NSC91-2614-E-002-004-
91 08 01 92 12 31

93 4 3



Design of a Reciprocal Swivel Gait Orthosis for Paraplegics

: NSC91-2614-E-002-004
: 91/08/01 ~ 92/12/31

Abstract

Swivel walkers enable paraplegic and quadriplegic patients to ambulate without use of their
hands. Patients move side to side to lift one footplate and to produce a side thrust, which
rolls the swivel walker. Since each footplate is instrumented with a yawing mechanism, the
lifting footplate makes the body structure of the walker free to pivot about the other foot
bearing axis of the yawing mechanism. Given the situation that the center of mass of the
body structure lies anteriorly to the bearing axis, the pivoting moment is attributed to rolling
inertial, yawing inertial and the gravitational force. The major disadvantages include slow
ambulation, comparative metabolic inefficiency, awkwardness of doffing and donning, and
inability to walk on uneven terrain.  The purpose of this research isto design a new orthosis,
Reciprocating Swivel Gait Orthosis (RSGO), which allows swivel and reciprocating walking
at the same time such that the current function of the swivel walker can be ameliorated. The
biomechanical analysis of the new orthosis was performed based on a mathematical model.
This report contains the mathematical model and design criteria derived from the results of
the biomechanical analysis. The biomechanical analysis will lay a solid foundation for the
design of the RSGO system, where arigorous, systematic design can be carried out.
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Background

The concept of swivel walking was introduced in 1960s and the swivel walkers[1-13]
enable paraplegic and quadriplegic patients to ambulate in an upright position without
use of their hands and walking aids such as walkers or crutches. The basic structure
of swivel walkers is composed of a standing frame and a swivel base (Figure 1).
The swivel base contains a pair of parallel footplates, each of which is associated with
aswivel joint.
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Figurel A Swivel Walker

The center mass of the standing frame and the patient is placed anterior to the
swivel joint. When patients roll side to side, the rolling inertia and the gravity
produce a swivel moment, which leads to a forward propulsion. The patient can
further increase the walking speed by swing his arms and by rotating histrunk. The
clinica applications of swivel walkers have mostly been to children with
myelomeningocele, spina cord injury or muscular dystrophy [14-17]. The patients
enjoy the physiological and psychological benefits being able to stand and walk
independently in school. However, swivel walkers are most criticized for its low
walking speed and for its inability to ambulate on an uneven surface. In a
comparison of the gait efficiency [17-18], swivel walkers were found superior to



parapodium in swing gait but inferior to knee-ankle-foot orthoses in swing gait. In
spite of slower walking velocity, swivel wakers apparently have considerably lower
metabolic costs in order to keep higher efficiency than parapodiums. It can be
concluded that the swivel motion should be a key factor that reduces the energy
expenditure.

In our research, a new gait orthosis, Reciprocating swivel gait orthosis (RSGO),
is being developed, which applies the swivel concept to a simple reciprocal gait
orthosis. When a patient wears the new orthosis, the swivel motion that
compensates the lack of the pelvic rotation together with a guided hip motion
simulates the human reciprocal gait. A patient walking with the new orthosis on and
mimicking the human walking presents with a smoother gait. In this report, a
conceptual design and biomechanical analysis are presented. The biomechanical
analysis was based on a mathematical model of the orthosis and some design criteria
was derived from the results of the analysis.

Reciprocating Swivel Gait Orthsis (RSGO)

The idea of the new orthosis has been the application of the swivel motion to a
reciprocal gait in order that the rotary motion in transverse plane can be introduced
and the gait efficiency can be improved. The RSGO in a broad sense could be a
swivel base plus any type of the reciprocal gait orthoses. The RSGO system
represents a patient wearing a RSGO. In this research, we are aiming at the
development of the new concept and the RSGO in this report (Figure 2) strictly means
two swivel units for two legs mounted on a simple, low-profile reciprocal gait orthosis.
The swivel unit has a footplate with a swivel joint on the top of the footplate. The
low-profile reciprocal gait orthosisis smply a pair of KAFO's interconnected with an
infraperineum bridge. The bridge with the function of hip adduction control allows
the hip motion in sagittal plane but restricts motions in other planes. Like the swivel
walker design, the footplates in the RSGO also require built-in dihedral angles with
the ground surface such that the side-to-side rolling (lateral coronal) movements can
be produced.

