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Abstract

This thesis presents a wearable control interfacettfe intuitive control of tele-operated robots,
which aim to overcome the limitations of convengébuani-directional control interfaces. The control
interface is composed of a haptic control interface a tele-operated display system. The haptic
control interface can measure user’s motion whileviding force feedback. Thus, the user can
control a tele-operated robot arm by moving hisdw@n in desired configurations while feeling the
interaction forces between the robot and the enmient. Immersive visual feedback is provided to
the user with the tele-operated display systemeapigdictive display algorithm.

An exoskeleton structure was designed as a caedadahe control interface structure considering
the workspace and anatomy of the human arm to ematural movement. The translational motion
of human shoulder joint and the singularity probleiexoskeleton structures were addressed by the
tilted and vertically translating shoulder jointhd proposed design was analyzed using forward and
inverse kinematics methods. Because the shouldeat@bn affects all of the joint angles, the angles
were calculated by applying an inverse kinematiethod in an iterative manner. The proposed
design was tested in experiments with a kinematitopype.

Two force-controllable cable-driven actuation methms were developed for the actuation of
haptic control interfaces. The mechanisms weregdesi to have lightweight and compact structures
for high haptic transparency. One mechanism is sgmanetric cable-driven mechanism that can
simplify the cable routing structure by replacingtemdon to a linear spring, which act as an
antagonistic force source to the other tendon. Higiformance force control was achieved by a
rotary series elastic mechanism and a robust dtertravhich combine a proportional and differential
(PD) controller optimized by a linear quadratic (L@ethod with a disturbance observer (DOB) and a
zero phase error tracking (ZPET) feedforward filidre other actuation mechanism is a series elastic
tendon-sheath actuation mechanism. Unlike prewodsleloped tendon-sheath actuation systems,
the proposed mechanism can deliver desired forem @v multi-DOF systems by modeling and
feedforwardly compensating the friction. The preten change, which can be a significant threat in
the safety of tendon-sheath actuation systemsdsced by adopting series elastic elements on the
motor side. Prototypes of the haptic control irdeels were developed with the proposed actuation
mechanisms, and tested in the interaction withrtaali environment or a tele-operation experiment.

Also, a visual feedback system is developed adggtihead mounted display (HMD) to the control
interface. Inspired by a kinematic model of a hurhaad-neck complex, a robot neck-camera system
was built to capture the field of view in a desimientation. To reduce the sickness caused by the
time-varying bidirectional communication delay amgkeration delay of the robot neck, a predictive
display algorithm was developed based on the kitiemzodel of the human and robot neck-camera
system, and the geometrical model of a camerap&hiermance of the developed system was tested
by experiments with intentional delays.
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Chapter 1

Introduction

1.1 Motivation

The number of disasters causing casualties and propertgghais increasing [8, 9]. Disaster sites
are often difficult for humans to access because of the egtemasironments, such as in the case
of Deepwater Horizon oil spill (2010), Tohoku earthquakel &ukushima nuclear power plant
accident (2011) and Tianjin port explosions (2015). Autonas robots have been researched as
an alternative to using human workers in such disaster. ditespite of drastic improvements over
several decades, autonomous robots have not yet shownefji@rformance in working under
unstructured and unpredictable situations due to theitdinsensing technology and insufficient
artificial intelligence.

Tele-operation systems, in which the robot is controlledhibynan’s intelligence, instead of
artificial intelligence, may be an alternative solution413]. Tele-operated systems are usually
operated in a master-slave mode with simple controllerl sisca keyboard or a joystick [10, 11].
However, such non-intuitive control interfaces requireddraining before using the system, and
the performance is also limited even after training becd#Lisalifficult to express desired motions
with such interfaces. Motion capture systems have been tasatllize the user’s motion as the
desired motion of the tele-operated robot [12,13]. By magphe captured user’s motion into the
robot’s desired motion, the user can control the robot aisatkelke his/her own body, enhancing the
manipulation performance of tele-operated robot. Sineentbtion capture system and the control
strategy is very intuitive and easy to learn, it is quite etffe in manipulating objects that does not
require advanced interaction force control. However, sughdirectional control strategy limits

the performance of the system because force feedback isrowitipd to the user. Simple tasks
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Figure 1-1: Number of natural and man-made disasters [8].

such as ’'pick and place’ can be easily achieved by positerking. However, dexterous tasks that
require the use of interaction force between the robot amdentified environment are not easily
achievable without detailed interactions between the asdrthe robot. To enable such tasks, the
control interface is required to provide force feedbacklgvmeasuring user’s motion.

Visual feedback is an important feedback as well as the ffgedback, since humans highly
rely on visual information to get information of the enviroant. In tele-operated systems, the user
observes the field using the images captured by cameras obltbe to control the tele-operated
robot. The captured images are typically provided to the bgea monitor in a form of 2D im-
ages. However, the performance of tele-operation systéimited in such cases, because the user
cannot recognize the distance between objects. 3D visadbéxk system with a head mounted
display (HMD) and stereo cameras have been used to providpgmive images of the environ-
ment [12—14], but delays induced by tele-communicatiomvoek of the tele-operation system dis-
turb immersive and comfortable use of the system. Such irdatygy can cause simulator sickness,
which makes it difficult to perform tasks for a long time [153:1

To address these requirements, a wearable control inteidaeveloped for the control of tele-
operated robot in this thesis. Fig. 1-2 shows the concepheftéle-operation system using the
wearable control interface. The user wears the controtfacte, which contains the haptic con-
trol interface and an HMD. The user’'s hand position and d¢egithon, and the head orientation are

measured by the haptic control interface and the HMD, rd@de The position and orientations



Predicted image  predictive Disaster sites

display algorithm Robot neck-
camera module

HMD

User’s head orientation

Wireless

network
User’s hand
position & orientatiol

Haptic Robot arm

control
interface |

Force
Interaction forces| sensor
with environment:

Tele-operated robot

User and control interface

Figure 1-2: Concept of the tele-operation system.

are transmitted to the tele-operated robot via the wiraheta/ork. The robot performs tasks by
following the user’s motion with the robot arm and robot neeknera module. The interaction

force between the robot and the environment and the visifmmnration captured by a camera in
the orientation of user’s head are transmitted to the uder 3ihe user can get force feedback from
the haptic control interface. Immersive visual feedbachrisvided to the user compensating the
image delay by a predictive display algorithm. The telerapen system can perform various tasks
with this bidirectional interaction. The haptic controtérface, including the kinematic structure
and actuation mechanisms, and the tele-operated dispbtgnsyvith a predictive display algorithm

are developed in this thesis.

1.2 State of the Art

Haptic interfaces have been researched for the tele-opei@tfor the interaction with virtual envi-
ronments [18-30]. The performance of tele-operation campeoved by providing force feedback
via such haptic interfaces. Fig. 1-3 shows end-effectoe tygptic interfaces, which provides force
feedback to the user’'s hands [18—-26]. These interfaceseasdd as the control interface of tele-
operations, since most tasks in tele-operations will béopaed by user's hand. PHANToOM haptic
interface is a representative commercialized hapticfaates developed for 3D modeling and design
(Fig. 1-3a) [18,19]. This interface can measure 6-DOF posind orientation of pencil type end-
effector and can provide 3-DOF force feedback. Sigma.#yehin Fig. 1-3b, is a commercialized
haptic interface capable of 6-DOF force/torque feedbabkd2] and active grasping capability, de-
signed for the control of surgical robots. Both PHANTOM arigra.7 are applicable as the control

interface of robotic systems, but their applications arétéd because of small workspaces. Fig. 1-

10



Figure 1-3: End-effector type haptic interfaces. (a) PHANIThaptic interface [18, 19]. (b)
Sigma.7 [20, 21]. (c) CyberForce [22]. (d) Inca 6D [23]. (e)®haptic device [24]. (f) HIRO
1 [25]. (g) VirtuaPower [26].

3c shows the CyberForce, which was designed for the interautith virtual environments [22].
This interface allows 3-DOFs force feedback with 6-DOF fiosiand orientation measurement
of user’ hand. Force feedback for 5 fingers is also availakth & cable(tendon)-driven finger
exoskeleton system. It has larger workspace than PHANTod1Sigma.7, but is heavier, which
will reduce force transparency. Inca 6D, shown in Fig. 148ds developed for work in virtual
reality environments [23]. This interface achieved ligaight of the actuated part compared to the
wide workspace, since it adopted parallel cable-drivenhaeism and large actuators. However,
it required room-size installations to prevent interfeeetween the cables and the user. DLR
haptic device, shown in Fig. 1-3e, was developed applyirg tiDOF robot arms [24]. Vibrotac-
tile feedbacks and 3D visual feedbacks are also providethéoimmersive interaction with virtual
environments or tele-operated robots. User’s hands aneected by a set of straps and gloves to
the force/torque sensors at the end-effectors of the rabw.arhe system provides relatively larger
workspace and force capability than those of aforementi@ystems, due to large-size redundant
robot arms. Fig. 1-3f shows a haptic interface named HIR(2B]. In this system, five fingertips
that have 3 actively controlled joints are connected to add~Dobot arm; thus, the system could
provide force feedbacks to each finger. Both DLR haptic dewaied HIRO I11 utilized robot arms
for the force feedback, but the backlash, friction and lamgetia from the geared motors disturb

precise force delivery. Fig. 1-3g shows VirtuaPower, whiets developed for wide workspace with
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Figure 1-4: Exoskeleton type haptic interfaces. (a) CADE[RY]. (b) L-EXOS [28]. (c) X-Arm-
2 [29], (d) CAREX [30].

high force display capability achieved by parallel chaaséd kinematic structures and high-power
motors with low gear ratio [26]. Although the interface seesnmewhat achieved the desired spec-
ifications, the user’s finger motion is limited since they eggquired to hold the handle with their
fingers.

Aforementioned researches adopted serial or parallaedjalsystems that are independent from
user’s body. Such designs allow users to use device witldjustnent regardless to the individual
body size difference. Exoskeleton type haptic interfacasgetdifferent approach in the design of
system. They have been developed by designing joints aksl ¢ifithe interface corresponding to
those of human, and attaching them to the user’'s segmenrt8(JR7Since exoskeleton systems are
placed much closed user’s body, compact structure andigigtht is required for safety. To satisfy
lightweight and compact structure, recently developedksietons have been adopted cable-driven
mechanisms. Cable-driven mechanisms can reduce the vaightolume of structure by placing
the actuators to the base of the system, rather than theteattparts. The force or torque can be
delivered to the actuated joints via flexible cables. Deilhgforces via parallel linkages such as in
the PHANToM, CyberForce and VirtuaPower can be an alter@ahut parallel linkages are bulky
compared to their workspace. Also, it is difficult to applyrgikel linkage system in exoskeleton
systems making their rotational axis be coincident to trefdsuman joints. Anatomy of shoulder
should be considered for natural motion of the arm, becatgedranslational motion of shoulder
caused by the complex musculoskeletal system. Addressigglarity problem is also important,
since the exoskeletons can easily reach to kinematic singupositions due to the overlapping of
shoulder joint axis.

CADEN-7 (Fig. 1-4a) and L-EXOS (Fig. 1-4b) were developedtihg pulley-based cable-
driven actuation mechanism for lightweight structure 8], The systems also adopted reduction

systems on the actuated joint side to increase joint stiffnelowever, the structures are quite bulky
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as shown in the Fig. 1-4a and Fig. 1-4b. The systems also didomsider translation of shoulder
joint, and were not adjustable for individual body, whichyrthsturb natural motion of the arm.
Fig. 1-4c shows X-Arm-2, developed for the tele-operatiérsmace robots. Thanks to the actu-
ation system with redundant DOF, the system can adapt todtlg egment length differences
or the shoulder translation. Despite of the large humber @FDits the system is quite compact
and lightweight by utilizing tendon-sheath actuation nssgem. CAREX (Fig. 1-4b) was devel-
oped for the rehabilitation applications, adopting theapak cable-driven mechanism. The actuated
parts of the system were lightweight since there was no caxrgable routing mechanism as afore-
mentioned exoskeleton systems. Exoskeleton type hapidaces can provide torque feedback to
user’s joints, which is difficult to achieve in other haptitarfaces. However, it is also difficult to
deliver desired forces to the hand, because the exoskatetamnected with prior body segments,
such as the upper arm and lower arm. Since most required itas&ke-operation are performed
by robot hands, it is important to provide precise force beett to the hand. Exoskeletons have
a disadvantage in such sense, but it would be useful in wdrmlemanipulation tasks that require
force/torque feedback to each segment or joint of user’s arm

As adopted in the exoskeleton type interfaces and Inca @ie-ghiven actuation mechanisms
have been used to achieve lightweight or compact structardggh force transparency and safety.
Cable-driven actuation mechanisms can be classified ingé® ttypes by the type of cable routing
structures: pulley-based cable-driven actuation meshartendon-sheath (bowden cable) actuation
mechanism and parallel cable-driven actuation mechanism.

Pulley-based cable-driven actuation mechanism, whichappied in CADEN-7 and L-EXOS,
utilizes idler pulleys for the cable routing. The cables @angted through idler pulleys on the inter-
mediate joints. Because the pulleys have low friction, tired can be delivered to the drive joints
without large loss. However, the idler pulleys make theeysbulky and heavy, since at least three
idler pulleys are required for each cable sets to ensure kangge of motion. As the DOF of the
system increase, more idler pulleys are placed on the mintsj which lead to bulky and heavy
system.

Tendon-sheath actuation mechanism, which was adopteddmX2, utilizes a flexible sheath
for the routing of cables. The tendon (cable) delivers thed@nd position by sliding inside the core
of the sheath. The routing structure is extremely compadtlightweight, thanks to this sliding-
based transmission mechanism. However, the friction evilee sheath and the tendon disturbs

accurate control. In X-Arm-2, a torque sensor was placedamh ectuated joints to compensate

13



the friction with a PID feedback controller, but this causecreased of weight of the system. A
simple feedforward friction compensator was used togettitir the feedback controller, but the
friction model was not accurate. Feedforward control of tdredon-sheath actuation mechanism
has been researched for the precise force/position cdBtteB4]. However, it was not achieved
for tendon-sheath actuation mechanisms in multi-DOF aystédecause the friction changes as the
sheath configuration changes. Another problem is the wieterchange in double tendon-sheath
actuation mechanisms. In a double tendon-sheath actuatichanism, the tendons are pre-loaded
to prevent the derailment of the tendon from the joint pudlelhe pretension changes as the sheath
configuration changes, due to the geometric charactexisfithe sheath. The change of pretension
also makes it difficult to analyze the friction, and large rfp@ of the pretension can cause safety
problems.

In parallel cable-driven mechanism, which was used in Indeafd CAREX, the cables are
directly connected from the actuators to the actuatedgaiithout a cable routing structure. There-
fore, aforementioned disadvantages are not shown in thihamésm. However, the interference
between tendons and the user makes it difficult to apply tshanism in haptic interfaces. The
interference problem was addressed by a sliding-based @oenpin CAREX, but this also intro-
duced friction, which is a major disadvantage of the tenslogath actuation mechanism.

Since many disturbances, such as inertia, friction of gedemgation of tendons and human-
robot interaction force, are introduced in the haptic iisegs, control algorithm of haptic interfaces
are also important. Many of aforementioned systems adagitegdle controllers such as a PID
controller, compensating the disturbances in feedforearidedback manners [24-29]. However,
such control algorithms can make problems in achieving ratedorce/position tracking if there
are large uncertainties. Especially, the performance stesys can be affected by human motions,
since it is difficult to model or predict human motions.

The performance of the control interface can be improvedigitngy 3D visual feedback to the
user, as mentioned in Chapter 1.1. HMDs may be the most ap#i@D image display system,
considering its immersive visual feedback capability witad tracking, wide field of view (FOV)
and low price. Many HMDs have been launched in recent yeask#hto the development of
small-size, high-resolution displays [35-37]. HMDs usuabntain an inertial measurement unit
(IMU) so that it can display the view of a field in the directiohuser’s head orientation. 3D visual
feedback can be provided to the user with the HMDs by progiditereoscopic images captured

by two cameras. Several tele-operation systems adopted dHfgixhe intuitive control of robot

14



cameras and to provide the user perspective images [124138R In such systems, the images
captured by robot cameras are provided to the user so thatstreeasily understands the work
site. However, the user could suffer from network delay thatevitable in tele-operation systems
with long distance. Display algorithms that provide thergcef virtual worlds constructed by point
cloud data or image instead of recently captured scene fnemobbot camera have been developed
to reduce such problem [12, 39, 40]. However, such methagisnelarge computational burden or

expensive sensors such as LIDAR.

1.3 Thesis Overview

A haptic control interface and a display system are develdpe the tele-operation system, to
overcome the limitations of aforementioned systems. Thgsis aims to develop a lightweight
haptic interface that can deliver desired force accuratdiije measuring the user’'s hand motion,
and a tele-operated display system that provides comfertae in tele-operation systems. This
thesis is organized as follows.

