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ABSTRACT

Integrating an exoskeleton as an external apparatus for a
brain-machine interface has the advantage of providingtipiel
contact points to determine body segment postures andialijpw

On the other hand, traditional human-robot interaction is
well established in the rehabilitation field. Particuldaidy upper
limb rehabilitation, most existing therapy robots are @itand-
effector-based or exoskeleton devices [3]. Since an efettof-

control to and feedback from each joint. When using macaques based robot generally interacts with patients through omlg

as subjects to study neural control of movement, a singylari
free upper limb exoskeleton is required to guarantee safé an
accurate tracking of joint angles over all possible rangerad-
tion. In addition, the compactness of a design is of more impo
tance considering macaques’ significantly smaller bodyeaim
sions than humans’. Proposed in this paper is a 6-degree-of-
freedom (DOF) passive upper limb exoskeleton with 4 DOFs at
the shoulder complex. System kinematic analysis is igadsti

in terms of its singularity and manipulability. A real-tingata
acquisition system is set up, and system kinematic caidorag
conducted.

INTRODUCTION

Brain-machine interfaces (BMIs) can provide means to en-
able communication between the brain and the outside world.
They are often aimed at assisting, augmenting, or repalmng
man cognitive or sensory-motor functions, especially farap
lyzed patients. Researchers have used BMIs to allow aldétio
monkeys [1] and humans suffering from brainstem stroked?2] t
control robotic arms in 3D reach and grasp tasks, which have
helped promote a new paradigm of human-robot interaction.

*THIS WORK WAS SUPPORTED BY NSF EFRI GRANT #1137267.
TCurrently with FANUC Corporation.

point, it fails to fully determine the arm postures and theeiin
action torques at each joint. A wearable exoskeleton, agho
having a more complicated mechanical structure and sysyem d
namics, has multiple contact points with the subject’s hady
lowing control to and feedback from each joint individualiyn
exoskeleton may more effectively restore patient’s mtbiliith
control of the affected limbs shared between the exosket=io-
troller and the patient’s residual motor control abiliti&nce the
exoskeleton is capable of embedding itself into patientdyb
schema and providing somatosensory and proprioceptivk fee
backs that are consistent with patient’s limb movemensdigtvs
more natural motion.

Per the above discussions, an exoskeleton as an apparatus
controlled by the BMI may more closely match natural motion,
which may allow better study of the neural control of moveinen
Studies have shown that more invasive animal experimenmts ge
erally produce higher performance than human cases [41hatd
currently microelectrode array is the only recording tégha
which allows decoding the subject’s intended limb moversent
with high accuracy [5]. Thus we propose an invasive BMI sys-
tem using microelectrode arrays with rhesus macaddasdca
mulattg as the study subjects, using the involved exoskeleton
that operates in a 3D workspace to help establish a closgu-lo
BMI and to enable subjects’ proprioceptive feedback. Irfittse
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stage, passive kinematic motion data acquisition is onéef t
major exoskeleton tasks. To achieve this, a compact exatskel
design with a singularity-free shoulder joint is neededdoar-
anteeing both precise tracking and safety.

In this paper, a 6-DOF upper limb exoskeleton model with 4
DOFs at the shoulder complex is proposed to achieve better ma
nipulability than conventional triad (3 DOFs) shoulder ratsjl
and a non-motorized prototype design is built working asn&ki
matic motion sensing device for offline neural decoding igsid
as well as for animal training purposes. This paper is ogghi
as follows: preliminaries of primate upper limb modelin@éd¢
matic design difficulties and state-of-the-art are firstadticed;
the exoskeleton system design is then presented including p
posed modeling, mechanical design, and real-time datasicqu
tion; kinematic analysis of the proposed shoulder joint eiasl
discussed by investigating the model’'s manipulabilityd @gs-
tem kinematic calibration is conducted with the help of ateex
nal motion capture system; finally, conclusions of this pamel
some future work are discussed.

PRELIMINARIES

Currently, the KINARM introduced in [6] is the only up-
per limb exoskeleton designed for non-human primates. dt is
2-DOF actuated device allowing for movement in a 2D plane.
Most of the existing upper limb exoskeletons for 3D worksgsac
are dedicated to human rehabilitation, and their targettfans
and design requirements are different from what we would lik
to achieve. However, they can still serve as pilot exampes t
investigate.

