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Abstract— In this study, we propose a new method to simulate ~ Researchers in biomechanics often mention about using
human gait motion when muscles are weakened. The method is musculoskeletal models tuned to individual bodies for diag
based on the enhanced version of 3D linear inverted pendulum nosis and scheduling for rehabilitation [11]. This can beelo

model that is used for generation of gait in robotics. After te .
normal gait motion is generated by setting the initial postue by rst generating the musculoskeletal model of the patignt

and the parameters that decide the trajectories of the cente €stimating parameters such as the origin and insertiortgjoin
of mass and angular momentum, the muscle to be weakened physiological cross sectional area, and tendon and muscle
is speci ed. By minimizing an objective function based on te  per length using CT scan and MRI images of the patient.
force exerted by the speci ed muscle during the maotion, the et Then, by capturing the motion of the patient using a motion
of parameters that represent the pathological gait was caldated. ' . . .
Since the number of parameters to describe the motion is smial capture device and estimating the bong-on.—bone Contgcrb for
in our method, the Optimizaﬂon process converges much more a.nd neural activities Of the mUSC|eS, it W|” be pOSSIb|e to
quickly than in previous methods. The effects of weakeninghte estimate what are the problems with the gait motion. Finally
gluteus medialis, the gluteus maximus, and vastus were anaed. the scheduling of rehabilitation can be done by searching fo
Important similarities were noted when comparing the predicted the most ef cient way to convert the patholigcal gait to a
pendulum motion with data obtained from an actual patient. . - L . : .
normal gait. This scenario is attractive, as the patients wi
~ Index Terms—bipedal gait, musculoskeletal model, static op- be able to know one of the best strategies for recovery based
timization, inverse dynamics on the current status of their body. Providing such a system
for diagnosis and scheduling of rehabilitation is the u#tte
objective of our study.

When trying to achieve this goal, one of the tools that

Computer simulations based on musculoskeletal models & be considered for use is the dynamic optimization ap-
often used to analyze the role of specic muscles duringraoch [12],[7],[8]. However, there are several shortougsi
motions. Many researchers have analyzed the contribufionvgth dynamic optimization approaches, that make it diftcul
some speci ¢ muscles to the performance of certain motiof apply them for practical use.
by using optimization methods based on forward dynam-
ics [1]. For example, Pandgt al[2] analyzed the role of
biarticular muscles in maximal jumping, and they concluded
that biarticular muscles contribute to jumping performanc
by redistributing segmental energy within the musculosted|
system but do not contribute to the energy of jumping (a
conclusion that is consistent with that made by Jacetbal.

[3]). Neptuneet al. [4] analyzed the role of the plantar exor
muscles during gait, and they calculated the degree to which
these muscles contribute to propelling the trunk in the &odv
direction (induced acceleration [5]). Piazehal[6] examined

the contribution of muscle forces to knee exion during the )
swing phase of normal gait. Human gait motion have also been
simulated by combining forward dynamics and optimization

|. INTRODUCTION

1) First of all, when doing dynamic optimization, re-
searchers must provide a good initial guess of the
activation data to prevent the optimization process from
getting caught into some local minima. In most of the
cases, this is done through trial-and-error by researchers
This is quite time consuming, and the researcher needs
special experience to determine the good set of muscle
activations to generate realistic gait motion. In addition
since this process is done completely manually, the
motion can become subjective to the researcher.

Next, since all the time sequence data for the muscles
must be determined through the optimization, lots of
computation are required until it converges to the opti-

8 91710 mal result. Neptunet al. [13] reported that more than
[71,[8],[4]1.[9].[10]. . e ;
thousands of iterations of the motion simulation were
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lead to unbalanced motion. weakened, an objective function based on the time series dat

In robotics, biped locomotion of humanoid robots is one dif the force exerted by this muscle is formed. By searching
the most exciting topics these days. Many researchers leavef@r an optimal set of AMPM parameters that minimizes the
veloped humanoid robots that are capable of performingdbipgPiective function de ning the gait motion, the pathologiic
gait motion [15], [16], [17], [18]. A method commonly used tgd@it motion is calculated. _
generate gait motion is the 3D Linear Inverted Pendulum ModeThe method proposed in this study has the following ad-
(3DLIPM) [15],[18]. The great advantage of the 3DLIPMvantages compared with previous methods:
approach is that the trajectory of the center of mass (COM) Since the gait motion is described by the AMPM param-
can be written in an explicit form. The 3DLIPM approach  eters, there is no need to specify all the input parameters
is a hierarchical approach, in which the abstract motiorhsuc  of the muscles. As a result, the computational cost for
as the trajectory of COM is determined rst, and the details the optimization is much less than previous methods.
of the motion such as the kinematic data are calculated later As the balance of the human body model is explicitly
The advantage of the hierarchical approach is that the motio  kept by using the AMPM model, the optimizer only needs
planner only needs to specify the high level abstract mption to search for the optimal set of parameters in terms of
then the low level motion by the generalized coordinates are muscle force, and hence does not need to go through a
then decided, accordingly. In addition, as the motion of the large number of trials to generate the balanced motion.
COM is explicitly planned in the begining in a way the Zero gy ysing our method, it is possible to nd out the general
Moment Point (ZMP) comes under the supporting region, thgea how an impairment of a muscle can affect biped gait.
balance of the humanoid robot is assured in the feedforwasg doing further concise modeling of the musculoskeletal
stage. A balanced walking motion is de ned here as followging gevelopment of techniques to import parameters from