[Chapter 2: Design of an Upper-limb Exoskeleton]

A 5-DOF upper-limb exoskeleton is designed in this chapte’a candidate of a basic structure
of the control interface. By analyzing the anatomy of humaoutder, a vertically translating joint
is added to the traditional ball-and socket joint shouldedet so that the exoskeleton can ensure
natural motion of user’s shoulder. The shoulder joint oféiReskeleton is tilted to move the singu-
larity position outside of the normal range of motion of tmmaManipulability analysis is applied
to determine the tilting angles. The performance of the psed exoskeleton structure is tested by
simulations and experiments with a kinematic prototype.

[Chapter 3: Cable-driven Mechanisms]

For the actuation of haptic control interface, two types atble-driven mechanisms are devel-
oped in this chapter. In Chapter 3.1, an asymmetric pulbset cable-driven mechanism is pro-
posed for the force control of exoskeleton systems, inddigethe fact that the required forces in
human motion are not symmetric in many cases. A compact teralging mechanism is achieved
by replacing a tendon to a linear spring, which acts as amgantstic force source to the other
tendon. To enable precise force control, the spring-astuaechanism is combined with the rotary
series elastic mechanism. A robust controller based onigterdance observer (DOB) is applied

for high performance in force control. A prototype exoskateinterface with the proposed mecha-
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nism is tested in experiments including a tele-operatigregrment with a robot arm.

Then, a new tendon-sheath actuation mechanism is propadeissing the limitations of con-
ventional tendon-sheath actuation mechanisms. Tendesttslactuation mechanism may be one of
the most lightweight actuation mechanisms, but it suffesmfthe friction between the tendon and
the sheath and large pretension change, which are inducte lmhange of sheath configuration in
multi-DOF systems. In chapter 3.2, a new tendon-sheatraaotumechanism, which enables feed-
forward torque control in multi-DOF systems and allows lowtpnsion change, is proposed. The
friction is feedforwardly compensated using a friction rabdThe pretension change is reduced
by adopting series elastic elements to maintain it an ap@teprange. A tele-operation control
interface is developed with the proposed mechanism, anhitk-drivability and force delivery
performance are tested in experiments.

[Chapter 4: A Display System for Tele-operation]

Head mounted display (HMD) is becoming popular as a viswaltback device of tele-operation
systems, but the user can suffer from network delay. In thapter, a vision feedback system
for the tele-operation systems is developed with an HMD asgireehronized robot neck-camera
module. Network delay is compensated by a practically espiddictive algorithm that utilizes the
orientation difference between the user and the robot naakera module.

[Chapter 5: Concluding Remarks and Open Issues]

Concluding remarks of this thesis and the remaining isstediacussed in this chapter.
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Chapter 2

Design of an Upper-limb Exoskeletor

2.1 Introduction

Exoskeletons have been the subject of growing researcteattéor application in haptic control
interface, rehabilitation and power-assistance [27, 9742-51]. Since the system can directly
deliver desired forces to attached body segments, it haveat gotential as the control interface
of robots, such as for the whole-arm manipulation and detigecollision information to the user.
Because exoskeleton systems are worn by a human user, thetyoendesigned carefully so that
they move with the natural motion of the users, and do not comjse their safety. Exoskeleton
systems are typically designed based on the skeletal sydtdra human body. However, it may not
be possible to mimic the motion of the user’s internal joiming the same number of degrees of
freedom (DOFs) during articulation of the exoskeleton tgirnThe problem is further complicated
by the limited locations at which the actuators can be attdchrhus, exoskeleton systems have
been designed based on an abstract skeletal model, whicht@imimic the main motions of the
human body.

Some lower-limb exoskeletons have actuators only in thétahglane while other joints are
passively actuated or even neglected [41-44]. In loweb-kxoskeletons, simplified designs based
on an abstract skeletal model with reduced DOF may be agptefdrecause the main motions of
the lower limb required for walking or running are in the stdiplane. However, in upper-limb
exoskeleton applications including the haptic controtiifgce, it may not be possible to limit the

DOFs in such a manner because the human arm typically reguoitdtiple DOFs to access and

1The contents of this chapter was published in [1]. Prelimjimasearch results of the paper were published in [2, 3].
Reprinted with permission from IEEE.
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manipulate objects in the workspace.

Various configurations have been proposed for upper-lintsledeton systems [27, 46,47, 49,
51-59]; however, many unsolved issues for natural intemaatith the human body remain, espe-
cially in terms of kinematic singularities and upper-limiodfnechanics, such as shoulder elevation.
The exoskeletons proposed in [52, 53] and [47] did not camnsaither the kinematic singularity
problem or the shoulder elevation. Also, the exoskeletdd 7ih did not properly fit to the arm due
to the compact structure of the shoulder section. The samigylproblem was considered in [27]
and [57] by placing the actuator axis in a tilted orientatibowever, the shoulder elevation was
not considered. In [56], the singularity problem was coasd by restricting the workspace of the
exoskeleton, but again, the shoulder elevation was notidenesl, too. The shoulder elevation was
considered in [46,58,59] and [51]; however, in these cdgesmatic singularities occurred easily;
i.e., the singularity position was placed in the normal vepdce of the upper-limb. The shoulder
elevation was realized in [46] and [51], but the exoskelea®xuired a large mechanical structure
and different alignments for each patient. In [55], the $tieuelevation was considered by using a
dislocated rotation axis, but the shoulder motion was nop@rly approximated. In [54], both the
kinematic singularity and shoulder biomechanics were idensd; however, the results were not
analyzed or verified kinematically.

In Chapter 2, an upper-limb exoskeleton system is proposedcandidate of control interface
structure. The system is designed for the shoulder and bmvethat uses 5 DOF to mimic the
complicated motions that arise from the shoulder structline shoulder was modeled as a 4-DOF
joint by adding the shoulder elevation as a vertical moventhae elbow was modeled as a 1-DOF
hinge joint. To avoid the singularity problem, the shoulft#nt was tilted so that the singularity
position was placed outside of the workspace of the human &hm performance of the proposed
upper-limb exoskeleton; i.e., whether it could reach alhfmin the normal range of motion, was
analyzed in the framework of forward and inverse kinemati®scause shoulder elevation, which
affects the positions of all joints, is considered in thisteyn, the inverse kinematic problem was

solved in an iterative manner.
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I
GH ! Scapula

Figure 2-1: lllustration of the skeletal structure of theslder. (Edited from [55])

2.2 Design of the 5 DOF Upper-limb Exoskeleton

2.2.1 Anatomical Analysis of the Shoulder

The human arm has been modeled using several kinematic dsetboe to the complexity of the
problem, it is usually modeled using a 7-DOF kinematic syshby imposing simplifications to the
arm joints and segments. The shoulder joint can be considese ball-and-socket joint with 3
DOF: flexion-extension, abduction-adduction, and meditdtion. The elbow can be modeled as a
single-axis hinge joint with 1 DOF, and the wrist as a ballt@ocket joint with 3 DOF.

From an anatomical point of view, however, the shouldertjsirould be modeled using more
than 3 DOF, because many muscles and bones are involvedmowsment [54, 60]. The shoulder
joint is composed of three bones: the clavicle, scapula,hamderus, as shown in Fig. 1, and the
movement of the shoulder results from the combined moticaoh bone. The main rotation of the
shoulder occurs at the glenohumeral (GH) joint of the s@pod the humerus. However, the center
of the GH (CGH) moves as a result of the motion of the acroraigcular (AC) and sternoclavicular

(SC) joints. The CGH can be described by the angles of the 8@@njoints, as follows [55]:

XcoH = (lcCOS(QSC - 900) — lSS’in(HAC + 950)) (2.1)

href

h
Zogua = (lesin(0sc — 90°) + lscos(0ac + Osc)) (2.2)

href

wherel. andl, are the effective lengths of the clavicle and the scapulaethoulder joint, respec-
tively. Because the magnitude of the shoulder motion is dd@et on the body size, the height of

the userp, is added as a scaling factdr,.; = 180cm was used as a reference value in this analysis
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Table 2.1: Change dfsc 6.4¢ by shoulder elevation.

Afsc (deg) Abfac (deg)

0° < 6 < 30° 350 0
30° <0 <80°  4+11-530 0
80° < 6 < 140° 15 35. 0250
140° < 0 < 180° 15+9- 5110 35

because the lengths of the bone segments are proportiotie bmdy size [61].

The relationship between the AC and SC angles and the neden@levation angle), is shown
in Table 2.1 (Edited from [55]). Using the relationship irbl&2.1,05- andf 4¢ are obtained from
the shoulder elevation anglé, Then, the position of CGHX ¢y and Zo¢ g, can be calculated

using (2.1) and (2.2) as follows:

AXcen = Xccu(0) — Xcaw(0) (2.3)

AZcgu = Zeau(9) — Zeau(0) = d; (2.4)

As the net shoulder elevation angle changes fé6rto 180°, the variation of CGH is -22.6 mm in
thez direction and 117 mm in thedirection for a 170 cm-tall adult, as shown in Fig. 2-2a. The ¢
responding angld), is indicated by dots in the figure. Because the lateral ah@elatively small
compared with the vertical change, the CGH motion can becappated by a vertical displace-
ment, as shown in Fig. 2-2a. In this study, only the verticalement of the CGH was considered
in the design of the upper-limb exoskeleton. The relatignéletween the vertical movement of
CGH and the net shoulder elevation angle used in this asal/shown in Fig. 2-2b.

After this anatomical analysis of the shoulder, one DOF vwaiked to account for the vertical
movement of the CGH. The 5-DOF upper-limb exoskeleton isvsh&echematically in Fig. 2-3,
05, andf; describe the shoulder rotatiaofy, describes the elbow rotation, adddescribes the CGH

elevation.

2.2.2 Singularity of the Upper-limb Exoskeleton

In the design of mechanical system, singularities shoulaMo@ed because the mechanical system

cannot move in a certain direction at the singular posit@f].[ This is especially important in ex-
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Figure 2-3: Initial configuration of the upper-limb exosiein.

oskeleton systems, because the user may become injurealitvitbpropriate control at the singular
position.

With the configuration shown in Fig. 2-3, the upper-limb e&adston is in a singular position
when the arm is straight forward, i.&; = 90°. In this position, the rotation axes 6f and s
are collinear; thus, cross-body abduction or adductiorianstcannot be achieved. Systems using
redundant DOFs have been proposed to deal with such siitgutsmues. However, these systems
may result in control issues because they admit an infinitebau of kinematic solutions [63]. In
this study, the shoulder joint was tilted so that the singiylaposition occurs outside the normal
range of motion of the arm.

The normal range of motion of the arm is specified in Table 84.[ The shoulder was tilted
in two steps: the first was a rotation of the exoskeleton ataunby «, as shown in Fig. 2-4a;
the second was a rotation aboaét by 5 (Fig. 2-4b). The final configuration of the upper-limb
exoskeleton with the tilted shoulder is shown in Fig. 2-5tHis configuration, the singularity that
occurs when the arm is in the straight-forward position mitiitial model shown in Fig. 2-3, now
occurs when the arm is pointing upwards to the left, whichuisioe of the workspace.

Tilting the shoulder joint to avoid singularity problems time workspace has been proposed

22



Table 2.2: Shoulder range of motion.

Max. range (deg)

Forward flexion and extension  167° / 62°
Abduction 184° [ 0°
Cross-body adduction 140° / 0°

() Step 1 (b) Step 2

Figure 2-4: Tilting of the shoulder joint.

previously [27, 57]; however, variation of the shouldervat®n has not been considered simul-
taneously with a tilted shoulder joint. Note that the sheuldlevation is 117 mm for a 170-cm
adult whiled is varied from0° to 180°. Without considering the shoulder elevation, natural oroti

through the upper-limb exoskeleton is not possible.

2.3 Kinematic Analysis

The proposed 5-DOF upper-limb exoskeleton with a tilted eentically translating shoulder joint
is analyzed by forward and inverse kinematics methods sxdhapter. Here, we determine wether

the proposed exoskeleton is able to reach all points in tpermdpmb workspace.
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Figure 2-5: Final configuration of the upper-limb exosketet

2.3.1 Forward Kinematics Analysis: DH Parameter

The kinematics of the proposed 5-DOF upper-limb exoskeletas analyzed by the Denavit-
Hartenberg (DH) parameters [62]. Herejs the initial coordinate( is the moved vertically from
S, and0” is tilted, i.e., rotated fron® by o and 3. The remaining coordinates are specified in
Fig. 2-5. Using the relationship between the coordinatekerfigure, the DH parameters are listed

in Table 2.3.

2.3.2 lterative Inverse Kinematics

Given an arbitrary end-effector position (the wrist pasitin this configuration), the corresponding
joint angles can be calculated using inverse kinematice.cbordinates of each joint are specified in
Fig. 2-6; L, and; are the lengths of the upper and the lower arms, and the grusivif the wrist and
the elbow are given by., = (zw, Yw, 2w) ANAdPe = (Ze, Ve, 2¢ ), respectively.po = (zo, yo, 20)

is the position of the CGH after the shoulder elevatidn, which is determined by the shoulder
elevation in Fig. 2-2b. The shoulder elevation affects th&tpns of all joints; thus the joint angles
were calculated iteratively. An iterative method was depetl based on the bisection method [65],
which guarantees solution convergence. A flowchart of #ratfive inverse kinematics calculations

is shown in Fig. 2-7.
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Table 2.3: DH parameters of the proposed configuration.

Trans. Matrix o;—1 a;—1 d; 0;
Tso 0° 0 dy 0°
TOO“ (% 0 0 ,3
Torm 90° 0 0 90° 4 64
Tio 90° 0 0 90° 4 0,
Tos 90° 0 —L, 180° + 63
Tsy 90° 0 0 —180° + 64
1
Po = (%1 Yo 2)4

Puw = (Xys Yur Z4)

i
i
i
1
i
1
i
i
[}
i
i
i
Figure 2-6: Geometric relationship of coordinates usedtferinverse kinematics.
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First, the initial interval of the vertical CGH displacemief is set to p1,v2]=[0,0mae] MM,
whereuv,,,, is the maximum possible vertical translation of CGH. Thepoidt is set tovs=(v; +
v9)/2. For each ofv;, vy andwvs, the angles and ¢ in Fig. 2-6 are calculated using the law of

cosines based on the following geometric relationships:

L2+ L~ || po — pw II?

_ -1
p = cos ( SL.L ) (2.5)
Lt || po — pw |I> =L}
¢ = cos (= L (2.6)
ST Py
Thend, can be obtained by as follows:
Op=m—p (2.7

However, there are an infinite number of solutions for thesheulder elevation anglé, By
considering the physical limitations of the arm, the andleotation of the elbow about the axis
from the shoulder to the end-effector, termed the swivelegrgan be determined [66]. The swivel
angle was set td5° from the sagittal plane to outside of the body. The lowesbwlposition was
assigned a value ©Ff by considering the physical limitations of the elbow. Ortoe ¢lbow position

was determined, the net shoulder elevation afigieuld be calculated as follows:

Lit |l o |I” = |l po + pe |

6 = cos™L(

) (2.8)

The transformation of coordinate matrdxvith respect taS can be specified as follows:

T41 Y41 241 Te

T42 Y42 242 Ye
Tgy = (2.9)

T43 Y43 243 Ze

0 0 0 1
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where

= Pe X Pw
| Pe X Pw ||
_ DPw — Pe
T Tpw—pel
Ty = Y4 X 24

(2.10)

(2.11)
(2.12)

The transformation matrix fror§ to 0”, T¢~, can be determined by the shoulder elevatifn,

and the tilting anglesy and 3, as follows:

Tsor =

cosf3 —sinf 0 0

cosasinf  cosacosfB —sina 0

sinasinf  sinacosf  cosa  dy

0 0 0 1

(2.13)

Since the transformation matricés, andTsy- are determined by (2.9) and (2.13), the trans-

formation matrix from0” to 4 can be calculated as follows:

Tsy = Ts0nTora

-1
Tory = TSO//TS4

Suppose the transformation matrix frémto 4 obtained by (2.15) is

TON4,ITw =

" " " "
x41,lm) y41,lm) z41,lm) xe,lnv

" " " "
x42,lm) y42,lm) z42,lm) ye,Im}
"

" " "
x43,lm) y43,lm) z43,lm) ze,Im}

0 0 0 1
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The transformation matrix fro”’ to 4 can also be calculated from the DH parameters:

T0”4,DH =

where

/A

T41,DH
/i

T42 DH
"

L43 DH
"

Ya1,0H
"

Y42.DH
"

Y43 DH
"

241,DH
"

242 DH
"

%43, DH

"
Le DH
/"

Ye,DH

"
%e,DH

1 /! n "
Y41,pH Y41,DH “41,DH TeDH

1! /! n !
Tyopg Y4200 “42.0H Ye.DH

1 /! " "
Ty3.pH Y43,.DH “43,DH “e,DH

0 0 0 1

c04(s01502¢03 + sb3chy) + s01504c0
—cloclscly + 50950,

c04 (501505 — sO3ch1cl3) — s04c01clo
501 (cOac04 — s02804c03) — 5035040,
s64cO5c03 + sO5c4

$04(s02cl1c03 — s01503) — cOychac04
cB1ch3 — 501505505

s6sclq

s09503cl1 + s61cl3

L, s01c05

L, s05

—Lu691 692

(2.17)

(2.18)
(2.19)
(2.20)
(2.21)
(2.22)
(2.23)
(2.24)
(2.25)
(2.26)
(2.27)
(2.28)
(2.29)

s(#) andc(6) representsin(f) andcos(f), respectively. Then, the rest anglés, 6, andés, are

calculated by comparing (2.16) and (2.17) as follows :

yg,[ nv )

0y = sin” 7
u

0, = sin Y

(2.30)
(2.31)

(2.32)



After calculating the net shoulder elevation angles forittigal vertical CGH displacements
v1, v andvs, the new vertical displacements, , v, andvs,, are calculated using the relationships
shown in Fig. 2-2b. The next step follows the iterative prhoe described in Fig. 2-7, which was
constructed based on the bisection method. The procedutawes until the following conver-
gence criterion is satisfied:

lvp —v2| <€ (2.33)

wheree is a specified tolerance. In the simulations, the tolerares set to 0.001 mm.

