Design Framework for a Simple Robotic Ankle Evaluation and
Rehabilitation Device

Christos E. Syrseloudis, loannis Z. Emiris, ConstantinodVidganaris and Theodoros E. Lilas

Abstract— This paper juxtaposes simple yet sufficiently gen- platform-type ankle rehabilitation mechanisms were abnsi
eral robotic mechanisms for ankle function evaluation, meaure-  ered and their mobility, stiffness and constraints analyze

ment and physiotherapy. For the choice, design and operalfo  p; other design criteria are not analyzed nor is the con-
of the mechanism, a kinematics model of foot is adopted from .
struction of such platforms.

biomechanics, based on the hypothesis that foot kinematics . .
are similar to a 2R serial robot. We undertake experiments, Parallel robot design concerns the geometric parameters

using a 3D scanner and an inertial sensor in order to fully calculation of a parallel robot with specific architecture
specify the design framework by studying a larger sample gatisfying several criteria. A method for parallel robosige

of healthy subjects. Our experimental analysis confirms and ; ; . ; ;
enhances the 2R foot model, and leads us to the choice of the !S based on interval analysis as it is proposed in [11]. This

specific mechanism. We compute the required workspace and involves multidesign criteria (workspace covering, aeoyr

thus address the issues required for a complete and efficient Pounds satisfaction, stiffness etc).
design. The robot must be capable to perform several multi-gis o
motions and sustain a significant range of forces and torques A. Our contribution

We compare mechanisms based on serial and parallel robots,  \ve focus on the design framework of a simple yet

and choose a parallel tripod with an extra rotation axis for its g L
simplicity, accuracy and generality. sufficiently ge_neral robot for ankle injuries treatment.eT_h
allowable motions of foot are described and the foot trajec-
l. INTRODUCTION tories during physiotherapy exercises are defined. Prsviou
works were based on approximate estimations for the range
Ankle injuries are very common and they often requiref foot motions and they make no reference for the allowable
rehabilitation. The equipment used for ankle rehabilitati movements. Here we use a foot kinematics model, based on
is usually simple, comprising elastic bands, foam rollerd a the biomechanics literature. We show that not all movements
wobble boards [19]. Such rehabilitation devices are tyfica of the ankle joint are allowable, since the rotation axesin t
used in regimens that include exercises both in the clinignkle have a specific position and the trajectories of the foo
and at home. Nevertheless, these devices lack quantitatiyg constrained.
diagnostic capabilities to allow therapists to monitor the By using an existing kinematics model of the foot we
patient's progress. More importantly, they cannot be use@ughly compute the translation and orientation workspace
for assessment, hence the interest for an automatic devigethe robot. Extensive experiments with a 3D scanner and
for complete physiotherapy and evaluation. an inertial sensor have been performed to fully determire th
Several mechanisms have been proposed to help tRidematics behavior of the foot. The data obtained define the
physiotherapist [1]. Quite successful is the work at Ruggetranslation and orientation workspaces, and the velocity a
University, including a haptic interface for ankle and hanccceleration ranges. The manipulator must have the ability
rehabilitation. For ankle rehabilitation, a haptic int&ré was to follow the basic human foot motions in the plantarflexion-
developed by G. Burdea et al. [5], based on a Stewart plagorsiflexion and inversion- eversion directions with th@ep
form that applies variable forces and virtual reality ei®#s |eg fixed, and sustain a significant range of forces and
on the foot, including remote control operation. Howeve, i torques. We compare serial and parallel robots, and choose a
6 dof structure is rather redundant and there is no report fegrallel tripod with an extra rotation axis for its modutgyi
the design criteria; we aim at a smaller and more economéigmplicity, accuracy and generality. Moreover, its workse
alternative, easier to move and operate (e.g. noise can beaswers the specifications obtained from our experiments
issue with large devices). We also emphasize adaptation ¢@hich confirm the available biomechanics models).
the specific characteristics of each patient’s foot.
In [7], the study of ankle injuries and ankle functional Il. ANKLE MOTION DESCRIPTION
anatomy was based on an orientation image space; 3The human ankle has a complex multi-joint structure.
The central bone is the talus. Its surrounding bones are the
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(a) Translation (b) Rotation

Fig. 1. Point marks on the foot and ankle’s main rotation axes.
Fig. 2. Workspace from a sole-point under the ankle.

