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Musculoskeletal Model for Path Generation and
Modification of an Ankle Rehabilitation Robot

Prashant K. Jamwal, Member, IEEE, Shahid Hussain, Yun H. Tsoi, and Sheng Q. Xie, Seni
Member, IEEE

Abstract—While newer designs and control approaches are
being proposed for rehabilitation robots, vital information from
the human musculoskeletal system should also be considered.
Incorporating knowledge about joint biomechanics during the
development of robot controllers can enhance the safety and
performance of robot-aided treatments. In the present work, the
optimal path or trajectoriesof aparalle anklerehabilitation robot
were generated by minimizing joint reaction moments and the
tension along ligaments and muscle-tendon units. The simulations
showed that using optimized robot paths, user efforts could be
reduced to 80%, thereby ensuring less strain on weaker or stiffer
ligaments, etc. Additionally, to limit the moments applied by the
robot in stiff or constrained directions, the intended robot path
was modified to move the commanded position in the direction
opposite to that of the position error. Such online modification of
therobot path can lead to areduction in forces applied by a robot
to the subject. Simulation results and experimental findings with
healthy subjectsusing an anklerehabilitation robot prototype and
subsequent statistical analysis further validated that path
modification based on ankle joint biomechanics results in a
reduction in undesired for ces experienced by human usersduring
treatment.

Index Terms— ankle joint musculoskeletal modeling,
optimization of muscle forces, paralld ankle rehabilitation robot,
robot path generation and modification

l. INTRODUCTION

(DOF), Buerger and Hogan considered human arm impedance
as a major design criterionl9]. For a similar robotic
application, Miyaguchi et al2[)] used a skeletal model of the
human arm to design an impedance controller, and the
impedance parameters of the controller were tuned to minimize
the extension of certain ligaments.

In afew other instances of rehabilitation robots, researchers
have incorporated human-robot interactive moment
information in controlling the position error of the robafl,|
21]. Reference trajectory or reference path generation is an
important research area in roboti22,[23]. The reference path
for rehabilitation robots is normally predefinég extracting
information from biomechanics lab experiments and
observations of usual limb paths during activities of daily living
(ADL) [11, 24-26]. During robot-assisted rehabilitation, this
path is altered using compliance or impedance control strategies
that are developed using interaction forces and position errors
[17, 24, 27]. Robot path generation from the recordings of
subject-specific and trainer-induced leg trajectories is proposed
in [28, 29]. On the other hand, the further advanced path
generation strategy proposed by Vallery et 20] pxploits the
learning of healthy limb movements in deciding the
commanded robot path for hemiplegic patients. Recently,
Sartori et al. proposed a hybrid EMG-informed neuro
musculoskeletal modeBl]. Nevertheless, further work on the
validation of this hybrid model is required since presently, it has
been validated onlin calibration trials. Challenges associated

HYSICAL orthopedicrehabilitation is one of the most with EMG data acquisition and conditioning, such as cross-talk,

appropriate applications of robots, and this fact is quitglectrical and ambient noises, etc. still remain to be addressed.
apparent from the recent literature on rehabilitation robots ahtdng et al. proposed Gaussian process-based trajectory
related research. The use of robots has been found to I®&rning to identify individual musculoskeletal parameters from
effective in physical therapy by previous researchers [1-F]ait motions at different speeds healthy subjects3p]. This

Rehabilitation robots can be used to help therapists in theiodel

considers individlla subjects’  physiological

labor intensive, repetitive wotlo motivate the patient through characteristics, such as height, weight, and age. to generate the
interactive user interfaces to exert more effort without gettinghabilitation path. However, the model fails to modify the path
tired or bored and to improve the rehabilitation process Iy real time based oanindividual patient’s injury and reduced
making it more objective and accurate [6-9]. However, sing@pabilities. Other works related to the use of biosensors in
these robots work in close proximity to the human user, it @Busculoskeletal modeling3$-35] are worth mentioning here
important that their interactions and operations are safe, gerftie the entirety of the discussion. However, the use of
and intuitive L0-12]. Researchers have now started to realizeiosensors and their data acquisitiorvénanany challenges,
that it is vital to study the human system, specifically thehich further adds to the complexity of musculoskeletal
structure and functioning of the musculoskeletal system, whifeodeling Bg].

working on the design, actuation and control of a rehabilitation While there have been few previous attempts to take into
robot [L3-16]. The musculoskeletal features of the limbs andccount interaction forces in the generation and coofrtile
joints that are being treated need to be included during tr@bot path [37, 38], musculoskeletal models have not yet been

design and control stages for rehabilitation robd8 17, 18].