1) the body does not fall down onto the ground during thiedividual humans, it will be possible to use the proposed
motion, method for analysis, diagnosis, and rehabilitation tragnof
2) the only contact with the external world is at the sole gfatients with impairments at the muscles.
the feet, and
3) the posture of the body and the trajectories of the COM, Il. METHODS
ZMP are cyclic.

No angular momentum has been generated by the 3pL I\ Angular Momentum inducing inverted Pendulum Model

since it assumes that the COM is a mass point and that then this section, we review the Angular Momentum induc-
ground force vector always passes through the COM of they inverted Pendulum Model (AMPM) [20]. The AMPM
system (Figure 1(a)). It is known that angular momentuenhances the 3DLIPM in the following ways; (1) the zero
is consistantly generated around the COM when humam@®ment point (ZMP), which represents the center of pressure
walk [19]. The amount of angular momentum gets even largier the force applied from the ground to the body [21], is
as the motion involves larger bendings of the thorax, whicillowed to move over the ground; ZMP is a very important
can be often observed in pathological gait. It is therefompncept used in robotics to generate stable gait motion. It
dif cult to model human gait motion by using 3DLIPM. represents the center of pressure between the ground and
To represent trajectory of COM and angular momentum dfe feet on a plane, around which no rotational moment is
human gait motion in an explicit form, we have extended thgenerated; (2) the ground force vector is calculated to be
3DLIPM model so that angular momentum can be induced Ipwt only parallel to the vector connecting the ZMP and the
the ground reaction force [20]. This model is calledgular COM,; its horizontal element can be linearly correlated to
Momentum inducing inverted Pendulum Mod&MPM). the ZMP-COM vector (Figure 1(b)). As a result, rotational
In this study, we propose a new approach to simulateoment will be generated by the ground force. The other
the effect of impairment and recovery of muscles in humadvantage of AMPM is that the motion in the sagittal plane
gait motion by combining AMPM with the musculoskele-and the frontal plane can be planned independently; reggrdi
tal model. The effects of weakening the gluteus medialithe trajectory of the COM and angular momentum around it,
gluteus maximus muscles and vastus were simulated. Tthe motion in one plane does not actually affect the motion in
results were evaluated by comparing the motion and musdhe other plane. Therefore, in the following explanationutb
neural activities with human motion data. The objectivedis tAMPM, the trajectories of the COM are explained in a 2D
provide a computationally ef cient framework for convessi plane. In this study, we assume the position of the ZMP is
of gait motion which threapists and medical doctors catizetil linearly correlated to the position of the COM. Therefohe t
for diagnosing underlying pathologies, guring out poteht position of the COM and ZMP can be de ned by and
compensations for neuromuscular impairments of human gait , Where are constant parameters.
or scheduling the rehabilitation plan. According to the enhancement (2) of the AMPM model, the
The trajectory of the COM and angular momentum is rsground force vector is modelled to be parallel to the vector
calculated by using AMPM. Next, the trajectories of the , Where are constant parameters that
generalized coordinates including the position of theigelnd correlate the ZMP-COM vector and the ground force vector.
the joint angles of the whole body are determined using B&ver As the height of the COM is assumed to have a constant
kinematics. After determining the muscles of the body to b&lue |, the relationship between the acceleration of the COM
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Fig. 1. The standard 3DLIPM (a) and AMPM (b). The 3DLIPM resed
the ground force to pass through COM while the AMPM allowshbezontal
component of the ground force to have linear relationshigh whe position
of the COM.

and its position can be written by:

B. Modeling Human Gait by AMPM

Since AMPM only allows linear relationship between the
COM and the ground force vector, the gait motion must be
divided into several phases to be represented by the AMPM
(See Appendices | and Il for further explanation in detais.
the motion of the gait is assumed symmetric, the half cycle
of the gait motion in the sagittal plane can be divided into
four stages, by the postures known as other toe off (OTO),
heel rise (HR), opposite initial contact (OIC), middle stan
(MS), and toe off (TO), as shown in Figure 2. The half cycle

OTO HR oic MS To

<@L

Fig. 2. The half cycle of the gait is divided into four phaseach motion
represented by AMPM.

