 System Responses

Two experiments with different force input conditions have been performed to prove the
behavior of the proposed actuation system properties in a dynamic environment. A force
feedback loop based on the data gathered from the load cell mounted on the slider of the

linear motor controls the force applied to the actuation module with the linear motor.
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Fig. 6.10 Experimental evaluation of the constant load

Fig. 6.10 demonstrates the results of an experiment where rotative motor is pro-
grammed to rotate from untwisted condition (i.e. # = 0) to a maximum value of 540 rad
with a trapezoidal trajectory while the constant load of 40N is applied to the motor
module by linear motor. In Fig. 6.10, the upper plot indicates the tracking responses of
the string twisting angle and the angle setpoint, while the middle plot shows the load
position. The lower plot reports the force measured by the by the force sensor integrated

in the actuation module.

Fig. 6.11 portrays an experimental result with the input load stiffness of 5000 N/m
while the rotative motor is programmed to rotate with a trapezoidal trajectory from

untwisted condition to a maximum value of 540 rad.
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Fig. 6.11 Experimental evaluation of the Spring-like load

6.3 Conclusions

This chapter presents an innovative twisted string actuation module system with an in-
tegrated force sensor which can be used for diverse robotic applications. The proposed
actuation module structure, the integrated force sensor and the basic sensor working
principle are discussed. To check the actuation module compliant frame, a finite ele-
ment analysis (FEA) together with experimental measures has been performed and the
results have been compared. The calibration of the force sensor has also been performed
statically and the data have been reconstructed from the sensor output by means of a
suitable linear interpolation and the results show a satisfactory fit between the reference
force and the sensor output with a linearity error of 0.95% and a sensitivity of about

5mV /N. Different experiments have been carried out to verify the properties of the
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proposed actuation module system. The experimental results prove that the proposed

actuation system is sufficient to be used for different robotic applications.






Chapter 7

A Wearable Robotic Device Based
on TSA

In more recent years, the use of exoskeletons for the hand and lower /upper-limb support
applications has drastically increased [31, 32, 52]. In [53], an upper-limb power-assist
exoskeleton by pneumatic muscle actuation with two metal joint was developed. An
integrated cable-driven, low-cost and light-weight wearable upper body orthotics sys-
tem that can be worn over the upper body to generate effective torques to move the
arm through a set of assistive motions was introduced in [54]. In [55] a wearable upper
body exoskeleton system incorporating a model-based compensation control framework
to assist robot-aided shoulder-elbow rehabilitation and power assistance functions is pre-
sented. An anthropometric seven degree-of-freedom powered exoskeleton for the upper
limb based on a database defining the kinematics and dynamics of the upper limb dur-
ing daily living activities is presented in [56]. In [57], a cable-driven arm exoskeleton
(CAREX) was developed to achieve desired forces on the hand, i.e., both pull and push,

in any direction as required in neural training while a 6-DOF upper-limb exoskeleton
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(a) A light-weight assistive device mounted on
the shoulder of the user.

(b) A light-weight assistive device mounted on
the back of the user.

Fig. 7.1 Conceptual view of an elbow exoskeleton based on the twisted string actuation
module.

robot [58] and a muscle suit with providing human physical support was developed in

[59].

In this chapter, the design of a novel Twisted String Actuation (TSA) module is
presented. The main purpose of this device is the development of wearable assistive and
rehabilitation systems. Due to its particular structure, TSA is well suited in case the
force is directly applied to the user’s limbs, without external rigid structures supporting
the limb and/or the actuation, as schematized in Fig. 7.1b. The design of the proposed

wearable assistive and rehabilitation system aims to: i) remove all rigid joints to have
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a lighter and more confortable system, that can be easily adapted to any user; ii) de-
crease the weight, size and mechanical complexity of the exoskeleton, avoiding complex
regulation mechanisms, to reduce the costs and improve its reliability and affordability;
iii) design a modular actuation system that can be reused for implementing different
assistive movements. The proposed TSA module is characterized by an integrated force

sensor and embedded acquisition and control electronics.

This chapter is organized as follows. Sec. 7.1 describes the mechanical design of
the TSA modules and the working principle of the integrated force sensor. In Sec. 6.2
the force sensor calibration and the experimental evaluation of the TSA module are
presented, while in Sec. 7.2 the results about the use of the proposed device for the an
assistive application is reported. Finally, Sec. 7.3 draws the conclusions and outlines

future research activities.

7.1 System Description

The designed system is conceived for rehabilitation and assistive applications, as schemat-
ically reported in Fig. 7.1, where a light assistive device is obtained by mounting the
TSA module with integrated force sensor on a orthopedic shoulder support strap (see
Fig. 7.1a), to allow the TSA to work in a biarticular configuration [60], providing help
on the whole arm and not on the elbow only. And Fig. 7.1b shows a TSA system
mounted on the back of the user and connected to a forearm through a shoulder path
(see Fig. 7.1b). The designed TSA module fits very well with this kind of application due
to its light and compact structure and the ability of acting similarly to human muscles,

as will be shown in the experiments described in Sec. 7.2.
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Fig. 7.2 Detailed view of the TSA module prototype and control electronics.

7.1.1 TSA Module Design

A schematic view of the designed TSA module is reported in Fig. 6.1. With reference
to this picture, the TSA module is composed, from left to right, by: i) a connection
element to connect the module to the supporting frame; ii) the force sensor to measure
the actuation load; iii) a frame hosting the DC motor, the output shaft where the twisted
strings are connected and all the electronics; iv) the twisted string itself connecting the
motor module with the load, and the load itself represented in Fig. 6.1 as a translating
mass. The basic TSA concept and modelling can be found in [9]. A couple of strings
are attached to a rotative electrical motor and twisted on one end, whereas on the other
end the strings are connected to a linear moving element, i.e. the load. The overall

string length is reduced by the rotation produced by the electrical motor. Therefore, the
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rotative motion of the electric motor is converted to a linear motion on the other side of

the strings.

