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Reconfigurable Workspace and Torque Capacity of
a Compliant Ankle Rehabilitation Robot (CARR)

Mingming Zhang, Member, IEEE, Jinghui Cao, Guoli Zhu, Qing Miao, Xiangfeng Zeng, Sheng
Xie*, Senior Member, IEEE

Abstract— This paper presents the analysis of the workspace
and torque capacity of a compliant ankle rehabilitation robot
(CARR). Therobot hasthreerotational degreesof freedom (DOFs)
redundantly actuated by four compliant actuators. However, it
suffer sfrom conflicting wor kspace and actuation tor que duetothe
use of a parallel mechanism and compliant actuators. To address
these issues, also considering physical constraints imposed by
human users, the CARR was designed with reconfigurability to
makeatrade-off between robot workspace and tor que capacity for
meeting different training requirements. Theoretical analysis
indicates that varying kinematic and dynamic perfor mance of the
robot can be achieved by reconfiguring the layout of the actuators.
Experimentswith/without load also demonstratethevalidity of the
reconfigurable robotic design for practical applications on robot-
assisted anklerehabilitation. Future work will focus on the design
aspects of the robot for easy adjustments, and the integration of
force-distribution based actuator force control for optimal robot
torque perfor mance.

Index Terms—Ankle robot, compliant,
wor kspace, tor que capacity, rehabilitation

reconfigurable,

|I. INTRODUCTION
rehabilitation solutions,

Robotassisted
adjuncts to facilitate clinical practice, have been activel

limited workspace unless using longer actuatdsaglia,
Tsagarakis [9] also developed a parallel ankle rehabilitation
robot using three motor-based linear actuators. While a high-
performance interaction controller has been implemented for
active exercises [10], the use of a central strut makes the
rotation of its moving platform misaligned with the ankle joint.
To allow compatible robot structure for ankle rehabilitation
Tsoi, Xie [11] replaced a middle passive link with the lower
limb of the patient on a parallel ankle robot. This design can
match the anatomical ankle joint by placing four actuators
above the end effector (AaEE), but unexpected loads may be
exerted causing uncomfort and safety issues. Jamwal, Xie [12]
more advanced, constructed a three-DOF robotic device by
setting physical rotation axes for the moving platform to reduce
direct interaction with the ankle joint. They adopted four
pneumatic muscle actuators to achieve the compliance of the
ankle device, but this design has the issue of limited actuation
torque at maximum muscle contraction. While the robots
developed by Tsoi, Xie [11] and Jamwal, Xie [12] have been
demonstrated with great potential for ankle rehabilitation due to
the use of parallel mechanisms with AaEE, the other way to

as therapeuthChieve three DOFs and aligned rotation center has been

roposed by Wang, Fang [13]. An obvious advantage of this
IPotic design is the shallow depth for human lower limbs, but

researched in the past few decades [1]. A systematic review O irod ext ruct | H
29 studies with a total of 164 patients and 24 healthy subje&%s required extra accessory structure as leg support. However,

demonstrates the effectiveness of existing rehabilitation robé@s IdefS|gn ?joef_ hot alloyv the_:;)_bot to bte adjus;[ed tt(') art1 arll;)/:trary
in reducing ankle impairments [2]. However, parallel robots al gié Tor adapling varying sitting postures ot patents. ore

better suited for ankle exercises due to the characteristics_siﬁn'f'cantly‘ this r obot has_not beer_1 yahdated_ expgrlmentally
terms of actuation capacity and clinical applicability.

multiple degrees of freedom (DOFs), safe workspace and Iar’&el_ ) o ; . ) .
actuation torque with respect to wearable exoskeletons that aim he robotic tr_ammg can be passive, active-assist and active
at gait exercises [3] and ankle devices with a single DOF [4].range of _motlon (ROM) exercises, as wgll as muscle
Several robotic platforms have been developed for ankid€ngthening schemes. [passive ROM exercises involve the
therapy based on parallel mechanisms. A typical instance is fHB_Ot_ gu]dn.lg the patient’s ankle’through the predefined
Rutgers Ankle powered by double-acting pneumatic cylindef@!ning trajectory when the pait’s foot remains relaxed.