The differential equation of the COM can then be written by

the following form:

(1)

The explicit solution for this differential equation can b%

written as

(2)
where are constant values. As initial parameter values
are set as and at , the constant values

, will be as follows:

Then, the ground force vector can be written as

where
around the -axis can be calculated by

and the angular momentum

momentum between times can be obtained as

- ®3)

where is the angular momentum at

of the motion in the frontal plane can be represented by
two consecutive AMPM models, one representing the single
support phase, and the other representing the double guppor
hase. A reference walking motion of a human obtained
sing a motion capture device is used as a reference. The
parameters to explain these AMPMs can be calculated from
the boundary conditions and kinematic parameters of the
motion. The following parameters are used to de ne the gait
motion in this research:

the position of COM at OTO, HR, OIC, and its velocity
at OTO in the sagittal plane,

the difference of the body's moment of inertia in the
initial posture from that in the reference motion,

and the lateral distance between the left and right foot and
the parameter that determines the angular momentum in
the frontal plane.

These variables are represented by a vectbere. The initial
posture in the new motion is calculated from the initial post

in the reference motion. The difference of the moment of
inertia and the position of the COM is used to calculate the
initial posture from that in the reference motion using irse&e
kinematics. The process of this methodology is explaintst la

is the mass of the system. The rotational momentin this section.

At this point of the discussion, we have assumed that the
height of the COM is constant. The adjustment can be easily
handled, since it is known that the trajectory can be express
in a sinusoidal form [22]. Therefore, to simulate the motion
of the body more precisely, the trajectory of the height & th
COM must be adjusted. The trajectory of the COM is therefore

generated by the rotationalcalculated by the following function:

where is a half cycle of gait motion, is the amplitude

of the motion, and is the height of the COM. It is known
that the COM reaches the bottom in the middle of the double
support phase and the top in the middle of the single support
phase. Although motion of the COM along the vertical axis



changes from a constant value to a sinusoidal curve, we
assume that its motion along the lateral and anterior axes
remain the same as stated in the previous sections. This
actually does not affect the motion of the COM and ZMP.
However, the angular momentum function must be adjusted
because change in the height results in a differastmponent

of the ground force, and extra rotational momentum must
therefore be added to the values that had been calculated
before. This is not a serious problem because (1) this anguta. 3. The frontal (left) and backward (right) views of thenhan body
momentum difference is quite small compared to the origin&pPde!

angular momentum value and (2) the angular momentum can

be compensated anyway because our algorithm is based on t

assumption of compensation of the angular momentum e'tqgﬁdon. It is composed of three elements: a contractileeim

in the sagittal or lateral plane. (CE, representing all the muscle bers), a parallel elastic

After the wrajectory of the COM and the angular MO%|ement (PEE, representing all connective tissues arduad t

Emdntum are deter:mlned_ by tue AMPM’ th? motions of Ithﬁluscles bers), and a series elastic element (SEE, reptiagen
ody segments that satisfy those trajectories are ¢ )l series elasticity, including tendons). At each timepsthe

gsing invgrse ki.nematics.. It is known that methodologies afs.j0tendon length was determined from the posture (i.e.
inverse kinematics combined with concepts of COM [23] and ¢/ 1ction of joint angles). By using the musculotendon
dynamics [24] give fairly realistic motions. Natural befav tglé

r\—elill's muscle model [29] is used to represent each musculo-

T _ ; namics, the maximum and minimum force can be calculated
such as swinging of arms and thorax can be obtained using ng the musculotendon length and the muscle length in the
methodology. This process is also explained in [20], [25] a(reb evious time step [30]:

Appendix A3. By using inverse kinematics, the generaliz c{

coordinates, velocities and accelerations of the joints ca (4)

be calculated. Then, the torque developed at each joint Was: e
calculate(_j from these kinematic data using inverse dynamic and are the minimum and maximum force
[26]. During double support phase, to solve the redundang veloped by this muscle, which are determined by theirforc
problem caused by the closed-loop formed by the ground a{éngth-velocity properties

the feet, the ground force vector was divided into two parts '
and applied to each foot in a manner such that the total amount ] ) )

of torque exerted by the joints is minimized [27]. In summary?- Calculating pathological gait

by specifying the parametersfor the AMPM, the motion of  Torque developed at joint is theoretically generated
the human body model can be calculated. As the kinematis follows by the muscles crossing the joint:
data and external force data from the ground are availatine, t

torques exerted by the joints can be calculated.