Kinematic Design Difficulties

Kinematic design is one of the key aspects for developing an
upper limb exoskeleton, and to match a mechanical exoskelet
to a biological structure faces difficulties, especiallytia shoul-
der complex. Specifically, two major problems are axis align
ment between the anatomical and device joints and the kitiema
singularity of mechanical models. The former problem arise
with the fact that the shoulder center of rotation changea as
function of posture [7]. This can be explained by Fig. 1, vithic
shows that the shoulder complex is a highly-coupled meshani
of great complexity. It consists of four joints, and eacimjgios-
sesses multiple DOFs [8]. A large amount of research has been
conducted to reduce joint axis misalignment to guarantegsus
range of motion (ROM) and comfort [3, 9, 10].

The other kinematic design difficulty is how to avoid the
mechanical model singularities of the shoulder complekint-
matic singularityrefers to a configuration in which there is a
change in the number of instantaneous DOFs, and the meahanis
cannot move arbitrarily. This is highly undesirable for atioo
tracking system. In the vicinity of a singularity for a matmad
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FIGURE 1: JOINTS LOCATED AT THE SHOULDER COM-
PLEX. [11]

design, small desired velocities in the task space will ireqrery
large joint motions if the task space velocities have coneptsn
along the degenerated directions. These large joint meticay
damage the motors or even result in severe injuries to the use
Apart from axis alignment DOFs, the shoulder complex can be
basically modeled by a ball-and-socket joint consistinghoée
rotational DOFs, which can be mechanically implementedaisi
three serial revolute joints. Two conventions shown in Rigre
widely used to describe the rotation sequence [12]. However
since both conventions use a triad model, singularitieacgine
avoided if their postures require an alignment of their fiogtt
axis with the third.

Compared with the axis alignment problem, the singularity
issue in the shoulder complex design has not drawn the same
amount of attention since rehabilitation-oriented exéstkms
typically do not require large ROM, and the training motidos
patients are expected to be within certain patterns. Thuhme
anism singularities can be intentionally avoided. Howgtar
an exoskeleton designed for a macaque, when operated in the
passive tracking mode where the macaque’s arm is free to do
arbitrary motion, a singularity-free design of the shouldem-
plex is of significance for allowing precise tracking and -
ing safety concerns, considering macaques are generatly no
cooperative. To allow alignment between the exoskeletah an
the macaque, more DOFs would need to be added to the shoul-
der complex, but this will increase the total complexitypes
cially for a totally passive mechanism design. In fact theneo
pactness of a macaque exoskeleton is another kinematigndesi
difficulty researchers have to solve due to macaques’ small d
mensions [13], which will also be detailed later. Since the r
quirement of a compact design limits the allowable comyexi
only the kinematic singularity of the shoulder model is ddns
ered here.

State-of-the-Art

To reduce the occurrence of kinematic singularities, sdver
research groups revised the aforementioned standardioad
els based on different concerns and assumptions. Typisigrue
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FIGURE 2: TWO ROTATION CONVENTIONS FOR GH
JOINT MODEL.

are (CADEN)-7 [14], MEDARM [9], and SAM [15]. (CADEN)-
7 used a strategy of assigning the mechanism’s singularigy t
direction that is anthropometrically hard to reach in huiman-
tivities of daily living (ADL). In this way, it was claimed tht the
majority of the exoskeleton workspace is free of singulesit
MEDARM utilized an optimization-based approach to defire th
relative angle between its first joint axis and the secondndJs
the proposed parameters, it was claimed there is no sinitar
their prescribed workspace. SAM is an intermediate desen b
tween (CADEN)-7 and MEDARM considering its first joint axis
configuration as well as using the condition number of theJac
bian matrix (isotropic index) to evaluate system manipilitsth
However, all these designs used a triad joint model to mitréc t
shoulder complex, making each task space posture corré$pon
a unique inverse solution for the joint space realizatibarefore

a singularity always exists.

Mechanical Models of Upper Limb Joints

The functionality of primate upper limbs is determined by
the shoulder complex, elbow complex, wrist, and hand.