used in rehabilitation robot online path adaptation. In particular

Earlier, while designing a robust impedance controller for d@ the best of our knowledge, no previous research is available
upper limb rehabilitation robot withsingle degree of freedom wheren an ankle joint musculoskeletal model is used in the
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Fig. 2. Pictorial representation of the ankle ja@ionsisting of ankle

path planning and adaptation of rehabilitation robbitsheir (A), subtalar (S) and foot (F) coordinate frames

recent work 89, some authors proposed a musculoskeletal

model of the ankle joint whereathorough investigation of the ankle joint and the generation afehabilitation path. Section
ankle joint and its articulating musculoskeletal elemevds || presents the simulations and results of the reference path
carried out. Apart from the information on joint positions anghodification and its experimental validation using the ankle

displacements, the proposed musculoskeletal model is abled@ot. Section IV provides discussions and conclusions drawn
provide values of the tensions experienced by ligamenigom the present research.

muscles and tendons and the joint torques resulting from certain
motions. Such information can be of relevance, especially in . Methods
deciding the range of motion treatments prescribed for various '
musculoskeletal injuries, including ankle sprains. In the initial A Musculoskeletal Modeling of the Ankle joint
stage of rehabilitation, the affected joint is subjected to Musculoskeletal models describing the foot-ankle system
displacements within the range of pain-free motid].[ have previously been proposed with varying degrees of
Therefore, it is preferred to keep low forces on certaigomplexities. Initial models were based on the assumption that
musculoskeletal elements that are in the process of recove human ankle could be considered a rigid body working like
from injuries. A musculoskeletal model is also required tg ball and socket jointip, 43]. Several advanced models using
obtain information about the forces generated by injureghite element analysis have also been proposed; however, these
musculoskeletal elements to decide on the suitability of a giv@fodels cannot be used in real time owing to their longer run
rehabilitation path or suggest an alternative path. times §4-46]. To model the activation dynamics of human
In the present research, optimal rehabilitation trajectories fafuscles around the ankle joint, most researchers have used the
an ankle rehabilitation robo#]] were obtained. An optimal popular Hill-based model[-50]. However,in modeling the
trajectory is one that requires minimum tensions in the foreharacteristics of ligaments, there is no acceptable unique
elements in addition to minimum joint reaction moments. Thepproach, and while some researchers have modeled ligament
ankle robot used herein (Fig. 1) is a parallel robot with twbehaviorasa passive moment of displacement at the ankle joint
platforms, namely, fixed and moving platforms connectef#3], other studies explicitly modeled ligaments as the tension
together with four linear flexible actuators. These actuators dpétween spring element$Z, 46]. In light of the above studies,
operated and controlled simultaneously to obtain the positionibfcan be concluded that to estimate tensions applied to
the moving platform necessary to accommodate the foot-anki@@ments and muscle-tendon units for the path generation
combination of the patients. prob_lem, their functional models must be (_)btalned. In _thelr
In other words, this study investigates the path generati@f€Vious researctsg, 51], authors have carried out detailed
and adaptation of the parallel ankle rehabilitation robot bas@E)Ode“ng Of_ the musculoskeleta_l _elements around the ankle
on a musculoskeletal model of the human ankle joint. THEINt In their previous work, a rigid body-based mo_del was
procedure for path generation is represented by an optimizat%rl%afemad over finite element models to savcomputational

problem whereby a cost function comprising the tensions pSts vyhﬂe using the model n regl time for robot path
X . ) _ .7~ generation. In the following subsections, a musculoskeletal
ligaments, tendons, and joint reaction moments is minimizeg, 101 ot the ankle joint is briefly described.

Later, the robot patis modified using the large position errors

as kinematic constraints, thereby allowing deviation away frod)  Kinematics of the Ankle-Foot Joint

the commanded paths. To the best ofdinhors’ knowledge, Anatomically, the ankle joint lies at the terminands of the
reference path generation in real time for rehabilitation robolswer leg bones, i.e., the fibula and tibia, and connects with the
using a musculoskeletal model has not yet been proposed infihet tarsl bones (mainly with the talus), which is a cluster of
literature. Section Ibf this paper discusses the methods usegeven articulating bones. The three bones jointly form a tight
for the development of a musculoskeletal model of the humapnovial hinge joint that facilitates plantar flexion and
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dorsiflexion of the foot. These bones further combine to for®) Modeling Muscle-Tendon Units:
two joints, specifically, the ankle and the equally important \jyscles connecting bones through tendons have been
subtalar joint (Fig. 2). Various ankle motions are realized by the
combined subtalar and ankle joint; therefore, the foot-ankle
joint can also be called a biaxial joint. The kinematics of such a
biaxial ankle joint can be easily defined with respeetdertain
fixed orientation using homogeneous transformation matrices
that are normally used to describe the orientation and position
of rigid bodies. Using transformation matrices for frames
relative to each other, it is possible to define a point in another
frame without losing its characteristics.