Figure 8.4 reports a detailed 3D view of the TSA module design. Its mechanical struc-
ture is manufactured by rapid prototyping in ABS plastic. A pair of axial-symmetric
compliant beams has been integrated in the TSA module frame on the opposite side
with respect to the twisted strings. These beams behave as a linear spring, granting a
properly designed compliance to the structure, required for converting the force exerted
by the TSA module into a proper frame deformation and thus to the implementation of
the force sensor. The integration of a force sensor into the TSA module is of paramount
importance to successfully measure the force the actuator applies to the load. In the
proposed TSA module, the force sensor is located in between the frame connection point
on the robot structure and the frame hosting the DC motor, i.e. on the opposite side
of the twisted strings with respect to the rotative motor, as can be seen in Fig. 8.4.
A picture of the TSA module prototype developed in this work is reported in Fig. 7.2.
In particular, Fig. 7.2a shows also the TSA module embedded controller based on an
Arduino NANO board. In the TSA module, an optoelectronic device is then used to
detect the frame deformation and convert it back to the applied force causing the defor-
mation. As shown in Fig. 7.2, a DC motor is hosted in the module frame along with an
optical encoder for motor angular position sensing, while the output shaft is supported
by a combined axial-radial bearing at the point of the twisted string connection to both
reduce the friction and prevent the transmission force to damage the motor. A silicon
tube is used to connect the DC motor and the module output shafts in order to solve
problems related to misalignments of the rotational axes of the motor and the module
output shaft. The designed TSA module structure allows the transmission force to be
completely supported by the output shaft through the combined bearing, whereas the

motor is only used to transmit the necessary torque for driving the twisted string actua-
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Fig. 7.3 Overview of the experimental setup.

tion to the output shaft. In this setup, all of the components of the actuation system are
integrated in a single element, thus optimizing the system encumbrance. A digital inter-
face to input and output signals required for the actuation system control is provided by
the actuator electronics, including both the motor power electronics, the conditioning
system for both the optical encoder and the force sensor and a microcontroller board for
controlling the TSA module (see Fig. 7.2). The communication of the TSA controller

with external systems can be implemented both with UART, SPI or 12C interfaces.



7.2 Experimental Evaluation of the TSA Module as an Assistive Device 103

7.2 Experimental Evaluation of the TSA Module as

an Assistive Device

To show the effectiveness of the proposed system for rehabilitation and assistive appli-
cations, the TSA module has been tested on a user as a support to the biceps muscle
activity during a load lifting task. In particular, in this test application, SEMG has been
used to drive the assistive device. As a preliminary step toward the implementation of
an elbow flextion/extension assistive system, in which considered the installation of the
device on the back of the user, see Fig. 7.1b, the TSA module has been fixed to a rigid
structure, see Fig. 7.3, to simplify the experimental test, in order to use the necessary
string length without considering friction and curvature related phenomena introduced
by the twisted string path across the shoulder, as can be seen in Fig. 7.1b. To solve
this issue, dedicated experiments to study the effect of friction on the TSA transmission
characteristics are under development [61]. In this preliminary experimental evaluation,
the TSA module operates on the user’s forearm and is regulated using a variable stiff-
ness control approach. In this relation, the biceps sEMG signal is used within a specific
PI (Proportional-Integral) control scheme in order to suitably adjust the device stiff-
ness to obtain a load partial compensation, limiting the sEMG activity under a suitable

threshold value.

7.2.1 Hardware and setup overview

The experimental setup used during this experiment is shown in Fig. 7.3. With reference
to this picture, a rigid structure has been implemented to allow the TSA module be firmly
fixed in a point above the user’s shoulder, such that the string can be in tension with

respect to its full length. In particular, the length of the string for this experiment has
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been chosen equal to 1 m, in order to exploit the mechanism contraction range related
to the best module working condition, that is the 20% of the full string length [9]. The

string is therefore connected to an armband fixed on the forearm of the user.

The sEMG signal has been acquired by means of low-cost disposable surface elec-
trodes connected to the acquisition board Cerebro [62]. The SEMG signals are acquired
by a high-performance Analog Front End (AFE) [63] that is connected with an ARM
Cortex M4 Microcontroller. In this application, the data are sampled at 1 kHz and
streamed to a nearby PC using an onboard Bluetooth interface. Before using the sSEMG
signals in the TSA variable stiffness control scheme, a processing step is necessary. The
following filtering procedure is applied to the signals [64]: i) a 50 Hz notch filter for pow-
erline interference cancellation, ii) a 20 Hz high-pass filter, iii) the rectification (absolute
value of the signal) and finally iv) the Root Mean Square (RMS) value is computed on

a 200 ms window.

7.2.2 Experiment Configuration, Control Scheme and Results

A healthy male subject is involved in the experiment. In particular, the user put on
the TSA module, which is connected to the rigid structure and, on the other string
end, to the armband fixed to his forearm. During the experiment, the subject is sat
in a normal and comfortable position, holding his upper arm parallel to the trunk. A
couple of differential SEMG electrodes have been placed in proximity of the biceps brachii
muscle in the upper arm, referring to methods and best practices outlined in [65]. In
this validation test, the goal is to assist the biceps during the flexion of the elbow for
lifting tasks of a load of 2 Kg applied on the wrist. For this reason, only the biceps
sEMG activity is acquired, considering negligible the triceps activation. Specifically, the

subject is required to perform five consecutive forearm motions, each one consisting in a
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Fig. 7.4 Plots for the lifting task without the assistive device support.