2.4 Performance Verification by Simulation

The proposed 5-DOF upper-limb exoskeleton and the kinenaatilysis methods were verified by
simulations. A linear path trajectory of the end effectoswspecified in a normal workspace. The
user’s height: was set to 170 cm, and the length of the clavigland scapuld, were set to 149.4
mm and 66.8 mm, respectively [55, 61].The lengths of the upp®m L,, and lower armL; were
both set to 285 mm.

2.4.1 Joint Trajectories

Both kinematic models, i.e., with and without shoulder aten, were tested. Figure 2-8 shows the
arm motions of each model for the given end-effector trajgctBoth simulated datasets indicated
smooth motion; however, the kinematic model with shouldevagion better approximated human
arm motion.

Figure 2-9 shows the joint angles of the kinematic model wifixed shoulder joint (black) and
a vertically translating shoulder joint (red). The jointgdes of the vertically translating shoulder
joint were calculated using the iterative inverse kinensathethod. The average number of iteration
of each point was 17, which means that the proposed analyshsoas can be implemented in real
time. The circles in the figure correspond to the intermedgadints, which are marked as blue
circles in Fig. 2-8b. Note that the shoulder elevation ofrti@v/ing shoulder joint shown in Fig. 2-
9(e) was about 50 mm, which represents a significant dewidt@mm the conventional model, in
which the elevation of the shoulder joint is fixed. Due to tliffecence in the shoulder elevation,
other joints moved along different trajectories, as showfig. 2-9(a) to (d), which produced an

unnatural motion of the upper limb.
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Initialization

[v1, V2] = [0, Vimax]

P
<

\4

vz = (v +v3)/2
v

Calculate net shoulder
elevation angles af,, v, and
v3 With the inverse kinematicj

v
Calculate vertical translations
(V1n, V2n and vg,) with the
relationship in Fig. 2b

v
f(v2) = van — vy
f(v3) = v — v3

No

Uy = VU3

YES
Comm>

Figure 2-7: Flow chart of the iterative inverse kinematiakalation.
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() a=90°, B=0° (b) a=0°, B=90°

Figure 2-10: Physical interference by extreme tilting asg|
2.4.2 Manipulability Analysis

In the proposed design, the shoulder joint is tilted so thatdingularities happens outside of the
normal workspace of the upper limb. A manipulability an&ywas performed to determine the
tilting angles. The manipulability is a quantitative me@sof end-effector manipulation ability,

which is defined as follows [62]:

w(6) = \/det(J(6)J7 (6)) (2.34)

wheref is a joint angle vector and is the Jacobian. The manipulability vanished at a singular
configuration; thus, the singularities can be analyzed byparing the manipulability values of
each point in the workspace.

Because the exoskeleton is worn by a human, the shouldagtéinglesa: and 8 should be
determined by considering the physical interference betwtbe human user and the exoskeleton
structure. The arm cannot be rotated backwaxd i too large, and abduction is not possibléeif
is too large because of a collision. Two extreme cases asgréited in Fig. 2-10. In both cases, the
exoskeleton structure interferes with the user’s arm. Tthestilting anglesy and$ were restricted
to values betweef® and50°.

The simulation conditions were set as follows. The userighté: was set to 170 cm, and the

lengths of the claviclé. and scapulé, were set to 149.4 mm and 66.8 mm, respectively [55,61]. The
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Figure 2-11: Minimum manipulability ofc and .

lengths of upper arnk,, and lower arnmi; were both set to 285 mm. In this simulation, 1180 points
were placed on the surface of the workspace, considerinmtti®n range of a normal upper limb
specified in Table 2.2. The workspace surface was preparemsidering the vertical shoulder
elevation. The distance from CGH to each point was set to G85which is almost identical to the
length of a fully stretched arm in the simulation.

The joint angles at each point were calculated using thegsexp iterative inverse kinematics
method. Using these, the Jacobian and manipulability &t pamt were derived. The manipula-
bility calculations were repeated to determine the apgatptilting angles of the shoulder joint to
avoid singularities. The tilting angles were varied frofmto 50° in 2.5° increments, and the ma-
nipulability of all points on the workspace surface at thasgles were calculated. The minimum
manipulability was chosen to represent the performancéetitting angle set because a larger
minimum manipulability implies that the singularity pasit is farther from the workspace.

Figure 2-11 shows the results of the manipulability analy§ihe maximum value among the
minimum manipulability measures appeared.at27.5° andg = 50°. Therefore, these values were
chosen for the shoulder tilting angles.

To verify that a singularity did not occur in the workspaceahad upper-limb, the manipulability

values of the points on the workspace surface were visuhliElee manipulability of each point was
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Figure 2-12: Change of the singularity position by tiltifg tshoulder joints.
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calculated and normalized by the maximum manipulability@among all the points at a given
andgs. The normalized manipulability measuké is shown in Fig. 2-12, using a three-color coding
scheme. The poin&0 < M < 0.1,0.1 < M < 0.9, and0.9 < M < 1.0 are coded in red, green,
and blue, respectively. The red dots indicate areas whimare likely to have singularities.

The singularity position was shifted by changing the titiangles. The red zone, which rep-
resents the area close to singularity positions, appedrad=a0°, 8 = 0° in the straight-forward
posture. The red zone was shiftedcaand g are changed as shown in Fig. 2-12b and Fig. 2-12c.
Finally, the red zone disappearedcat 27.5°, § = 50°, which were chosen as the final tilting angles;

i.e., the singularities did not occur in the workspace fertiting angles.

2.5 Performance Verification by Experiment

2.5.1 Force Analysis

An unactuated 5-DOF upper-limb exoskeleton was manufedtas a prototype of the proposed
exoskeleton, as shown in Fig. 2-13. The shoulder joint wesltas shown in Fig. 2-5 and was able
to move vertically using a linear guide rail. A six-axis fersensor (AT, Mini45 [67]) was installed
at the mounting part of the exoskeleton to measure the fqupkea to the shoulder joint. The net
shoulder elevation was calculated by measuring the tihedlgler joint angles with potentiometers.

Figure 2-14a shows the exoskeleton in a straight forwardiposwhich is the singularity po-
sition of the conventional upper-limb exoskeleton showkhimp 2-3. As analyzed in Chapter 2.4.2,
the proposed upper-limb exoskeleton did not have a kinensatigularity at the straight forward
position; i.e., the user was able to move his arm in the tenss¥ plane even in this posture. Fig-
ure 2-14b shows an arm posture that was closed to the shiftgdlarity position. However, as
observed in the figure, the shifted singularity position w#fcult to reach because it was outside
of the normal workspace of the upper limb. Thus, kinematigsiarities did not occur in the normal
workspace of the upper limb using the proposed upper-linasiedeton.

The performance of the proposed system was verified by megspplied force to the shoulder
joint while lifting the arm. Five healthy subjects (three lesaand two females, age: 23:0.45,
height: 166.4-2.2 cm) were participated for the experiment. The partiipavore two different
upper-limb exoskeletons; upper-limb exoskeletons witlxedfishoulder joint and a freely movable
shoulder joint. They were asked to raise their arm in thetsdglane while holding the hand

knob tightly. The applied force to the shoulder joint whiiting the arm was measured by the
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(a) Side view of the exoskeleton prototype

(b) Tilted shoulder joint of the exoskeleton prototype

Figure 2-13: Manufactured exoskeleton prototype.
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(b) Singularity position of the exoskeleton prototype

Figure 2-14: Shifted singularity position of the exoskeleprototype.
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Figure 2-17: Statistical analysis of the measured forcesmguarm elevation.

installed force sensor. The weight of the force sensor aa@tiskeleton itself were compensated
by subtracting the weight of itself from the measured fomcdhie z-direction. Each participant
performed the experiment ten times.

Figure 2-15 shows one representative result of the cakulilagt shoulder elevation angle and
measured force changes. The directions are specified i2Figb. Thez direction force force
increases as the net shoulder elevation angle increaset) mkans the arm cannot be moved nat-
urally by the fixed shoulder joint(Fig. 2-15b). Figure 2-Ithw/s a typical measured forced during
arm elevation with the vertically movable joint. The vealidorce (F,) decreased significantly,
compared with that of the fixed joint case.

Figure 2-17 shows the statistical analysis of the uppeb-laroskeletons with a fixed or verti-
cally movable shoulder joint. The thick bars show mean \&@ara the thin lines represent standard
deviations of the data. The p-values from t-test were writtelow each graph. Note that the aver-
age of the maximum force in the vertical directiafi.) of the fixed joint case was 12.09 N, which
restricted the natural motion of the upper limb seriouslgr the vertically movable joint case, the
average of the maximum force in the vertical direction wagimsmaller. Also, it was shown that
the difference of vertical forces was statistically sigrafit indicated as the p-values in the figure.
The vertical force of the vertically movable joint may be sad by friction of the guide rail, but it
could be reduced in an actuated version of the exoskeleton.

The forces in the forward directiorf) were statistically different as shown in Fig. 2-17. Since
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the vertically movable shoulder joint allowed free motidrtlee shoulder joint, the force might be
less exerted than that of the fixed joint case even in the fahaaection. The forces in the side
direction (¢..) were not much different as shown in the figure.

These results imply that the proposed exoskeleton strietith the vertically movable shoulder
joint can allow more natural upper-limb motion than the ational exoskeleton structure with the

fixed shoulder joint by reducing the compression force &pllo the user’s shoulder.

2.5.2 Motion Analysis

A camera-based motion capture system [68] was used to andgzipper-limb movement with the
proposed exoskeleton structure. The experimental setlitharanalyzed tasks are shown in Fig. 2-
18. The same participants of the force analysis experimente asked to perform three tasks;
forward flexion/extension, abduction/adduction and ctusdy adduction/abduction, 1) wearing the
exoskeleton with the fixed shoulder joint, and 2) wearingetkaeskeleton with the vertically movable
shoulder joint. Markers for the motion capture system wétigched to the user’s shoulder, elbow
and wrist. The positions of these markers were capturecevitnd participants were performing the
tasks. To allow comparison of the three cases, each testevsmed during the same time. The
participants repeated the task for five times, and the posifhanges were normalized by the height
of each participant. The normalized data of the fixed andoaly movable shoulder joints were
compared using t-test. One of the representative resudtisoan in Fig. 2-19. As shown in the
figure, the height changes of each joint using the exoskehetth the vertically movable shoulder
joint is larger than those of the vertically fixed shouldanjaase. The statistical analysis results
for both cases are shown in Fig. 2-20. The mean values of hefginges for all joints using the
exoskeleton with the vertically movable shoulder joint evgreater than those of the vertically fixed
shoulder joint case. Also, the t-test demonstrated thaetbéferences were statistically significant.
These results imply that the proposed exoskeleton struetith the vertically movable shoulder
joint allowed more natural upper-limb motion than the comignal exoskeleton structure with the

fixed shoulder joint.

2.6 Summary

In this chapter, a 5-DOF upper-limb exoskeleton with adik@oulder joint that could be vertically

translated was proposed and analyzed. The biomechaniaes sfibulder joint were studied, and the
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Figure 2-18: Performed tasks in the motion capture systemrw&rd flexion/extension ((a)-(d)),
Abduction/adduction ((d)-(g)) and Cross-body adductbdlction ((g)-(j))

shoulder joint movement was approximated to a vertical omotiAdditionally, the shoulder joint
was tilted to have the singularity position outside of thm avorkspace. Thus, a 5-DOF upper-
limb exoskeleton with 4-DOF shoulder joint and 1-DOF elb@inf, was proposed. To verify that
the proposed system was able to reach all points in the wacksgorward and inverse kinematics
were applied. The joint positions changed with the shouddievation; thus, the joint angles were
calculated iteratively. The simulated data showed thafutieange of motion was accessible using
the proposed upper-limb exoskeleton geometry. The expeeathresults showed that the proposed
upper-limb exoskeleton with a vertically translating slieu joint allowed for more natural motion

of the arm, compared with an exoskeleton with a verticallgdishoulder joint.
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Chapter 3

Cable-driven Mechanisms

Inertia and weight of a haptic control interface negatiafgct to the force transparency and actu-
ation bandwidth of a haptic control interface. The integfacust be lightweight in order to deliver
desired forces to the user precisely. Also, compact stredsirequired to prevent the interfer-
ence with user’s body. Cable-driven mechanisms have bemhtossatisfy such requirements, but
they have suffered from many problems in multi-DOF systesnsh as bulky cable routing struc-
ture, friction and pretension change. In this chapter, talde-driven mechanisms are developed to
achieve lightweight and compact actuation system adamgske limitation of conventional cable-

driven mechanisms.

3.1 An Asymmetric Cable-driven Mechanisnt

3.1.1 Introduction

Most of the weight of multi-degrees of freedom (DOFs) adarasystems comes from directly
mounted actuators. They become even heavier in case of seaigipulators, because the proximal
actuators are required to hold the weight of the distal #otsa To remove the heavy actuators
and associated structures, cable-driven mechanisms keaveanopted in many robotic manipula-
tion systems [69—77]. In such cable-driven mechanismsadheators are placed at the base, and
the force is transmitted through cables. Cable-driven meisins have also been widely applied in
human-robot interaction systems, such as exoskeletoarsgsbecause they enable a light and com-

pact wearable structure [27,57]. Such exoskeleton systeresusually developed as rehabilitation

The contents of this chapter was published in [4]. A prelanjnresearch result of the paper was published in [5].
Reprinted with permission from IEEE and Elsevier.
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and haptic devices for the communication with a virtual emwvinent, which require precise force
control. Also, their structures have to be compact to ensafety of the users from collision, and
to enhance the performance of system with less inertia. Imynsable-driven systems, cables are
routed through low-friction idler pulleys. Neglecting thrertia of idler pulleys, such pulley-based
cable mechanisms can deliver the desired force withoue llrgs. However, their complex cable
routing mechanism can make the systems bulky and heavy énafanaulti-DOF systems, because
idler pulleys are required for every tendon sets at eachnmadiate joints. Also, flexible cables that
can transmit only pulling forces provide challenges inwa®ing precise force to the human user.

In Chapter 3.1, a spring-actuator type cable-driven méashais proposed for force control
of exoskeleton systems with compact cable routing strasfiaddressing the limitations of conven-
tional pulley-based cable-driven mechanisms. In the peg@aystem, a linear spring acts as a power
source as well as a tensioner by pulling the cable againsigch&tor. Because the required joint
torques of human motions are not symmetric in many case8pj8the spring-actuator mechanism
is a feasible solution with a simple cable routing structamd a self-tension mechanism. A rotary
series elastic mechanism and robust control algorithme wapplied with the cable-driven mecha-
nism to enable high performance force control. Since th&etb$orce can be delivered precisely
with a simple cable routing structure, the proposed syssesnpected to be used in the exoskeleton
systems for haptic and rehabilitation purpose that redigfdweight and compact structures and

precise force control.

3.1.2 Configuration of an Asymmetric Cable-driven Mechanim
3.1.2.1 Cable-driven Mechanism

In a pulley-based cable-driven system, the torque gertelatean actuator is transmitted though
flexible cables. Because the cables can transmit forcesiorilye pulling direction, the cables
pulled in two different directions are required for the adion of one DOF rotational joint. To
satisfy such requirements, the three structures in Fig.hayvke been used as basic pulley-based
cable-driven mechanisms.

In the first mechanism, two actuators pull each cable indigratly (Fig. 3-1a). This mechanism
provides high performance and a relatively easy cable mgusiructure because the tensions of
both cables are controlled by different actuators. Alse,jtlint stiffness can be adjusted easily by

antagonistic control of the two actuators [69, 81]. Howevkee number of required actuators is
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Figure 3-1: Cable-driven mechanisms.
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doubled compared with other mechanisms.