[5]. While its effectiveness has been demonstrated on subje’é‘fg've_""ss'st R_OM exercises on the other hand require the rpbot
with varying grades of ankle sprains [§iroke patients [7], and to cooperate with the patient to perform the predefined motion,

children with cerebral palsy [8], it should be noted that thgroviding certain assistance based on real-time ankle

Rutgers Ankle has difficulties in defining training protocols du%ssess(jment. ACI::'VG R.OM'e>§erC|s-es aredcon(il(ﬁjcted corlnplet.er:y
to misaligned rotation centassthe anatomical ankle joint, or epending on the patient's intention and ankle capacity wit
minimal human-robot interaction. For muscle strength training
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exercises, the robot should be able to provide certain resistaacevolute pair. The rotation axes of ankle DP, IE and AA are
to the foot according to the joint position and capacity tdenoted a¥,,, Y,,, andZ,,, respectively.

challenge the patient over time. Hence different rehabilitation —
modes require different robot workspace and actuation torque
A suitable robot workspace and actuation torque can also
enhance the training safety.

Taking all into consideration, an ideal rehabilitation robot for
comprehensive ankle therapy should have intrinsic compliance,
suitable workspace and torque actuation capacitgned
rotation center with ankle joint, and adjustable structure for
using on different sitting postures of patients. Zhang [14] has
developed a novel compliant ankle rehabilitation robot (CARR)
While this robot was designed with reconfigurable structure
aiming to achieve varying workspace and actuation torque, the
theoretical analysis and experimental validation have not yet
been conducted. e M

It is also well known that the limited workspace of parallel versien Y X f
manipulators, in comparison to serial ones, is a drawback » S I
which conversely can be an advantage for rehabilitation EVersion” ppeuction®_
purpose due to training safeffhe use of pneumatic muscle T
actuators also makes the torque capacity of the robot vefy. 1. Geometrial description of the CARR mechanism and motions.
limited at maximum muscle contraction. Therefore, there mu/g}
be some tradeoffs between robot workspace and torque capaC|t¥ i ) i o )
depending on a specific training protocol for an individual, and T he line sketch of théth actuator is presented in Fig. 1 in an
optimization techniques should be involved to ensure tH@'t'al_ state, and thg coordmate_of its connectlop point is shown
kinematic and dynamic performance of the CARR with variod§ Fig. 2. The fixed coordinate system is denoted as
configurations. To the best of the authors' knowledge, this is?aXr¥rZf and the moving coordinate system is denoted
first ever attempt, in the field of parallel mechanisms, where@80mXmYmZm Connection points of théh actuator on the
a multi-DOF ankle rehabilitation robot can be reconfigured tdFP and theMP are denoted aBFP;andMP;, respectively
achieve varying workspace and torque actuation capacity. THikeir position vectorle.f andP/™ are defined in (1)as well as
paper is organized in the order of introduction, robot desigthe relative position vectd? of two coordinate systems, where
analysis on robot workspace and torque capaexyerimental f refers to the distance between the origins of the UFP and the

—

/ Adduction

Robot Kinematics and Dynamics

results, discussion and conclusion. LFP, h is the distance frora,, to 0,.
F—O.UFP =« + ol"
Il. RECONFIGURABLEROBOT DESIGN P/ =0,UFF =[x/ y/ o
The three-dimensional model of the CARRpresented in P" =0,MP. =[x y™ —-h" i=1,..4 (1)

Fig. 1 It consists of a fixed platform and a moving one which
are connected together with four compliant actuators (spherical-
prismatic-spherical). Thus the kinematic structure of the robot Position vectors of the actuators can be expressed as a system
has four closed kinematic pairs and the motions are achieusfdfour equations in terms of the posture of the end effector

through simultaneous motion of these four kinematic pair [ ; f
9 Pal'§enoted ad.] in (2-4). The transformation matri/, of the

Four Festo fluidic muscles (FFMs) are selected for comfort a : : ) : .
safety, also with high actuation force. This robot has thr;ﬁgovmg platform with respect to the fixed one is defined jn (3

; I . and (4) using a fixed axis rotation sequence of its orientation
rotational DOFs that are for ankle d0rS|erX|on/pIantarflexmrb 0 d6.. The Jacobi trix of thi bot desi
(DP), inversion/eversion (IE), and adduction/abduction (AA),*’ ~Y an z € ggo lan matrix of this ro _9 ) e5|gh maps
respectively. The number of robot DOBgalculated using the the Cartesian velocities to the actuator velocities derived