The shoulder complex is one of the most difficult structures
to model for an upper limb. Although [16] points out that the
morphology of the macaque shoulder joint is not exactly the

same as a human’s, human upper limb structure can still serve

as a reference for developing the kinematic design of an ex-
oskeleton since there are no macaque shoulder joint maaels i
existing literature. [17] introduces a non-redundant 5FDfath-
ematical model of the shoulder complex for humans including
three rotational DOFs (abduction/adduction, flexion/egten,
and internal/external rotation) and two translational BQEl-
evation/depression, and protraction/retraction) witirélx as the
fixed base. However, in the engineering world, for simplicit
mostly only the glenohumeral joint (Fig. 1) is modeled foe th
shoulder complex using a ball-and-socket joint model, asvgh

in Fig. 3a. The elbow complex mainly consists of the elbowfoi
and the radioulnar joint. The former is commonly modeled us-
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FIGURE 3: MECHANICAL MODELS OF THE UPPER LIMB
JOINTS.

ing a hinge joint as shown in Fig. 3b, and the latter is geheral
regarded as a pivot joint corresponding to pronosupinatidine
forearm as shown in Fig. 3c. This DOF can be included either
with the elbow or the wrist, and serves as a revolute joint con
necting the elbow and the wrist.

In the current stage of this project, we assume that the
macaque is allowed to freely use its hand to press/graspttarg
without the exoskeleton components on the wrist or the hand,
i.e., the distal DOFs of the upper limb are not included ingke
oskeleton design. Thus the wrist and the hand motions aiird the
modeling are not investigated in this paper.

EXOSKELETON SYSTEM DESIGN

The designed BMI task for macaques is shown in Fig. 4. A
macaque is seated in a chair with its collar and torso canstila
and the proposed exoskeleton is attached to the macaqgiefs ri
upper limb for passively following and recording the volaiyt
motion of the arm to reach/grasp targets in the 3D presentati
system. In this section, the exoskeleton system designbwill
presented.

Design Requirements

Singularity-free Design As previously discussed, an
exoskeleton with singularity-free design of shoulder ctarjs
required for both large joint ROM and safety consideratidkis
though the safety issue is not as critical in a fully passiezin
anism, it will be one of the major concerns in the control of a
future motorized design.

Compact Design The compactness is also of impor-
tance to an upper-limb exoskeleton designed for macaques. T
ble 1 lists the key body dimensions of our BMI macaquesin com-
parison to those of human, which suggests that the spacadirou
the macaque upper-limbs is quite limited. Thus mechanmalc
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TABLE 2: HUMAN ROM AND THE DESIGNED MECHANI-

CAL LIMITS.
Joint Motion Phy. ROM ADL ROM Mech. Limit
1 azi. add./abd. - 170 1910°
2 shld. add./abd. 182 145 276.6°
3 shid. flx./ext. 249 110 196.2°
4 shid. int./ext. 187 150¢° 1600°
5 elbw. int./ext 142 140 96.8°
6 pron./supi. 190 1353 1600°

column of Table 2, averaged from [10, 14, 20]), which are suf-
ficient to cover the workspace (in front of the coronal plafie o

FIGURE 4: DESIGNED 3D BMI TASK FOR A MACAQUE macaque body) of macaques in the proposed BMI tasks. Ad-

SUBJECT. (a. macaque, b. exoskeleton, c. primate chaipd. 3 ditionally, it is assumed that the elevation/depressiot pro-
presentation system, e. targets) traction/retraction of the macaque shoulder are negégibiring

BMI task motions.

TABLE 1: KEY UPPER-LIMB DIMENSIONS COMPARING
BMI MACAQUES!VS. HUMANS Mechanical Design

Shoulder Joint DOF Assignment Kinematically re-
dundant mechanisms enjoy flexibility in positioning anccka
Length (cm) Circumference (cm) ing due to their possession of more DOFs than required. Ac-

Subjects Upper arm Forear?ﬂ Upper arm Forearm Cordil”lg|y, a 6'DOF upper ||mb eXOSkeletOI’l deSign iS proﬂose
in Fig. 5. 4 DOFs are assigned to the shoulder complex by inte-

Macaque G 145 152 232 162 grating the azimuthal rotation joint from convention (b)gR2)
Macaque J 137 162 245 180 to the whole triad model in convention (a). With an extra DOF
Macaque W 142 163 235 171 at the shoulder joint, better mechanism manipulating tybitn
be achieved. The elbow joint and the radioulnar joint aréheac
Human 37.4° 48.8° 3L8° 24.2¢

modeled by one single DOF.