flexion followed by an extension, covering the elbow angle range between approximately
10° and 90°. The user is also requested to perform the movements smoothly and with
a reasonably low velocity. Once the 2 Kg load is applied to the forearm by means of
a wristband, in the first part of the experiment the user executes the flexion/extension
motions freely, without the help of the TSA module. The behaviour of the biceps activity
during this task can be observed in Fig. 7.4 looking at the acquired SEMG signal and
where the elbow angle is computed from the module’s DC motor encoder signal and
the setup geometry. In the second phase of the experiment, the subject connects his
forearm to the TSA module in order to be assisted during the lifting task of the 2 Kg
load. To achieve this goal, the TSA module is controlled through a specific sSEMG-

driven control scheme illustrated in Fig. 7.5a. With respect to this figure, a stiffness
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control is implemented for the TSA module, which means that the device is regulated
in such a way to behave like a spring with stiffness K and contraction given by the
difference between the actual string length (spring length) and an initial string length
less or equal than the length in the case of an elbow flexion of 90° (spring rest length).
This is achievable because of the possibility to calculate the string length from the DC
motor’s encoder signal, and thanks to the presence of a force control loop embedded
on the TSA module. In particular, such lower-layer controller uses the force sensor
measurement within a standard Proportional-Integral-Derivative (PID) control loop in
order to track the requested reference force value. Therefore, in this way, the assistive
device is equivalent to a spring attached on the user’s forearm and the way it interacts
with the human is determined by the value of K. Based on this observation, in our
control scheme the value of K is determined by a sEMG control loop, that makes use
of a PI controller modified according with a double threshold logic whose functioning is

observable in Fig. 7.5b.

In detail, the controller is based on a sEMG error between the measured biceps
sEMG signal and lower sEMG threshold, the latter used as reference value. The propor-
tional action of the PI controller (identified by a properly chosen proportional gain Kp)
continuously takes as input the sEMG error. On the other hand, the integral action
(characterized by a properly chosen integral gain K7) is activated only when the SEMG
signal is continuously over a higher threshold for a period of 1 s, until the increasing of
the stiffness K of the TSA module makes the SEMG signal touching the lower threshold
value. Such double threshold logic has been implemented because of two considerable
advantages: i) a more reliable regulation of the sEMG signal (which presents a sub-
stantial inherent variability), with respect to a single reference value approach and ii)
the capability of filtering SEMG peaks that surpass the higher threshold for less than

1 s, which are usually present in case of slightly faster motions or unwanted impulsive
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Fig. 7.5 Variable stiffness control scheme of the TSA module for the assistive application.

contractions, avoiding an increasing of the integral action not oriented to compensate
the applied load. Furthermore, the threshold values are determined for the subject by
means of a simple calibration phase. In particular, the SEMG signal of the user with the
elbow flexed at 90° and with a load of 0.5 Kg is recorded. Then, denoting the thresholds

as Ty, and Ty, they are computed as

T, = meme — OEMG

Ty = memg + OEMG
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Fig. 7.6 Plots for the lifting task with the assistive device support.

where mgyg is the mean value of the sEMG calibration recording and ogyg is the
standard deviation computed over the same recording. The effects of this control strategy
during the lifting task of the 2 Kg load by the user with the TSA module support
are shown in the graphs of Fig. 7.6. In particular it is possible to observe how the
sEMG initially goes over the higher threshold (red), causing the activation of the SEMG
controller integral action after one second. This makes the stiffness of the TSA module
rapidly increase in such a way that the biceps sEMG activity decrease until it reaches
the lower threshold (green). Then, for the subsequent flexions of the lifting task, the
sEMG remain in the neighborhood of the lower threshold without surpassing the higher

threshold except for peaks that are successfully filtered by the implemented double
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threshold logic, which means that the integral action is not activated is these cases. In
other words, this means that the biceps exerts a muscular activity that never surpasses
the sEMG value corresponding to the 0.5 Kg calibration recording, saving a quantity
greater or equal to 1.5 Kg-related muscle effort. On the light of this and, especially,
comparing the skMG values during the lifting of the 2 Kg load in the case with no
support (Fig. 7.4) and with support (Fig. 7.6) the effectiveness of the TSA module as

an elbow assistive device is proved.

7.3 Conclusions

This chapter presents an innovative wearable TSA module system with integrated force
sensor which can be used for rehabilitation and assistive robotic applications. The
proposed TSA module structure, the integrated force sensor and the basic sensor working
principle are discussed in this chapter. To validate the TSA module compliant frame,
the FEA has been compared with experimental measures. Different experiments have

also been carried out to verify the properties of the proposed TSA module.

Furthermore, to show the capabilities of the proposed TSA module in a real assistive
applications, an experiment involving a male healthy subject has been carried out, where
the TSA module has been used to provide load compensation to the user’s elbow joint
during lifting tasks of a 2 Kg load. The experimental results show that the device,
together with a suitable control scheme, can be successfully used to help and limit the
user’s biceps muscle activity during dynamic motions when a load is applied in proximity

of the wrist.

Future work will be devoted to the installation of the module on the back of the

user, in order to obtain a wearable elbow assistive device and to the implementation
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of a sEMG-driven control scheme that makes use of both biceps and triceps, exploiting

antagonistic muscle activation concepts.



Chapter 8

A Haptic Interface based on TSA

Applications involving remote interaction with both virtual and real environments re-
quire the availability of adequate human-machine interfaces (called haptic interfaces)
able to provide the operator a feeling of telepresence, intended as the ideal of sensing
sufficient information, and communicating this to the human in a sufficiently natural

way that she feels herself to be physically present at the remote site [66].

Many researchers have proposed haptic devices using serial and parallel mechanisms.
A Gimbal-based parallel device has been presented in [67] (floating actuators) and [68]
(non-floating actuators). In [69] a solution composed by a center handle connecting four
commercial Phantom Omni devices is proposed in order to provide 6 DoF force feedback
while two 3 DoF parallel structures connected with a steering handle are presented in
[70]. A joystick-like general purpose haptic interface is discussed in [71]. The device
proposed in [72] adopts a separable structure composed by lower and upper parallel

mechanisms and it’s specifically meant to address teleoperation of mobile manipulators.