is the musculotendon force of théh muscle,

()

where  is the moment arm of muscleabout the th joint
C. Musculoskeletal Model axis, and is the number of degrees of freedom whose
To simulate the motion by pathological patients, it is nedorque are assumed here to be generated by the muscles.
essary to prepare a physiological model of the human boa-yt?EY include the. exmq/extensmn, adduction/abductiand
The musculoskeletal model developed by Delp [28] was usEfation at the hip, exion/extension at the knee, and plan-
in this study. This data includes the attachment sites of 4 exion/dorsi exion at the ankle, and therefore, by tagi

muscles on each leg and physiological parameters such asRff legs into account, :
tendon slack length, optimal ber length, pennation angles The muscle forces at each time step can be calculated by

and maximum exertable force. Muscles are attached only fnimizing the sum of the squared muscle stresses [31]:
the legs, and no muscles are put on the upper half of the body.

The human body model used in this study is shown in Figure — (6)
3. The upper half of the body is composed of the thorax, head,
upper arms, lower arms, and hands. However, only the thonakere s the total number of muscles ( ).

(3 degrees of freedom (DOF)) and the upper arms (3 DOFwas minimized using quadratic programming [32], which is
each) are allowed to move among these segments. The loaanethod to minimize a quadratic form while satisfying linea
half of the body is composed of the pelvis, and the femurfibiequality and inequality constraints. In summary, the mascl
patella, talus, calcaneous, and toes in each leg. The jofntsforces can be calculated by minimizing (6) while using (5)
each leg are composed of a 3-DOF gimbal joint (hip joint) arehd (4) as constraints. This method is known as gtedic
1-DOF joint (knee, ankle, calcaneous, and metatarsal)joinbptimization methotb estimate muscle force in biomechanics
Therefore, the total degrees of freedom of the body, inalgdi [8],[33].

the 6DOF of the pelvis in the global coordinate system, is To describe the process to calculate the pathological gait,
twenty nine. new function is de ned here that summarize all the processes



explained previously, including the AMPM, inverse kinematgluteus maximus and vastus during gait were simulatedt, Firs
ics, inverse dynamics and static optimization: we conducted an experiment by minimizing the force exerted
) by the gluteus medialis. The threshold value for the objecti
function was set to 30% of the current exertion-rate. As the
where is the vector de ned in Section II-B that includesoptimization proceeds, features known as lateral trunkiiven
the parameters de ning the gait motion by the AMPM, andppears in the motion. The trunk swings from one side to the
is the force by muscle calculated by minimizing (6). other, producing a gait pattern known as waddling. Durirgy th
To simulate the effect of weakening musclethe following double support phase, the trunk is generally upright, but as
problem is solved: soon as the single support phase begins, the trunk leans over
the support leg, returning to the upright attitude againhat t
beginning of the next double support phase. The trajectbry o
(8) the gait motion after the optimization is shown in Figure 4
where (b).

Next, starting from another walking motion with shorter
where is the half cycle of the motion, andis a threshold gtrides shown in Figure 5(a), we conducted an experiment
value which can be considered as a reference of the maximggp minimizing the force exerted by the gluteus maximus.
average output of the speci ed muscle during the gait cyclghis time, features known as backward bending appears in
for example, if the user wants to limit the average output @he motion. The initial posture of the motion was converted
the muscle to less than 50% of the maximum output constagy, 5 leaning back posture, and this posture was kept during
it can be set to : is a penalty function basedhe whole cycle. The trajectory of the gait motion after the
on the squared sum of the minimum external assisting torggstimization is shown in Figure 5 (b).
at the joints that has to be applied to the body to assist therijnally, we conducted an experiment by minimizing the
musculoskeletal model accomplish the motion when therefisice exerted by the vastus. Again, the motion shown in Eigur
no solution found for the static optimization problem atéims (3) was used as the initial motion. Features known as fatwar

[30],[34]: bending appears in the motion. As same as when weakening
the gluteus maximus, the initial posture of the motion was
converted to a leaning back posture, and this posture was kep
during the whole cycle. The trajectory of the gait motioreaft

subject to the optimization is shown in Figure 5 (c).

until

where is the matrix form of  in (5). The penalty function :
helps to avoid the motion to converge to one that is not féasib : A
by the musculoskeletal model. This optimization is done by -
sequential quadratic programming [32].

- -
I
i

I1l. EXPERIMENTAL DATA ANALYSIS

To examine the validity of the method proposed in this i
paper, we have generated normal and pathological human gait

motion using our method, and compared the kinematical and; = - - - (b) - S 3 S
dynamical data with those by humans. / / / / / / { !

A set of AMPM parameters that reproduce a gait motion === === "“:"" ey e e e = e
with a step length of 0.6 m and velocity of 1 m/s were used. = A L ! L ¢ L L
The gait motion is shown in Figure 4(a). By minimizing an (©)

Fig. 5. The trajectory of the AMPM-generated motion befaag dnd after
(b) the optimizing an objective function based on gluteusimas.