Motion of the foot wrt the talus is regarded as a rotation abou

the (fixed) subtalar axis (STJ); this supports the rotatiojas based on homogenous matrix transformations in Euler

supination/pronation, which has an inversion/eversiaham angles. Using the Maple9.5 software and calculations on the

abduction/adduction component. distances, we obtain the D-H parameters. From the above
We adopt an ankle kinematics model from biomechanicgnalysis, the UAJ axis has angle.2® with the knee axis

[9]. The lower limb is assumed to be composed of 3 rigiind the STJ axis has angle.BIP with the UAJ axis.

links capable to rotate between each other: the shank, theywe take 9qp, Jie as the new variables for the dorsiflex-

talus and the foot configuring a serial manipulator. The maipyn/plantarflexion and inversion/eversion angles meabsure
movements of the foot are the plantarflexion/dorsiflexioth anfrom the standing posture, and insék = 99+ dap, 3=

inversion/eversion. The size of foot bones and their nadati 95 + Jie into eqts (1). Nowdyp, Jie are the input variables

positions as well as the orientation of rotation axes deteem of the model. Common ranges for the movement-adéP <

the foot kinematics. Many factors influence the joint raiafi Jap < 30°, —20° < Hie < 20° [18]. Based on the model, we

e.g. shape of articular surfaces, position of rotation axespecify the foot workspace when inputs range through all

Constraint and resistance on the foot motions are due f@ssible motions. Our first requirement is the shank to be

ligaments, capsules and tendons. fixed and vertical wrt the World Coordinate System (WCS)
The parameters of this model are specified by a numbggtached to the base of the robot. All the following simaati

of point markers that have been assigned on the human fQfita are referred in the WCS.

as in fig. 1. These point markers are used to obtain a setwe fix pointP; in the sole under the ankle where the center

of distance measurements. We assign frabpeat the knee, of the moving platform will be attached. We assuRjds on

centered betweeR;, P, with the z-axis parallel to(P1,P;)  the positive axis of the knee’s frame and has a distance equal

and thex-axis vertical, passing through the midpoint oftg this of ;. The workspace produced by the foot will be

(Ps,P4). By using the Denavit-Hartenberg(D-H) method wegerived from the motion study d%. By eqts (1) and letting

assign relative frame®; between the moving linksf; ** is inputs 94p, Jie run through their entire regionB; traces the

the transformation matrix fron®j** into O;. surface of fig. 2(a). Feet of every size and anatomy produce
The transformation matrix from the last into the firstthe surface in fig. 2(a). The geometric characteristics isf th

coordinate SyStem is given from the relations]ﬁib: T12T23. surface (eg ShapE, Curva’[ure), dependmmhdi_ Every

For a pointP =[xy z 1] on the last(foot) coordinate systemtrajectory traced by is within this surface.
the above transformation into the first(shank) coordinate

system can be expressedRs= [Xo Yo 2 1]": TABLE |
3 COORDINATE RANGES OF A SOLEPOINT UNDER THE ANKLE.
Po=TP ()
from which the coordinates,,Vo,Z, are nonlinear func- AX=56 mm AY=41.7 mm AZ=17.3 mm

Min X | Max X | MinY | MaxY | MinZ | Max Z
-33.5 22.4 -19.6 22 -2.8 14.4

tions fi(&, ai, d;, 9, X, y,2) of the D-H parameters, a;, d;, 3.
These equations give a parametric formula in the movement
of P wrt the fixed coordinate system of the shank. The
independent variables of the model are angdes(dorsi- We compute the orientation of the foot when its axes
flexion/plantarflexion), 93 (inversion/eversion) whiled; is are rotated in specific angles. First, we establish a reeren
constant. According to the right-hand coordinate systermame with its origin aP;. The axes are parallel with those of
assigned to the lower limb, the signs for rotation anthe O; when the foot is in the neutral position. The rotation
gles are: dorsiflexion(+), plantarflexion(-), eversion@)d angles roll¢r), pitch(8), yaw(y) of this frame wrt the base
inversior(—). Movements of the left leg are assumed to bérame are the rotation angles of the moving platform. The
the mirror-image of the right leg [9]. The parametersa;,di  foot model, whendqp, die take all values in their ranges,
depend on the foot anatomy and size. yield the rotation workspace in fig. 2(b).