Several commercial solutions are also available on the market. The most widely used

haptic interface is probably the Phantom Omni® presented in [73] and commercialized
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by Geomagic® under the name Geomagic Touch (formerly Sensable Phantom Omni)
[74]. The device is characterized by a 6 DoF serial kinematic chain and provides force
feedback only in 3 DoF. The same company also produces an high-end research device
called Phantom Premium. Force Dimension [75] produces two series of haptic devices
with parallel structures (omega.z and delta.z) and a 7 active DoF device, sigma.7 with
an extra force feedback DoF for grasping. The Nowit Falcon [76] is a low-cost version
of omega.3 meant to target the game industry but widely used also in research. The
HapticMaster by MOOG [77] is the only admittance controlled haptic interface on the

market.

Maglev 200 from Butterfly Haptics [78] is the only commercially available haptic

interface based on the principle of Lorentz magnetic levitation.

The cost of standard commercial haptic devices characterized by serial kinematic
chains is usually high because of the complex mechanical structure. Other drawbacks of
such configurations are high inertia and reduced workspace. In most cases master devices
are too heavy and not manipulable enough to allow effective usage [79]. Ideally a master
device is supposed to have very low inertia while maintaining the ability to behave very
stiffly, allowing a realistic reconstruction of the forces experienced by the slave robot.
Cable-based interfaces are promising candidates to solve related to workspace limitations,
inertia and cost, at the expense of limited stiffness. The cable transmission principle
allows the actuators, which have a non-negligible mass, not to contribute to the end-point
inertia providing a considerable force-weight ratio. The usage of cable transmissions is
not a new concept in haptic interfaces design, as some wire-based haptic displays have
been proposed in the literature. In [80] a wearable haptic interface based on parallel
wires in an under-actuated configuration is presented. The discussed device is addressed
to blind people and it is the basis of the developement of the three-cable haptic interface

presented in [81]. A 4-wire driven 3-DoF planar haptic device in proposed in [79], while
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Fig. 8.1 CAD rendering of the proposed haptic interface.

in [82] a 4 strings 3D spatial interface is presented. Over-actuated solutions for 6 DoF
with 9 and 8 strings are proposed respectively in [83] and [84]. The advantages of such

a configuration are low-inertia, low-cost, and high safety.

In this chapter, an haptic interface based on Twisted String Actuation (TSA) is pro-
posed. The Twisted String Actuation (TSA) [9, 85] represents a very interesting solution
for the implementation of very compact, lightweight and low cost linear transmission sys-
tem for highly-integrated mechatronic devices, such as haptic interfaces. TSA has been
already successfully used for the implementation of different robotic devices like robotic

hands [86] and [87], exoskeletons [12] and tensegrity robots for space applications [88].
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mobile
frame

tetrahedron

Fig. 8.2 Schematic view of the haptic interface and actuators arrangement.

The proposed haptic interface, which conceptual design is reported in Fig. 8.1, is
driven by four TSA modules arranged on the vertex of a tetrahedron, as depicted in

Fig. 8.2, allowing to render linear forces along the 3 dimensions of the Cartesian space.

The chapter is organized as follow: Section 9.1 describes the overall structure of the
proposed device. Section 8.1.2 describes the design of the TSA motor module. The final

Section concludes with some guidelines for further developments.

8.1 System Design

8.1.1 Overall System Description

The main idea is to design an haptic interface able to move freely under the intention
of the operator and at the same time apply reaction forces in the Cartesian space along
the three linear directions. The device can be used as mean to control a remote robot
and feed the interaction forces of the tele-manipulated robot directly to the user body.

The connection between the haptic device and the human is implemented by means
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nections.

Fig. 8.3 Using ropes in transmission systems in ancient time.

of a bracelet (Fig. 8.3a) that is fasten to the user forearm. A set of three gimbals,
one mounted on the other with orthogonal pivot axes forming a Cardan suspension,
are driven by four cable-based actuators, see Fig. 8.2 and 8.3b, allowing the user to
change freely the orientation of the forearm without affecting the force exerted by the
actuators along the linear directions of the Cartesian space. In the following, we will
refer to this mechanical interface as the mobile frame. TSA modules integrating in a
very compact space an high speed-low torque DC motor with incremental encoder and a
force sensor are adopted in order to minimize the complexity and the cost of the device.
TSA closed loop position and force control are implemented in the module embedded
controller. Being the device driven by means of cables, a minimum number of n + 1
actuators is necessary to control motion and forces in a n-dimensional space. Therefore,
being interested in controlling only linear movements, four actuators are needed. The
actuators are arranged on the fixed frame, while the strings are connected between the
output shafts of the TSA modules and the anchoring points on the mobile frame. To

allow the motor module to be always aligned with the fixing points on the frame and
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Fig. 8.4 Detail of the TSA module design.

the corresponding point on the mobile frame, an universal joint has been used to fix the

TSA modules to the frame.

8.1.2 The TSA Module

The TSA module design and its integrated force sensor has been described in details in
[89] and [90], and therefore here only a brief summary of its main features is reported.
Figure 8.4 reports a detailed 3D view of the TSA module design. The frame structure is
manufactured in ABS plastic [91] by 3D rapid prototyping. It composes a pair of axial-
symmetric compliant beams that act as a linear spring, providing to the structure a
certain compliance for the implementation of the force sensor. An optoelectronic device
is used to detect the frame deformation and convert it back to the applied force. As
can be seen in Fig. 8.4, a DC motor equippped with an incremental encoder for angular
position sensing is mounted in the module, while the output shaft is supported by an
axial bearing at the point of the twisted string connection to both reduce the friction
and prevent the transmission force from damaging the motor. A silicon tube is used to
connect the transmission shafts and the DC motor in order to solve problems regarding
misalignment of the rotational axes of the motor and the module output shaft. The

designed TSA module permits the transmission force to be entirely supported by the
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Fig. 8.5 Detailed view of the TSA module prototype and control electronics.

output shaft through the combined bearing, while the motor is only used to transmit

the necessary torque for driving the twisted string actuation to the output shaft.

Figure 8.5 depicts the TSA module embedded controller based on an Arduino NANO
board. The actuator electronics provide a digital interface for input and output signals
required for the actuation system control, including both the motor power electronics,
the conditioning system for both the force sensor and the encoder and a microcontroller
board for controlling the TSA module, see Fig. 10. The communication between the
TSA controller and the external system can be implemented with either UART, SPI or

12C interfaces.