(@) The threshold value was set to 50% of the maximum output
in these examples. In both of the above examples, the olgecti

Q& i’ ?’ @ function becomes smaller than the threshold value within
!' E! u ! = !, one hundred iterations. The time-series data of the muscle
(b) force calculated by applying the static optimization metim
normal gait motion and the pathological gait motion obtdine
Fig. 4. The trajectory of the AMPM-generated motion befaap 4nd after ysing our method are plotted in Figure 8 and 9. The human
(b) the optimizing an objective function based on gluteuslialis. muscle force data estimated by the electromyography (EMG)
pattern of muscles during normal gait from [35] are plotted
objective function based on muscle dynamics that has thg dotted line together. This was estimated by multiplying t
form of (8), the effects of weakening the gluteus medialisnaximum force parameter estimated using scaling, by the

%o

.




activation data listed in [35], which were calculated by man [36], the optimization process converges more quickly than
muscle tests. previous methods.

A 27-year-old female subject with body weight of 56kg and As we compare the muscle force calculated from the motion
height of 160cm with congenial dislocations of both hip jsin by the AMPM with the muscle force calculated based on the
performed a waddling gait motion during which kinematicadatEMG data, there are some differences on the timing of the
were recorded using a VICON 512 apparatus (Vicon Motioon-set and off-set of the muscle force. However, the overall
Systems, Oxford, United Kingdom) for comparison. A normalatterns of the time-series data match very well. From these
gait motion by a healthy 50-year-old male subject with bodsesults we can conclude that the motion based on the AMPM
weight of 51 kg and height of 164cm was also recorded. This not only dynamically realistic, but also physiologigall
data collection procedure has been reviewed and approvedeglistic.
the institutional review board (IRB) of RIKEN (Wako-Shi, In our experiment, by minimizing the amount of force
Saitama, Japan). The adduction/abduction torque exerttbl exerted by the gluteus medialis during the gait motion, the
the hip by a patient who has congenital dislocation is musé lewaddling gait motion was automatically induced, and by
than that by the the healthy subject. Therefore, it is kndvat t minimizing the amount of force exerted by the gluteus max-
congenial dislocations and low output by the gluteus medialmus and vastus, motion such as backward trunk leaning
give similar effects to gait motion. The musculoskeletaldelo and anterior trunk leaning were generated, respectivélgsé
of the human body was scaled to the subject based on #re natural phenomenon, as it is known that weak abductor
information of the mass and the size of the segments, and thescles cause waddling, weak hip extender muscles cause
physiological average cross sectional area of the musaes wbackward trunk leaning, and weak knee extender muscles
calculated by scaling the data in [28]. cause backward trunk leaning [35].

The trajectory of the angular momentum of the body around Waddling is a well-known abnormality of gait motion which
the sagittal axis before and after the optimization is show# caused not only by weak abductor muscles, but also by
in Figure 6 (a). Because of the waddling, a large amount edngenital dislocation of hip joints and pain in the joints.
angular momentum is generated by the gait motion by théaddling reduces the torque and the bone-on-bone contact
weakened gluteus medialis. The results are compared véth farce at the hip of the support leg during the single support
data by humans, one by a healthy subject and the other bphase. As shown in Figure 8(e), the muscle force by the

patient who has congenital dislocation in Figure 6 (b). gluteus medialis is greatly reduced after the optimization
process. The muscle force history of the musculoskeletal
om angular momentum by AMPM o Angular momentum of captured human gait model performing normal and Wadd“ng ga|t calculated Using
, : static optimization are shown in Figure 7.
2 ao\ A
o\ \ A
: \\ // \\ // . , \ ! \ { \ GMED
\ \ N / \\ } \ I \ 1000 GMED normal gait
s )\ \ . I ﬁ\/ L/ / = = GMED waddling gait———-
S =t — = ) ,,/ \ ]‘/ \ r\/ \ é 800 -
/ ] YR |
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| . v
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Fig. 6. The comparison of the angular momentum around thittalagxis . o ) o
during the gait motion: (a) the data calculated by the moticeated by the Fig- 7. The gluteus medialis (GMED) force calculated byistaptimization
AMPM, before (dashed line) and after (bold line) the optioratprocess. Method using human motion by a healthy subject (bold lin€) ana patient
The amplitude of the angular momentum increases as the forested by With congenital dislocation (dashed line).