In contrast, the mechanism shown in Fig. 3-1b can actuatgoimewith one actuator. Due to
its simple structure, it has been used for several robotinipoéators including exoskeleton sys-
tems [27, 30,57, 70]. Due to the nature of the mechanism, jmlkeys are required for routing the
cables through other joints. However, one idler pulley cdrenlarge the range of motion suffi-
ciently (Fig. 3-2a). The middle joint cannot be rotated Hiertclockwise in this figure, because the
lower routed cable will be separated from the idler pulleyna8 additional idler pulleys can en-
large the motion range of joints (Fig. 3-2b), but this reggibulky structures in series manipulators
with many DOFs. For example, a serial type 7-DOF exoskeletap require six main idler pulleys
and 12 small idler pulleys just at the first joint for the raliteable of the next six joints. Also,
the cable of the non-pulled side is easily slackened, whatkses backlash and slow responses.
Thus, pretensioning mechanisms in the hardware and/ov@@ftare essential. For the pretension
of cable-driven mechanisms, mechanical components, sugibrimg, idler pulleys and screws, were
typically used [34,82-84]. Such tensioners made the adfdlen structure bulky and heavy, and
required frequent adjustment for maintaining appropratesion. Slack enable mechanisms were
developed to use cable-driven systems in soft wearablagetithout pretension in [85, 86]. How-
ever, they are not applicable for pulley-based cable-drsystems, because the slacked cable could
be derailed from the pulley.

The spring-actuator mechanism, shown in Fig. 3-1c, useatag@anistic spring for the actuation
of one side, while the other side is driven by an actuator. §freng is pretensioned by pulling it
with the actuator to apply two directional forces to the fjoifhe amount of force to the spring
side is determined by this pretension and the stiffness whgp The available actuator force is
smaller than other mechanisms when the same actuator is liseause the actuator is required
to pull the spring. However, as the spring naturally pulls gable, the cable tension can always
be maintained appropriately without additional composeMore important thing is that its cable
routing mechanism is much simpler than other mechanisme. niéchanism provides an almost
full range of motion in the flexion direction without additial idler pulleys (Fig. 3-2c). When the
joint requires extension motions, just one additionalriglelley for each proximal joint and itself
is sufficient to enlarge the range of motion (Fig. 3-2d). Dughe simple cable routing mechanism
of the spring-actuator mechanism, it was adopted in some &amskeletons and robotic hands that

requires compact structures [71-73,87-89].
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Figure 3-2: Range of motions of the one actuator mechanighttenspring-actuator type mecha-
nism.
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Table 3.1: Elbow joint torque in flexion and exten-

sion.
Flexion (kgcm) Extension (kgm)
Men 725154 421109
Woman 33680 210t61

3.1.2.2 Spring-actuator Mechanism for Asymmetric Force Rguirement

The required joint torques of human motion are not symmeéirinany cases, which inspired us to
design an asymmetric actuating mechanism. One examplewinastric joint torques is shown in

Table 3.1 [79]. As shown in the table, the flexion torque of hlnenan elbow joint is much larger

than the extension torque, because the elbow joint is ysua#d to lift and carry objects against
the gravity, which requires the flexional torque of elbownjdi79]. This asymmetry appears not
only in the elbow, but also in the knee joint [78] and the fin@&] due to similar reasons.

Among the cable-driven mechanisms mentioned above, thdvfiosmechanisms try to rotate
the joint with the same force in both directions, but the rgguactuator mechanism can adjust the
asymmetric force using a linear spring with an approprigténg constant. As mentioned in the
previous chapter, the motor is required to pull the lineaingpat all time in the spring-actuator
mechanism; thus, the available force is smaller than othbleedriven mechanisms. Therefore,
the advantage, i.e. simple and light cable routing strestumay be shaded by the disadvantage.
However, the asymmetry of the spring-actuator mechanisswalcompensating the disadvantage
by properly seting its asymmetry similar to the asymmetryegjuired torque.

Human joints are asymmetric in most cases, and the exoshksldébr human limbs usually
require multiple DOFs in series, which leads to bulky andviiezable routing structures. Thus,
in this study, the spring-actuator mechanism, which allemsmple cable routing structure, was

selected for the exoskeleton actuation mechanism.

3.1.2.3 Rotary Series Elastic Mechanism

In human-robot interaction systems, force control is esslefor intelligent interaction such as
impedance control [90]. In this chapter, a rotary seriestelanechanism is combined with a spring-
actuator type cable-driven mechanism for force controle Ehries elastic mechanism has been

widely used for human-robot interaction systems for formetiol and improved safety [44,91-94].
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In the series elastic mechanism, an elastic element (ispriag) is installed between the human
and exoskeleton joint. By controlling the spring deflectitire force transmitted to the human can

be controlled. In this proposed mechanism, a torsionahgps directly applied to the joint.

3.1.2.4 System Configurations

A schematic of the proposed system is shown in Fig. 3-3. s $lgstem, the drive pulley is ro-
tated by a cable whose one end is connected with a motor arathibe end is connected with a
linear spring. As the motor rotates to the counterclockwiisection, the drive pulley is rotated in
clockwise direction, and the linear spring is extended. itmilar way, the linear spring pulls the
drive pulley when the motor rotates to the clockwise di@ttiThis drive pulley is connected with
the exoskeleton frame via a torsional spring, which makestary series elastic mechanism. By
controlling the drive pulley angle to have an appropriatsitmal spring deflection with respect to
the exoskeleton frame worn by a human user, the seriescetastthanism enables to deliver the
desired force accurately to the human user.

Because the linear spring is needed to prevent the cable atatpull the cable, the spring is
pretensioned ak; — Ly, whereL, andL; are the free and pretensioned lengths of the linear spring,

respectively. Thus, the linear spring generates the gufince at least; as:

T; = ki(Li— Lo) 3.1)

whereky, is the spring constant of the linear spring. Because the atrafpretension determines
the force asymmetry, the pretension should be carefulligded considering required asymmetry
force and structure stiffness.

3.1.3 Control of the Asymmetric Cable-driven System

3.1.3.1 System Modeling

In the proposed system, the motor should be able to conteotitive pulley position precisely so
that the desired force can be transmitted to the human thrthegrotary series elastic mechanism.

To find the relationship between the motor torgug, and the drive pulley anglép, the system in
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Figure 3-3: Schematics of the proposed asymmetric callerdmechanism. [Refer Chapter
3.1.3.1. for the notations in the figure.]
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Fig. 3-3 is modeled as follows:

IOy + Crbyr = 7 — T (3.2)
IDéD = TD(TM—TL)—F]{T(@H—HD) (33)
IH9H+CHOH = k‘T(eD—HH)-f—TH (34)

wherel,; andC), are the inertia and damping coefficient of the motigy,and Cy are those of
human,Ip is the inertia of the drive pulley,;, 6 p anddy are the rotation angle of the motor,
drive pulley and human, respectively; is the spring constant of the torsional sprimg; andrp
represent the pulley radius of the motor and drive pullespeetively, 1, andT}, are the tension of
each cabler,, is the motor torque andy is the human torque.

By assuming that the appropriate cable tension is mairddiyethe linear spring, the relation-
ship between the motor anglé;,, and the drive pulley anglé)p, is obtained kinematically as

follows:
rpfp = rmOm (3.5)

The linear spring is extended kYL from the pretensioned position, and the cable tension by

the linear spring77,, is calculated by Hooke’s law as follows:

Ty, = k(L1 — Lo + AL) o

= kL(Ll — L() + TDQD)

The output torquer,, from the rotary series elastic mechanism is also calalilayedeflection

of the torsional spring as follows:
To = kr(0p —0g) (3.7)

By integrating (3.2)-(3.7), the drive pulley angle is exgmed in the Laplace domain as follows:

1

o
Op(s) = T %;W—'— k"’l‘/kH (Tar(8) — 1i(s) + 75 (5)) (3.8)
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where

1
I = Ply+—Ip (3.9)
TM TD
D
¢ = %CM (3.10)
K = krrp (3.11)
1
ku(s) = —kr(1—krGp) (3.12)
D
1
Gu(s) = TnsZ 1 Cors 1 o (3.13)
Ti(s) = l7“MTz‘ (3.14)
S
Ti(s) = rmGu(s)TH(s) (3.15)

Note thatGy contains human-related parameters suclijagind C'y, which are difficult to be
measured. Even more, they are not constant values becaysiegbtproperties of human muscle
changes [95]. Thus, the nominal model of the system wasradataby letting/; andCy to zero
for simplicity, and variation of such variables were dealinaodeling uncertainties. The@y and
ky become t% andO0, respectively. Thus, the nominal model of drive pulley anglsimplified

as follows:

1

Op(s) = #{;%(W(s) —7i(s) + T4 (5)) (3.16)

wherey;(s) = %T/’m(s). The last term in (3.16) which is by human joint torque is tieelaas
external disturbance to the controller. Both the modelingestainties and external disturbances
caused by the interaction with human are compensated bygtrabntrol algorithms discussed in

next chapter.

3.1.3.2 Controller Design

A model-based robust control structure is proposed in thigter for force control of the system.
Because the system delivers the desired force to the huraatheiseries elastic mechanism, the

position control of drive pulley anglé,, may be the main issue of the proposed control algorithms.

Before system identification, the initial linear springdef; was measured to compensatés)

from the system model in (3.16). As the motor input was ineedagradually, the lengths of the
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linear spring in the stationary state was measured. In @stay state;;, andT),; can be assumed
to be equal. Thus, the generated by the control inputs is the required torque to generatedhees
magnitude ofl’y; asTy,. Consequently, the input shows a linear relationship vhighlinear spring

length as shown in Fig. 3-4. To calculate the input magnitiedeompensating;, the measured
data were linearly fitted. The motor input to extend the lirsaing toL; was calculated inversely
from the fitted equation, and it is denotedday(i.e. ug generate§’, with the magnitude of;). In

the system identification and the following experiments, tiotor inputu, was set as :
U = U+ Ug (3.17)

whereu,. is the control input from the controller ang is the input for compensating. Because

ug generates motor torque with a magnitude gf7;, the motor torque is expressed as :
™ = Te+T; (3.18)

Then, the system model in (3.16) is simplified to:

1
Op(s) = ——2L (7.(s)+ 7h(s)) (3.19)

82 + %S + '

The torsional spring was excluded during system identiicabecauser;(s) is treated as a
disturbance in the position control. Thus, the system atingj of the motor, drive pulley, linear
spring and cables was identified by sweeping sinusoidabigmwhich have frequency from 1 Hz
to 60 Hz with 2.5 V of magnitude. By fitting the parameters il to the measured data as in

Fig. 3-6, the nominal model of the system was identified deviw:

15.41
P.(s) = 3.20
(5) s2 + 3.5455 + 6.39 (320)

As a basic controller, a proportional-differential (PDntwller was applied, whose gains were

obtained by the linear quadratic (LQ) method. The LQ per#ooe index is defined as follows:
J = / (2T Qz + uT Ru)dt (3.22)
0

wherex denotes the state, including the position and velocity efrttotor, and is the input. Q
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Figure 3-6: Frequency response of the system.

and R in (3.21) present the weighting factors of the position apelesl of the drive pulley and of
the control input, respectively. Using the performancesijydhe optimal PD gain was calculated
for the controllable canonical form of (3.20).

The PD controller may not be sufficiently robust for this aggtion, because an external dis-
turbance and modeling uncertainties are introduced byaati®n with human as in (3.19). Unlike
the linear spring force, the disturbance introduced by humeace and the modeling uncertain-
ties cannot be directly compensated. Thus, a robust caoalgotithm is applied with the nhominal
model in (3.20). Disturbance observer (DOB) is one of theasgntative robust control algorithms,
which can estimate and compensate the external disturtfa@kerhe modeling uncertainties from
a nominal model can be also compensated by dealing with thideling uncertainties as equiva-
lent disturbances. Thus, it is expected that the inducedefimaguncertainties by in (3.19) can be
canceled by the DOB.

To implement the DOB, we need to properly design €hdilter to make the DOB algorithm
realizable. Because the inversela,{élosed(s) is not realizable, th&)-filter must have equal or
higher relative order than that @, ci0scs. Thus,Q(s) was designed to have the same relative
order ofPTZélosed(s) in this study. Because the maximum bandwidth of the humaowveil 4-

6 Hz [97], theQ-filter was designed as a low-pass filter with a 10 Hz of cutadfjfiency. The
entire system was discretized with a sampling time of 1 mafipgtementation in the digital control
system.

Once the robustness of the closed-loop plant is securedebp @B, a significant improvement
in tracking performance can be expected by introducing dfteeard controller. In this study,

the zero phase error tracking (ZPET) method was used [98tal® the nominal model of the
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Table 3.2: Specifications of experimental setup.

Specification

Motor Maxon EC-4pole
Gear ratio : 74:1
Nominal speed : 22.5 rad/s

Nominal torque : 6.767 Nm

Driver Maxon ESCON 70/10
DAQ National Instruments PCle-7841R
Encoder US Digital, Incremental, 1250 CPR
CPU Intel i7-3770
Operating System Microsoft Windows 7
Softwares National Instuments LabVIEW 2015

closed-loop is known, the ZPET controlld?, was designed as:

-1 -1
Fo= n,Closealz (322)

The overall controller structure is shown in Fig. 3-5. Sugmpthe desired torquey, is given by a
high level controller, which could be for rehabilitationtete-operation, etc. Then, the desired drive
pulley anglefy, is calculated by the series elastic mechanism with the mned$iuman joint angle,
fr. By the DOB algorithm, the closed loop system is expectectt@8slr,, cioseq, and the ZPET
controller, F', drastically improves the tracking performance. The messdrive pulley anglef s,
is used to make the output torqug,with the measured human joint. A low-pass filter was applied
to 6y in determiningfy, to reduce high frequency movement that may cause the ilistath the

DOB.

3.1.4 Experimental Verification

3.1.4.1 Experimental Setup

A one DOF upper limb exoskeleton with the proposed systemmasufactured for the elbow as
shown in Fig. 3-7. A linear spring, which generates a smdtlare than the motor, was used for

flexion motion, but it can also be positioned for extensiortiomofor a different purpose. The
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Figure 3-7: A prototype of the proposed mechanism for theweljpint.

specifications of equipments in the experiment are showrabieT3.2. The torsional spring was
designed to have a spring constantlaf7 Nm/rad, and the linear spring was designed to have a
spring constant of .19 N/mm with initial length of52.5 mm. The motor pulley and drive pulley
had a radius 021 mm. The pretension length was sef id.3 mm considering the average required
torque of the elbow joint in daily life].4 Nm, could be generated at all times [27]. The maximum
torque of the spring i2.6 Nm at the maximum extension of the elbow. The expanded image i
Fig. 3-7 shows the series elastic joint of the system. A ¢oii spring was placed between the
drive pulley and the exoskeleton, and two encoders for timeamujoint and drive pulley were used

to measure the spring deflection, thus torque transmittéftetbuman joint can be calculated.

3.1.4.2 Experimental Verification without Human Interaction

The bandwidth of the closed loop system with proposed cbatgorithms was verified as shown
in Fig. 3-8. The frequency response of the closed system a&asitil about 10 Hz. Thus, the
performance of the actuation part was sufficient to follow thotion of the elbow, which is up to

4~6 Hz [97].
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Figure 3-8: Frequency response of the system without tisgotwail spring and human parts.

The position tracking performance of the system was testiéd amd without an intentional
disturbance with three control methods: (a) PD controli}, PD controller and DOB, (c) PD
controller, DOB and ZPET. In this experiment, the desiradedpulley angle was provided as pre-
programmed arbitrary trajectory. The drive pulley was nmtireected to the torsional spring or
human part. As shown in Fig. 3-9 and Table 3.3, the trackingreiof PD and PD plus DOB control
were quite small; however, the tracking error of the PD, DO&EPET control was extremely
small compared with those of PD and PD plus DOB.

However, the results changed significantly when an extafisalirbance was introduced. A
sinusoidal disturbance was inserted in the digital coler@sd in Fig. 3-5. Figure 3-10 and Ta-
ble 3.3 shows the experimental results with the same deairglt, with the intentional sinusoidal
disturbance. In the PD controller case, the tracking ermolen PD control increased significantly.
However, PD plus DOB controller maintained a similar levetracking error as that without a
disturbance. These results show that the DOB is capablesefeing and rejecting the disturbance.
The last graph in Fig. 3-10 compares the inserted distuebamcl estimated disturbance by the
DOB, confirming the performance of the DOB. Thanks to the stiess of the DOB, the use of the
feedforward filter, ZPET, significantly increased the tiagkperformance similar to the previous

experiment.

3.1.4.3 Experimental Verification with Human Interaction

In the previous chapter, performance of the proposed mé&rhanithout a human user was veri-
fied. However, its performance may depreciate if unknowtudisinces are introduced by human

interaction. To confirm that the system can transmit desoegue even with human interaction, the
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Figure 3-9: Position tracking performance without inseyta disturbance. The torsional spring and
human parts are excluded, i.e., no interaction with the. user

Table 3.3: Root mean square (RMS) errors in the experimeitit®ut a user.