At the onset, the system of homogeneous transformation \ .
matriceswas defined (as shown in Fig. 2) considering three Y\ ’C}é»
coordinate frames, namely, the ankle frame (A), the subtalar Fig. 3. Muscle-tendon unit modele\;j with viscoelast@ments
frame (S) and the foot frame (F). These frames are defined with o '
respect to a stationary global frame (this fixed frame is situatetbdeled using the popular Hill-based modit50]. Here, the
inside the tibia bone and represented as O). For the presemiire muscle-tendon unit is considered, and while tendons are
research, all the bones rigifithe phalanges to the cuboid boneaepresented asoninear springs (k), the muscles are modeled
and calcaneus are assumed to be a single body, and ffietheir active and passive components. The active part is
translations and orientations of this body are represented by fagresented by a contractile element CE, whereas the passive
foot frame (F). The position of the subtalar frame (S), which ISart (connected in parallel to CE) PE determines the passive
located between the talus and calcaneus bones, remains figefavior of the muscle (Fig. 3). The passigeavior of muscle
with respecjt to the global frame, while it is freg to rotate aboyt . be modeled using a nonlinear spriig;j and a damper
the y-axis in the subtalar frame (S) to realize internal a ). A pennation anglé is assumed to be the angle between

external rota_thns._ Finally, the ankle frame (A)’. S|tuat¢ e directions of the muscle-tendon unit and the applied force.
between the tibia, fibula and talus bones, allows flexion motion . ) . :
Contractile element forcd’f) is a function of strains} and

about the ankle joint axis or about the x-axis of the ankle frame ™, X
(A). Next, using (1), the position and orientation of the focti'&in rate ) and is normally represented by (3), where-
frame (F) with respect to the global frame (O) can be obtaingdt€ andf, = —cé. Here A represents an activation function of
with the help of transformation functions of other coordinatguscles (0 < A< 1) and measures the size of the muscle force
frames. realized.F,., is the maximum force exerted by the muscle.
TP =TQ TATS (1) Fep(A,€,€) = (AFnax) [1(8) 1, (€) 3)
. : . Furthermore, OpenSim softwar®4] 55] wasused to extract
2) Mscoelastic Behavior of Ligaments: information regarging theendon’s@?c{)rcsg—strain relationships
Ankle ligaments are the soft tissues that connect together ey the parallel element functions. OpenSim can determine
articulating bones at the ankle joint and are referred to as medjghject-specific musculoskeletal model parameters using user-
and lateral ligaments. A linear viscoelastic model is used heggecific inputs and experimental data. Hefe,and £, are
to model the force response of ligaments to a step strain innyénerated based on several data points and cubic spline
The present study uses a combination of springs and dampgggrpolation. The force-velocity relation is formulated as (4),
in the construction of a viscoelastic model. _ ‘wherea; is a factor that depends on the composition of slow
We can model the elastic behavior through a simple sprigq tast twitch fibers in the muscle. The normalized strain rate
(K), while the viscoelastic behavior can be modeled by a sertgb in the contractie element is also considered when
arrangement of springs and dashpots. Following Maxwell’s  o510)jating the maximum muscle force (3). Material constant
model B2], the ligaments can be represented using a paral“férametera andp define the force-velocity relationship in the

c?mbmanﬁp of a syfarlng-da:npekr] unit and another sprin resence of positive muscle stretch velocities. These parameters
element. Ligament forces also have two components (as fable the achievement of the desired limiting valué,for.;)

Funk’s model) [53): a steady state force component and a tim nder the condition of muscle velocity approaching infinity or
aining very high values. The strain rate after normalization

varying component. Here, a spring element is used to quant
rain, wher h rn mper unit represents the ti . .
\S/;?. ' ereas the sp 9 dampe ur t represents the t?gan be written as-£—, wherev,,,,, denotes the maximum
ying component of the ligament tension. ﬁ]max|
The elastic response of ligaments predominantly varigépeed of muscle contraction _under consideration. _
linearly with applied strain and can be modelethdg) below: Subsequently, the dynamics of the muscle-tendon unit are
pXe modeled using a state space approach. In this state space model,
= . Lo —
H . I:eh(x‘?) ; Glt(t) Ai(e i ’ 1)t tretch. Bnis Eﬁ) the length of the CE is considered a state variable. Here, readers
; ere,fc0 |s,1 e(;ns1 an ?lne;)ulsl, |g.ame1r:1 skr’e (0 2611 he are referred tdit author’s previous work [39] for further details
figament's relaxed length. Following tunk's model, _t € regarding the dynamics of muscle-tendon units. Once the forces
nstantaneous forcg, obtaln(_ed usmg_(_2), is later multiplied %d moments applied by ligament and muscle-tendon units at
the reduced relaxation function coefficigrt) [53. the ankle joints are obtained, the dynamics of the foot and talus
can be readily derived.
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further injuries, forces along weaker ligaments are required to
remain small. The reaction moment at the ankle joint is another
important variable to be considered when deciding the robot
path. In fact, the ankle joint is not a rigid revolute joint since the