the gluteus medialis decreases. These results match wetdata calculated

using human motion, which is shown in (b). In (b), the same.digta healthy  Anterior and backward trunk bending are also typical well
subject_(dashed Ilqe) and a patient with waddling gait (Hivld) caused by known abnormality that db K t d hi
congenital dislocation are shown. y thal are cause y weak vastus an P
extensors, respectively. As shown in Figure 9(d) and (&, th
output of the vastus and gluteus maximus are decreased after
the optimization.
IV. DISCUSSIONS Compared with dynamic optimization methods that have
A method to calculate pathological gait by combiningecently been used in biomechanics to simulate human gait
the musculoskeletal system and the enhanced version of &hél estimate muscle force, the method proposed in this study
3D linear inverted pendulum model was proposed in thi@s the following advantages.
research. The motion is planned by the AMPM, and it is 1) Our method to calculate human gait motion requires
evaluated by using the musculoskeletal model. As the number only a small number of parameters that de ne the motion
of the parameters to de ne the motion is less than previous of the AMPM. For example, if the musculoskeletal
appraoches including dynamic optimization-based methods system is composed of 54 muscles, and during a half gait
[71.[8], [4],[9],[10], or static optimization-based madtis [30], cycle each muscle is allowed to change its input value
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Fig. 8. Muscle force characteristics of a normal and waddgait generated
by AMPM. The muscle force are calculated by the static o@tittion method.
The plotted data include the force during normal gait (boid), pathological
gait by weakening the gluteus medialis (dashed line) ancctimeesponding
EMG data of a normal gait (dotted line) from [35]. The gurefiosy

the characteristics of (a) adductor longus (ADDLONG) (bktgacnemius
(GAS), (c) soleus (SOL), (d) vastus (VAS), (e) gluteus mksligGMED),

(f) hamstrings (HAM), (g) gluteus maximus (GMAX), and (h)tes femoris

Fig. 9. Muscle force characteristics of normal, leaningMand, and leaning
backward gait motion by the AMPM. The muscle forces were wated

by the static optimization method. The plotted data incltit force during
normal gait (bold line), pathological gait by weakening tiieteus maximus
(dashed line) and vastus (plain line), and the correspgnliMG data of a
normal gait (dotted line) from [35]. The gures show the cheteristics of
(a) adductor longus (ADDLONG) (b) gastrocnemius (GAS),s@leus (SOL),
(d) vastus (VAS), (e) gluteus medialis (GMED), (f) hamsgsn(HAM), (@)

(RF).

2)

gluteus maximus (GMAX), and (h) rectus femoris (RF).

15 times [8], the total number of parameters that de ne
the whole motion becomes 810. This means at least
810 iterations are needed for calculating the derivative
of the criteria of optmization. Although techiniques
such as using the same input signals for muscles with
similar roles [12], or controlling muscles by “Bang-
Bang” methods to reduce the search space [7], are used3)
the number of parameters still remains very large. On
the other hand, when using the proposed method, the
number of parameters is less than ten. Since the number
of the parameters is small, the optimization converges
much more quickly than dynamic optimization methods.
Comparing the amount of computation needed, our
method requires less than one tenth of the forward
dynamics approach.

Since the balance of the motion is assured by the
algorithm of the motion generation, the optimizer does
not have to spend further effort in keeping the balance
through the gait cycle. This is one of the most im-
portant contribution of the paper, because when using

optimization methods based on forward dynamics to
simulate bipedal gait, most of the iterations are done
for unbalanced motions tumbling down onto the ground.
If the system can avoid evaluating such motions, the
search for the optimal motion can be done much more
ef ciently.

It is not necessary to search manually the initial guess of
the muscle-activation parameters that decide the motion,
as the parameters that de ne the gait based on the
AMPM are intuitive kinematic parameters such as the
position and velocity of the COM. As explained in the
Introduction, when using optimization methods based on
forward dynamics, a good initial guess of the activation
data must be provided in order to prevent the optimiza-
tion process from getting caught into some local minima.
This is quite time consuming, and the researcher needs
special experience to determine the good set of muscle
activations to generate realistic gait motion. In addition
as such process is done completely manually, the motion
can become subjective to the researcher.



On the other hand, our method has the following disadvatie support phase, just as the example shown in this paper.
tages. One possibility to simulate the motion of the swing leg
a\qﬁiH‘OUt increasing a number of parameters is to use forward
ﬁimulations to produce its trajectory, or conduct anoth@r o
Imization to generate an ef cient swing motion. This idea
gmes from the natural and realistic swing leg motion that
be observed in passive gait [38]. The motion of the swing
g highly depends on the laws of dynamics. It is necessary
to reduce the output of the torques of the leg while reaching
A9 the goal position after the duration decided by the AMPM

1) Some pathological gait cannot be generated by the s
combination of the differential equations as for norm
gait. For example, sudden fall of the pelvis durin
the single support phase can result from weak kn
extender muscles, and it cannot be expressed by
same combination of differential equations as norm
gait.