The transformation matrices were estimated for a male By assuming that the angle axes parameters in eqts (1) are
subject, and distances between the bony landmarks takiemnd in well specified intervals, we will specify the extexd
from [9]. From these data, a kinematics model of the footvorkspace produced by the model: In [12], the orientation of




TABLE Il
ORIENTATION RANGES BASED ON THE MODEL

Mina | Maxa | Min 8 | Maxf | Miny | Maxy
-20.71 | 9.84 -39.95 | 36.63 | -25.34 | 37.15

euler angles

the lower limp rotation axes, and the ranges in the relevant o35 2o s _aoo s eoo 700 woo
angles between them are measured. The results depend on

the position of the foot even for a given patient. Different  Fig. 3. Euler angles of foot on the extreme rotational motion
patients will give different results. We conclude that the
model parameters are quite uncertain and so the model mus
be extended to include uncertainties. Bgximize, Minimize

of Maple9.5, eqts (1) yield table III.

TABLE Il
EXTENDED COORDINATE RANGES OF A SOLEPOINT UNDER THE ANKLE.

AX=114.2 mm AY=98.9 mm AZ=37.3 mm 45 Too 25 Seo  aeo  Soo  eee  Teo s
Min X [ Max X | MinY [ MaxY | Min Z | Max Z samele
-67.6 46.9 -4.55 53.4 -7.6 29.7

Fig. 4. Angular velocities of foot in extreme rotational rioot

We first used interval analysis. Supposing the parameters
lie in well defined intervals, the parametric eqts (1) werdluring a strength test are 100Nm [16]. Thus, our platform
expressed in interval terms. Our experiments with INTLABWill operate up to 200Nm, to handle torque-producing tasks
confirm that the values, yo, 2 lie in the computed intervals. at different velocities during concentric or eccentric klas
actions.
A. Experimental data Interesting results of foot study have been found in the

the right foot sole of 11 adult healthy human subjects gpwer limb behavior during walking. Useful information '
different age (22-42 years old), height, weight and genO|eq\_bout _the ankl_e-foot mover_nents were extrgcted from gait
We used 5 positions: Neutral, Right-Up, Right-Down, Left-analysis experiments and simulation [3]. This helped us to
Up and Left-Down. The reference is a central point on thetter understand the influence of the reaction force on the
sole under the ankle because this point will be controlled p¢pwer limbs.
the platform. The coordinate differences among the point’s
positions define the following enclosing volum&X=98.3
mm, AY=103.5 mm,AZ=74.9 mm. For the robot design we considered existing and on-going
To measure orientation angles, rotation velocities, and agesearch on robot physiotherapy [4],[22]. Wire robots are
celerations, we performed experiments with the MTi motioflexible, light and easier to construct, but they are nof stif
sensor of XSens Motion Technologies [24]. It provides an@0r stable enough for our purpose. An orthosis is a device
records pitch, roll and yaw angles, rate of turn and linea@Pplied externally to a part of the body [20]. It is used to
accelerations in axeX,Y,Z. We used the right foot of 5 improve function by supporting or assisting the musculo-
adult healthy humans of both genders and different heightd¢uro-skeletal system; however, to design and develop a
with the shank kept vertical and fixed. The only moving parfobotic orthosis is costly and difficult to construct.
was the foot. The sensor was attached on the foot sole-pointin general, industriagerial robots provide the necessary
under the ankle. Data were recorded during dorsiflexiorccuracy, programming efficiency and capabilities to penfo
plantarflexion and inversion-eversion throughout therenti
range of movement. Fig. 3 shows roll, pitch and yaw wrt TABLE IV
time of a foot, in extreme rotational movement. Fig. 4 shows DATA RANGES BASED ON OUR EXPERIMENTS
angular velocities wrt time in extreme rotational movement
The experimental min/max values are shown in tab!es v Min o [ Maxa | Min B [ Max B | Miny | Maxy
(roll(a), pitch(B) and yaw§) (deg)), (linear accelerations 4579 | 66.52 | -50.63 | 66.57 | -40 64.68
(ax,ay,qz)(m/sz)) and (angular velocitiesi, wy,w,) (rad/s)). Min 6, T Max @ | Wi 6y | Maxa, | Min @ | Max a;
Previous measurements of ankle muscle stength have[—iz38s [ 1868 2185 | 28.94 1066 | 19.37
shown that the torque producing potential of the plantraflex _ . :
. . M M M M M M
ors is< 200Nm [21],[16]. For th.e dorsiflexors and the ankle _9'_2 = 116_123“& _8'_23% 8_3)2( @ _7'_2;4(*)Z 5_?)2( &
invertors and evertors the maximum torque values produced