The RSGO system in our model includes three motion types, namely, rolling,
yawing and pitching. The system rolls about the medial edge of the footplate in
stance. The swivel joint is responsible for the yawing and the hip joint is for the
pitching. The three motions cover afull spectrum of rotary motion like an aircraft in
the air or a ship on the water, which would allow the patient orient himself in any
direction.
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Figure2 A Reciprocal Swivel Gait Orthosis

M athematical M odel

The RSGO system is rather a complex system and it is necessary to make
simplifications on a mathematical model so that the key behavior of the system can be
andyzed. A simplified model was developed based on the following general
assumptions:

1. The system components are rigid bodies and only rigid-body dynamics were

carried out.

2. Patient movements are considered to be low-speed and all the centripetal and

Coriolisforces are neglected.
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Figure3 The simplified model of the RSGO system

Figure 3 depicts a posterior view of our simplified model of the RSGO system
where the left footplate is laid flat on the ground and the right leg is lifted off the
ground. The first rigid body is the left swivel unit, the mass center of which is
marked C,. The patient’s whole left leg, pelvis plus the trunk compose the second
rigid body where the controlled trunk and the left hip motions are assumed. The
third rigid body includes the whole right leg and the right swivel unit. C, and C,
are the mass centers of the second and the third rigid bodies. These three rigid
bodies are interconnected with the left swivel joint and the right hip joint. The left
footplate is assumed planted on the ground and only the coronal plane rotation is
allowed. In addition to the global coordinates (X,Y,Z), three body-fixed coordinate
systems are assigned, i.e., (X,,Y;,2,), (X,,Y,,2,), and (X5,Y5,2Z;). The body-fixed
coordinates are local coordinates and move with the rigid bodies. The benefits of
having the local moving coordinates are two folds:

(1) The dynamics of the system can be made structurally systematic.

(2) The dynamic parameters, such as the location of the center mass and the

moment of inertia, can remain constant in reference to the local coordinates.
The origins of the global coordinates and the first body-fixed coordinates coincides
and the location is marked by O and o,. The origins of the second and the third
body-fixed coordinates are located at the left swivel joint (0,) and the right hip joint
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(0;), respectively. The location of each origin is also represented by alocal position
vector. The location of o, is represented by a local vector o0,-0,, i.e,

[I02 h, - 02]T, where |,,h,, and by, are distances measured from o, to o,
in X,,Y,, and -z, directions, respectively.  Accordingly, a loca vector
[I03 Nos bos]T in coordinates (X, ,Y,,Z,) represents the location of o,.

The zero positions and orientations of the coordinate system are shown in Figure
3. The first local coordinates are paralel to the global coordinates. The second
coordinates are rotated -6, about the x-axis of the first coordinates and the third
coordinates are parallel to the second.

The system has three degrees of freedom representing the aforementioned three
motions. Theroll angle is represented by &,, arotation about the x-axis of the first
local coordinates. The system rolls medialy when 8, increases. &, represents
the yaw angle, a rotation about the y-axis of the second local coordinates. When 6,
increases, the pelvic and the swing leg rotate medially. Finally, the pitch angle &,
is a rotation about the z-axis of the third local moving coordinates. When 6,
increases, the hip on the swing side flexes.

The dynamic properties such as masses, mass centers, and moments of inertia
should also be specified before a biomechanical analysis can be performed. m,, m,
and m, are the three masses of the first, second, and third rigid bodies. rg, r,
and r are local position vectors representing the locations of three mass centers
with respect to their own body-fixed coordinates, where

rc1:[|c1 hcl _bcl]T’ rc2:[|02 th bcz]T and rcsz[lcs _hc3 bcs]T

The moments of inertia with respect to mass centers of the three rigid bodies are
defined in their local coordinates as follows,



The equations of motion were derived by the Newton-Euler’'s method. In our
research, we investigate the dynamics that concern the propulsion and the stability of
the RSGO system. Two equations of motion and the system potential energy were
derived.