L Ankls higamente mofieled l constituent bones, namely, the tibia and fibula, are connected

(comprising 3 rigid bodies and 2

Biaxial ankle kinematic model
revolute joints)

as tension only viscoelastic ) . 4 . k )
elements via ligaments and can shift slightly upon application of large
moments in the direction perpendicular to the joint axis, leading
[ Muscle-tendon modeling ] to dislocaton.
using “Hill muscle model” From the above discussion, it is evident that a rehabilitation
path can only be decided after assessing the tensions in the force

Attachment points of ligaments element and the joint reaction moments. Here, the optimization
sl tendang e defined wita problem formulation for a cost function incorporating these two
reference to bony landmarks . N A ) i ..

using a custom GUI variables is discussed in brief for completeness and continuity.

Fig. 4. Development of the musculoskeletal modehef Optimization Problem Eormulation
ankle joint
e The rehabilitation path, characterized by several key points,
a & . . . . . . . . .
ﬁ during isotonic contraction can be drawn using cubic splines. Cubic splines, that represent
fo(vep) = 1k duri . (4) the position changes of the ankle and subtalar joint, are denoted
1raz uring extension

by an independent variable In equation (7)f;;(1) are cubic

In the present work, the Newton-Euler approach is used fienctions representing the ankle or subtalar joint displacements
formulate dynamic equations. Using these formulations, ométh respect tal, andi = a, s denotes the ankle-subtalar joint
can convert the task space accelerations to joint space and yath, whereag = 1,...,N denotes the index for the cubic
versa based on the kinematic constraints of the ankle model @jline segments required to complete the path. Furthermore,
Subsequently, the state space model is developed to desctihe denotes a scalar coefficient (constant) of kfieexponent

the overall dynamics of the ankle-foot structure. in the cubic functions.

It can be argued that such a musculoskeletal model can 8, = f,(D) (5)
provide forces along ligaments and tendons in addition to 0, = f.() (6)
reaction forces and moments at various joints around the ankle fi D) = cijo + cijp AV (7
under given loading conditions. Finally, this model can be \yphere:
applied for simulations to assess the consequences of various fi(Aj_y) = pi;s and fij(/lj) =,

robot paths for the musculoskeletal system.

A graphical user interface (GUIB]] was also developed In the above formulations (5-7);; denote the key points (as
during this work to convert the visual information intomentioned above) of the ankle and subtalar joint paths. Given
quantitative data. A 3D surface model for the ankle joint wage normalized and cumulative Euclidean distance between
constructed for the GUI in MATLAB®46]. The bone surface syccessive key points on tig-6. plane, the independent
geometry was utilized to define the force element attachmepdriables 4, are computed automatically. The independent
points. Various steps performed during the development of thgiaple 1, is always zero, and, remains unity, given that
abovementioned musculoskeletal model of the ankle joint &igymalization is accomplished with regard to the total
further explained using a block diagram (Fig. 4). Euclidean distance.

B. Rehabilitation Path Generation Next, a cost function can be defined in terms of tension in the

Desired or reference paths for rehabilitation robots allI(g_grce elements and the joint reaction forces (which are required

normally well-defined paths that are encountered during ADLEO. be m|n|m|zed),_ as in (8). H.e@e d_enotes a vector of force
During therapeutic treatments, these motion paths requfféments for a given set of joint displacements at thelgtea
altering after acquiring more information about fheient’s ~ State. On the other hand,s depicts the vector of reaction
abilities from their interaction with robots and subsequeffoments at the ankle and the subtalar joint. The Euclidean
measurement2p]. This information can also be obtained fromdistance along the commanded path is giverr.bjhe steady

the movements of healthy limbs in hemiplegic patie8. [ state tensions are calculated while ignoring the dynamics of
However, musculoskeletal system modeling remains the kgyce elements. Next, we determine the reaction moments in

for such measurements or observations to generd¥0 Steps. In the first step, we identify the minimal norm
rehabilitation paths, especially in ankle joint rehabilitation. ~€xternal wrench, which is needed to keep the dynamic model of

