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An ankle-foot orthosis (AFO) is commonly used to helpes do not drag. This insufficient dorsiflexion during the
subjects with weakness of ankle dorsiflexor muscles dswing phase of gait is termed as foot-drop. In addition to the
to peripheral or central nervous system disorders. Bottoes dragging, the foot may become abnormally supinated at
these disorders are due to the weakness of the tibialis athie end of the swing phase of gait cycle, which may result
terior muscle which results in lack of dorsiflexion assist man an ankle sprain or fracture when weight is applied to the
ment. The deformity and muscle weakness of one joint in tlimb. Foot-drop is commonly seen in subjects who have had
lower extremity influences the stability of the adjacent jointg stroke or who have sustained a peroneal nerve injury. The
thereby requiring compensatory adaptations. We present aetails of the foot kinematics are provided in the next section.
innovative ankle-foot orthosis (AFO). The prototype AFO
would introduce greater functionality over currently mar-  There are several possible treatments for foot-drop that
keted devices by means of its pronation-supination degreése pharmacological, surgical, or orthotic interventions. Of
of-freedom in addition to flexion/extension. This orthosis cafiese, orthotic treatment is the most common. Orthotic de-
be used to measure joint forces and moments applied by t¥iees are intended to support the ankle, correct deformities,
human at both joints. In future, by incorporation of actuatorsand prevent further injuries. A key goal of orthotic treat-
in the device, it will be used as a training device to restore Bnentis to assist the patientin achieving a measure of normal
normal walking pattern. function. Ferris et. al. [1] proposed an ankle-foot orthosis

powered by artificial muscles. The orthosis has two pneu-
matic muscles to control the dorsiflexion and plantarflexion
1 Introduction motion of the ankle. Yamamoto et. al. [2] developed a dor-
During the swing phase of gait cycle, the ankle is dorskiflexion assist orthosis controlled by a spring. Dorsiflexion
flexed (rotated upward) to allow the foot to clear the groundorrection is achieved via the compression force of a spring
while the extremity is advanced. Hyperactive plantarflexarithin the assistive device. When the ankle joint rotates into
(muscle rotating foot downward) or weak dorsiflexor musclelantarflexion, a piston compresses the spring and an assist
may result in insufficient dorsiflexion, which must be commoment proportionalto the plantarflexion angle is generated.
pensated for by alterations in the gait patterns so that tiaya [3] proposed an active ankle-foot orthosis with one



degree-of-freedom. The active ankle-foot orthosis comprises Dorsiflexion / Plantarflexion
a force-controllable series elastic actuator (SEA) capable of
controlling orthotic joint stiffness and damping for plantar
and dorsiflexion ankle motions. Other works have focused
on improving the comfort and techniques for weight reduc-
tion of an ankle-foot orthosis using finite element modeling
and experimental testing [4, 5]. A perspective on biomed-
ical assist devices is provided in [6]. There are a number
of commercially available ankle-foot orthoses. All of these
orthoses are single axis or are elastically deformable. The
pronation-supination motion in these orthoses are accommo-
dated through the flexibility of the polymeric material. The
limitation in normal ankle pronation-supination adds to the
discomfort and does not provide a natural motion to the an-
kle.

In this paper, an ankle-foot orthosis with two degrees-
of-freedom is proposed. The two degree-of-freedom ortho-
sis assumes that the foot is connected to the shank by a seria
chain with two degrees-of-freedom. The first angle degree-
of-freedom in the chain is dorsiflexion-plantarflexion while R
the second is pronation-supination. Both joints are fitted witfig- 1. Orientations of dorsiflexion-plantarfiexion joint axis (Z1) and
encoders. The device also has two force-torque sensors irP[@gation-supination joint axis (Z2) and their projection angles [7,8].
design. Using the data from force-torque sensors and en-
coders, the torques applied by the human at each joint can

be computed. The device can be used as a stand alone Mgy are shown in Fig. 1. It shows the projection of the joint
surement device to measure forces and torques at the joif3s in the frame attached to the shaxk Yo.Z0) [7.8]. The
during isometric or non-isometric contractions and throughyyis7, represents the knee jointaxis. This projection is taken

out the range of motion of the ankle. This paper describggen the foot is resting firmly on the ground and the shank
this device, its kinematic model, the design of the deviceg perpendicular to the ground.