The dynamics of the swing leg can be described by the equation of the hip
motion, which was expressed by a second-order differential equation of 8 with
respect to time as

(I szt ms(lcsz + hc32))§é‘: _/'Il§li_ ,L/z&;‘
-m,gl . (cos(8, - 6,) cosé, +sin(8, —6,)sinb,siné,) (1)
—m,gh_,(cos(8, - 6,)sing, —sin(g, - 6,)sing, cosb,)+ M,

where

6,<6,

M, =1, c0s6,(cosd, sind, —cosb, sind, cosb, —sing,sing,)
~ 4, (cos® 8, cosb, +sin’G,) -1, cosb, (sing, sinf, —sin g, sinb, cosd; + cosd, sinb)
+mgl ;hy, (cosg, sind, sin@, —sing, cosé,) + mJ ;b,, (sing, sing, sing, + cosé, cosd, — cosd, cosb,)
+m,l ;h,, SN, sind, + ml . siné, cosd, + ml_.° cosd, (cosé, siné,(1- cosé,) -siné, siné,)
—myl ;b.,(cos® 8, cosf, +sin® §,) + myh b, (cosb, sinf, —sinb, siné, cosé,)
—-myhhy, (sing,sing, + cosé, sing, cosd,) + myh .l ; sind, sing, —m;h b, cosd, sing,
- m;hhy; sing, cosé, + m;h.;b,, cosb,(sing,sing, —sing, sin8, cosd, + cosg, sing,)

+m,h_,” cos,(cosé, sind, — cosb, siné, cosd, —sinb, siné,)

U, =15, (cosd,sing, sinf, —sing, cosb,) + | 5, cosb, sind; —1,,(sing, sind, sind, + cosy, cosd,)
-my by, Siné, + my b, cosd, siné, + mj_,*(cosb, sind,sing, —siné, cosé,)
+myh;b,(sing,sing, sind, + cosg, cosd,) + mh_,b,, coso,
+m,h,,”(cosé, siné, siné, —sing, cosb,)

and M, =physiological residual moment or moment provided by an artificial control .

The swivel-joint dynamics can be represented by the equation of yawing motion.
The equation was derived based on a further simplification by assuming the hip
motion is a quasi-static motion and the effect to the swivel joint is negligible.
Therefore, the second rigid body and the third one are treated as one rigid body, the
dynamic parameters of which such as mass center and moment of inertia are redefined

as
I! _II _I!
2xX 2xy 2xz
—_[ir ' T — ! —1!
rcz'_[lcz hcz bcz] and |2'_ I2xy I2yy I2yz
-1, -1, I
2xz 2yz 2zz



The equation of the yawing was derived as

((m, + ) (oL, +12,) 15, B
_ ((m2 +m,)(h., +by, sing, +hy, cosb,)(b.,sing, +1., cos@z)j& @
+(1,,, €086, +1;,5n8,) !
+(m, +m;)gsin(g, —6,)(b,,sing, +1_,cosb,) + M
where M = Moment provided by an artificial control .
In addition, the system potential energy was derived as

PE = (myh,, +(m, +m,)h;, )gcosd, +((m, +m,)b,, ~mb, )gsing,
+{(myb, + My (b +by5))cos6, — (M, + Myl ;)Sin6} gsin(d, -6,)
+ (mzhcz + mshos)g COS(QO _91) (3)
+(IzSing; —h.; cosd,)m,gcos(6, — 6,)
—(l5c0s6; + hsing,)mgsing,sin(g, - 6,)

Biomechanical Analysis

The gait efficiency is measured upon the energy consumption and the walking
speed. The cadence and the step length determine the speed. The energy
expenditure of the patients walking with the swivel walkers has been experimentally
proved superior to that of the swing gait when using the parapodium. In this report,
we study the dynamics of hip motion and swiveling and analyze the system speed by
looking into the their dynamic equations. We investigate the propulsion forces for
each motion in particular in order that the system behavior may be studied and the
design criteria may be derived. 'We made further assumptions that all three motions
are small (lessthan 10°) and the following simplifications were applied to the system
eguations, i.e.,