Chebyshev-Grubler-Kutzbach criterion [15That is,F = in (5) and (6) wherellf refers to the length of thigh actuator
; J
An—j—-D+3¥._,fi—f,, F refers to the DOFs of the as ,(L{)TL{

mechanim, 1 refers to the DOFs of the spaaeis the number
of all links including the basg,is the number of binary joints,
fi is the DOFs permitted by joinf andf, is denoted for the
total number of passive DOFs.

As described in Fig. 1, the fixed platform consists of an upper
fixed platform (UFP) and a lower fixed platform (LFP), while
the moving platform NIP) is actually a three-linkage serial
mechanism with three rotational DOFs. The third link of\tie
is also the end effector. The MP is connected with i@ hy

0=0;0,=[0 0 —H]"
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given in (9) is normally used [17].

GCN = Liza (k) 9)
n

=
LY o
—_
=,
=<,
—
<
,;_-_____"_>

Here n is the total number of discrete feasible points
constituting the workspace and the numerator is the sum of
condition numbers obtained at these points in the feasible
workspace volume grid. The global condition number is
bounded by the range as given in (10).

Fig. 2. The definition of connection points of each actuators 1 < Global Condition Number (GCN) < o (10)
L{ =0 +R}P" - Pl-f i=1..4 (2) The exerted torque in task space can be obtained (isihg
based on individual actuator force. In return, the required
cosB,cosb), Ry, Ri3 individual actuation force can be calculated in (12) for a given
R! = [sinB,cos0, Ry, Ry3 (3) task space torque, whefe= J(JT))™1 is the pseudo inverse of
—sing, cosf,sind, cosf,cos0, the matrix/T. Cable-driven robots may lose controllability if
certain cables are not in tension during the robotic operation
Ry, = —sinB,c0s0, + cos0,sinb,,sinb, [18]. Thus optimization based technigues should be involved on
Ry3 = sin8,sinb, + cosf,sinb,cosb, the CARR to ensure all FFMs in tension for training safety, but
| Ry = cos6,cost, + sind,sind, sind, (4) with mmlfmum ;grcgbvqlues forhla(;ger Worksdpﬁéel;\_anﬁlyt:jc— |
\Ras = —cos6,sinb, + sinf,sinf, cos, iterative force distribution method proposed by Taghirad et al.
[19] can be used to control the forces of stretched actuators at
I AL ®) predefined positive values for minimum energy consumption
TR Sz e Ja and training safetyby which the CARR can achieve larger
P, workspace.
L;
— | pf -
Ji=|P x l—}l i=1,..4 (6) Taxy = JT[Fy, Fy Fs Ful7 (1
i
" . . = T
The condition number of the Jacobian matrix, a measure of Fi1 =] [Tx: T,, Tz] 12

robot singularity, provides a relation between changes in the
joint space and task space kinematic variables. Thus, t§€ Ropot Reconfigurability

geometrical parameters of the CARR have to been qarefu”yRobot—assisted rehabilitation strategies can be RaM

; > ok ) : muscle strengthening exercises require it have high actuation
has important physical significance. A robot design with Ne3rque Due to the use of pneumatic actuators, the CARR has

unity condition number is desirable [16] since it minimizes thauite limited torque capacity at maximum FFM contraction
error of the torque of the robonhe effector. The condition \yhere the maximum workspace is achieved. Specifically, there
number can also be used to evaluate the workspaggistbe some tradeoffs between the robot workspace and torque
singularities. It reveals how far the robot is from its presenictuation capacity. Thus, the CARR has to be designed with

configuration to the nearest singular configuration. reconfigurability in providing adjustable workspace and
Though the Jacobian matrix is not a square matrix for tletuation torque for a variety of training strategies, as described

CARR, its singular values; can be still calculated in )7 in Fig.3. A reconfigurable architecture of the CARR consists of
0; = / 1,07 7 afset o; clonfigurgtions_ by z(_eflfecting diffe[)gnt numbe;s and types

where/; is the eigenvalue of the matrXj. The condition gimmeﬁsil:)ﬁg, and setting different combinations of mounting

numberk can be given in (8), whem,,, anda,,;, are the
maximum and minimum singular values of the maiffix
respectively.