@ from elbow to hand.

b
average of male and female data from [18].
¢ data f?om [19]. 1el Prosthetic Joint Design ~ Exoskeletons are supposed to

be wearable, and thus the prosthetic joints of an upper lixab e
oskeleton can be classified into two types: one with rotadiaa
being perpendicular to the arm segments (Joint 1, 2, 3, and 5,
Fig. 6a), and the other one with rotation axis being along the
longitude of the arm segments (Joint 4 and 6, Fig. 6b). Two
cuffs 3D-printed following macaque arm morphology withsla
tic braces are used to attach the exoskeleton to the macague a
Joint ROM and Workspace  Since the macaque joint  and an opening is left for each cuff for easy attachment akasel
ROMs are not available in existing literatures, human phipg- avoiding collision between the exoskeleton and macaqug.bod
ical and ADL ROMs are referenced (|n the third and the fourth A curved guide raiL a S||d|ng roller with bearing groupsdm]
timing belt with pulley are mounted on the cuff to transmi th
upper/lower arm’s rotation movement to the sensors.

ponents of the exoskeleton should be kept sufficiently catpa
and some complex designs good for adult humans may not be
applicable to macaques with relatively smaller body dinmams

1Three adult male rhesus macaques (Macaca mulatta) werérutbésistudy.
All procedures were conducted in compliance with the Natiomstitute of

Health Guide for Care and Use of Laboratory Animals and wemraved by Designed Joint ROM  Compared with human ADL
the University of California, Berkeley Institutional AnahCare and Use Com- ROM, most designed mechanical joint limits (listed in thstla
mittee.
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FIGURE 7: STRUCTURE OF THE REAL-TIME DATA AC-
QUISITION OF THE EXOSKELETON SYSTEM.

FIGURE 5: LEFT: CAD model with coordinate frames in ex-

oskeleton home posture. MIDDLE: Simplified joint model.

RIGHT: Physical hardware design implementation. TABLE 3: DH PARAMETERS OF THE PROPOSED UPPER
LIMB EXOSKELETON.

Set screw Joint 6 d a a
1 6, 0 0 -9

2 6, — 90 0 0 90
3 649 0 0 -9

Bearing 4 64 Ly 0 [e]03

Mounting

bracket 5 65 0 0 -9

6 66 L, 0 o

(a) JOINT TYPE |
Nuts
Threaded rod added to the next generation of an actuated exoskeletogrdesi

Bearing

Real-Time Data Acquisition Setup

For real-time data acquisition, a target PC consisting of an
NI FPGA board running real-time and FPGA modules is used
for collecting data from the encoders, and a host PC acts as a
terminal for monitoring/analyzing the data acquisitiorogess,

(b) JOINT TypE'” as shown in Fig. 7.

FIGURE 6: CAD DESIGN OF TWO TYPES OF JOINTS.
KINEMATIC MODELING AND ANALYSIS
System Kinematic Model

column of Table 2) meet the design requirements. In the de- Denavit-Hartenberg (DH) parameters can fully define the
signed reach and press task with button-controlled LEDsgbei  kinematic model of a mechanism. L8te R® be the joint vari-
the targets, since the BMI task workspace is prescribed\asyal able (joint rotation position). Then DH parameters of the-pr

in front of macaque’s coronal plane and does not involvewlbo posed 6-DOF exoskeleton model are as shown in Table 3 fol-
flexion of over 90, the designed ROMs of each joint satisfy the lowing the frame definition in Fig. 5, whelle; andL, are the

specified requirements. Additionally, two sets of linkageth distance from the shoulder center to the elbow, and therdista
different lengths will be used for different sized subjeatsthe from the elbow to the end point, respectively. The posture at
current stage, and a linkage length adjustment featurebgill 6 = 0 is defined as thhome posturef the exoskeleton.
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Singularity and Manipulability of Shoulder Joint

Singularity  The Jacobian matrix loses rank at singulari-
ties. For the ball-and-socket shoulder joint model withdixgp-
per arm length, the end point moves on a spherical surfaags Th
the orientation Jacobialy,(0) that maps the angular velocities
of the first four joints to the elbow’s task space angular oities
is derived as

0 —s1 €1 —C1CoS3 — S1C3
0 ¢ $1% —S1CS3+C1C3
10 $S3

Jo(6) (1)

wheres = sin(6), andc = cog6). Jo(8) becomes rank-
deficient at (6,,83) = (—m,0), the only singularity in the

workspace of the proposed shoulder model. However, the same

posture of this singular point can be realized by other jepace
configurations due to the redundant DOF, therefore proyittia
ability of singularity avoidance.