Newton-Euler analysis to determine the human joint forces o Denavit-Hartenberg (DH) parameters of the kine-
and torques, analysis of experimental data, and possible dpstic model from the information shown in Fig. 1 were de-
plications of this device for rehabilitation. termined. Average lengths of the links were obtained from
anthropomorphic data [13]. We determined the unit vectors
Z1 andZ; in the frameZ, using the relation between spheri-
cal and Cartesian coordinates shown below.

2 Kinematic Model

The overall motion of the ankle is complex [7,8]. In
this paper we are concentrating on two degrees-of-freedom.
The first degree-of-freedom is a rotation in the vertical X = cosysing, (1)
plane about an axis passing through the ankle joint. This y = rsinysing, 2)
axis is shown a¥; in Fig. 1 and this motion is known
as dorsiflexion-plantarflexion (D/P) motion. The second
degree-of-freedom is a rotation about an axis showizas
in Fig. 1. This motion is known as pronation-supinatiorBecause the projections f andZ in Z are known, we can
(P/S) motion. In this paper, the lower leg (shank and foot) isompute their spherical coordinatgg:= 196.7°, ¢ = 25.9°
considered to be composed of three rigid links connected yr Z; andy, = 42°, ¢, = 102.0° for Z».
two revolute joints. The first rigid link is the shank segment.  Next, we define,, ¥; axes ands, Y, axes as follows:
The second rigid link represents the rear foot comprising of
the talus bone, which is the bone between the D/P axis and L L
the P/S axis. The third rigid link represents the front foot X1 = 4 xZit1 (4)
comprising of the bones after the P/S axis [8]. The front foot Zi x Zis1
comprises of a large number of small bones. It has a com- . .
plicated flexible motion that is hard to model [8-10]. In this Y= Zit1 X X1 (5)
paper, we are concentrating on the motion of the rear foot and Zii1 X X1
for the purpose of modeling both segments of the foot are as-
sumed to be rigid links, and the dorsiflexion-plantarflexion
and pronation-supination motions are approximated by rethe Denavit-Hartenberg parametésai,a and d; were
olute joints. used to locate the frames on the bodies. Once all the unit

The orientations of the two joint axes considered in thisectorsX, Y, andZ, are known 8; anda; can be computed

Z=rCOoSs(. 3)




using vector algebrag; andd, were computed using anthro-
pomorphic data and loop closure equation,

To =TgTTS, (6)

whereT;""! denotes the transformation matrix between two

successive bodiésndi + 1. In the nominal configuration of

the foot, when the foot s flat on the ground and perpendicular

to the shank, the DH parameters computed are given below:

T4, 60 = 286.7° andag = 25.9°

TZ,0; = 2106° anda; = 1250°

T, 62 =13.1° anda, = 0°

8, are the joint variables, which take the particular values |

shown above for the mentioned configuration of the foot.
Once all these parameters are calculated, the complet

kinematic model is known.