Ankle joint biomechanics can also be applied to examirnbe ankle_—foot in steady state. In the S(_acond step, we determine
how various motion paths affect tensions in force elements sUf¥§ reaction moment vector by replacing the resultant wrench
as ligaments and muscle-tendon units. Thus, apart frdfhthe moment equations. .
generating robot paths, musculoskeletal models can also help in C=[[tre" mas"|W [M’;‘;] dy (8)

the evaluation of rehabilitation paths. Normally, excessive

tensioning of ligaments causes ankle sprains; thus, to avoi Incey andl are related as given in (9), the cost function is
rewritten as in (10).
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related to the Gaussian radial basis functions. The modification
field forces constraint trajectory law for the path correction may also be represented as (13),
1¢ % _» TN T AT R T I 77T A7 77 7ETTIRR where ‘x,’ is the position error vector, and ‘x,.,” is the
(NI threshold error as reported above. Finally, to obtain the minimal
norm solution for the time derivative of parameigy in (13),
gRecess 4 the pseudoinverse (14) is used.
N ssre X5 = xq — Axg (11)

potential _resistive kinematic reference

------ Axg =Yp (12)
Yp = —a¥Yp + B(YYT) max (0,1 - ’l‘lj;efl’;) Xe (13)

p=—ayT(ry")ax, + BY" max (0,1 - Jet)x,  (14)

llxell

y (m)

Simulated Case Study for Path Modification

In the face of uncertain kinematic constraints posed by the
human user, an adaptation law (13) would undesirably continue
to enhance the applied force in the directions of the constraints.
This increase in interaction force will try to correct the end
effector position irrespective of whether the current position is
lagging or leading the desired trajectory. However, during
1 rehabilitation treatments, subjects should be allowed to deviate
1 slightly from the desired trajectory. This issue, in particular, has

x(m) been addressed by using a potential function to determine the
Fig. 5. The environment used in the simulations duttiegcase study corrective forces appiied on the us@?_l[ OWing to this
represented graphically. potential function, the user will not experience resistance when
4y _ \/(dﬁ)z N (%)2 _ \/(M)z + (M)Z ©) thg end effector deviates from th_e desired rehabilitation
i di da di daa trajectory. However, to address this problem, control and

t 2 2 adaptation laws are modified during this study, as discussed
¢C= f[tfeT :“AST]W [#Zes] \[(%ﬁ) + (%am) da (10) beIoF\)N. Later, hardwara-loop simulagtions are cyarried out to
Owing to the optimization and subsequent reduction in tivaluate the efficacy of the trajectory modification laws. During
cost function’ a significant decrease in the ioint reactiotih]e Simulations,atWO'dimenSional virtual environment is Used,
moments in addition to the ligament tensions is expected. ~and the stiffness behavior of the environment is determined by
superimposing several potential functions. These potential
C. Reference Path Modification functions were chosen such that there exists a place near the
Apart from generating robot paths that require lower joirfrigin of the workspace that has constant potential energy and
reaction moments and ligament tensions, rehabilitation robéerefore zero stiffness.
paths also need to be modified during treatments. To offer safe Moreover, the environment was made to be anisotropic
treatment, applied forces should be reduced when increaddéh different values for stiffness along different directions.
muscle stiffness or other constraints are encoedtend as a OWeVer, constant viscous damping was considered during the
consequence, there will be a noticeable change in the referefigBulation experiments. _ . o
path. In other words, the reference path needs to be modified to The robot used du_rl_ng_hardwarelroop simulations is a
change the desired position or shift in the direction opposite ;Bgrallel ankle rehab_|I|tat|_on rob_ot [7] that has  four
the position error. However, to avoid frequent changes in tﬁémultaneously actuating limbs (Fig. 1). This robot fas

. . arallel mechanism that can provide the requisite three
paths and resulting perturbations, a threshold error (bel Btational dofs at the ankle joint from the simultaneous

which the path remains unchanged) may be considered g} ation of four linear actuators. The ankle robot has a moving
affects such path modification rules. As a result of sUCQatform that houses the foot-ankle combination and is
modification, the desired path will be followed as long as thgynnected with a fixed frame through four actuators, as
stiffness or resistive force applied by the subject is smallxplained in the previougsion [41].
Furthermore, a modification of the reference path will be The potential function directions were also rotated along with
allowed when the desired position is placed in a stiff ahe global reference frame of the robot. The environment
constrained zone of the robot workspace, resulting in a largeuman user) is defined using a potential function given by (15),
position error. whereu andv are the coordinate variables of the environment.
The path modification rule proposed in this research isurthermore,uM and uy, are the minimum and maximum
formulated as (11), where, is the changed or modified path, jimits, respectively, where the potential function is assumed to
x4 Is the reference path, and, is the correction in the original pe constant along thedirection (similar notations are used for
path obtained using (12). The regression matriin (12) is  thev direction). The rotationd§), which transforms the global
determined based on the activation levels (a, B) of a set of  reference frame into the principal reference frame, defines the