8)

To evaluate the robot design, the condition number is
generally obtained at different workspace points on the
specified robot trajectory with assumed resolution. Though the
condition numberg; at different end effector orientations are
useful, to get a comprehensive view of its distribution in the
entire workspace volume, a Global Condition Numi&IN)
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A especially for muscle strengthening exerci§gd®e maximum
passive ankle torques obtained by Parenteau, Viano [22] from
32 human lower legs are also summarized in Table 1.

Table 1 Typical ROMs [21] and passive torque [22] of the lamnankles.

Type of Ankle Motions Maximum PAT
motion ROM Mean SD (Nm)
; Dorsiflexion  20.3° t0 29.8° 24.68° 3.25° 34.1£14.5
Plantarflexion 3475§7°St§’ 40.92° 4.32° 48.1412.2
Inversion 14.5°t022° 16.29° 3.88° 33.1£16.5
Eversion 10°t017°  15.87° 4.45° 40.129.2
Adduction 22°t036°  29.83° 7.56° NA
Abduction  15.4°t025.9° 22.03° 5.99° NA

PAT: Passive ankle torque; SD: Standard deviation; N#t available.

B. Condition Number

Fig. 3. Reconfigurability of the CARR. The arrow represethis adjustment The condition number will be used to ana|yze singularity of
direction, black points connected by dash dot line® laajustment in the same

direction. (A: the adjustment of the fixed platfortorey the sliding rail for the QARR' Th(_a jOII’]t-Spa(.:e actuator forces cannot provide
different sizes of patiest lower limbs; B: the adjustment of the footplate for effective actuation torque in the task space of the rabat

different sizes of patientseet; adjustments A and B do not affect the robotgingular configuration, so itis imperative to eliminate
workspace and actuation torque; C: the adjustmetiiteoénd effector and the _. L '
UFP, which can change the distance of the foot@att the UFP; D: the- singularity in actual robot workspace. The CARR has been

direction adjustment of connection points of the aitits on the UFFE: thex-  developed in Mechatronics Lab of the University of Auckland
direction adjustment of connection points of theiatdrs on the UFP; Fithe by our group [14]Although this robot can achieve adjustable
direction adjustment of connection points of theuatdrs on the end effector workspace and actuation torque based on adjustments presented

G: thex-direction adjustment of connection points of thesattirs on the end . . . . . .
effector; adjustments C, D, E, F, G all affect the tabarkspace and actuation N Fig. 3, its kinematic and dynamic performance has not been

torque. evaluated. The default configuration of the CARR is presented
C. Actuator Modeling in Table 2, where only parameters affecting robot workspace
. . and torque capacity are given.

FFMs can generate a larger force with the same size an'a d pacity g
contraction length compared to traditional pneumatic actuators Table 2. The kinematic configuration of the CARR.
whigh makes them in'creasingly popular |n ropotic rehapilitation Robot configuration Absolute values of coordinates
devices. Robot-assisted ankle rehabilitation exercises are X Y
considered to be slow and in quasi-static environment. Distance between UFP and LFP 445mm
Therefore, the function approximation proposed by Sarosi [20] (Adjustment C)
is adopted in this study to derive the FFM contraction force Connection points of FEMs onthe ,, o 140mm

. . . . UFP (Adjustments D and E
based on its pressure and contraction strain, as in (13), wher((:;-0 (Adj )

) o la—lL . nnection points of FFMs on the
the muscle contraction strasn= ‘1— and the pulling force F LFP (Adjustments F and G)
0

the applied pressure [y and! respectively represent the initial YFP: Upper fixed platform; LFP: Lower fixed platform

muscle length and the actual leng®arametera, b, ¢, d, e are The CARR can operate with three rotational DOFs (ankle
arbitrary coefficients that were experimentally obtained bPP, IE and AA) or two DOFs (ankle DP and IE) depending on
fitting the model to the data by changing the muscle leng#pecific rehabilitation strategieBSor these cases, the condition
when the tensile force and pressure were recorded. For inflatimwmbers of the robot present significantly different, as
of the FFM (DMSP20-400RM-RM), a=232.89,b=-38.32, presented in Figs. 4 and 5. When the robot operates with three
¢ =-904.01,d =294.86 ande =-289.06 while for deflation DOFs, the GCN is 11.18 in Fig. 4 for a predefined robot