O0=sing sing, <<sing, =g <<cosf fori=1234 and|=1234

cosd, cosd; =cosg, =1 for i=1,234 and j=1,234

where 8, =6, -86,.
Equation (1) can then be simplified and rewritten as

(15p +my(1.s7 +12) B+ mygh 6, =~ 1, E-mygl, +M, 4)

where



My ==lg, — |3yz53
- m3lc3h026?0 + mslcslosez - mslcsbcs + mshcsbozes
- mshcshozgz - mshcsbosgs - m3hC3h0392 + mshcsbcsgs

and

Uy ==13,6, +15,,0; = l 3y,

- nklcsbosaa + ms.lcsbcsas - m3|C3200 + mshcsbcs + I’T13hc3b0303 + nkhcszeo

In most cases, 1, <Oandu, >0 because from the geometrical configuration, the

following conditions are usually true, i.e.,
I3xz + I 3yzg3 + rnS|c3 (h02€0 + bc3) + rnShc3(hOZHZ + b03€3 + h0362) > rT13'(:3'0362 + n13hc393 (bOZ + bc3)
and

|32290 + I3yz + rns|c3b0393 + mslcazeo < I3XZH3 + rnSICSbCSHS + mshcabca + rnsh<:3b0393 + mshcazeo
Let the propulsion force f, =—u,&— 1,&-mgl_,+M, . The hip motion is

governed by a shorter form as

(15 +my 15" + %)) B+ mygh 0, = 1, 5)
The natural frequency of the hip motion is thus derived as
— maghcs
Wy, = 6
” \/I3zz+rn3(|c32+hc32) ( )

For a 60kg patient, let m, be 10 kg, I,, be0.83 kglm?, h, be05m, I, be-

0.1 m. The natural frequency of his hip motion is 0.6 Hz, i.e., 36.1 cycles per
minute.

The swing motion can be actively controlled using feedback control technique to
achieve desired cadence and step length. The design criterion for the hip motion can
therefore be set as

fy= —,ulﬁi‘—,uzé‘— Mgl + M, = _ﬁsé_ys% +Ajsinat
where B,, y;, A and w, aredesign parametersto be determined.
The control moment can therefore be computed according to the following formula:

M, z_ﬂség_%%+A%Sinw3t+ﬂ1@+:uz§;‘+n%glc3 (7)

Equation (2) can also be rewritten as



((m, +m)(L* +157) +15, )
= ((my + m)(L, + R )DL, + (M, + M)W, + Dbl + )l + (1 + 15,808 (8
+(m, +ms)g(6 — )l + M,
The swivel motion is a non-oscillatory motion since there is no restoration force to
draw the motion toward an equilibrium point. The propulsion forces include an

inertial force and a gravitational force, which are produced by the lateral coronal
plane movements. Again, let the total propulsion force be

£, = ((my + my) (N, + 1o, )0L,8, + (M, +m)(, +l,6, + )1, + (1 +15,6,) 1
+ (mz + m3)g(90 _Bl)I(':Z +M s

Equation (8) can be put in a shorter form as

(m, +m)@y,2 1,2 + 13, JB= 1, 9)

The swivel motion can aso be actively controlled utilizing feedback control technique,
and the design criterion can be set as

f,= _132§2L ~ V.0, + A sina,t
where B,, y,, A, and w, are design parameters to be determined. The control
moment of the swivel mechanism can be designed as follows,

Ms :_l[”zé_yzez +Azsina)2t

~ ((m, +my)(he, +hy)l,8, +(m, +my) (R, +b5,6, + o)l + (1, +15,6,) )&
- (mz + ms)g(go _Hl)léZ

(10)

The system potential energy can be analyzed to derive the stability design criteria.
The gravity provides a restoration force to the side-to-side rolling movement. The
gravitational potential energy converts into the kinetic energy of hip and swivel
motions as the RSGO system rolls medially. When the system continues to roll
medialy, the pelvic and the swing leg rotates medially due to the swivel motion
dynamics and hip on the swing side flexes due to the hip motion dynamics. The
potential energy must decrease in the course of media rolling. In a mathematical
language, the first derivative of the potential energy with respect to each motion has
to be less than zero, i.e., T—;<O a 8 =0 fori=123.