Gaussian radial basis functions that are spatially distributeshvironment. Since the potential functign,() depicts energy,
Furthermore,p € R" is the parameter vector of the weights
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Fig. 6. Trajectory modification module in the simulago Reference (dotted lines) and actual trajectqgeld lines) are compared for the caséga)
unconstrained and (b) constrained motions. Force rseafiplied with no trajectory maodification during (mconstrained and (d) constrained motions.
vectors during trajectory maodification during (e) anstrained and (f) constrained motions. PM1 spectfiat the path modification module is activi
whereas PMO indicates that it is not activated.

its partial differentiation provides resistive forces within the + [(S_<p>2 +(C_¢)2] y2 <1 (16)
environment along the directions of interest. ta/ b
Pror = i D (15) Whenever the position of the ankle robot shifts outside the
where: constraint boundary, a large stiffness is introduced, signaling
p1 = %k1[min(0,u—u01)]2 that the robot path needs to be modified. To compute the

resistive forces at the time when the system violates (16), the

1
=_k 0,u— 2 . . . g
Pz = 5Kz [max(0,u —up, )] point on the ellipse that is nearest to the current position has to

ps = %ka[min(O,V —vo)]? be determined. It is important to mention here that the line
Dy = %k4[max(0,v — v5)]? connecting the current po_int to this point will be cqllinear tothe

ul [cos® sin®][X normql drawn_ to the ellipse at this nearest point. Later, by
[v] = [—sin ® cos q,] [y] applying the distance between the current and the nearest point

Next, to reduce the forces applied to the environment (i.@nd the large stiffness (which is used to penalize motion beyond
when kinematic constraints are encountered, which vatiye constraint boundary), the resistive force was calculated. For
considerably among users), some changes are proposed foniiegon along the normal direction to the constraint surface,
adaptation law during experimental simulations. The kinematiiscous damping was also introduced.
constraints were introduced in the form of an ellipse that is m
positioned and rotated about the global reference frame of the ) ] ) ]
ankle robot. Constraints introduced this manner can be Several experimental simulations were carried out
explained mathematically by (16), whileandl, represent the conS|d_er|ng thg er?vwonment,_ as shown in Fig. 5. Here, the
minor and major axes, respectively, and the angle between mgentlal functlon_ls_ plotted in the form of a confcour plot,
semi-minor axis and the-axis is given byp. Here,C,, ands,, whereas the resistive force vectors corresponding to the

. . . . potential function are shown as a quiver plot. The state space
are abbreviations for the cosine and sing,akspectively. . . . . .
model implemented in these simulation experiments uses a

Co\? So\*] 2 11 point mass traversing within this environment (Fig. 5), while it
(72) +(32) |¥* +2(= — ) CpSpxy ! , .
lp la® is assisted by a propulsion force vector through a control law

SIMULATIONS,, EXPERIMENTS ANDRESULTS

lg
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Fig. 7. Reference versus actual foot orientationsestichated interaction moments observed during constianotion experiments before (A) and after
reference path modification. Experimental resultsayed over ten subjects are presented.
[4, 58]. The reference path used during experimentakference path in dotted lines and the actual path in solid lines
simulations is also shown as the green dashed line in Fig. 5.obtained from the two control approaches: PMO (blue lines)
When starting simulations, the initial position of the robowhen the path modification is not considered, and PM1 (red
path is located at the origin. A straight line reference path in tlires) when the path modification is considered and performed.
vertical direction guides the reference point to the circuldforce vectors produced during these approaches are shown in
reference path starting from the origin. The period of this pathe second and third rows in the same figure (Fig. 6). Plots
is 6 s, which goes in the clockwise direction onitheplane.  illustrated in the left column are the simulation results without
The results from 15 cycles of simulation runs along theonsidering kinematic constraints in the environment, while the
reference path were obtained and plotted. The robot wsaisnulation results in the right column were obtained
operated under four controlled operating modes: a) the passiemsidering kinematic constraints.
and unconstrained mode; b) the passive and constrained modett is quite apparent from the results (Fig. 6) that when using
c) the active and unconstrained mode; and finally, d) the actithee proposed path modification module, the reference paths are
and constrained modkn the passive mode, the robot controlleshrunk for the constrained as well as for the unconstrained
was using a force applied to the passive point niadise active environments. However, even greater reductions can be
mode an additional force vector was applied to emulate thebserved in the stiff and constrained directions. As a result, a
active participation of the human user. This additional foroddose agreement can be observed between the shape of the
vector was created by using a force of constant magnitude alarianged reference path and the actual motion path. However,
the direction of travel of the reference path. An elliptithis has led to less movement in the stiff directions for the
constraint, as mentioned above, was also applied to simulatetineonstrained case. When we considethe forces being
constrained motion. This constraint is represented in Fig. 5 @&gplied, it was seen that the levels of the forces observed using
the brown ellipse. path modification were noticeably less than those obtained
without path adjustment. It is important to mention here that
during these simulations, the feed forward force adaptation law
o ) was considered to have a linear dependence on error.
The overall objective of this research was to allow changesis further suggests that using a path modification routine