2) In this study, only the AMPM parameters were used

variables of the optimization. The general coordinaté?rametg,rs' T?]'S '(‘;’, one Key prhoblelr”]n to be_ solved. b
of the initial posture of the body, the keyframe postures Regarding the discussion that the motion must be sym-

of the foot, and the trajectory of the swing leg Werénetric, the application of the proposed method will greatly
Acrease if it can also handle asymmetric gait. The approach

not used as parameters during the optimization sta ) . .
Therefore, pathological effects could not be produc ed in this study can be enhanced to simulate asymmet-
ric gait by connecting two sets of AMPM parameters each

for the swing leg. ) half | ; . k h :
3) The motion is assumed to be symmetric, although patr{g_pr_esentlng a hair-cycle ga_lt motion. To keep the motion
clic, the position and velocity of the COM and the angular

logical gaits due to injuries or paralysis cause the gﬁy N
to be asymmetric, and such effect cannot be simulategomentum at the initial posture of the rst half-cycle must

4) As static optimization is used to calculate the muscrée same as those yalugs in the last frame of the second half-
force. our method assumes the muscles exert the miﬁY—CIe' However, this will double the number of parameters,

mal amount of force to generate the motion. This is n oreover the computational cost and the chance to fall into
' j‘lct:al minima will both increase. Handling asymmetric gait i

true for some cases, for example, when the antago ; K of thi dv. that i i
muscles also exert force to increase the stiffness of t uture work of this study, that is currently in progress.

joints, and to take such effect into account, itis necessd%}howh our method only supports symmetric gait, stillrtne

to add extra parameters that express the stiffness of & various pathological gait tha}t can be swpulated by our
joints. method, such as paralysis causing symmetric effects to the

body or degeneration of gait due to aging. The impairment
One way to simulate a motion with high frequency movejoes not necessarily have to be symmetric as far as we analyze
ments is to adaptively increase the number of AMPMs ignly half a cycle. In such case, an objective function based o
represent the trajectory of the COM/ZMP/angular momentuRaif cycle will be prepared, and the user will set the impaire
during the optimization process. In that case, it is necgdsa |eg to be either the support leg or the swing leg. This will
de ne the condition of splitting a single AMPM into multiple help the user roughly estimating how the impairment affects
pieces. This can be another issue for research in the futuffe motion. Therefore, even at this stage, our method isulisef
Although high frequency motion cannot be represented by th®@m medical and biomechanical point of view.
same number of sets of AMPMs as normal gait, it is still
possible to model various kinds of pathological gait witlke th
same number of AMPMs as far as the motion is a dynamically
stable biped gait. In daily life, when humans get adjusted toIn this study, we have proposed a new method to simulate
the pain of injuries or the disfunction of their body, theydn the gait motion when muscles are weakened. The method is
out a new dynamically stable and feasible motion resultmg based on the AMPM which is an enhanced model of the
another pattern of bipedal gait. Such kind of motions mostBDLIPM that is used in robotics to generate gait motion.
do not include any high frequency data and therefore thereGompared with previous methods, the proposed method is
a high chance that the gait motion can be simulated by tRgnple, and the computational cost is much smaller.
same number of AMPMs. The ultimate objective of this research is to generate a
In order to simulate the motion of the swing leg, it iSystem that medical doctors and therapists can use to diagno

necessary to increase the number of parameters that dedfl nd out what are the impairments of the body causing the
the motion. The trajectory of the leg must be represented rffthormalities of the gait; once the impairment is known, the
only by the information of the four keyframes, but also byystem should be able to provide plans of rehabilitation or
those of additional intermediate keyframes. As the numiper @ther ideas of compensations.

parameters increase’ the Optimization process can sudfer f In order to achieve this Objective the fOIIOWing issues have
falling into local minima. In order to avoid such case, globd0 be addresed:

optimization methods such as simulated annealing [37] mustl) a technique to concisely model the musculoskeletal
be used. Although the current parameter set is not enough to  system of individual subject must be developed, and
simulate the pathlogical motion of the swing leg, it is enloug 2) a method to estimate the AMPM parameters from the
to simulate the effect of the support leg. Because the stippor gait motion data ; by proposing such techniques, a
leg needs to exert much more force than the swing leg, in  motion similar to individual gait can be represented by
many cases the the pathological motion is prominent during the AMPM model.

V. SUMMARY AND FUTURE WORK



3) a method to convert the pathological gait to a normal gaib]
by gradually changing the AMPM parameters according
to the effect of rehabilitation and other compensations, 3
Regarding issue 1, this is a very dif cult problem that inves$
not only the measurement of physical and kinematical param]
eters such as the position of the joints, mass distribuaod,
moment of inertia of the body segments but also the measure-
ment of physiological parameters including attachmermssit 15]
direction of muscle bers and average cross sectional aréa.
Although researches such as [39] appear to deal with such
problems, further tools and interfaces are required foctaral (16]
use.