Controller Without disturbance (rad) With disturbancedjra

PD 0.0434 0.3587
PD+DOB 0.0419 0.0455
PD+DOB+ZPET 0.0045 0.0188
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Figure 3-11:. Schematics and parameters for the virtual thethbxperimentm : mass of a virtual
dumbbell,g : gravity, [ : distance between the center of rotation of elbow joint dredhandp :
elbow flexion angle.

experiment with a human user was performed. As mentionditedhis mechanism is developed
for the haptic interface with an exoskeleton structuresthiibe experiment with a human user is
highly necessary.

In the experiments, the user wore the proposed exoskelgsdens and moved arbitrarily. Four
types of torques were applied to the system. First, the ebsorque was set to zero to prove that
this mechanism is enough back-drivable to ensure free mofithe user. The second type of torque
was set as a sinusoidal torque, to verify that this mechanamgenerate torque to both directions
with given frequency. The third type of torque was set to tred from a virtual dumbbell as shown
in Fig. 3-11, supposing the mechanism was applied in a hdptitce for the communication with
a virtual reality. Considering the inertia and gravity of thirtual dumbbell, the desired torque was

set as follows, by assuming point mass.
19 = mi*0+mglsinf (3.23)

The mass of the dumbbeth, was set td).8kg, and the distance between the center of rotation of
elbow joint and the hand, was set td).35m in the experiment. The range of elbow flexion angle,
0, was set td° to 135°.

In the last experiment, the desired torque was set to a nezhsnirque of a robot arm, to test

the feasibility as a haptic control interface with a robanarAs shown in Fig. 3-12, a robot arm

63



TR for desiredr(,»

6y for desiredy

Weight §
(0.5Kg)__ ¥

Robot arm Exoskeleton

Figure 3-12: Interaction between a robot arm and the exeskd@l 6z andfy are joint angles of
the robot joint and the human elbowy, is the measured reaction torque of the robot joint, and
the generated torque by the exoskeleton system.
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Figure 3-13: Backdrivability test of the system.
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65



S 3 ‘ Human Drive pulley
©
©

o

C
<

c
i)

x

()
L

_1 1 | | 1 | | |
0 2 4 6 8 10 12 14 16 18
Time [s]
4 Desired Generated

€

=

(]

>

g

o

-

| | 1 | | | |

1
0 2 4 6 8 10 12 14 16 18

Time [s]
0.2
0.1

e Mww g, FJM i MVMMW%MWM W%w ﬂwﬂwﬂw me

Error [Nm]
o

1
©
[E

T

|

2 4 6 8 10 12 14 16 1€
Time [s]

1
o
(N)

Figure 3-15: Torque tracking performance of the systemerirtkeraction with a virtual dumbbell.

66



Joint Angle [rad]

Desired Generated

Torgue [Nm]

Error [Nm]

_02 | | | | | | | | I
0

Figure 3-16: Torque tracking performance in the interarctigth a robot arm.

67



Table 3.4: Root mean square (RMS) errors in the experi-
ments with a user.

Experiment RMS error (Nm)
Backdrivability 0.0133
Sinusoidal desired torque 0.0201
Interaction with a virtual dumbbell 0.0239
Interaction with a robot arm 0.0258

(Kinova, MICO [99]) was set to follow the motion of human elbavith holding a weight (0.5 Kg)
using the measured elbow flexion angle from the exoskeldf@anwhile, the exoskeleton was set
to generate the torque measured from the robot arm. The megbgarque of the robot arm was
scaled to 1/3 for this application. Because the robot armthedxoskeleton were controlled by
one computer, no time delay between them was occurred. éxpdriments, the PD and DOB plus
ZPET controllers were used to control the exoskeleton gyste

The experimental results are shown in Fig. 3-13, 3-14, 3+kb316 and summarized in Ta-
ble 3.4. As shown in the experimental results, the systembaek-drivable and could generated the
desired torque accurately, even with the unpredictableaprdodic human motion. The experimen-
tal results imply that the proposed mechanism and contralegfy are suitable for force reflection
to the joints that require asymmetric torque, and confirmas tiire user can feel the environment in
the virtual space or around the robot through the proposstisy

Although the proposed asymmetric cable-driven mechan&srélatively compact cable rout-
ing structure than conventional mechanisms, the lineangpequires certain amount of place,
which could make the system bulky. Decision of the asymmetrsctuation forces also require
careful considerations in the required joint force analyecause it has different value by individ-
ual users and joints. Also, the motor side cable can be edsiigiled from the idler pulley when
the power is off, since it is not pulled by the motor when thdands off. Such disadvantages make
practical application of the proposed mechanism in mulifbsystems difficult. Thus, a different

type of cable-driven mechanism is developed in Chapter 3.2.
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3.2 A Series Elastic Tendon-sheath Actuation Mechanisfn

3.2.1 Introduction

Tendon-sheath actuation mechanisms afford more lightweigd compact tendon routing than
pulley-based cable-driven mechanisms. In a tendon-slaedtiation mechanism, the tendon deliv-
ers the force by sliding through the hollow core of a flexitheath. Thus, tendon routing does not
feature a complex pulley system on the actuated structuhasloften been adopted in robotic sys-
tems such as multi-DOFs exoskeletons and manipulatorgubedts tendon routing is extremely
simple and lightweight [29, 44,87, 88, 100-103]. Howevectibn between the tendon and sheath
cause many undesirable phenomena, such as hysteresis ckfashaof the force, compromising
precise control.

The behaviors of tendon-sheath actuation systems haverbsearched to overcome the dis-
advantages. Kaneket al. developed an analytical model of friction in a single-temdsystem
based on the Coulomb friction model [31]. Patial. developed a LuGre-like friction model and
a compensation algorithm for control of output force [32]otiB studies were limited in a single-
tendon-sheath actuator, which is not enough to drive a dDE-int. Agrawalet al. developed an
analytical model of a double-tendon-sheath actuatioreaysising partial differential equations that
require information on the external environment; such rhadifficult to implement in real-time
control systems [33]. Wet al. developed an analytical model and compensation algosittam
force and position transmission by a double-tendon-shactiition system applicable to real-time
control systems [34]. A feedforward friction compensataigorithm was developed and verified
via simulation and experiment.

All of the cited studies assumed that the sheath configuragmained constant during actua-
tion, which is not the case in multi-DOFs systems; the sheattifiguration changes as the position
and orientation of the distal joint changes. Such changesteruncertainties in friction models,
compromising accurate control. Torque sensing elementh(as torque sensors and series elas-
tic elements) can be placed on the output side for the fe&dibague control, but they increase the
weight of the actuated structure, require fast data adoprigiates and add to costs [29,44,100-102].
Do et al. modeled friction using a modified Bouc-Wen model, and dgyed an adaptive algorithm

with position feedback to allow precise position controdanvaried sheath configurations, but

2preliminary research results of this chapter were puktishgs, 7]. Reprinted with permission from IEEE.
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frictional torque was not compensated [104, 105].

Sheath configuration changes affect not only the frictiordet® but also to the pretension. A
pretension is a pre-loaded tensile force that preventsotedérailment. As sheath configuration
changes, the pretension is affected by changes in the Emjtthe tendon paths caused by in-
consistencies between the neutral axes of the sheaths mihchte Such pretension changes can
cause tendon derailment or the sheath deformation, whitlseeerely damage the system. How-
ever, the aforementioned studies assumed that pretensiermaintained within an appropriate
range. This assumption is not reasonable for multi-DOF$stendon-sheath actuation systems,
because sheath configurations vary in such systems. Changeth friction parameters and the
pretension, caused by changes in sheath configuration,bmesinsidered in the design and control
of multi-DOFs tendon-sheath actuation systems.

In Chapter 3.2, a series elastic tendon-sheath actuati@manasm for multi-DOFs systems
is developed affording feedforward distal joint torque ttohand low pretension change during
actuation. In the proposed actuation system, series @lalginents are placed on the motor side
to reduce the pretension change and to control the inputi¢opyecisely. An analytic friction
model of the series elastic tendon-sheath system is dealapd used to feedforwardly control the
torque of the distal joint. To estimate the friction paraengthe sheaths are tightly routed through
the intermediate joints via sheath holders, rendering beath configurations dependent on the
intermediate joint angles. The performance of the propasetem was verified in experiments
with a prototype manipulator. An interface for control of eletoperation system is developed
with the proposed mechanism. The force delivery performari¢he interface was experimentally

evaluated.

3.2.2 Characteristics of a Conventional Tendon-sheath Aagkation Mechanism

In this chapter, the characteristics of a conventional tstdndon-sheath actuation mechanism are
described, with a focus on torque delivery and changes ieps®n. A simulation is performed

based on the analysis result.

3.2.2.1 Analysis

In this analysis, Coulomb friction model was assumed amdegfiction models because of its
simplicity and low computational burden in the real-timepiementation [106]. The schematic of

a conventional double-tendon-sheath actuation systenpased of tendona andb is shown in
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Fig. 4-1. The tendons are routed through the hollow coreseéths to connect the motor- and
distal-side pulleys. The length of a tendon path in the $hisadenoted by(¢). As the tendon path
is changed by several factors such as the tensioner and eaifan changes of the sheatlt,) is
assumed to be a time-variable length. A small element ofalends also shown in Fig. 4-1. In the
figure,f(s,é,t) is the friction applied to the small element, caused by thenab forcedN (s, t).

The friction can be calculated as follows:
f(s,€,t) = udN (s, t)sign(€) (3.24)

wherey is the friction coefficient andign() is the signum function£ can be replaced by 7 (t)
assuming that the moving direction of the tendon is detezthioy the rotational direction of joint.
Using the force equilibrium of the small elementiirandy directions, two equations are obtained

as follows:

dT'(s,t) = podN(s,t) (3.25)

T(s,t)dO(s,t) = dN(s,t) (3.26)

whereo = sign(w;(t)), andT'(s,t) is the tendon tension. Combining (3.25) and (3.26) yields:

= podO(s,t) (3.27)

By integrating both sides of (3.27) from= 0 to an arbitrary point = s, the force transmission

equation of tendom from s = 0 to s = s is obtained as follows:

T(S’ t) — (OH S5 k(s t)ds

0 . wy(t) £0 (3.28)

Next, the force transmission equation fram= 0 to s = I(¢) can be derived as follows:

L(t)

_ onet) :
T =<0 @il £0 (3.29)

where the bending angle of the entire tendon p@ttt), is defined as follows:

s=I(t) s=I(t)
O(t) :/ t dO(s,t) :/ t k(s,t)ds (3.30)

=0 =0
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Figure 3-17: Configuration of a conventional double-terdbaath actuation mechanism and its
small element.1[y;, wys(t) andry, () are the radius, angular velocity, and torque of the motde-si
pulley, andr;, w;(t) andr;(t) are the values of the same parameters for the distal jejrt. and

t represent the position on the tendon path, the relativdadispent of the tendon for the sheath,
and time, respectivelyR(s,t), x(s,t) anddO(s,t) are the radius, curvature, and central angle of
the small element of the tendon-sheath syst€mepresents tendon tension].
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(3.29) describes force delivery by a single-tendon-shaathation system featuring several param-
eters. Of thesey©O(t) is difficult to measure directly using a sensor, beca®sg depends on the
sheath configuration. Note that the equation is only aviglallhen the system is moving. In static
state, the output force varies by the output side envirobhmbnthis case, the input force is not
transmitted to the output side until the difference betwiegnit and output forces overcomes the
friction. Since the aim of this research is the feedforwamdtml of output torque, which is available
in moving state, further analysis is carried out with a foonghe state in whickvy # 0.

The tendon is elongated when tension is applied. The elmmyaf tendon can be analyzed by
assuming the tendon is elastic. The elongation of a smalbteelement can be derived as follows:

T(s,t)

d(S(S,t) = ﬂ

dlys(s, 1) (3.31)

whered(s, t) is the tendon elongatiorf; and A are the elastic modulus and the cross-sectional area
of the tendon, respectivelyll,; (s, t) represents the unstrained length of the small tendon elemen
dlys(s, t) is always less than or equalde, because only pulling forces can be applied to the tendon.

dlus(s,t) can be expressed lad§(s,t) andds as follows:
dlys(s,t) = ds — do(s,t) (3.32)
Integration ofdl, (s, t) froms = 0to s = s follows:

us(5,) = / (s, ) (3.33)

=0
wherel, (s, t) ats = I(t) is l,s (a constant). In terms of the elongation of tendgma combination
of (3.28) and (3.31) yields:

n)

o eho [3Zo R qr (s, ) (3.34)

ddg(s,t) =

By integrating (3.34) along the tendon path [i.e., frems 0 to s = I()], the elongation of tendon

a can be calculated as follows:

ba(t) = () (3.35)
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wherea(t) is defined as:

alt) = / e el 2o wlsds gy (s.1) (3.36)
Lus(s,t)=0
It is difficult to simplify (3.35) further, becausg’ " x(s,t)ds depends on the configuration of
sheath, which cannot be expressed using a specific fundtiaret al simplified (3.35) by assuming
that the sheath curvature was constant along the entirghshma this is valid in only a few cir-
cumstances [34]. In (3.35)(t) represents the degree of difference between the tendogagion
under zero friction and actual friction. if or (s, t) is zero,a(t) becomes equal to the unstrained
tendon length,, s, andd,(t) is the elongation of tendom under zero friction. An increase jmor
k(s,t) increases the difference betwegyit) and the elongation under zero friction.

The analysis of a single-tendon-sheath system can be ext¢ad double-tendon-sheath actu-
ation system. Assuming that the two sheaths have same cratfans, the force delivery equation

for tendonb is as follows:

;118 _ oue() (3.37)
3
, and the elongation of tenddnis:
T5(t
autt) = 20 gy (339
wheref(t) is:
lus(8,t)=lus s
B(t) = / e Jomo KDL, (s, ) (3-39)
lus(s,t)=0

(3.35), (3.38) and the geometry of the system imply thatddarcan be slacked from the pulleys
during the actuation of the double-tendon-sheath actuatystem, because one tendon is loosened
at the time that the other is tensioned. To prevent this slaath tendons must be tensioned prior to
system actuation. In this research, the pretension is definghe average tendon tensile forces of
the motor side, as follows:

Tp(t) = (T (1) + T5(2)) /2 (3.40)

Since the two sheaths are assumed to have identical confangathe lengths of tendon paths
are also identical. Considering the geometry of the systhmrelationship between the tendon

elongations and the length changes of these tendon patheaastained as follows:

Salt) + 6y(t) = 2AI(¢) (3.41)
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where the length change of a tendon path by reference to #igimed tendon length is defined as:

ALE) = U(t) — Ls (3.42)

If sheath configurations are constant, the tendon pathHengtain their initial values. In such

casesAl;(t) can be assumed to be constant, as follows:

Al(t) = A(0) (3.43)

whereAl[(0) is the initial value ofAl(t). Then, (3.41) can be reformulated as:

Sa(t) + 6y (t) = 2A1(0) (3.44)

The torque on the motor and distal joint sides are:

v (t) = rar(Ts(t) — Th(t)) (3.45)

Ty (t) = ry(Ty(t) — To(t)) (3.46)

Combining (3.29), (3.35)-(3.39) and (3.42)-(3.46) yields relationship between,(t) andr;(t):

. rJ ™ (t) —ouO(t) oud(t) ;
Ty(t) = DR B(t)( (a(t)e + B(t)e ) — 4EAsinh(ocp©(t))AlL(0)) (3.47)
The pretension can be reformulated as a functiomeft) by combining (3.35), (3.38), (3.40),
(3.44) and (3.45), as follows:

2EA | (aft) = B(t) Tm(t)

L= 015w (@) 7 50) 2r;

(3.48)

Unknown parameters in (3.47), including ©(t), «(t) and 8(t), can be identified if the sheath
configuration does not change as assumed; these paramegtergicon sheath curvature. However,
the sheath curvature changes in multi-DOFs systems beo&uakanges in distal joint position and
orientation, varying the model parameters. The changesdnte uncertainties into the friction
model. Therefore, applications of the feedforward distee torque control are confined to systems
featuring constant sheath configurations.