in the nominal reference path of the ankle robot so thgfihe control law can enhance the performance of human-robot
excessive position errors are minimizéids important to keep jnteraction throughout constrained and active motions.
in mind that the force exertexh the environment (human user)

is always proportional to this position error and that minimizing B- Experimental Validation witlan Ankle Robot

this position error will prevent large forces from being exerted An ankle rehabilitation robot that provides three dofs to the
to the environment. Simulations were carried out and analyzadkle joint for its anatomical range of motion (ROM) was
under the two operating modes, namely, the passideveloped and used during the present research. As shown in
unconstrained and passive constrained modes. The first rowFd. 1, this robot employs four parallel pneumatic muscle
plots in the simulation results shown in Fig. 6 depicts tha&ctuators, which in turn provide rotational motion at the end

A Simulated results for the effects of reference path
modification
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platform, where the foot of the subject is secured. [7flifference. Zero difference samples were discarded, and those
Experiments were conducted in which healthy subjects used thith the same difference were given averaged ranks. The sum
ankle rehabilitation robot. Ten subjects (10 males; mean agkthe ranks for positive and negative differencg’ (W;™)
28.6 years) were asked to participate in these experimenigs calculated, and the critical z-value for a two-tailed test was
Experiments with ten subjects provide nine statistical degreescorded (Table 2). The null hypothesis tested here was that the
of freedom (df). Appropriate ethics approval was received tmedian difference in the data between the two experiments is
run experiments involving healthy subjects. zero. A simple approach was adopted to test this hypothesis,
Subjects were initially asked to become acquainted with tl¢hereby critical z-values were computed and used to find p-
robot and were allowed to move while the attached robot waalues §9]. While the z-score helps in deciding whether to
completely passive. During the experiments in the active modeject the null hypothesis, the p-value gives the probability for
sensor data were obtained, averaged and plotted (Fig. fA)se rejection of the null hypothesis. It is known that a critical
Variability in the observations obtained from the ten subjectsvalue for the 95% confidence interval should be 1.96 with
surrounding the mean are expressed in terms of stand&ed level of significancep(= 0.05). In other words, to reject
deviations. First, the variances at the normalized data poinkg null hypothesis, the sample z-value should be 1.96 or higher,
were obtained from these ten experiments. The averagetile the two-sided p-value should be less than 0.05. The
standard deviation was later computed from the average rebults obtained from the Wilcoxon signed rank test are shown
these variances. The averaged standard deviations from all iin@able 2.

eXpe.nmemS with .the . subjects .are pres_ented _m _Table 1 LPable 2. Results for the z-values and two-sided p-valoes tihe Wilcoxon
provide an approximation of the inter-subject variability. signed rank test

Table 1. Standard deviations of the observations olutdinen experiments z-value p-Values
involving subjects

X Euler desired 3.466 0.00053

Euler angles Before | After | Jointinteraction | Before | After Y Euler desired  3.046 0.0023
(Radians) | PM PM | moments (Nm) PM PM Z Euler desired  2.302 0.0213
X_actual 0.022 | 0.038 X_Moments 2.35 2.42 X Euler actual  9.146  5.884e — 20
Y_actual 0.024 | 0.031 Y_Moments 3.31 3.04 Y Euler actual  1.960 0.0499
Z_actual 0.038 | 0.043 Z_Moments 2.05 2.53 Z Euler actual ~ 5.439 5.32¢e -8

X_Moments 2.865 0.0044
The results presented in Fig. 7 show a substantial }—MSQEQS 1;:234 1.0350305 21

decrease in the estimated foot-robot interaction moment as a

consequence of the reference path modification. However, tof7om the results shown in Table 2, itis evident that all the 2-
further evaluate and quantify the significance of thi¥alues are greater than the 1.96 threshold; therefore, the null

intervention. a statistical test was conducted. hypothesis is rejected. This further means that the reference and

Since the data were obtained from experiments with subjec?§,tua| foot orientations, in addition to the interaction moments,
a distribution-free nonparametric téstan appropriate choice. changed significantly after applying the path modification.
There are many such tests available; however, since tM@reover, the probability for false rejection of the null
observation and the outcomes are not independent, tests suchyR9thesis (p-valueyasagain very low < 0.05) for all the -
the Mann-Whitney U-test cannot be recommended. |nstead9bservat|ons. However, higher z-values for three observations
nonparametric statistical test called the Wilcoxon signed rarl_ Euler actual, Z_ Euler actual & Z_Moments) are a matter
test 9] was used to gauge the statistical significance of tHgf concern and require discussion. A higher z-scor8.Q0)
difference between means of the two data sets, i.e., those Witflicates that the data values are many standard deviations

and without reference path modification. As a result of this te@way from the mean value. In the present case, this further

modification is significant can be determined. the mearabsolute ‘X_actual’ Euler angle before and after path