65mm 60mm

a=272.70,b=-32.58,c=-908.24,d=298.83 ancd=-262.85. workspace, ranging from -46° to 46° respectively about axes
X, Ym, andZ,,. In fact, the actual ankle workspace can be
F(p,s)= (p+a)e” +cps+dp +e (13)  smaller with respect to this predefined one, which means that

the real GCN is less than 11.18 for actual robot workspace of
ankle training. However, these configurations were only
preliminarily selected and further optimization should be
A. Ankle Motion and Torque involved to enhance the kinematic and dynamic performance.
Three-dimensional ankle ROMs suggested by Siegler, Chéamwal, Hussain [23] proposed a three-stage analysis
[21] will be considered as references for designing the GARFEChNiques, including kinematic design, actuation design, and
as summarized in Table 1. It can be seen that ankle ROMsSIRUctural design, to solve the issues in the pretext of a parallel

different directions are quite different, with around -45° to osechanism designed for _ankle_therapy. This analygis m_ethod
for DP, -15° to 20° foHlE, and -20° to 25° foAA. Torque C&N be used for the optimization of the CARR with minor

gaptations. Depending on a specific training strategy, the
ARR can be reconfigured into a two-DOF mechanism by

I1l. ADJUSTABLEWORKSPACE AND ACTUATION TORQUE

capacity has to be also considered in designing the rob
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locking the motion of robot AA, where a better kinematic and
dynamic performance can be achieved with the GCN being 1.24
in Fig. 5. It should be noted that the Z in Fig. 4 is a variable
while that of Fig .5 represents some discrete constants A(RL,P™) € Q; (16)

depending on the locking positions. Throughout this paper, the - o .
X, Y and Z values in all Figs refer to the angular positons aboutBy examining each point in the predefined workspace based

axesX,,, Y,,, andZ,,, respectively. on the thre'e constrains (14) unpler the default conflguranor)
presented in Table 2, the effective robot workspace is obtained

(L), 0,) =C (15)

GCN=11.18 _— ” in Fig. 6. This configuration allows for a three-dimensional
- workspace, ranging from -35.5° to 35.5° for ankle DP, -3#.4°
30 34.4° for IE, and -45.9° to 45.9° for AA. Comparing witle th
20 data presented in Tablethe robot ROMs of ankle IE and AA
25 . .
% 0. are obviously larger than actual ankle motions. For ankle
a ; ) 20 training in the sagittal plane, the maximum achieved
s ST dorsiflexion of the CARR can also meet the requirement of
40 : * most cases, such as the treatment of ankle stretching of drop
40 - foot, while the maximum plantarflexion is less than actual ankle
40 motion.
Y (Degree) -~ an T X (Degree)
Fig. 4. Condition number of the CARR with three DOFs (anRP, |E and
AA).
40
GoN=124 _— | 155
/ 15 2
40 - 145 9
g 0
20 14 (=}
g 1.35 N 20
§ B N 1.3
N 20 1.25 -40
& 12 40
1.15 40
40 14 0 </j
40 " 20
0 b Y (Degree) 40 40
Y (Degree) 20 e o 20 X (Degree) (Deg X (Degree)
) " . Fig. 6. Workspace of the CARR in a three-dimensispate. (X_Min = -35.5°
Fig. 5. Condition number of the CARR with two DOEsKle DP and IE). and X _Max = 35.5° Y Min = -34.4 °, and Y _Max = 8% and Z Min = -
45.9°, and Z_Max = 45.9°) - B
C. Robot Workspace N = . . ' .
P Since the CARR was designed with reconfigurability in