Manipulability ~ To quantitatively evaluate the mecha-
nism’s manipulation ability, the measure m@&nipulability[21]
can be defined as

w(8) = 1/detJ(8)J7(6)). )

The manipulability provides a measure of the dexterity of
the exoskeleton given a joint space configuration. Sincenidye-

ping from the joint space to the task space may not be unique,

in particular, for redundant mechanisms, the manipulgtif a
particular task space point may not be unique. Thus we intro-
duce the terminologynanipulability distributionhere to define
the range of values for manipulability. The performancehaf t
exoskeleton on the horizontal plane (i.e., #®pyo plane de-
fined in Fig. 5) is important considering the designed BMkgas
previously discussed. Fig. 8 shows the manipulabilityritigt
tion on the horizontal plane of our proposed shoulder cormple
model, as well as an illustration of the manipulability stwedth

the elbow position as the investigated end point. This rddan
realization makes it possible to obtain the maximal maripilH

ity value (ma>{Eq (2)} = v/2) in all directions on the horizontal

plane, and each posture possesses different levels of oiabip
ities. Thus it is possible to avoid its singularity by appiafely
planning its joint space trajectories. Further kinematialgsis
of the feasibility for this shoulder model to avoid singitiaand
joint limits can be found in our previous work [22], and grexoli
projection method can be one solution to realize kinematic ¢
trol and singularity avoidance for an actuated redundabnotro
manipulator [23].

End point 1.5¢ 1.4
Macaque - 1.2
= 1.0
5 1.0
\ s 0.8
S =S 06
Yoo co5 04
g .
s End point 02
Shoulder joint center trajectory 950 0 50 100 150
B (deg.)

FIGURE 8: LEFT: Macaque plotted with its shoulder joint center
fixed and elbow as the end point. RIGHT: Manipulability dis-
tribution of the proposed shoulder joint model on the hartab
plane; manipulability takes any value in the colored regiod
the white region represents no value.

SYSTEM KINEMATIC CALIBRATION

Considering the relatively low accuracy of most stateks-t
art neural decoders [24], the positioning accuracy requemgt
(within 10 mm) of the palm center in the BMI study is con-
siderably lower than general industrial robots. Here weosko
US Digital S6 incremental optical encoder with 2500 coumts p
round for each joint, and encoder indices are utilized fdidat-
ing the reference positions.

For the current setup, position measurement error comes
from two major sources — unknown encoder value offsets at
exoskeleton home posture and kinematic model uncertaintie
Kinematic calibration needs to be conducted to reduce the po
sition measurement error. An external optical trackingesys
is an ideal candidate for providing 3D position informatias
the reference true value. By comparing the position dathen t
tracking system frame and the exoskeleton frame, the unknow
variable values can be identified using an optimizatioretap-
proach. Note, this is an offline process, which only needseto b
conducted once before the exoskeleton is put into use.

Calibration Setup

Our optical tracking setup is tiehaseSpace IMPULSE X2
Motion Capture Systeronsisting of 10 cameras with sampling
rate of 480 Hz. This system can track its active LED markers
and has sub-millimeter accuracy [25]. To acquire the pasiti
information of the exoskeleton, one marker was rigidly aitd
to the end point of the last link (Fig. 9). We moved the end poin
along some arbitrary trajectory in the task space duringchvhi
all six joints were involved as much as possible. The pasitio
of the marker was recorded by the motion capture system, and
the joint space motion by each encoder. The sampling rateeof t
encoder reading is 1 kHz, and the two data acquisition system
were synchronized via Network Time Protocol (NTP).

Copyright © 2014 by ASME



Calibration Algorithm

Calibration algorithm for the-th sampling step is shown
in Fig. 10 (variables in red are to be identified). Defih@° c
RR® as the vector of all six encoder offsets at exoskeleton’sénom
posture. Together with encoder readir@3’, the joint space
variable@’ can be expressed as

8’ = ne°+ o~ (3)

IntroduceApM € R as the marker’s coordinates deviation from
its nominal and actual value in tH®@s-XgysZs frame (following
the definition in Fig. 5). Then we can obtain the marker po-
sition in the exoskeleton’s frampéyo Via coordinate transfor-
mation matrixT (A, 8') by forward kinematics, wheraZ :=
[Ady,Adg, Ads, Aag, Aas] " € R® represents the vector of the con-

cerned deviations of the exoskeleton nominal DH parameters

from their actual values. Besides, as shown in Fig. 9, the

relative posture between the camera frame and the exoskele-

ton frame is not exactly known, and thus two additional vari-
ablesd € R® and ¢ € R® are needed to represent the rela-
tive translations and rotations (Euler angles) betweentwte
frames, respectively. The marker's coordinates in the came
frame péam(ABO,AZ,ApM,d,cp) can be then obtained through
the frame transformation matriéC3,(d, @) with knowledge of
the encoder information. On the other hand, the marker'sdioo
nates in the camera franiptam)* can be directly acquired by the
cameras, which serve as the reference in this calibratiocess.
Thus the position error is

el = |(Plam)” — PLan(28°,0Z,0pM,d, §)|| (4)