A sheath configuration change also triggers a pretensiomgehdf a tendon path coincident to
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Figure 3-18: A longitudinal cross section of spiral typeahe (s andl,...-o; are the positions
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the neutral axis of a sheath, the tendon path lenith)(is preserved when the bending of sheath.
However, the tendon path does not lie on the neutral axis ist systems. Thus, the tendon path
length changes as the sheath configuration varies. Whearggkuch length changes, the sheath
structure must be considered. A sheath is composed of anste®ve and a metal shield. The inner
sleeve, usually made of a low-friction material such as fedfgfluoroethylene (PTFE), contacts the
tendon within its hollow core. The metal shield wraps theeinsieeve and withstands the tendon-
imparted compressive so that the sheath configuration istaiaéd under such load. Any change
in the length of tendon path depends on the type of sheathogiethl Spiral type sheath is popular
in robotic applications; the metal shield is a helical c&ilg; 3-18). Since the metal shield has low
bending stiffness but have high compressive and extensitiffaess, the neutral axis of the sheath
lies on the inner arc of the metal shield, shown as a dashedrlifig. 3-18. In this analysis, the
longitudinal width of the spiral metal shield is assumedealb,...;-.;, and the pitch also takes this
value. The sheath length is assumed(#®(¢) = 0) when the sheath is not bent. If the sheath
is bent, the system can be divided into small elements fiegtsmall arcs, with inner-arc radii of
R(s,t) and corresponding bending angt&3(s, t). The tendon path then lies on the outer side of

the neutral axis, and the length of the small element can loalated as follows:
d
ds = (R(s,t) +p+ §)d®(s,t) (3.49)

wherep is the distance from the tendon-inner sleeve contact lingheoinner arc of the sheath,
andd is the diameter of the tendon. Assuming thgt(s, ¢) is very small,R(s,t)dO(s,t) can be
approximated byll,...r«;- Then, the length of the entire tendon path can be derivedtbgiating

(3.49) as follows:

lneutral :l(@(t) :O)
= [ ;
l

ds=10(t)=0)+ (p+ §)®(t) (3.50)
neutral=0
which means that the tendon path length is affected by thegehm©(¢), defined as follows:

AB(t) = O(t) — Oy (3.51)

where©,; is the bending angle of the sheath that renders the tenddrainesl. Then, the length
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change of a tendon path within a sheath from unstrained stastate in time is:
d
Al(t) = (p+ 5)A@(t) (3.52)

Modeling errors may affect the accuracy of (3.52), and theaggn differs by the type of sheath
used. The important point is that the length of tendon patinghs as the configuration of sheath
changes, because the neutral axis of tendon and the sheddiffiault to be coincident. Thus, (3.44)
is not available when sheath configuration varies, but {3stdvailable under such circumstances.

Thus, (3.47) and (3.48) can be reformulated as follows:

7(t) = a(t):]ﬂ(t) <Tﬂfﬂf) (a(t)e= oW 4 B(t)eOW)) — AE Asinh(op©(t))Al(t)) (3.53)
_2FA (a(t) = B(t)) Tas (1)
B0 =0+ 80 @@+ 50) 2 (3:54)

It is difficult to understand (3.53) and (3.54) intuitivelgdause the equations contain complex
terms related te(¢) andg(t). Both (3.53) and (3.54) can be simplified by modifying) and3(t)
terms. First, assume = 1 and an arbitrary sheath curvatutés, t). If 4 = 0 or O(¢) = 0 (i.e.
friction is zero),«(t) and3(t) are both equal td,;. As  and©(t) increase, the effect of friction
increases, and, thus(t) becomes greater thadp, and3(t) becomes less thdp;,. At a given©(t),
the maximum ofx(¢) and the minimum of3(¢) appear when the curvature is concentrated-at0
[i.e. k(s = 0,t) = co andx(s > 0,t) = 0], because all tendon elements except those -at0
are elongated b¥5(t) or T4(¢), which includes all friction forces acting on each tendohug; this
condition maximize the difference betweef¥) andj5(¢) at a givenO(¢). Wheno = —1 (i.e. the
direction of the friction is now opposite to that consideeadxbve), friction inversely affect(¢) and
B(t), but the difference between these values is also the samenonaoted above.

Fig. 3-19 shows a simulation performed with the extreme itimmd In this simulation, the sums
of a(t) andp(t) (a(t)+5(t)) and the difference betweerit) andj(t) (|a(t)— B(t)|) are simulated
at varyingO(t) andu. O(t) is varied from 0 tor/2 considering the application of tendon-sheath
actuation mechanism, andis varied from 0.01 to 0.05 in steps of 0.01 by reference tdribgon
between steel and lubricated low-friction polymers [L0Both «(¢) + 5(t) and|«a(t) — 5(t)| are
calculated in the unit of,. «(t) + B(t) is very closed t@,; this, which is the value when the
friction is zero, because the tendons are tensioned orredsantagonistically. Alsdq(t) — 5(t)]

is very small, indicating that(¢) and3(t) have similar values. In real applicationa(t) — 3(t)| is
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Figure 3-20: Simulation results of a double-tendon-shaathation system.
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smaller than the simulation result, because the curvatmaat be concentrated to a point. Thus, it
is reasonable to assumét) and3(¢) are both closed tg,. Applying this assumption and allowing

small modeling errors, (3.53) and (3.54) can be simplifietbbaws:

T7(t) = 7;( ];45) cosh(op®©(t)) — 2T, (t)sinh(opO(t))) (3.55)
() = ?AAl(t) (3.56)

The simplified equations imply that the pretension changenés on the length change of tendon
path, which in turn varies with changes in sheath configomatiThe pretension change may lie
outside the appropriate range, becafiséis much larger thai,; in most tendon-sheath actuation
systems. As the distal joint torque contains a pretensitatad term, the pretension change also

affect to the torque transmission, @8(t) does in (3.55).

3.2.2.2 Simulation

A simulation is performed using (3.55) and (3.56) for a caniv@al double-tendon-sheath actuation
system. The motor-side torque is set to a sinusoidal torqtreavmaximum amplitude of 1 Nm and
a frequency of 0.1 Hz. The tendons are assumed to be steekcalthd =0.8 mm,E =200 GPa,
andl,,; =1 m; the radii of the motor- and distal-side pullies are s&Qonm. The sheath is assumed
to be of the spiral type and cylindrical in configuratidd, is setto 0, an®(t) is either maintained
at the initial value £/4) or changed sinusoidally with a maximum amplituderfd and a frequency
of 0.5 Hz. i1 is set to 0.05, assuming that the inner liner of the sheathaw-driction material such
as PTFE. The distance from neutral axis to the tendon-sheaitiact line ) was set to 0.5 mmz

is assumed to beand—1 before and aftet = 5 sec, respectively.

The simulation results are shown in Fig. 3-20. Figure 3-2@@aws the motor-side and distal
joint-side torques during simulation. It is apparent thatt) assumes values distinct from those of
M (t), because of friction. When the sheath configuration is emtisthe shape af;(¢) is similar
to that of,,(¢), because all parameters of (3.55) are constant, givenhbathteath configuration-
related value [i.eO(¢)] is constant. On the other hand, when the sheath configoretives,r;(t)
behaves quite unlike,,(t), because of the changes@1{t) and7,(t). In both cases, the direction
of frictional torque changes as changes at = 5 sec. The pretension also differs by sheath

configuration, as shown in Fig. 3-208},(¢) remains constant whe@(¢) is constant, but changes
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Figure 3-21: Configuration of the proposed mechanism folOFB systems: s, was (t) andras(t)
are the radius, angular velocity, and torque of the mote-guulley,r ;;, ws;(t) andr;;(t) are the
values of those parameters for t#i& intermediate jointAL,(t), ALy(t) andky, are the displace-
ments and the spring constant of linear springs, &ifd) is the tendon tension.

significantly a9 (t) varies.

The simulation implies that friction depends on the sheatifiguration-related parametéx(t),
which is difficult to measure directly. Also, a change in tenghaths during operation, induced by
a sheath configuration change, can cause the pretensiomytaigaificantly, because the spring
constant of a tendonk(A/[,s) is very high. The studies reviewed in Chapter 3.2.1 assutmetd
the pretension was maintained within an appropriate rahigsvever, this is not the case in many
applications of tendon-sheath actuation mechanisms; Hbatls configurations change when in-
termediate joints are actuated. A low pretension can cdask ef the system, triggering tendon
derailment from pulleys. A large pretension enables langgue transmission without any slack, but
also increase friction, negatively affecting the torquadwidth and power transmission efficiency.
Moreover, the sheath or tendon may wear or become defornted ffretension is large. Changes
in friction parameter and large changes in pretension,ethbg the sheath configuration changes,

compromise accurate output torque control and cause gafejems.

3.2.3 Design and Control of a Series Elastic Tendon-sheathcfuation Mechanism

To overcome the two issues (changes in the friction pararaatkthe pretension) induced by sheath
configuration changes, we designed a series elastic testtath actuation mechanism (Fig. 3-21).
The mechanism was designed feDOFs systems in which the distal joint position and origata

are varied by actuation of intermediate joints. To reduagmsion changes, a compressive linear
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spring is attached to each idler pulley of all tendons on tlmtomside, where the tendons are
routed. The degree of pretension change can be adjustedduyiae of appropriate linear springs
of spring constants;,. The length of each spring is measured using a potentionteteton tension

is derived by calculating the compressive spring forcetdPidon is measurable in realtime using
the series elastic element, and the initial pretensionjisstable by changing its position. Accurate
input torque control and safety in interactions with humaere are achieved by these series elastic
elements.

The tendons are routed through the sheaths from the mottasttie distal; routing is compact.
To allow estimation of friction parameters, the sheaths@uéed through intermediate joints, rather
than routing freely from the motor side to the distal siderasiost conventional tendon-sheath ac-
tuation mechanisms. The sheath configuration can be asdorbediependent on the intermediate
joint angles, because the sheaths are tightly attachee fonks via the sheath holders.

The torque delivery equation can be derived by analyzingsytstem as described in Chapter
3.2.2. As the system features two tendons and sheaths, ah#oeonventional system analyzed in
Chapter 3.2.2, (3.24)-(3.40) and all associated assurmgptad notations are available. Assuming
that the spring displacements have linear relationshipis thie spring forcesT; (¢) andT5(t) can
be calculated as follows:

Ty(t) = —k ALy (t)/2 (3.57)
T3(t) = —k ALy(t)/2 (3.58)

where AL, (t) and ALy(t) are the displacement of the linear springs from their nateragths.
Given the geometry of the system, the relation between thdote elongations, length change of

tendon paths and the linear spring displacements, can hedes follows:
da + 0p = 2A1(t) + 2(ALy(t) + ALy(t)) (3.59)

Combining (3.59) with (3.35), (3.38), (3.57) and (3.58)l¢ie

Ti(t) <% + %) + Ty(t) <% + %) = 2Al(t) (3.60)

The motor- and distal-joint-side torques can be calculatefbllows:

TM(t) = TM(Tg(t) — Tl(t)) (361)
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Figure 3-22: Block diagram of the control structure.

Tin(t) =r (Tu(t) — Ta(t))

=1y (Ts(t)e "D — Ty (1))

(3.62)

T, (t) andT3(t) in (3.60) can be removed by modifying (3.61) and (3.62) imeof7} () andT5(t)
and inserting them into (3.60). Simplifying(¢) and3(t) as in Chapter 3.2.2, the torque delivery

equation from the motor- to the distal-joint-side can bevaer as follows:

_ Tun 2r B Asinh(op©(t))
Tin(t) = ETM(t)cosh(a,u@(t)) — T T AEAK,

Al(t) (3.63)

As E A is much larger tham, s in most tendon-sheath actuation systems, (3.63) can bdifsaup

further as follows:

Trn(t) = %TM(t)cosh(a,u@(t)) — 1 psinh(op© () Al(t)kr /2 (3.64)

Similarly, the pretension can be calculated by combininddg (3.35), (3.38), (3.57), (3.58), (3.61)
and (3.59) as follows:
T,(t) = kL Al(t) /4 (3.65)

(3.64) can be expressed as a functiofglft) by inserting (3.65) into (3.64) as follows:

Tin(t) = %TM(t)COSh(O'M@(t)) — 21 5, T (t) sinh(opO(t)) (3.66)

(3.65) implies that the pretension change depends on timgehia length of the tendon path, asin a
conventional double-tendon-sheath actuation systenthbutxtent of change is determined ty
rather than the physical properties of tendon as shown %6)3Thus, the change in pretension can
be significantly reduced by selecting linear springs withrapriatek;, values. The torque delivery
equation of the proposed system implies that the estimafiar compensation for, frictional torque

is possible ifu©(t) is identified, ag:©(t) is the only unknown parameter in (3.66). As the sheath
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Figure 3-24: Identified and modeled friction parameter.

configuration is dependent on the intermediate joint angl€gt¢) can be experimentally identified

as a function of intermediate joint angles as follows:

1O(t) = f(01(t), ..., 0mm-1(t)) (3.67)

A feedforward torque control structure was developed as4-jto make the distal joint torque
T.jn(t) follow the desired torque,(t). Assuming the friction parameter is updated in real-tirhe, t

frictional torquer(t) can be estimated & (¢) using (3.66) as follows:

T¢(t) = (%\isech(a,u@(t)) — D)7q(t) + 2rpTp(t)tanh(op©(t)) (3.68)
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The estimated frictional torque is added to the desireduotq compensate far(¢). The refer-
ence torquer,.r(t) serves as the input of a motor torque controller. As frici®estimated and

feedforwardly compensated by(t), 7.7, () follow 74(t).

3.2.4 Experimental Verifications
3.2.4.1 \Verification of the Proposed Mechanism

To verify the performance of the proposed mechanism andaalgorithm, a 2-DOFs manipulator
was manufactured (Fig. 3-23). The overall structure was#me as that shown in Fig. 3-21, but
with n = 2. In this system, the intermediate joint was actuated by ectir attached motor,
which was later replaced with tendon-sheath actuatedsjoimthe application. A torque sensor
was placed at the distal joint to identify the friction paeter and verify the feedforward torque
control. The series elastic elements were attached to #ee bad were movable to allow adjustment
of the initial pretension. The lengths of compressive lingarings were measured by precision
potentiometers. Braided steel cables and spiral type Ishedth low-friction inner sleeves were
employed for high force transmission efficiency and durigbilThe sheaths were routed through
the tops of the linkages and the intermediate joint. As theagis were securely held by sheath
holders on the linkages, the sheath configuration dependédecntermediate joint angle without
large oscillations. The detailed specifications are ligtethable 3.5.

The friction parametep© in (3.66) was experimentally identified and modeled as atfanc
of the intermediate joint anglé (). An arbitrary torque was applied by the motor, and the motor
and distal-side torques were measured as the intermediateapgle was varied in 20steps. For
each intermediate joint angle, th@® value that minimizing the root mean square modeling error
was identified with the aid of (3.66). As shown in Fig. 3-24e thiction parameter exhibited a
symmetrical linear relationship with the intermediatenjoingle, and was appropriately modeled
using the least squares method to allow implementation @ffilstion parameter in the control
algorithm.

Torque transmission experiments with/without feedfodvéiction compensation were per-
formed using the control structure of Fig. 4-2. An empitigalned PD controller was applied
to the motor torque controller. A user arbitrarily moved émal-effector, whiler; delivered a sinu-
soidal signal of magnitude 1 Nm. The intermediate joint arnghs also sinusoidally varied during

actuation, at an amplitude 66°.
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Table 3.5: Specifications of the 2-DOFs system

Specification

Motor Maxon EC-4pole
Gear ratio : 74:1
Nominal speed : 22.5 rad/s
Nominal torque : 6.767 Nm
Driver Maxon ESCON 70/10
Tendon AlSI314 stainless steel

0.8mm diameter, 7x7 braided

Sheath Jagwire, Spiral type
Pulley diameters ry =Ty = 32.5mm
Potentiometer ETI Systems LCP12-25
Torque sensor FUTEK TFF500
DAQ National Instruments
PCle-7841R and PCle-6363
Encoder US Digital Incremental, 2500 CPR
CPU Intel i7-3770
Operating System Microsoft Windows 7
Softwares National Instruments LabVIEW 2015
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Figure 3-25: Experimental result in the absence of frictiompensation.
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Figure 3-26: Experimental result in the presence frictiompensation.
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The experimental results in the absence of feedforwardidriccompensation are shown in
Fig. 3-25. Here, the desired torqug served as the reference torque. 72 differed greatly
from 74 because of friction, and the direction of friction changedtee rotational direction of the
distal joint changed. The error magnitudes varied as thermgdiate joint angle changed, again
because the friction parameter changed [Root mean square(BMSE): 0.2228 Nm, Maximum
absolute error: 0.3507 Nm]. On the other hand, the additfdeemliforward friction compensation
afforded good torque tracking (Fig. 3-26). Although theatheconfiguration changed on actuation
of intermediate jointy ;o remained in good agreement withwhen the friction was feedforwardly
compensated. Some tracking error splashes were evidemt tivbedirection of movement of the
distal joint changed, because the output torque could nesbmated or controlled when the ten-
dons were at static state. Nevertheless, both the RMSEsaarmt the maximum error magnitudes
were smaller than those without the feedforward controM$E : 0.0315 Nm, Maximum absolute
error : 0.2022 Nm] The results imply that the friction andfion parameter models are effective for
the friction compensation control of tendon-sheath amnatystems. The series elastic elements
limited the maximum pretension change to 4.4 N in both expents, which is sufficiently low for

neither tendon slack nor wear to be of concern.