A compact design requires that the used actuator should hayjeying adjustable workspace, we made the adjustment F for
a short length to keep the total depth of the robot close 10 fyQiance, with the absolute values of jheoordinate of all
size of thepatient’s shinbone. Inverse kinematics is used t0 -gnnection point of actuators on the MP changed from 60mm
calculate the displacements of the actuators for a given roht44mm. Under this new configuration, the effective robot
workspaceWhen one of the displacement values exceeds )&,k space has been also adjusted and presented in Fig. 7, where
stroke of the actuator, this pose is unreachable and will B&. qreen dot represents the data of Fig. 6 and blue dots refer to
excluded, as in (14). The interference between actuators apd, added workspace. It can be seen that the robot ROM for
human lower limbs should be also avoided for smooth motigfyje plantarflexion has been slightly increased from -35.5° to
control and fraining safety, although the FFM has intrinsigg 7o \while the robot ROM for ankle IE is reduced, it still
compliance. This constrain is defined in (15), whe{e!, 0,,)  meet the requirement of ankle therapy in the frontal plane.
is the function to calcualte the spatial distance between the
ankle joint0,, and theith actuatorL{, and(C is a constant

dependingn the patient’s ankle size. In addition, to guarantee
the to-and-fro motion control of the CARR, the connection
point2(R,,P") of theith actuator on the MP should fall inside
theith quadran®; of theX,, — Y, plane, as in (16).

lo —

!
—002<s= <0.28 (14)
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60mm

Torque (Nm)

Z (Degree)

Torque (Nm)

40 -30 20 -10 0 10 20 30
Y (Degree)

-20
Y (Degree) -40 40 X (Degree) 60mm

Fig. 7. Workspace of the CARR in a three-dimensispate. (X_Min =-36.7° ®
and X_Max = 36.7°Y_Min = -33.2 °, and Y_Max = 33.2°; and Z_Min = -
45.9°, and Z_Max = 45.9°)
D. Robot Torque Capatyi P o . 0 2 "

For a given pose of the end effector, individual FFM length Z (Degree)
can be calculatebly inverse kinematic§-4). The contraction Zifmgm Torque capacity of the CARR under the sitiient F from 60 mm to
force of the actuator can be obtained using (13) by transforming
the muscle length to strain. Hence the robot tofigue can be
given in (11). The overall stiffness matrix of the CARR, from
its actuator stiffness, is computed us{tg-19), whereK is the
robot stiffnessF is the contraction force of the FFM, akdis
the stiffness of théth actuator.

Torque (Nm)
I o

N
o

'

EN

=l
w
o

IV. EXPERIMENTAL RESULTS

While theoretical analysis has suggested the ability of the
CARR in achieving adjustable robot workspace and actuation
torque, experiments were still conducted to validate the
reconfigurability of the robotA healthy subject (male31
K=J's] (17)  years, height: 172 cm and weight: 75 kg) participated in this

study. He gave written consent to participate in the trial
(18) according to ethics approval obtained from the University of
Auckland, Human Participants Ethics Committee (011904).
. All desired trajectories take the form of sinewave with
k= — b +a) eb(l—g) b i=1,..4 (19) frequency being 0.05 Hz. Experiments were firstly conducted
lo lo on the CARR without any load with the default configuration

Taking the same adjustment F from 60 mm to 44 mm as '€ Predefined amplitude of the sinewase31.5°, while the
previous subsection, the torque capacity of the CARR is derivegtua! achieved ROM for ankle DP is from -29.48° to 28.51°
using (11). As in Fig. 8, the top plot represents the robot torgg Shown in the top plot of Fig. 9. This is the maximum achieved
for ankle DP, the middle one plots the robot torque for ankle [ROM of the robot for ankle DP since the predefined value is not
and the bottom one is the torque for ankle AA. It is clear th§gached. For trajectory tracking of ankle IE, the achieved ROM
the torque capacity of the CARR for ankle IE and AA unddfompares well with the_ predeflngd_value 17.2°, E_xperlments
default configuration presents small changes after adjustmeffEre then conducted with the participant on load with the same
while the robot torque for ankle DP presents significant chang@€Sired amplitude. It is presented in the top plot of Fig. 9 that
due to the decrease of force arm of the actuators. As showri]f @chieved ROM of ankle DP ranges from -28.07° and 25.61°
the top plot of Fig. 8, the torque capacity of the robot is largee corresponding ankle torques about axes-X, -Y are plotted
enough for a variety of ankle exercises in most range of anifethe middle of Fig. 9. By comparison, the achieved ROM of