8.2 Conclusions and Future Works

In this chapter, the development of a novel cable-driven haptic interface is presented,

able to render a 3D linear force feedback by means of four TSA modules. To the best
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of our knowledge the use of twisted string transmission in such a devices has never been
investigated. One of the main benefit of rendering forces by means of string tensions
is the scalability of the haptic workspace. This aspect makes cable-driven mechanisms
potentially suited for overcoming the workspace limitations that characterize haptic

solutions based on serial chains.

The structure of the proposed haptic interface presents a tetrahedron-like arrange-
ment of the actuation modules, obtained by considering a spherical workspace, a mini-
mum level of feedback that can be transmitted and the fact that at least 4 tendons are

necessary to render linear forces in all the directions of the Cartesian space.

Since the device here presented is still under development, further activities are
necessary in order to complete the real setup and proof the effectiveness in terms of
force reflection through experimental results. Other future extensions will include the
study of a complex mechanical structure, based on Gimbal-like mechanisms, able to
allow the actuation forces always to be aligned with the bracelet’s center point, avoiding

the creation of undesired torques acting on the mobile frame.



Chapter 9

A Wearable Robotic Hand

Exoskeleton

Several robotic systems concieved to be directly interfaced with the human hand have
developed worldwide during the last years, mainly as haptic interfaces for teleoperated
manipulation [92, 93], or for interaction with micro/nano scale phenomenon [94, 95] and
medical training [96, 97]. In [98, 99] the development of an haptic interface supported
by an external arm that enables the user to interact and feel the virtual object without
imposing any weight and providing 3D fingertip force display is presented. In [100] the
mechanism optimization for providing proper finger movement and force is performed.
Battezzato presented the analysis and optimization of underactuated hand exoskeleton
mechanisms in [101, 102]. In [103], a biomimetic hand device (BiomHED) in order
to assist survivors in producing complex hand movements with a limited number of
actuator is implemented. This system is actuated by exotendons with the capability of

the regenerating the distinct joint coordination patterns of human muscle-tendon units.
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Fig. 9.1 Detailed view of the hand exoskeleton.

The main functionality of robotic hand interfaces such as hand exoskeletons is twice.
On one side, haptic hand interfaces are concieved to drive teleoperated systems, both
virtual and real, therefore the main purpose is to follow the user movements, minimizing
or controlling the interface dynamics during free motion, and providing proper feedback
to the user in case of contact with virtualized or real objects on the teleoperated system.
On the other side, these interfaces can be used for rehabilitation purposes, guiding the
user’s finger movements through proper patterns designed to recover the hand function-
alities. It is worth remarking that in case of haptic interfaces, different kind of feedback
can be provided, such has force [104, 105], vibro-tactile [106-108] or pressure feedback
[109, 110].

Besides the different applications, the robotic system design requirements present
many common aspects, such as the adaptability to different users, the mobility of the
device that should not infer the user’s movements and the capability of controlling the

feedback provided to the user.
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Fig. 9.2 Detail of the actuation module.

In this chapter, the development of an hand exoskeleton driven by means of a couple
of Twisted String Actuators (TSAs) [9] is reported. This device is conceived to be used
as an haptic interface to drive a teleoperated robotic manipulator equipped with a 3-
dof gripper, providing to the user a proper force feedback during grasping activities.
Surface Electromyography (SEMG) signals also can be used to detect the shape of the
user hand to perform robotic gripper preshape before grasp execution. Moreover, the
design of the exoskeleton is oriented to the maximum simplicity, therefore the device
is implemented as a wearable system without any external bulky mechanism to guide
the finger movements and support the actuation used to provide the force feedback, but
relying on the skeleton structure of the hand itself as supporting mechanism for the

cable-based actuation system.

This chapter is organized as follow. In Sec. 9.1 the overall device is described, focusing
on the design, the actuation system and the controller. In the final Sec. 10 the outcomes

of the works are summarized and comments on future work are given.
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Fig. 9.3 Detailed view of the fingers structure.

9.1 System Description

9.1.1 Fingers Structure

The hand is comprised of five digits and they are called thumb, index, middle, ring
and little finger. The four fingers from index to little finger have three phalanges: dis-
tal, intermediate and proximal phalanges and have three joints: Distal Interphalangeal
(DIP), Proximal Interphalangeal (PIP) and Metacarpophalangeal (MP) joints while The
thumb comprised of two phalanges; distal and proximal phalanges and two joints: Inter-

phalangeal (IP) and Metacarpophalangeal (MP) joints (see Fig. 9.3).

9.1.2 Design of the Hand Exoskeleton

Fig. 9.4 demonstrates a simple, light and fully adjustable hand exoskeleton that are easy

to attach and fit to the human fingers. All part of the system are made of ABS plastic
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Fig. 9.4 Detail view of the hand exoskeleton.

by 3D rapid prototyping. The hand exoskeleton composed by two parts to actuate the
four fingers and thumb separately and are attached to the human wrist. Two actuation
modules (See Chapter. 4, Sec. 4.4) with integrated force sensor are also attached to the
bases by a mounting rail, see Fig. 9.2.

The four fingers actuation mechanism are connected to the actuation module by means
of tendons that are guided through the path and linear guides to prevent the twisting
of the tendon itself and with a separator to guide the tendons trough each finger with

a flexible tube. As can be seen in Fig. 9.4, the four finger mechanisms consist of three
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supporting structures; a guided tendon path that are mounted on the exoskeleton base
(Fig. 9.5a), a ring that hosts the curved guided path for the tendons which are mounted
on the proximal phalanges and are adjustable by means of screw (Fig. 9.5b). Also an
adjustable finger cap placed on distal phalanges and hosts the tendon length regulator,
Fig. 9.5¢c. The path is designed with a curved shape in order to tendons follow the finger
movement with the same shape.