3 Design of The Orthosis
An engineering prototype of the two degrees-of-freedom
(dof) ankle-foot orthosis (AFO) was fabricated at the Uni-
versity of Delaware. The orthosis is composed of three links
connected by two revolute joints corresponding to the three
segments and two degrees-of-freedom of the foot described;
in the previous section. These three links are shown in Fig. 2.
The machine shank gets rigidly attached to the human shdri% 2- Assembled ankle-foot orthosis with the shank and the foot
by means of a brace and Velcro straps. The third link of tHace. It comprises of the three links corresponding to the three seg-
orthosis gets rigidly attached to the third i.e. the termingnents of the human foot.
segment of the foot by means of a brace and Velcro straps.
The second link of the orthosis is not directly in contact with
the second foot segment, i.e., the segment between the P/¢
and D/P axes but has little relative motion with respect to the : B
segment of the human foot. I
Following are the salient features of the orthosis: (i) A
machine parts are made out of lightweight aluminum. Ball
bearings are used at the dorsiflexion-plantarflexion and the
pronation-supination joints; (ii) it has braces and Velcro .
straps to provide a comfortable fit to the user; (iii) limbs ,
are made to be telescopic to accommodate variability in the -1)
foot dimensions across human subjects; (iv) Both of the \
joint axes, Dorsiflexion-plantarflexion axis and Pronation-
Supination joint axis are physically located and oriented
in the device as described in the kinematic model. The
obliquely cut parts labeled “A’ and “B” shown in Fig. 3 B
are used to orient the joint axes. Hence the orientation of
the joint axes are fixed. However, the location of the jointig. 3. A 3D AutoCAD drawing of the ankle-foot orthosis fabricated
axes can be changed to fit the subject, by adjusting the teleyniversity of Delaware. Blocks labeled “A” and “B” are used to
scopic links in the device. (iv) Both of the joints are fittedyrient the joint axes.
with optical encoders to measure the joint angles. (v) Two
force-torque sensors are placed on the device. One beneath
the “sole” of the device and the other between the human
shank and the device shank. 4 Measuring Joint Forces and Moments
The net weight of the device is 3.7 Kg. By using the  The objective of this device is to measure the forces and
force and moment balance equations for the foot and therques applied by the human at the D/P and P/S joints. This
shank and data from the force-torque sensors and encodsesition describes the Newton-Euler analysis that is used to
forces and torques applied by the human at the joints caonnvert the raw force-torque sensor and encoder data into
be calculated. The engineering prototype will be used againt forces and torques. Itis mentioned in previous sections
measuring device in experiments with subjects. that both foot and the device are composed of three links and
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Fig. 4. Free body diagram of human and machine part of the ankle
and the shank. Oval and bony bodies represent the human segments
and the rectangular shaped bodies represent the machine segments.
Forces and torques in circles are the sensor forces and torques.

i.e., six scalar equations. There are five bodies, so there
is a total of thirty equations. The vector unknowns are
Fim, Tim, Fomt, Tom, Fin, Tan, Pon, T, Fen @nd Ty so there

are thirty scalar unknowns. The system is uniquely solv-
able. Solving the force and moment balance equations for
the bodies one through five in the order 1-4-5-3-2 gives all
the unknown forces and moments without any matrix inver-
sions or iterative procedures. The force due to previous body
on the next body is taken as positive and is expressed in the
reference frame of the next body. The position vectors and
gravity force of a particular body are expressed in the body
frame.

Frame O is fitted to bodies 1 and 2; bodies 3 and 4 move
together, so their coordinate frame have same orientations
but different origins. These frames are represented by the
same index 1 for the purpose of rotation matrices and finally
frame 2 is attached to body 5. Bodies 3 and 4 have the same
angular velocity and acceleratiody anddi, respectively.

two revolute joints. Using the telescopic joints, the device iBody five has angular velocity and acceleratidn,andd>,
adjusted such that the axes of the device coincide with thespectively.rim:1 represents a vector from the D/P joint to
axes of the human. Then the device is worn by the huméme center of mass of body 1. Other position vectors follow
as mentioned in the previous section using the straps asidhilarly. Fv represents the weight vector of respective
braces such that the three human foot and device segmdrtdies. Weights of the various human segments are obtained
move synchronously with little or no relative motion. Thefrom the average data provided in [13]. The force and
adjustments in the device are varied until the subject is abieoment balance equations for different bodies can be
to execute the normal motion of the foot. It is difficult towritten as follows:

get perfect alignment between the human and device axes.

Some approaches to get good agreement between them haveFor body 1:

previously been discussed in[11,12]. The device and human

shanks are kept inertially fixed. —Fs1 4 R — RSFm = 0,

Figure 4 shows the free body diagram of all the bod- = - = =
ies in ?he system. The first and tﬁ/e segond bodies in Fig. 4 s RéTlM R xTan+ (RéFlM) % rlel
represent the device and the human shank, which are rigidly =0,
attached to each other and are inertially fixed. The third and
fourth bodies represent the second segments of the huntan body 4:
and device respectively. They are not in direct contact to each
other but constrained to move together as a rigid body. The Fa — ReFaw — Fim = Madea,
third segment of the device and human are rigidly connected
together and they collectively form the fifth body. The forces o -
between these segments are shown in Fig. 4. The subscripts = 1401+ X |40,
M and H signify the machine and the human components re-
spectively and S implies the sensor compon&gy, T and  For body 5:

Fom ,Tam are the forces and torques between the first-second

and second-third links of the device at the D/P and P/S joints Fo + Fus + Fom + Fon = Msdcs,
_respectiverFlH ,T1n andFy, Ton are the forces and torques T+ T -+ Tort + Ep X Feos+ Eois X Fom:s
in between the segments of the human lower leg at the D/P - L ~
and P/S joints, respectively. The gravitational force is acting +Far:s X Tonis = 1502 + G X 15tz
at the center of mass of each body and is not shown in the

figure for the sake of claritylka andT.y are the force and For body 3:

the torque at the knee joint.