DP. However, the robot torque becomes close to zero at aro@¥!€ DP with load is less than that of without load, and the
-35° of ankle plantarflexion, which may lead to insufﬁcienf’oss'ble reason can be insufficient actuation torque at extreme

dF
S = E = diag(kl, k2; k3, k4)

robot torque for further ankle stretching, and thus optimizatid?\OM'
techniques should be involved to addressiisue.
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‘ Xd Xm with No Load Xm with Load
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Fig. 9. ROMs of the CARR with the configuration &%50). (Averaged Time (s)

plantarflexion and dorsiflexion through four cycleghano load being -29.48  Fig. 10. ROMs of the CARR with the configuration (X65Y44Averaged
and 28.51°, respectively; the values with the padict are -28.07° and 25.61°, plantarflexion and dorsiflexion through four cycleghano load being -352°
respectively) and 33.71°, respectively; the values with the padict are -35.18° and 3135

) . . . tivel
After reconfiguration of the CARR with the same adjustmerg'ESpec vel)

from 60 mm to 44 mm, the same experiments were conducted V. DISCUSSION AND CONCLUSION

with/without load, respectively. The predefined amplitude was __ . )

changed to 37.3°, and the actual achieved ROM for ankle DP isThls paper presents the analysis of the workspace and torque
from -35.52° and '33 71°, as shown in the top plot of Fgin capacity of the CARRSince this robot is based on a parallel

the same way, this is also the maximum achieved ROM of tﬁréechanism with three rotational DOFs redundantly actuated by

robot for ankle DP. The trajectory tracking of ankle IE can stifpur compll_ant FFMs, some COﬂf!ICtS exist mc_ludlng workspace
reach the predefined value 17.2°. Experiments were final d actuation torque. Hence this robot designed with enough

conducted with the participarithe top plot of Fig10 shows orkspace and actuation torque is hard to be achieved unless

that the achieved ROM of ankle DP ranges from -35.18° a rae use of longer FFMs. It should be noted that longer FFMs are
31.35°. The corresponding ankle torques are presented in’\g? desirt_ad on an ankle rehabilitation robot for adapting
middle of Fig.10. Comparison shows that the achieved RO ifterent SIZES of human shanks. N

of ankle DP with load is also less than that of without load, an An opt|m:_;1l robot fg_r ankl_e _rehabllltat_lon ShQUId be able_ to
the possible reason can also be insufficient actuation torque g{wer subject-specific tralnlpg exercises with approprlc_ate
extreme ROM. However, by comparing the performance of tijiorkspace and torque capacity. While the use of compliant
robot reconfiguration in i:igs 9 and 10. the ankle DP ROM fsFMs can make robot-assisted ankle training comfortable and

increased by reducing the force arm of the actuator, while tﬁ@fek’ an issue Ljs the I|m|teddgctggt|og g’rqu;ng[ e>t<)trem_ehrobot
robot ROM for ankle IE in both configurations can meet th orkspace, as emonstrate In Figs ©, 9 an robot wit
requirement of therapy training. suitable workspace and actuation torque can also ensure the

training safety. The CARR developed by Zhang [14] was
designed with reconfigurability in achieving adjustable robot
workspace and actuation torque, which has been demonstrated
as an excellent solution to ankle rehabilitation robots with
conflicted workspace and actuation torque. Based on
assessment of ankle motions and torque capacity of the patients
the CARR can be reconfigured with appropriate workspace and
actuation torque indexes for a specific training strategy.

Again refers to the bottom plot of Fig. 8, the actuation torque
of the robot is close to zero at 0° of ankle AA, which makes the
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passive streching ankle exercises impossible. The reason candrgrol for maximum robot torque capacity.
the symmetrical layout of the actuators, and optimization bas
techniques have been well used to address this issue [12,
25]. However, how much the robot torque can be improved is This material was based on work supported by the University
not clear and should be further investigated for clinicadf Auckland, Faculty of Engineering Research Development
applications. A more direct method is to use a motor instead feund3625057 (Physical Robétuman Interaction for
actuating ankle AA. This novel mechanism with hybrid powePerformance-Based Progressive Robot-Assisted Therapy). The
can not just make the control along ankle AA easier, but alsothors have declared that no competing interests exist.
improve the kinematic performance of the CARR, as
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