The thumb actuation mechanism is a bit different than the other fingers. It consists of
two supporting structure that are placed on the base structure and distal phalanx. The
thumb is connected to the actuation module directly by twisted string which are guided

on a curved path and through a flexible tube to reduce the friction caused by twisting
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the strings. More detail about modeling of the twisted string through the curved path

is described in Chapter. 3.

9.1.3 Control of the System

Fig. 9.4b shows the TSA module embedded controller based on an Arduino NANO
board. In the TSA module, an optoelectronic device is then used to detect the frame

deformation and convert it back to the applied force causing the deformation.

A digital interface to input and output signals required for the actuation system con-
trol is provided by the actuator electronics, including both the motor power electronics,
the conditioning system for both the optical encoder and the force sensor and a micro-
controller board for controlling the TSA module (see Fig. 9.4b). The communication of
the TSA controller with external systems can be implemented both with UART, SPI or

12C interfaces.

9.2 Conclusions

Moreover, the design of the exoskeleton is oriented to the maximum simplicity, therefore
the device is implemented as a wearable system without any external bulky mechanism to
guide the finger movements and support the actuation used to provide the force feedback,
but relying on the skeleton structure of the hand itself as supporting mechanism for the

cable-based actuation system.

In this chapter, a hand haptic interface driven by a couple of twsited string actuators
is presented. This device is able to provide independent force feedback to the thumb
on one side, and to the the index to little fingers grouped together on the other side.

This configuration has been selected to provide the user with force feedback during the
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execution of grasping tasks by means of a teleoperated robotic manipulator. This chapter
reports the design of the hand exoskeleton, the description of the actuation system and

of the embedded controller.

Future work will be devoted to the experimental evaluation of this device. The
system will be evaluated both by means of a simple virtual environment that emulates
1-dof grasping activities of rigid and compliant obejcts and by predefined trajectories
to show the applicability of the system for rehabilitation purposes. This device can be
used as an haptic interface to drive a teleoperated robotic manipulator equipped with
a 3-dof gripper, providing to the user a proper force feedback during grasping activities.
Surface Electromyography (sEMG) signals also can be used to detect the shape of the

user hand to perform robotic gripper preshape before grasp execution.



Chapter 10

CONCLUSIONS

The twisted string actuation system is particularly suitable for very compact and light-
weight robotic devices, like artificial limbs and exoskeletons, since it renders a very low
apparent inertia at the load side, allowing the implementation of powerful tendon-based
driving systems, using small-size DC motors characterized by high speed, low torque

and very limited inertia. Its basic properties has been reported.

One of the major limitations of the TSA system is by now related to the fact that
the string should not be in contact with any obstacle, because this contact will stop the
string twisting. To understand this effect, an experimental setup has been developed
to study the behavior of the TSA in the case the string is in contact with obstacles or

constraints guiding the string itself.

The TSA principle is used for the implementation of a variable stiffness Joint by
using two actuators in antagonistic configuration by deriving the dynamic model of the
system. To evaluate the varriable stiffness joint characteristics, an experimental setup
has been developed and the identification of the main system parameters is carried

out. A simple controller based on the inversion of the device static model is introduced
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and experimentally evaluated. Future activities will be devoted to the experimental

evaluation of different control strategies on this experimental setup.

A low-cast and easy-to-build optoelectronic force sensor has been implemented and
it uses a commercial and very compact optoelectronic component, called light fork, as
sensing element. The particular structure of the proposed sensor and the characteristics
of the sensing element other than allowing a compact device implementation, allow the
easy implementation of the force sensor without requiring particular care or experience in
the component assembly. This allowed us to perform a quite fast evaluation of different
design implementations. The mathematical model of the sensor compliant frame has
been presented and validated by means of both FEA and experimental evaluation of
four different sensor specimens. A static calibration and dynamic load experiments has
been carried out showing the good linearity and sensitivity of the implemented devices,
which are also characterized by very limited hysteresis. In the future work, this sensor
can be used in various robotic applications and also for the implementation of multi-axis

force/torque.

An innovative twisted string actuation module system with an integrated force sensor
which can be used for diverse robotic applications has been presented. To validate the
TSA module compliant frame, the FEA has been compared with experimental measures
and different experiments have been carried out to verify the properties of the proposed
TSA module. The experimental results prove that the proposed actuation system is
sufficient to be used for different robotic applications. Then a wearable TSA module
system with integrated force sensor which can be used for rehabilitation and assistive
robotic applications has been implemented. Furthermore, to show the capabilities of the
proposed TSA module in a real assistive applications, an experiment involving four male
healthy subjects has been carried out, where the TSA module has been used to provide

load compensation to the user’s elbow joint during lifting tasks of a 2 Kg load. The
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experimental results show that the device, together with a suitable control scheme, can
be successfully used to help and limit the user’s biceps muscle activity during dynamic
motions when a load is applied in proximity of the wrist. Future work will be devoted
to the installation of the module on the back of the user, in order to obtain a wearable
elbow assistive device and to the implementation of a SEMG-driven control scheme that

makes use of both biceps and triceps, exploiting antagonistic muscle activation concepts.

A novel cable-driven haptic interface, able to render a 3D linear force feedback by
means of four TSA modules has been presented. The structure of the proposed haptic
interface presents a tetrahedron-like arrangement of the actuation modules, obtained by
considering a spherical workspace, a minimum level of feedback that can be transmit-
ted and the fact that at least 4 tendons are necessary to render linear forces in all the
directions of the Cartesian space. Since the device here presented is still under develop-
ment, further activities are necessary in order to complete the real setup and proof the
effectiveness in terms of force reflection through experimental results. Other future ex-
tensions will include the study of a complex mechanical structure, based on Gimbal-like
mechanisms, able to allow the actuation forces always to be aligned with the bracelet’s

center point, avoiding the creation of undesired torques acting on the mobile frame.