Data obtained from both experiments (i.e., those with argodification was found to be 0.0846 rad. and 0.0666 rad.,
without path modification) for reference foot orientationsfespectively.
actual foot orientations and interaction moments were The rationale behind the development and use of the path
tabulated. Later, the Wilcoxon signed rank test was conductgwdification module was to adapt the reference path to
to compare data between the two experiments and establishehspensate for position errors and thereby reduce forces
significance of reference path modification. experienced by human users during robot-assisted treatments.

The experimental data for the ankle trajectories and mome@sbsequent to the experiments and analysis of the results, it was
(Fig. 7) are cyclic in nature (having both positive and negatiwestablished that the interaction force that exists between the
values) and therefore require normalization. First, differencesbot and the user can be modified by altering the reference path
(A;) between the row elementé”() of the two columns (e.g., based on previously learned position errors. In the present
normalized X Euler angles desired with and without patresearch, the excessive position errors are regarded as the
modification) were calculated. The absolute values of thepeesence of kinematic constraints. Accordingly, a robot path
differences 4;) were ranked by giving the lowest rank to thenodification scheme is devised to decrease the interaction
smallest difference and the largest rank to the highest absolfgces in the regions of excessive position errors.
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V. DiscussioN ANDCONCLUSION model, it cannot be expected to be flawless. While the “generic”

Analyzing the results fro Figs. 6 and 7 and Table 2, it is gnkle musculoskeletal mc_)d_el is abl_e to prpvide sufficient
clear that with activation of the path modification module, &formation on the ankle joint behavior required to test our
significant reduction in the robot reference trajectory and tHgoposed  path  planning and modification ~ scheme
interaction moment from the estimated values can be achievegantitatively, the development of a subject-specific model will
It can also be noticed that owing the “shrinking’ of the be carried out in the future, which will be important in the
reference path (Fig. 7), position error reduction and ultimatefyeneration of a rehabilitation path with more accurate

a decreased feed forward moment can be obtained. This furtheediction of tensions along the force elements.

explains that the path modification approach proposed here is
successful in decreasing requisite feed forward moments,
especially when larger position errors are encountered. It has
also been shown statistically that by altering the reference path
alone, a significant decrease in force applied by the robot can
be achieved. This reduction in forces can even be larger than
the reduction in the moment contribution from an impedance
controller. It is important to mention here that our approach
does not require the use of biosensors, which increases
complexity in terms of data acquisition and subsequent signal
processing32-35]. However, there is one shortcoming of path
modification that was determined from experimentation using
this control module. The problem encountered is the presence
of high frequency oscillations in the actuators for large valués
of parametep (14). This indicates that there is a limit on how
quickly the path can be adapted if the stability of the systemds
to be maintained. The research work proposed in this
manuscript can be summarized as follows. 7.
First, a musculoskeletal model for the ankle joint was
developed and presented in this research to obtain tensiong in
different force elements, such as ligaments and muscle-tendon
units. Evidently, this model can also provide us with the joir
reaction moments. Second, application of this model in the
rehabilitation path generation routine suggested that the idggl
path between two foot configurations is not necessarily the one
with the minimal path length. Rather, the path that requires
minimum tensions in the force elements around the joint shou]
be preferred, especially when the robots are being operated ih
close proximityto human users, such asthe present case of
ankle rehabilitation. Furthermore, using simulations antg.
experiments on a prototype ankle rehabilitation robot with
healthy subjects, it was observed that when using robot path
modification, a noticeable reduction in the applied robot
actuator forces can be achieved. The intervention, in the form
of robot path modification, was also tested statistically for it
significance. A nonparametric test called the Wilcoxon signed”
rank test was conducted [59], and it was found that the
observations after the intervention were significantly changed.
The experiments and results (pertaining to the reduction &
interaction moments) presented in this paper, therefore, support
the hypothesis that a musculoskeletal ankle model can be
applied to improve the initial path for better performance ani$.
safety. To the best of our knowledge, reference path generation
for rehabilitation robots based on musculoskeletal models has
not been extensively performed previously. 17.
Nonetheless, the musculoskeletal model used during this
research was constructed based on standard information abl%ut
musculoskeletal components. However, the surface geometry
of the foot bones was obtained from a random CT scan, which
was not related to the subject who took part in the experimental
trials. Owing to thenonsibject specific nature of the ankle
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