By applying the small motion assumptions, the following stability design criteria can
be derived,
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oPE
= _(rnlhcl + (mz + rrE)hoz)gel + ((mz + rrE)boz - rrHbcl)g

a6,
_{(mzbcz + ma(bos + bcs)) - (mzlcz + mslos)gz} g (11)
+(m,h,, + m;hy;)g(6, - &) —h.,mg(6, - 6,) +1.,m, 96,
<0
o0PE
EYD :_(mzlcz +rr%|03)g(60 —91)—|C3ng(90—91)<0 (12)
2
0PE
6_93:(IC3 +hc393)rr5g <0 (13)
Discussion

The mathematical model provides a research tool that allowed us to perform
biomechanical anaysis and derived several design criteria.  The results of the
biomechanical analysis give us certain directions to develop a sound RSGO system in
a mathematically rigorous way. We tackled two of the most challenging problems,
namely, the gait efficiency and the stability of the system.

Equation (8) tells us that the swivel motion was driven by the side-to-side rolling
induced inertial force and gravity. In other words, the swivel motion solely relies on
the lateral corona plane movement. In order the swivel walking be effective, the
side-to-side rolling is essential. To enhance the swivel motion, the dynamic
parameters in the equation can be designed. The swivel motion can also be
controlled to achieve desired cadence and step length using active feedback control
theory.

In addition to the swivel motion, the hip motion can further improve the system
speed. Equation (4) allows usto design suitable dynamic parameters for an effective
driving force. The driving forces include (1) inertial forces induced by the rolling
and yawing and (2) the gravity induced by rolling and hip pitching. Their frequency
spectrum can affect the quality of the speed performance. The placement of the
mass center of the swing leg can play an important role too. By placing the mass
center posterior to the hip joint, the sense of theterm -m,gl_, in Equation (4) can be
changed to convert the impeding force into a driving force, which can improve the
amplitude of the hip movement and increase the step length. The natural frequency
(Equation(6)) can be tuned by selecting the dynamic parameters, which can improve
the cadence and step length as well.

The control of the hip motion can also be intervened by putting active feedback
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control into the system according to the design criteria of Equation (7). A hybrid
system [19], that is the combination of the FES and RSGO, may present a solution to
this issue. The RSGO provides a mechanical platform and the FES plays an
assistant role to smoothen the gait. The mechanica power and FES stimulated
muscle together provide more energy-efficient gait and increase the aerobic-anaerobic
threshold of the patients in the long term [20-21]. In addition, the activity of the
paralyzed muscle is maintained and the cardiovascular function can be improved in
rehabilitation aspect [22]. We believe that the richness of the hybrid system for gait
orthoses has not yet been explored fully and deserves to be further studied. The
coordination of three motions should also be dealt when the new system is designed.

The stability consideration was given by looking into the system’s potential
energy and its associated terms. Equations (11)-(13) are design criteria for the
system dynamic parameters and are the conditions for system stability. It was found
that the posterior placement of the mass center of the swing leg is also important to
the system stability.

Conclusion

The swivel mechanism has been applied to the walking orthosis since 60's;
however, its advantage has not been fully explored. This research introduced a new
orthosis incorporating the swivel motion into a reciprocating walking, the ultimate
goal of which was to achieve a stable, smooth, and efficient gait. The RGSO is a
complex dynamic system and deserves a deliberate analysis such that the system
characteristics can be well understood and desired system performance can be
accomplished. A mathematical model was developed to provide a foundation for
biomechanical analysis. The mathematical model and biomechanical analysis allow
a systematic design of the new system to be achieved on arational basis.

The roles of the dynamic properties in the dynamic system were outlined when
the system characteristics and stability were discussed. The adjustment of these
dynamic properties can therefore be used to design desired system dynamic behavior.
The possible active feedback controls were also described and discussed in this report,
which will lead to an implementation of a new hybrid system.
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