3.2.4.2 A Tele-operation Control Interface with the Propoged Mechanism

A tele-operation control interface (Fig. 3-27) was develbjpising the proposed tendon-sheath ac-
tuation mechanism for the control of a tele-operated rob8}.[ The control interface measured
user’'s hand and finger movements and provided force feedatlallowed intuitive control of
the remotely controlled robot. Although an exoskeletonditire was developed in Chapter 2, the
structure was appropriate to deliver forces to arm segnrattier than the hand. Thus, a different
type of structure, which can deliver desired forces to a hara$ developed in this chapter. The
developed system featured three actively controlled dimat can generate 3-DOFs force feedback
to the user’s hand. The mass of actuated pars of the syster®.Ovg. A wearable hand interface
was combined with the system to measure the positions ofsesifingers and to provide physical
information of manipulated objects [108]. Three 4-DOFs dingtructures in the wearable hand
interface measured the motions of the thumb, index and mifildger. The finger structures were
actuated by DC motors attached on the wearable devicedaftpforce feedback and information
on object’s size, shape and stiffness. The wearable hagiddané was originally developed to trans-

mit forces only to the fingers. In this application, it was riied to deliver the force also to the
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Figure 3-27: A tele-operation control interface featurithg proposed tendon-sheath actuation
mechanism.
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Figure 3-28: Motor torque controller with DOB and ZPET caiier. d andd are the disturbance
and the estimate thereof) is the @ filter of DOB. P is the plant that includes the tendon-sheath
system, the geared motor, and the series elastic elementstof side.C andu are, respectively,
the controller inside the disturbance observer and thet itgpilne motor.

palm. A 3-DOFs passive rotational joint was fitted to the siflthe wearable hand system, which
was then tightly fastened to the user’s palm using two vedtraps on the front and back side of the
system. Thus, the user could freely move his/her fingersethvas no need to hold the interface.
A 6-axis force/torque sensor was placed between the erdteffand wearable hand interface to
confirm that the desired forces were delivered to the usarisih

To control the torque of each actuated joint, the frictionapaeter of the tendon-sheath system
was modeled as in Chapter 3.2.4.1 The friction parameteneofitst joint was constant, because
the sheath configuration did not change. The friction pataraeof second and third joint were
modeled as symmetrical linear functions of intermediatetjangles. The torque of each joint was
controlled by a disturbance observer (DOB)-based torquéralter combined with a zero phase
error tracking (ZPET) controller as shown in Fig. 3-28, imygng torque tracking performance by
rejecting disturbances such as human motions and modeiiceytainties [98,109, 110]. The cutoff
frequency of the) filter was set to 10 Hz given that the bandwidths of human jaisabout 4-8
Hz [111].

The force delivery performance of the developed contrarfate was tested experimentally.
First, back-drivability of the interface, which ensuresdmotion of user’s hand, was tested with-
out/with the feedforward friction compensation. In thistiehe user moved the hand wearing the
control interface. The desired force at the end-effectas &t to zero, and the required torques of

the joints were calculated kinematically. The weight of sgestem and bending stiffness of sheaths
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Figure 3-29: Back-drivability test results of the tele-ggg@n control interface.
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Figure 3-31: Experimental settings for the interactionhwtite virtual walls.

were compensated. Inertia of the system was ignored betlaeisgstem is lightweight. The forces
delivered to the wearable hand interface were measuredelf-#xis force/torque sensor. Figure 3-
29 shows the measured forces without/with feedforwardidriccompensation, converted to forces
in the world coordinate shown in Fig. 3-27. The results inahsence of the friction compensation
showed large resistance caused by friction in the tendeathlsystem. [RMSE (Nm) : 4.6325 (Fx),
6.2626 (Fy), 1.9286 (Fz)] On the other hand, the user coulerttte hand without much resistance
when the friction was compensated in a feedforward manRWIJE (Nm) : 0.8620 (Fx), 0.7821
(Fy), 0.4534 (Fz)] Also, the error splashes of friction-gmnsated results evident in Fig. 3-26 were
absent, being smoothed by the inertia of the system andalsédty of user’s flesh.

The second test was an interaction test with virtual walls.this experiment, three virtual
walls of stiffness of 0.5 Nmm were set on the x, y and z planes as shown in Fig. 3-31. The use
interacted with the three virtual walls while wearing théeifiace. Figure 3-30 shows the forces
measured during the interactions. As the user touched thealiwalls, the desired forces were
increased and the interface generated those forces. Cedhfmathe back-drivability test, there are
larger errors due to the dynamics of the system, but theatbirces were delivered to the user’s
hand with only small errors. [RMSE (Nm) : 1.1554 (Fx), 1.1§6%), 0.7495 (Fz)] The experiment

was repeated with different virtual wall stiffness. Fig33-shows the desired and measured forces
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Figure 3-32: Experimental results with different virtuahistiffness.
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Figure 3-33: Tele-operation experimental setup.

in x-direction when the user interacted with the y-z planéhwiifferent virtual wall stiffness (0.5
N/mm and 5 Nmm). As shown in the figures, the measured force follows tiséreie force in the
case of low stiffness wall (0.5 Anm). [RMSE (Nm) : 0.9064] On the other hand, the measured
force showed delayed results from the desired force in tee o&high stiffness wall (5 kmm),
with larger errors. [RMSE (Nm) : 1.6663] This is because @ limitation of force bandwidth of
the series elastic tendon-sheath actuation system. Tdwr Igprings not only lower the pretension
change by reducing pretension stiffness, but also lowetatstonal stiffness of the system, which
leads to low torque bandwidth. This trade-off relationsliipits the torque delivery performance
of the system. The result also could be affected by the meitihe system, although the system
is lightweight. Thus, modeling and feedforward cancefatid the inertial force are required to
improve the force delivery performance.

Preliminary tele-operation experiments were performeth hie developed control interface
and a robot developed for tele-operations [13]. The robsttiva 7-DOF robot arms so that it can
follow the user's arm motion. Fig. 3-33 shows the setup fer tifle-operation experiment. The
user wore the control interface, and moved the robot arm.batrarm followed user’s motion, and

the interaction forces between the robot arm and objecte werasured by a 6-axis force/torque
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Figure 3-34: Interactions with objects that have differgtifiness. (a) A hard silicon, (b) A sponge
for packing weak objects. The numbers represent the ordehich the scene was captured.
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sensor. The measured forces were transmitted to the userasid the haptic control interface
generated the forces. The communication between the udéhamobot was performed by a long
term evolution (LTE) network to enable long-distance opers. The user interacted with two

objects that have different stiffness using the tele-dpmrasystem to investigate the interaction
performance of the system with unknown environments. Ia thst, the user moved the robot
hand and touched an object in front of the robot. The useetuback the hand after feeling the
object. All procedures were performed without providing/ asisual feedback to the user. As
shown in Fig. 3-34, the user could touch and feel unknownabbjéa hard silicon and a sponge.)
without significant problem. However, the robot moved édlithore forward than the user expected,
since the interaction force was delivered to the user witlvokk delays. This resulted in a larger
interaction forces than the user expected, which mightecatability problem if the environment

was much stiffer than the tested objects. Also, as the peoMitser-side impedance is different from
the robot-side impedance, the user may have problems inpulating objects in a desired way.

Such limitations in tele-operation require more invedt@ss in the stability analysis and haptic

rendering strategy including the tele-communication oekw

3.3 Summary

In Chapter 3, two cable-driven mechanisms were developetthédorce control of the haptic inter-
face with lightweight and compact structure. In Chapter &rilasymmetric cable-driven mechanism
for the force control of exoskeleton systems was developedhe proposed mechanism, a linear
spring pulled a cable for the joint, while the other cable wdgen by the motor. A series elastic
mechanism was used for the joint to enable force-mode danfttbe exoskeleton. A prototype of
the exoskeleton for an elbow joint was manufactured to confire performance of the proposed
mechanism. A proportional and differential (PD) controleith optimal gains for the nominal
model of the position control system was used for controhefgroposed system. Disturbance ob-
server (DOB) and zero phase error tracking (ZPET) contralkre applied in the control structure
to compensate for the disturbances induced by the humarhargystem itself. The experimental
results with the exoskeleton system showed that the prdpms#rol algorithm had sufficient back-
drivability and precise torque control performance, evethe interaction with a human user. The
developed system could provide compact cable routing nméstma but there were several limita-

tions in practical applications, such as the space reqgeintsrof linear springs, decision of the force
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asymmetry, and the derailment of the motor side cable in tiepoff state. Thus, a different type
of cable-driven mechanism was developed in Chapter 3.2.

In chapter 3.2, a series elastic double-tendon-sheathatamiumechanism was developed to
overcome the limitations of conventional tendon-sheathaon mechanisms. Precise feedforward
distal joint torque control was achieved at varying sheathfigurations by modeling the friction
parameter and compensating the friction in a feedforwardnea The series elastic elements al-
lowed the pretension changes to be maintained within a s@adle, preventing tendon slack and
sheath deformation. It was experimentally verified that sirdd force can be accurately delivered
to a distal joint, even when the sheath configurations varedontrol interface for tele-operation
systems was developed with the proposed mechanism, aneétfugrpance was tested in several
experiments. A DOB-based controller similar to the comgrolised in Chapter 3.1 was applied for
precise force control under interaction with a human usdre proposed haptic control interface
was backdrivable, and could deliver desired force to the Udee haptic control interface was also

tested in preliminary tele-operation experiments.
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Chapter 4

A Display System for Tele-operation

4.1 Introduction

In tele-operated systems, the user observes the field usingniages captured by cameras of the
robot. The captured images are typically provided to the bgea monitor, which provides only
2D images to the user [112-115]. The display system is vepoitant for the user because the
user heavily relies on the visual information, which is thesmintuitive information in observing
environments. However, the performance of tele-operatigsiem is limited if 3D stereoscopic
images are not provided to the user, because the user caaunge the distance between objects.
Recently, head mounted display (HMD) systems that can geammersive 3D visual feedback
have been used for the better environment observation aniputation task performance of the
tele-operated robots [12-14]. Most HMDs have an integratedial measurement unit (IMU),
which can measure the orientation of user’'s head. The uledd orientation is used to capture
the field of view (FOV) in the direction of the same orientatiia a robot neck-camera system or
a panoramic camera of tele-operated robots. However, iffisut to provide real-time images to
the user in such tele-operated situations, because of kg iainly caused by latency and limited
bandwidth of the tele-communication network and large efztereoscopic images. The delay and
loss of data and unstable nature of wireless tele-commitimicaetwork result in the time-varying
delay of images, which cause simulator sickness [15-1@.oferation delay of robot neck-camera
system due to its physical limitation makes the delay evegela Providing the scene of virtual
worlds constructed by point cloud data or image instead adnmly captured scene from the robot
camera can reduce such problem [12, 39, 40]. However, sutfodeerequire large computational

burden or expensive sensors such as LIDAR.
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Figure 4-2: Overview of the tele-operated display system.andog are the orientation of user’s
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delay of the robot neck, respectively.
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In this chapter, | propose a tele-operated display systairagractically usable predictive dis-
play algorithm for the compensation of the bidirectionatwark delay and operation delay in a
tele-operation system. In the proposed display systembat reeck-camera system is constructed
based on a kinematic model of the human head-neck compleg.pfiddictive display algorithm
predicts the image in the direction of current user's hedehtation using delayed image and the
difference between the delayed robot neck orientation angot user’'s head orientation. The bidi-
rectional communication delay and operational delay ofrtiege were compensated by translating
and rotating the delayed image using kinematic model of thiedn and robot neck-camera system

and the geometrical model of camera.

4.2 Overview of the Display System

A display system was developed for the intuitive observatifthe work site of tele-operated robots.
As shown in Fig. 4-1, the human head-neck complex was siragl#hnd modeled as a series linkage
system with three revolute joints to represent the rotationotion of the head. The HMD [35]
attached on the user’s head measures the orientation oé#ttednoviding 3D stereoscopic images.
Based on the kinematic model of the human head-neck complehot neck was designed to have
the same kinematic structure of the human model. Also, tvmetas [116] were placed on top of
the robot neck to capture stereoscopic scene of the work lsiterder to prevent user’s sickness
caused by the time difference of the stereoscopic camérsameras were synchronized by digital
signals so that the two cameras capture the image at the samenh The detailed specifications
of the tele-operated display system are shown in Table 4.1.

Fig. 4-2 shows an overview of the tele-operated displayesysfThe orientation of user’'s head
(om (1)) is measured by an inertial measurement unit (IMU) insigeHIMD, with a measurement
delay of the IMU AA;y7). The measured orientationf (t — Arasrr)) is delivered to the robot
neck-camera system through a wireless network with a corimation delay (A~;7), and the robot
neck follows the delivered user’s head orientation (¢ — A7 yv— Acar)) with an operational delay
(Aopp) due to the physical limitation of the actuators. The stex@mera captures stereo images in
the direction of robot camera orientatiosr(t)), which is the same as the human neck orientation
delayed byA;y, Aoy and App, denoted asy(t — Ay — Acv — Aop). The captured
images (Image(z(¢))) and the orientation when the images were captusgdt() are delivered to

the user side with an additional communication del&y:{,).
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Table 4.1: Specifications of the tele-operated displayesyst

Specification

HMD Oculus VR, Oculus Rift
Resolution : 960 x 1080 per eye
Motor ROBOTIS, DYNAMIXEL XH430-V210-R
Gearratio : 212.6:1
No load speed : 52 RPM
Stall Torque : 2.6 Nm
Camera FLIR, FL3-U3-3252C-CS
Image sensor : Sony IMX036, 1/2.8", 2.on
Maximum resolution : 2080 x 1552
Maximum frame rate : 60 FPS

Lens : FUJIFILM, YV2.8X2.8SA-2

The delivered images can be provided directly to the useutyir the HMD. However, as noticed
in Fig. 4-2, the delivered images (Image(t — Acar)) = Imagebr (t — Aryv — 2Acnm — Aop)))
contain the measurement delay of IMW {,/¢7), bidirectional communication delay £2-,,) and
the operational delay of the robot neekd p). If the image is directly provided to the user, the user
could suffer because of the delays. Especially, bidireefi@ommunication delay is a time-varying
delay which can cause simulator sickness [15-17]. Alsaloanloss of the image data, which could
frequently occur due to the large data size of stereoscomages, increases the variationof: ;.
Such delay and loss of images are not avoidable in tele-bpersystems with wireless networks,
unless the communication is performed in a very well-cdlgdosituation. Ao p is also time-varing
delay since it depends on the of user’'s head motiag:,; and App are the dominant delays in
the system, becausfs;y,y is relatively small and constant. In order to reduce the sindble
effects of Acyr and App such as sickness [15-17], we propose a delay compensatjoritiaim,
namely a predictive display algorithm, for the tele-opedatlisplay system. The delivered images
(Imagebr(t — Acar))) are modified with the proposed algorithm using the delaysabt neck
orientation ¢r(t — Acar)) and the measured user’s head orientation(¢( — Arasr7)) before the
image is provided to the useh -, andAp p, which are dominant time-varying delays of the entire

system that affect to the sickness of users, are compensatbe predictive display algorithm.
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4.3 A Predictive Algorithm for the Display System

4.3.1 A Predictive Display Algorithm

The geometry of a camera is analyzed to develop the preglidisplay algorithm. In this analysis,
the camera is assumed as a pinhole camera without lenstidistor simplicity. Also, the image
sensor of the camera is assumed to have a square shape. Tdra caodel is analyzed by dividing
its motions into two cases: the yaw motion or the pitch mofimmotion of 6, or 6, in Fig. 4-1,
respectively) and the roll motion (motion 6§ in Fig. 4-1) of the robot neck. Fig. 4-3 shows a
simplified geometry of a camera, which is composed of an apeend an image sensor. Fig. 4-3a
shows the image formation of a subject on the image sensathambsition change of the formed
image by yaw or pitch motion of the robot neck. If a subjectlecpd in the direction of from
the perpendicular line of the sensor, the distance from éiméec of the image sensor to the formed

image of the subjectp) can be calculated and approximated as follows:
op = dtanf ~ df (4.2)

whered is the distance between the aperture and the image sendw chmera. If the camera is

rotated as much a&, the distance is changed intp’ as follows:
op/ = dtan(0 +6') =~ d(0 +6) 4.2)
Using (4.1) and (4.2), the position change of formed imagé) can be calculated as follows:

pp’ = op' —op = d¢’ (4.3)

Note that the distancgp’ is proportional to the translation distance of the subjedhe captured

image in pixel unitsg,;,.;, which can be expressed as follows:
Spizel = adt) (4.4)

wherea is a proportional conversion factor from the distance clkanigthe subject image on the
image sensor to that in the captured image in pixel unit. 4igb shows the image formation of a

subject on the image sensor and its position change by theotion of the robot neck by’. In
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this case, the formed image on the image sensor also rotatéd Wwhich leads to the rotation of
subject in the captured image BY

The relations between the change of camera orientatiorhanuitsition change of subject in the
captured image can be used to predict future images usingntimages. If the camera joints which
corresponds té,, #2 andds; of human kinematic model are rotated dy ¢, andds, respectively, the
future image can be predicted by translating current imagedd; in horizontal directiond®’, in
vertical direction and by rotating the image #y. In a similar manner, the scene in the direction of
current user’s head orientation can be predicted usinguirertt orientation of user’s headg (t —
A1), the orientation of the camera when the delayed image watsread ¢ (t — Acar)), and
the delayed image (Image{(t — Acar))).