A hand haptic interface driven by a couple of twsited string actuators is implemented.
This device is able to provide independent force feedback to the thumb on one side, and
to the the index to little fingers grouped together on the other side. This configura-
tion has been selected to provide the user with force feedback during the execution of
grasping tasks by means of a teleoperated robotic manipulator. The design of the hand
exoskeleton and the description of the actuation system and of the embedded controller
has been reported. Future work will be focused on the experimental evaluation of this
device. The system will be evaluated both by means of a simple virtual environment

that emulates 1-dof grasping activities of rigid and compliant obejcts and by predefined
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trajectories to show the applicability of the system for rehabilitation purposes. This
device also can be used as an haptic interface to drive a teleoperated robotic manipula-
tor equipped with a 3-dof gripper, providing to the user a proper force feedback during
grasping activities. Surface Electromyography (sEMG) signals also can be used to detect

the shape of the user hand to perform robotic gripper preshape before grasp execution.



Appendix A

Feedback Linearization of VSA

Based on TSA

In this chapter, an ongoing work for the implementation of a variable stiffness joint
actuated by a couple of twisted string actuators in antagonistic configuration is reported,
see Fig. A.1. A simple control algorithm for controlling the joint stiffness and position
simultaneously is discussed, and a the feedback linearization of the device is taken into

account and validated in simulation.

A.1 Control Algorithms

In the following, two different controllers for the proposed variable stiffness joint are
described. The first control algorithm is simply based on the inversion of the static equa-
tions describing the system behavior and on standard PID motor position controllers.
The second algorithm takes into account full feedback linearization of the system dynam-

ics to achieve fully decoupled and simultaneous joint position and stiffness control. In
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Position Sensor Tendons Twisted Strings Force Sensors DC Motors

Fig. A.1 Top view of the experimental setup.

both these cases, the joint stiffness is estimated from the joint position and the motors

positions according to (Sec. 4, eq. (4.8)).

A.1.1 Static Model Inversion

In this case, the problem to be solved is to find the desired motor positions {4 g4
given the desired joint position ;4 and stiffness S;4 according to (Sec. 2, eq. (2.10))
and (Sec. 4, eq. (4.8)). To this end, given the desired joint position 6,4, the resulting
transmission lengths pa p are computed from (Sec. 2, eq. (4.1)) and (Sec. 4, eq. (4.2)).
Then, substituting these information into (Sec. 2, eq. (2.10)) and (Sec. 4, eq. (4.8)) and

inverting them, a couple of equation providing the desired motor positions is obtained.

At this point, standard PID controllers can be used to control the motor position to
the desired value. This control approach has the great advantage of not requiring sensor
feedback from the joint, fact that may introduce stability issues due to the limited joint
stiffness. On the other hand, this control approach is based on the perfect knowledge
of the system model and parameters, fact that may introduce significant errors when
applied to the real system. To reduce these side effects, an accurate identification of the

system parameters and the verification of the models need to be performed.



A.1 Control Algorithms 133

Setpoint
Actual Value||

Position [rad]
o

-1
0.2
i=)
o
s © |
(0
_02 | | | |
0 0.2 0.4 0.6 0.8 1
Time [s]
I§ 710
= 700} .
z
Al » » ]
£ 680r » — Setpoint I
3 670 Actua Value ||
g
£ o2 | ~ 1
£
£, OW
S 0.2 . ~ .
|
_04 | | | |
0 0.2 04 0.6 0.8 1

Time [s]
Fig. A.2 Position and stiffness response with constant stiffness setpoint.

In Fig. A.2 the simulation results with constant stiffness and a sinusoidal position
reference characterized by a frequency of 10 rad/s and an amplitude of 0.7 rad is reported.
While the stiffness error is quite limited, the position error is quite evident: this effect
could be ascribed to the link inertia that is neglected by this type of controller. For the
sake of completeness, the response of the system to the same position reference but in
case of a sinusoidal stiffness setpoint with a frequency of 20rad/s and an amplitude of
15 Nm/rad is reported in Fig. A.3. Also in this case the tracking of the stiffness reference
is quite accurate while a position error of the same order of magnitude of the previous

simulation is still present.
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Fig. A.3 Position and stiffness response with variable stiffness setpoint.

A.1.2 Feedback Linearization

The control problem is now formulated as the tracking of a desired position reference
0;q and stiffness reference Sjq, which is assumed sufficiently smooth so that the time
derivative of the position reference are definite and bounded up to the 4-th order and
the time derivative of the stiffness reference are definite and bounded up to the 2-nd

order.

The basic idea behind the feedback linearization approach of the considered system is

to find a control vector u = [r4 7p]7 capable of realizing a linear relationship between
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the input reference signals and the system outputs by means of a static state feedback.
This control strategy implicitly requires the availability of the whole system state, i.e.
both motors and joint positions and velocities, fact that needs to be carefully taken into

account during the controller implementation into the real system.

In order to establish the relationship between the control input u = [74 75]7 and
the output y = [, S;]", the second-order derivative of the joint dynamic equation
(4.5) and the stiffness equation (4.8) is computed neglecting the effect of the external

disturbance torque

2 2
W ;1 (0°Fra O°Fip
. 0?8,  0*Sp
.2
S] =Ty [ Ot2 + o2 (A2)
It can be easily verified that the previous equations can be rewritten in the form
oL
= F(q) + G(q)u (A.3)
S

where ¢ = [0,,4 émA 0,.8 émB 0; éj]T is the system state vector. It is worth noticing that,
even if the computation of the second time derivative of both the joint acceleration and
stiffness is required in eq. (A.3), it can be proven that the terms appearing in (A.3) can
be expressed as a function of the system state g only. The details of this computation are
not here reported for brevity. Another important point to note is that the motor input «

explicitly appears into the equations. This allows to state that the relative degree of the
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joint position is 4 (i.e. the order of the position derivative) and the one of the stiffness

is 2 (i.e. the order of the stiffness derivative).