Each of the bodies shown in Fig. 4 has a coordinate Fug — ReFon + Fin = M3,
fram_e attached to it. Thg encoder data along with the geo- —RffZH +Ty — (Rflsz) % T’zH;3+|le X 1r:3
metric details of the device are used to calculate the trans- o .
lational and rotational velocities and accelerations of each = 1301+ G X I3G0n,
of the bodies. Moment balance about the body center of
mass and force balance equations are written for each bddff body 2:
in its body coordinate frame. All forces and moments are
three dimensional. Each body has two vector equations, Fa 4+ Fue — Rélle + lka = M2y,

—Rétom +Tim — (REFam) X Tama + Fim X Fimia

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)
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Fig. 5. Orientations of the D/P and P/S frame. This picture is repre-
sentative of only the orientations of the frame and not the locations.

The frames are placed at the actual joint in the human foot. Fig. 6. The D/P (91) and P/S (92) angle movements during the
motion about the D/P joint. There is some movement about the P/S

axis but is small as compared to the D/P movement.

Ts1 — R§T1H 4 Tkn + Fa1 X Fa12 — (REFIH) X Fin:2
+Fkn:2 X Fep = 1200 + G X 1200. (16)

s i ~ L 50 i i -
The analysis presented in this section can be usedto« £ 2 W‘\/\//\ H 4“% LVAW”%I\JMW
termine joint forces and moments for arbitrary motionsa 2 ° | 3% : |
the ankle while the shank is inertially fixed. During walk-  «"-2 3 3 s L8 3 4 s
ing shank is not inertially fixed and the rear foot experience ~ _ | Timefsea . | Timeleea )
large ground reaction forces during heel strike. This devic T sl " % -
can be used for walking experiments by adding a secor & \‘ij\f | &, \Vf\"/\/\\/\
force torque sensor between the rear foot and ground and ¥ ! | s | \ _ |
recording the motion information of the shank. These mod v i s % R *1ime (se0) " ¢
fications are subject of future work. E? - E O -
z o0 | = 5 /\' {
A EAAVAA
P ¥ o
5 Experimental Resultsand Discussion = . L 5 L |

This section describes the experimental results obtain rime (s00 Time (sec)
with the device. The experiments were performed with a
healthy subject. Two sets of data were obtained when thg. 7. The forces and moments applied by the subject about the
user was asked to perform primarily: (i) motion about theyp joint during the motion about the D/P joint.
D/P joint, (ii) motion about the P/S joint. The orientations
of the D/P and P/S frames are shown in Fig. 5, this figure is
representative of only the orientations of the frame and not
the locations. The frames are placed at the actual joint Acording to the study by Weiss et. al. [14] the peak dor-
the human foot. The orientation information will be used irsiflexor torque range in his study is-314Nmwith a mean
interpreting the results obtained. of around Nmand the peak plantarflexion torque has range

In the first experiment, the subject was asked to pe@— SNmwith a mean of aroundi2m The values that we are
form dorsiflexion-plantarflexion without ground contact ofseeing are in the higher side of this range due to the added
the foot in the vertical position of shank. The ranges of roweight of the device. Inthe next paragraph, we reason outthe
tation obtained are shown in Fig. 6. We can see that ranffgce and torque values observed based on the weight of the
of motion about the D/P axis is about3ad and about P/S device and location of center of mass of various segments.
axis is about Ql5rad. It can be seen that the frequency of  First, we examine the forces at the D/P joint in Fig. 7.
motion is around Hz, which is not very fast. Figs. 7 and The net torque applied by the shank to the foot at the D/P
11 present the forces and torque applied by the subject abint obtained by taking square root of the sum of squares of
the D/P and P/S joints respectively. Due to the periodic rotall the three components of moment, is abolBNdm The
tional motion about the axes, the forces and torques are aigeight of foot is about Kg and the weight of the relevant
oscillatory about a mearM; in Fig. 7 represents the torqueparts of orthosis is aboutky, and the center of mass of the
about the D/P joint. Note that the peak dorsiflexor torque ithis weight is 2@m from the D/P joint. This gives a torque
around 18 mand peak plantarflexor torque is around® of 8Nm Because there is some friction at the joints of the
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Fig. 8. The forces and moments applied by the subject about the ~ Fig. 9. The D/P (61) and P/S (82) angle movements during the