The concept of this predictive display algorithm is showrthia Fig. 4-4a. In this case, only
the yaw motion (rotation of;) of user's head is considered for the clarity of explanatidre
camera captures the image in the direction of current caorégatation, which can be measured
by the robot neck system, and both the image (Imagg()) and the robot neck orientation#(¢))
are delivered to the user side with-y,. If the predictive display algorithm is not applied, the
delivered image does not change until a new image arrivelseahiman side. Thus, orientation
difference between the user’s head orientatian(¢ — Azpsr7)) and the arrived camera orientation
(or(t — Acm) = o (t — Aryu — 2A0nm — Aop)) are generated by the delay.

On the other hand, the predictive display algorithm prosidenmanipulated image to the user,
rather than the original image. For the predictive dispdagectangular crop area is set to the deliv-
ered image (Imageg (t — Acar))) with horizontal and vertical margind(, and M, respectively).

If the orientation of user’'s head is changed, the crop ar¢@islated byxdf’ pixel in the direc-
tion of human head rotation, wheeg is the difference between current user’s head orientation
(o (t — Arpp)) and delayed robot neck orientationz(t — Acas)). The image in the translated
crop area is provided to the user through the HMD, where tigeedeof translation is determined
by the camera model in (4.4).

In a similar manner, the predictive display algorithm carabelied to all the yaw, pitch and
roll motion of the user’s head as shown in Fig. 4-4b. The cnaaas translated into horizontal
and vertical direction byvdf; and ad®’, respectively, and rotated W, whered;, 05 and¢; are
the yaw, pitch and roll component of the difference betwegit — Aryy) andogr(t — Acar).
Since the predictive algorithm predict the image in the mess user’s current head orientation

(o (t — Armu)), the image delay effect by and App is compensated. Thus, the image is
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immediately changed following the rotation of user's hedthvust a delay ofA ¢y, which is
considered constant and much smaller than the time-vadetey Ay, andApp. Therefore, the
predictive display algorithm can reduce the discomforiifigs or the sickness of the display system
caused by delays.

A delay compensation algorithm was proposed in Edwardg'matith a similar approach [117].
However, the method provides an image smaller than the FOVMID, with negativeM;, and M,,.
Thus, the image shown in the HMD with the algorithm looks l&ecene beyond a window that
translate and rotate when the image is updated. This mayivegaffect to the immersion, limiting
the user-side FOV. Although they adopted similar conceph tiis chapter, there was no analysis
about the camera geometry and image position change, winigiogs the validity of the proposed
algorithm in this chapter. Also, there was no considerasibaut how much margins are necessary

for their method, which will be discussed in Chapter 4.3.2.

4.3.2 Margin Analysis

The margins should be set considering the rotational speader’s head and delay of the image
caused byA-ys andApp. If the crop area is overlapped with the outside of imageuser cannot
get a square image anymore, but will get a clipped image shere is no information outside of
the image. This may decrease task performance of the telexign system reducing immersion
of the user. Thus, it is important to set margihg, and M, that make the crop area does not
reach to the edge of the image. However, large margins leath&dl image FOV that makes the
amount of provided information small. Because of this traffeelationship, the margins should
be determined as small as possible but enough large to priéeeoverlapping of the crop area with
the outside of image.

The required margins can be calculated from the image deltatjonal speed of user’'s head in
yaw (9;), pitch @») and roll @s) axis. Fig. 4-5 shows the translation and rotation of the aea.
4 points on the corners of the crop area are denotetl & C and D. Since one of these points is
first point that may reach the edge of the image when the crexp start to overlap with outside of
the image, it is necessary set the margins make these ptagtinside of the image. The margin
analysis is started from the margin of poitithat have initial coordinate&e 4,y 4). The distances
between point to the closest horizontal and vertical edge of the image eneted toM), 4 and

M, 4. The coordinate of pointl before translating and rotating the crop area can be cédcliEs
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follows:

T4 = lcosb; (4.5)
ya = lsinb; (4.6)

wherel is the distance from the center of the image to the pdinandé; is the angle between the

horizontal line and) A, and can be calculated using the margins and size of imagdl@ss:

L =V(Ln/2 = Mp)? + (Lu/2 — M,)? 4.7)
L,/2 — M,

Before the manipulation of the crop aréd;, 4 andM, 4 are identical ta\/;, andM,. As the crop

area is translated and rotated, the coordinate of pbistchanged as follows :
7'y = lcos(0; + 0%) + adb)] (4.9)

Yy = lsin(0; + 05) + adb (4.10)

Assuming the image delay i and the rotational speeds of users @ygd,, 65 about yaw, pitch
and roll axis, the position change of poidtby user's motion during the delayed tirde can be
calculated as follows:

2’y = lcos(0; — wsdt) — adwydt (4.12)
vy = lsin(0; — wsdt) + adwsdt (4.12)

The position change of point results into the change of marging, 4 andM, 4 as follows:
M/;,A =Ly/2—-24 (4.13)

oA =Lo/2 =y} (4.14)

To make the crop area does not reach to the edge of the imiage,and M, 4 must satisfy follow-
ing margin criteria:

Mj 4 >0 (4.15)

MU,A’ >0 (416)
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In a similar manner, the coordinates and margins of otheethpints after manipulation of the crop

area can be obtained as:

vy = leos(0; + wsdt) — adwy dt (4.17)
yp = —lsin(0; + wsdt) + adwadt (4.18)
o = —lcos(0; — wsdt) — adw;dt (4.19)
Yo = —lsinf; — wsdt) + adwsdt (4.20)
z'p = —lcos(0; + wadt) — adw dt (4.21)

yp = lsin(0; + wsdt) + adwadt (4.22)

M}, 5 = Lp/2 — (4.23)
L5 = Lu/2 =y (4.24)
M} o = Ly/2 — 20 (4.25)
o =Lv/2=yp (4.26)
M}, p = Ly/2 — 2y (4.27)
' b= Lo/2— 4 (4.28)

, and the margins in (4.23)-(4.28) must remain positive t@artae crop area does not reach to the
edge of the image. Using this margin criteria, the minimuured margins can be calculated
by applying maximum angular velocity of user's head with teday of image into the margin
criteria. The problem is that the delay of image can signitigavary as the tele-communication
network condition is changed. To address this problem, thgyims can be calculated and applied
in realtime, because the predictive display algorithm dossequire large computational burden.
However, the variation of margins also change the FOV of msawhich may cause sickness of the

user. Thus, the margins were set in an empirical manner ifotlesving performance tests.
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4.4 Experiments

4.4.1 Parameter Identification

To apply the predictive display algorithm, the camera patamud in (4.4) was identified by an
experiment. Fig. 4-6 shows the experimental setup for th@peter identification. The robot neck-
camera module was fixed at a place, and a subject was ingtafledt of the camera with a distance
of 1m, to be placed at the center of the captured image wherobwt neck was at initial position.
The robot neck was rotated in yaw or pitch orientation fror@°-® 3 in 1° of step while the
camera captures images. The distances between the subfeetéaptured images and the center
of the images were recorded in pixel unitsd was identified by linearly fittingvd to (4.4) using
the recorded positions and rotation angles with least squethod. As a resultyd was identified
asad =5.5 pixel/deg for the yaw motion, angld =5.9 pixel/deg for the pitch motion. Fig. 4-7a
and Fig. 4-7b show the measured positions of the subjecttharlthearly fitted model for the yaw
motion and pitch motion of the robot neck, respectively. Asven in the graphs, the measured data
fit well with the camera model in (4.4). The identified paraengtshow a slight difference in yaw
and pitch motion, which is considered as the effect of lessodion or asymmetry of the image

sensor shape.

4.4.2 Implementation of the Predictive Display Algorithm

The predictive display algorithm was tested in a tele-opamaexperiment. The experimental setup
was the same as the description of Fig. 4-2. The user wore kP Bind rotated the head. The
orientation of user’'s head was measured and delivered toothet neck-camera module through
a wireless network, and the robot neck followed user’s nmotitnile a stereo camera capture the
images of the environment with a resolution of 5843 pixels each. The captured images and the
robot neck orientation when the images were delivered tausee side. A random communication
delay was intentionally added to the wireless network agsgim reasonable network condition in
practical applications. The resulted images without/whiga proposed predictive display algorithm
were recorded. Inthe experiment, the margins of prediclisglay algorithm M;, andM,, , were set

to 90 and 50 pixels, respectively. Considering the frame ohgeneral digital videos are 30 frames
per second (FPS), the prediction of images was performed lie3 The bidirectional network delay

during the experiment is shown in Fig. 4-8. The minimum, ager maximum and the standard
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deviation of the delay in the experiment were 145 ms, 245 16§, Bs and 48 ms respectively.
Fig. 4-9 shows captured images between a set of updated simsgene (1) and (10), without/with
the predictive algorithm under the same experimental ¢mmdi. Without the predictive algorithm,
the captured images are not changed until new images aorthe tuser side as shown in Fig. 4-9a.
On the other hand, the images modified by the predictive #fgorare continuously changed by
the user’s head rotation as shown in Fig. 4-9b. As shown in4 the delay-compensated images
are much smooth and natural than without the predictivelalysplgorithm. The predicted images
were also maintained desired frame rate (30 FPS) under hrediatable time-varying delay. The
results imply that the proposed display system with the iptied display algorithm can provide

comfortable use of HMDs for tele-operation systems.

4.5 Summary

In this chapter, a display system with a predictive displapathm was developed. A robot neck-
camera module was designed and manufactured based on aakinemodel of human head-neck
complex. The delay of an image in the tele-operation of thpldy system was analyzed, which may
cause simulator sickness. To reduce the sickness causée liyne-varying delay of the display
system, a predictive display algorithm was developed basethe camera geometry and human
and robot kinematic model. The image in the current user&lh@ientation was predicted and
provided to the user, using the difference between the ouuger's head orientation and delayed
camera orientation. As the result, the time-varying delaysommunication and operation were

compensated, and it was able to provide continuous imagés toser.
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Chapter 5

Concluding Remarks and Open Issues

This thesis presented a wearable control interface foraeérated robot, including (1) design of
wearable control interface structures, (2) design andrabat cable-driven actuation mechanisms,

and (3) a tele-operated display system.

5.1 Design of Wearable Control Interface Structures

In Chapter 2, an exoskeleton structure was designed to alfa&'s natural motion and address
singularity problem. A vertical prismatic joint was addeda traditional 3-DOF shoulder joint
of exoskeleton structures, and the shoulder joint wadtiltereplace the singularity position to
the outside of workspace. The designed structure was athlyy kinematic methods, and its
performance was verified by experiments with a user. Sinosketetons should be connected to
the user’s body segments, it is difficult to deliver desiretés only to the hand without delivering
forces to other segments. Because of this fundamentadliimit of exoskeleton structure, a different
type of structure was developed in Chapter 3.2.

In Chapter 3.2, an end-effector type wearable control fiaterwas designed for the verification
of the tendon-sheath actuation mechanism. The interfadehnae actively controlled joints and
three passive joints that can deliver desired force to tkesuband. A wearable hand exoskeleton
was placed at the end of the interface to connect the hancetodhtrol interface and to provide
force feedback to fingers. The structure could be designée taghtweight thanks to the tendon-
sheath actuation mechanism. Although the structure coglasore the user's motion and deliver
desired forces to the hand, the workspace was not enoughveo twe user’s range of motion.

Larger workspace is required to fully utilize an arm of tefgerated robots, since they usually have

116



similar dimensions with human’s arm. Interference betwteninterface and user also should
be adjusted to enlarge available range of motion. Replagassive joints between the wearable
hand interface and the linkage structure to active jointcconprove user’s sensation by providing

torque feedback.

5.2 Design and Control of Cable-driven Actuation Mechanisrs

Lightweight actuation mechanisms were developed uttjflexible cables for the force transmis-
sion. In Chapter 3.1, an asymmetric cable-driven mechaniamdeveloped to simplify cable rout-
ing structures. By replacing a cable to a linear spring, atianal joint could be actuated routing
just one cable from the actuator to the actuated joint. Aryataries elastic mechanism was adopted
to enable precise force delivery. The system was contrdiled DOB-based robust control algo-
rithm to reject the modeling uncertainties and effects flmmman-robot interactions. A prototype
exoskeleton was developed, and it was tested in a teletigerexperiment with a commercial
robot arm. The user could control a joint of the robot armifeethe weight of an object. Although
the proposed mechanism allows simple cable routing, tleatispring required certain amount of
place, which could make the system bulky in multi-DOF systerAlso, it is difficult to set the
asymmetry of the joint force, and the cable often derailedhfthe pulleys if the power of the motor
is turned off. Thus, the application of the proposed medmarnin multi-DOF systems is practically
difficult.

In Chapter 3.2, a new tendon-sheath actuation mechanisrdevatoped. The proposed mech-
anism addressed two major problems in tendon-sheath Ectuaechanisms: the friction and large
pretension change under varying sheath configuration. Tétemsion change was reduced by
adopting series elastic elements. Friction between théotemnd the sheath was analyzed and
modeled. Feedforward torque control under varying sheatffiguration was achieved by feedfor-
wardly compensating the friction. The disadvantage of ttop@sed mechanism is that the preten-
sion stiffness is in a trade-off relationship with the torsl stiffness of the system, which affects
to the torque bandwidth. A haptic control interface with tireposed mechanism was developed
and tested, and it showed good backdrivability, becauséitii®on was successfully compensated.
However, there was a limitation in rendering hard objeces;ase of the aforementioned torque
bandwidth limitation. A modified mechanism, which decospthe pretension stiffness and the

torsional stiffness, is being developed to overcome thaddisntage.
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5.3 A Tele-operated Display System

In Chapter 4, a vision feedback system was developed withad heunted display (HMD) and
a synchronized stereo camera with a 3 DOFs robot neck. That raezk follows the user’s head
orientation measured by the HMD, and the stereo camerares@BD image at the orientation. The
user could get depth information of the field from the stecep& images provided by the HMD. A
predictive display algorithm that compensates the delahentele-communication was developed
and implemented to the vision system to prevent discomfoots the delay. The images were
sent to the user together with the orientation in which thagemwas taken. A delay-compensated
stereoscopic image, predicted using the orientationréiffee between the user and the robot neck,
was provided to the user. The generated images showed swiwartiyes even under large delays
and loss. Since the predictive display algorithm reducd fiélview (FOV) of provided image, the
user get less information when the algorithm is applied.sTifia fundamental limitation of the
algorithm.

Challenging tasks remain in the predictive display al¢yonit The modeling uncertainties of the
camera geometry, such as the tangent approximation andlpioamera model, are needed to be
reflected in the predictive display algorithm. The decisstrategy of margins for the crop area,
M;, and M, is required to be developed to decide proper margins irowariele-communication
network conditions. Also, the predictive display algomitidoes not instantly reflect the change of
environment, because the predictive display algorithmdetayed images. Nevertheless, the pro-
posed predictive display algorithm is practically usebrlmany tele-operation applications because
of its simple algorithm and low cost in terms of computatidmarden. User evaluation in various
situations is necessary to quantitatively evaluate theargment of user’'s comfortableness by the

predictive display algorithm, which requires much effort.

5.4 Issues in Tele-operation

This thesis focused on the development of an intuitive cbiiterface for tele-operation systems.
The developed control interface itself somewhat properhcfioned, but applications of the inter-
face to tele-operation systems could be more challengingksvoSince the control interface and
tele-operated robot will communicate with wireless comioation networks in the supposed ap-

plications, delay and loss of data packet are inevitableh$listurbances will negatively affect to
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the transparency and stability of the tele-operation syst8ince the robot follows the delivered
user’'s motion with network delay, and the interaction fongth the environment is transmitted to
the user side with additional delay, the environment thatuser feels will be different from real
environment. In Chapter 4, the similar delay effect in theual feedback system was compensated
by a camera model and kinematic models of human and robot mémkever, it is difficult to ap-
ply such method in the force feedback, since every environtas different properties unlike the
camera geometry and human and robot neck kinematics. Magd#ie physical property of the
environment (e.g. size, shape and mechanical impedano®litime may be a solution. By gener-
ating the model in a virtual space and providing it to the wg haptic interface, the user can feel
the physical properties of the environment without deldgatf However, performing dexterous
tasks with such model will be difficult, because the actudimm and force of the robot become
different from user’s force and position.

The performance of tele-operation system can be improveedmhing frequently required tasks
to the robot, and let the robot perform the task by itself. Trhportance of the control interface
could be reduced in such case, but it will be still useful tbvee user’s intentions to the robot,
which is important in various tasks required in unpreditdatisaster sites. For example, the user
can use the interface to command specific orders for a task, asiwhere and when to start, how
large should be the trajectory, how fast the task should bleqpeed or how much force should be
applied in the task. Commanding such requirements withtioadl control interfaces will take at

least a few minutes, but it can be performed in few seconds initiitive haptic interfaces.
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