SelectN calibration points along the trajectory, and defitie-
[(A8°)T (AQ)T,(Ap™)T,d", 9] as the parameter vector to
be identified. Then the calibration algorithm can be cashas t
following optimization problem

mxin zn'\l:lH(ptj:am)* - ptj:am(x)H%

5
stxk<x<x, i=12..,20 ®)

wherext is the lower bound of the corresponding element, and
x}J the upper bound. This is a typical nonlinear least squares
problem, and can be solved using thegnonl i n command in

the MATLAB Optimization Toolbox [26].

Experiment Results and Analysis

Parameter Identification =~ 400 data points are down-
sampled in one experiment session for parameter trainiigg. F
ure 11 shows the comparison between data fitting resultsdefo

7

FIGURE 9: ILLUSTRATION OF SYNCHRONIZED DATA
ACQUISITION OF THE EXOSKELETON SYSTEM AND
THE MOTION CAPTURE SYSTEM.

AB" lAp M
+

S i /
gle,, ICQ 6 T;U(Ag,g’) Dexo

from encoders

AL (d.9)

Pln(A0° A, Ap™ d,p)

() — o]

from cameras

(Plw) = Pl

2

FIGURE 10: BLOCK DIAGRAM OF THE PROPOSED CALI-
BRATION ALGORITHM.

and after calibration with the blue lines representing thsifon
errors. The identification results and initial guesses (nahme-
chanical design values) are listed in Table 4. The calibredet-
mean-square (RMS) position error of this training datas&t05
mm, with mean of 0.95 mm and standard deviation of 0.44 mm.

Cross-Validation  To evaluate the identification results
obtained from one certain dataset, cross-validations are c
ducted using six datasets of 300 data points downsampled fro
other experiment sessions. Position errors of the crolidatian
and the training datasets are given in Fig. 12. We can ndigte t
the position errors of the cross-validation datasets apecaq
mately of the same level as the training dataset, which aid&
that the calibration results in Table 4 are fairly satiséagtcon-
sidering the position accuracy requirement of the BMI tasks

CONCLUSIONS AND FUTURE WORK

A 6-DOF passive macaque upper limb exoskeleton was pro-
posed and fabricated for a BMI study. 4 DOFs were assigned
at the shoulder joint to achieve redundancy for kinematie si

Copyright © 2014 by ASME



TABLE 4: EXPERIMENTAL RESULTS OF THE PROPOSED

+ Reference

o Results before calibration IDENTIFICATION APPROACH.
300 3@3 |
260 Ej* % para. guess result para. guess result
E 220 % AQJ(_) (deg) 307 3185 Aag (mm) 0 0.03
N 180 ‘ A6Y (deg) —163 —17.60 || ApM (mm) 0 -0.10
140 ' A6Y deg) —152 —1345 || Apl! (mm) 0 -0.16
=0 s D69 @eg) —171 —17.19 || APY (mm) O 846
710690 250 308 ABQ (deg) —255 —2211 || dy (mm) 2032 20329
y(mm) 670 255 x (mm) N6Q(eg) -23 -239 | dynm 8521 84931
(2) BEFORE CALIBRATION Ady (mm) 0 ~1.79 d, (mm) 2168 22430
Ad3 (mm) 0 -0.48 ¢x (deg.) -90.0 —89.01
* Reference
o Results after calibration Ads (mm) 0 280 Py (deg.) 0 -0.10
300 : Nag(mm) O 401 || ¢;(eg) —1350 —13552
260
EZZO 1.8 .
N
180 16 ‘ ‘ ‘ ‘
€
140 e ‘ ‘ ‘
750 1.2
Q
# c 1,
305 S
690 Z
y(mm) 670 255 % () goe
£ 06t 1
= I Mean of training data
(b) AFTER CALIBRATION 5 0.4r Il Viean of validation data
0.2 ——iS.D.
FIGURE 11: SAMPLED MARKER POSITIONS IN THE ; RMS value
CAMERA FRAME FOR REFERENCE DATA AND GENER- 1 2 3 4 5 6 7
ATED DATA BEFORE/AFTER CALIBRATION. Datasets

FIGURE 12: POSITION ERRORS OF BOTH TRAINING AND
CROSS-VALIDATION DATASETS.
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