I1l. ROBOT-BASED PHYSIOTHERAPY MECHANISMS




the task [23],[22]. On the other hand, they are cumbeegrucial since different patients have different orierataxes
some and expensive for the current approach. Based on {i&].
above motion analysis, we experimented with our currently The functionalities of such a device are complex and the
available 6-axes serial industrial robot (Earnest-X SAPRItask planing in order to perform therapy is very complex.
Its workspace is constrained in a vertical range of 240cmhe robot-based approach must be careful and a complete
and longitudinal range of 172cm, and is able to performstudy of all anatomical elements concerning the foot (neyscl
all required complicated movements. However, the robot i®ndon, ligament, articulation) will be taken into accoumt
oversized for our tasks, and redundant for simpler motionthe operation. This will avoid the damage of the anatomical
Hence, we opt for a simpler design that should satisfy owstructures.
requirements of economy and ease of transportation and useWe are investigating simulation with Anybody [3] software
One target should be a 3-axes serial robot in which th® assist in this effort working on Musculoskeletal Simidat
rotation axes can be adapted to be collinear to the rotdtiorzf Rehabilitation Program approach [14]. The final step is to
axes of the ankle. This is too restrictive and overall, dass ndevelop a prototype; experiments on patients will be exten-
offer sufficient stiffness, rigidity and manipulability. sively carried out under the supervision of physiothetapis

Parallel robots [17] are closer to our application because
our workspace is confined and the robot mass to force
handling ratio is much smaller. The forces that can b 1
exerted to the robot when stepping on the device are quitg
high, however the torque for performing the physiotherapy4]
exercises should be much smaller and accurately controlled
Therefore, we decompose the forces and torques on thg;
ankle to distinguish between conditions which are accéptab
according to the training session against others that can ha
the ankle.

One possible solution should be tiAgile— Eye 3-DOF
platform [10]. Its main feature is that the moving platform 8]
rotates spherically around an external point. This shoulci
match in our case if the foot model was a spherical joint but
this model is legacy. However, the most promising candidaté®
is a properly sizedripod[15], together with an additional [10]
(and optional) rotational axis on the platform, which pu»s
all necessary characteristics and flexibility. This is deral 11]
and simpler than a Stewart platform, it has no redundancy,
and its workspace answers all specifications obtained from
our experiments. (12

6]
(7]

(23]

IV. CONCLUSION
[14]

In this work a foot model from the biomechanics liter-
ature has been adopted for the calculation of the desirgg
workspace of robot as well as for the detailed description
of foot motions. We look in detail to the ankle structure a$1q)
well as in the ankle axes position e.g. the axis of rotation
inversion/eversion is not parallel to the horizontal plane
Experiments and quantitative analysis using a 3D scann g
and an inertial and orientation sensor provided the nepessa
data to specify the design features of the robotic device.
Interestingly, our data are in agreement with those of th{éo]
2R foot model. [21]

This workspace and trajectory characteristics is used for
the parametric design of the geometric parameters of t
aforementioned parallel tripod with an additional (opttn
rotation dof, chosen for its modularity, simplicity, acaay
and generality. This device should offer networking capgys
bilities in order to allow therapists to remotely monitoeth
patient’s progress. The identification of foot parameteits w [24]
be undertaken based on calibration approaches [8]. This is

]
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