While the vector F'(q) collects all the terms of egs. (A.1) and (A.2) that are not
multiplied by the motor input torque vector u (the expression of this vector is not here
reported for brevity), the matrix G(q) (also called decoupling matrix) collecting all the

input dependent terms can be written in the form

~10FLs _ j-10FLp
J 060 J 06
. —1 mA mB
G(q) = r;J, (A.4)
i 8SA aSB
J a@mA 8ernB

Ty

Under the assumption of non-singularity of the matrix G(q) (this can be ensured by
a proper selection of the system operation range, and in particular by ensuring that
Ormia,By > 0, the proof is not here reported for brevity), the control vector u that allows

achieving the static feedback linearization of the system is defined as

u=G(g)" (=F(q) +v) (A.5)

where v = [v; v5)7 is an auxiliary control input used to stabilize the system and achieve

the setpoint tracking. This control vector leads to the linear system

- (A.6)

This linear system can be seen as the union of two independent (decoupled) systems,
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one with output 954} and input v; and the second with output Sj and input vy. It can
be also easily seen that this two linear systems are composed by chain of integrators, 4
integrators for the first system and 2 for the second, then this two systems are unstable
since the first system presents 4 poles in the origin whereas the second has 2 poles in
the origin. The this approach turns the control problem of a nonlinear system into the
stabilization of a linear system, that can be easily obtained by a proper design of a state

feedback matrix as reported in the next section.

Note that the implementation of the state feedback control (A.5) requires the mea-
surement of the whole system states. It is then assumed that the angular position of the
motors 0,4 By, their angular velocity ém{ A,B}, the position of link 6; and its velocity éj

can be measured.

A.1.3 Control of the Feedback-Linearized System

The feedback linearization controller (A.5) turns the non-linear model of the variable
stiffness joint actuated by antagonistic twisted string actuators into a set of two decou-
pled linear systems (A.6). Therefore, the control problem is moved to the design of
two stabilizing controllers for tracking the desired position and stiffness profiles. To this
purpose, an optimal control approach for the design of the state feedback matrix has
been selected. Considering the position and stiffness reference signals 6,4 and S;4 and

defining the position and stiffness tracking error as

éj - do - 9, gj = de - Sj (A?)

the system (A.6) can be written as
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Fig. A.4 Simulation of the joint system with feedback linearization control: sinusoidal
position setpoint and constant stiffness.

4 4 ;l4
oL v+ 60 o "
Sj Vg + de Sj U2
It is important to point out that the definition of the controller (A.8) implies that the

the position trajectory is continuous and derivable up to the 4-th order and the stiffness

trajectory is continuous and derivable up to the 2-nd order.
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Fig. A.5 Simulation of the joint system with feedback linearization control: constant
position setpoint and sinusoidal stiffness setpoint.

Considering the system (A.6) and selecting @ = [0 9~] éj 0,7 and S = [5] ST
as the states of the two position and stiffness linear subsystems, these systems can be

written in the state-space form as

é = Ag 0 + Bg U1 (Ag)

S=A,5+B,uv, (A.10)
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where

0100 0
0010 0

Ay = , By= (A.11)
0001 0
0000 1
01 0

Ag = , Bs= (A.12)
0 0 1

The, the control vector v = [v; v5]T can be selected as

1= [ koo kor ko2 FKos ] 0;=—Ko0 (A.13)

vgz—lkso kg ]S:—KSS' (A.14)

leading to the following decoupled linear systems with states feedback

0= (Ag— By Ky)0 (A.15)

S=(A,— B,K.) S (A.16)
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where Ky and K, are the state feedback gain matrices. Due to the similarity of two
subsystems and for the sake of brevity, the design of feedback gain Ky will be reported
only, the design of K follows the same design procedure. Adopting an optimal design

approach, the matrix Ky can be computed as

Ky=R'B'P (A.17)

where R is a scalar positive input weighting factor and n x n matrix P is determined

from the solution of the CARE equation

ATP+PA-PBR'B"P+Q=0 (A.18)

where @ is a semi-positive definite matrix that weights the state components.

To verify whether the states feedback linearization allows achieving the desired set-
point tracking and decoupling of the position and stiffness profiles and whether the
optimal states feedback control is able to ensure the stability of the linearized system
and good dynamic performance, the simulation of the variable stiffness joint model with
feedback linearization and linear control of the linearized system has been carried out.
With the aim of verifying both the performance and the system stability, the two sub-
systems are firstly evaluated independently under a sinusoidal position reference signals
with a frequency of 10rad/s and an amplitude of 0.7 rad and constant stiffness setpoint,
and the simulation results are reported in Fig. A.4. From these plots it is possible to

see that, as expected, both the position and stiffness regulation show a stable behavior
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and the tracking error is almost zero. This latter fact is achieved thanks to the nature

of the feedback linearization and and the optimal control of the linearized system.

Fig. A.5reports the simulation results with a sinusoidal stiffness reference of 15 Nm /rad
amplitude, 20rad/s frequency and constant position reference. Also in this case, the
plots show that both the position and stiffness regulation exhibit a stable behavior and

the tracking error is almost zero as expected.

Finally, The dynamics performance with both of sinusoidal reference signals on po-
sition and stiffness is illustrated in Fig. A.6. These plots allows to verify that the two
systems are decoupled, indeed the same performance obtained in the previous two cases

are obtained even during the simultaneous tracking of both position and stiffness profiles.

A.2 Conclusions

The twisted string actuation system is a very simple, cheap, small and lightweight actu-
ation system, suitable for highly integrated robotic devices like artificial limbs, exoskele-
tons and robotic hands. In this chapter, a theoretical investigation about the use of this
actuation principle for the implementation of a variable stiffness mechanism using two
actuators in antagonistic configuration is reported. In this analysis, the intrinsic stiff-
ness variability of the twisted string actuation is exploited. Firstly, a simple controller
based on the inversion of the static model of the device has been studied to verify the
behavior of the system under the effect of a simple controller. Then aiming at improving
the control system performance, a feedback linearization approach and a linear optimal
control strategy are adopted to achieve fully decoupled control of the position and the
stiffness profiles. Future activities will be devoted to the implementation of an exper-
imental setup for the evaluation of the properties of the proposed mechanism and the

validation of the proposed controllers.
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