P/S joint during the motion about the D/P joint. motion about the P/S joint. It is difficult for a subject to obtain a pure
P/S rotation but still we can see that P/S motion here is much more
pronounced and the D/P motion is much less as compared to the
previous case

device the subject has to apply torques to overcome that as

well, this explains the slightly higher magnitude of the ex-

perimental mean torque. From Fig. 5, we see thatthe Xa

Z axes are almost in the horizontal plane, thus the torqu

w
o

about these axes are relatively large as compared to the £y J""f;' § 200 ) ?lj*w'u A #’kﬁ {
axis. The direction of the Z axis is such that the shank h: % 1 “W f % o My
to apply a negative torque to balance the torque due to t v o PR -
weight of device and foot, consistent with the experiment: Time (eee) %0 mee
data. The net force applied by the shank to the foot at tt _Eg ol A ;'ﬂ‘ 1 S Aln g
D/P joint is about 48l. Because the total foot and device g [ /Y P_J \ f \_ f § . ‘\\ / ‘V %
weight on the D/P joint is also aboutqy, the calculated . T o s ' r

force is about 48, which is about 6l less than the mean ¢ R i w = *Time (sec) ¢
of measured forces. This discrepancy can be attributed £ os '* E o0

friction. From Fig. 5, Y axis is pointing almost vertically § J (th \ "“ g . e e o 2
downwards. Thus, the maximum force component of 48 R, r' W & 10 AV W W
about this axis and is negative because the shank hasto -, % | ‘;‘2_,50 |

ply an upwards force at this joint to balance the gravitatio rime (s00)” rime s0c) "

force. The other two components, though small compareu

to the Y component, should not be expected to be zero hgg. 10. The forces and moments applied by the subject about the
cause none of the axes are perfectly in a vertical or horizogp joint during the motion about the P/S joint.

tal plane. Next, the forces applied by the subject at the P/S

joint, in Fig. 11, are examined. An important point to note

is that the mean moment ofINmabout the P/S axid\; in

Fig. 8) is very small as compared to the mean momé&rn7 due to the weight of the foot and the device. The terminal
about the D/P axisM; in Fig. 7). This is because during part of the orthosis and the foot are the heavier segments, so
this experiment the subject was asked to perform a frontdle force at the P/S joint is only slightly less than the force
plane dorsiflexion-plantarflexion movement, with no delibat the D/P joint. Fig. 5 also shows that the X axis is almost
erate movement about the P/S joint. For the other two torqti@rizontal and hence has a small mean force of abNurid
componentsMy has a sizeable magnitude of arouridrii  that the X and Z axes are in the vertical plane both pointing
From Fig. 5, we see that the X axis is almost in the horizofr the upward direction and thus get major positive contribu-
tal plane and nearly parallel to the D/P axis. Because the Ffgns due to the weight.

joint is located near the D/P joint, this component of torque  In the second experiment, the subject was asked to ex-
should be similar to the torque about the D/P axis which wecute only the pronation-supination motion without ground
observed. Also as shown in Fig. 5, the direction of the Xontact of the foot. During this experiment the range of
axis is such that the terminal part gets negative torque fromotion about the P/S axis is&brad and about D/P axis is
the previous segment to balance the gravitational torque. T@&rad, as shown in Fig. 9. We can see that the P/S mo-
net force component at the P/S joint is aboutNd3This is tion here is much more pronounced and the D/P motion is
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as a training device to restore a normal walking pattern. In vivo roentgen stereophotogrammetryActa Or-
thopaedica Scandinavica Supplementuwn233, 1989,
p. 1-24.
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