Regarding issue 2, the research is now in progress. Thdg
problem is that all the externally measured values such as
the trajectory of the ZMP and ground force vectors must bg)
matched with to those trajectories calculated by the ttajess
of COM and angular moementum of the body. Usually tho?fg]
values do not perfectly match due to noise, lItering, andmgo
estimation of the inertial parameters of the body. Thersfor
a good error correction method to minimize the gap betwe&ra]
the externally measured values and the trajectories caémll
through kinematical data must be introduced.

Regarding issue 3, if a model of rehabilitation can b&l!
generated, it is possible to search for the “optimal path” {gy
convert the current abnormal gait to a normal gait. This can
be considered as a path-planning problem. As the number E
parameters of AMPM is little, it will be possible to search é

solution using methods such as A* algorithms.
[24]
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The distance between the feet when they are both on the

ground is . The COM moves during the double
APPENDIXI support phase. After switching to the single support phise,
APPLICATION OF THE ENHANCED3DLIPM FOR moves along until it stops and returns back the same path.
CALCULATION OF MOTION IN THE SAGITTAL PLANE The relationships between the ZMP, COM and ground force

Since AMPM only allows linear relationship between thgurmg the single support phase are

COM and the ground force vector, the gait motion must be (13)
divided into several phases to be represented by the AMPM.

By substituting the position and acceleration data at thghere is the position of the COM along the horizontal axis,
boundary postures into (1), the coef cients of the AMPM can IS @ constant value that is correlated with ground force
be calculated for each stage. For example, as the motiondéection and position of the COM (Figure 10(a)). Using the

the COM for the th stage is de ned by terminal condition and at time , the
motion of the COM can be nally written as:
©)

where and are the AMPM coef cients that de ne the
motion of the COM at this stage, they can be calculated kyhere s the velocity when the single support starts, and

— — (14)

substituting the position and acceleration data of the COM a . Since the duration of the single support
the beginning and end of this stage: phase is determined by the motion in the sagittal plane,
can be calculated by setting in (14). As a result,
(10) can be calculated as
(12) —

where and are the position and acceleration of the COMhe and -component of the ground force can be written as
at the beginning of stage The position of the ZMP has a

linear relationship with the position of the COM:
(12)

where and are constant coef cients that determine th&ince the trajectories of the ground force, COM, and ZMP
motion of the ZMP in each stage, and is the position of are known, rotational moment around the sagittal axis can be
the ZMP along the -axis. In the sagittal plane, the positioncalculated as

of the ZMP at OTO, HR, OIC, and TO are set under the heel,

metatarsals, and tiptoe, respectively. The position ofaki

at MS is determined in a manner that the angular momentufhe qouble support phase can be modeled as follows. Since
around the COM at the beginning and end of half cycle are
identical. The coef cients can be calculated using these
boundary conditions:

where is the position of the ZMP at the beginning of
stage . Among the variables described above, the following
parameters are used for the optimization:

the position of COM at OTO, HR, OIC, and (b)

the velocity at OTO. Fig. 10. Coordinate systems used in the frontal plane fah@gingle support

. . . hase and (b) the double support phase. The origin is se¢ fpdsition of the
The position of the COM at MS is determined so as t P in the single support phase and to the center of the fe#tia@rdouble

compensate for the angular momentum generated during $hgport phase.
single support phase. Therefore, the number of parameters f
the AMPM in the sagittal plane is four. the motion in the frontal plane is symmetric with respect to
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time, it can be considered that the ZMP and COM satisfy tlset to zero. The trajectory of the swung foot is calculated
following relationship: by interpolating the keyframes with a cubic spline curve.
Trajectories of generalized coordinates of the human body

where is the position of the ZMP along the y-axis. Since
rotational momentum is generated in the frontal plane and

since rotational momentum decreases as the COM approaches foeoff intial iniial  heel
the origin of the coordinate system, motion of the COM can contact fullcontact {15
be approximated by the following function: Fig. 11. Keyframes of the foot rotation

(15)
model are de ned here as

where is a constant. Using the boundary conditions of thghere is the number of degrees of freedom of the human

single support phase, can be calculated as body model, which is actually twenty-nine as explained in
Section 1I-C.

The relationship between velocity of the COM and velocity

. of the generalized coordinates can be written as:
The trajectory of then becomes 9

where is the Jacobian matrix that consists of the partial
where and are arbitrary constant values, differentials of the COM by the generalized coordinates:

,and is the time the double support started. Using
the terminal conditions, the nal form becomes

Acceleration of the COM can then be obtained as follows:
(16)

- components of the ground force can be Wmteﬁ\ngular momentum and the rst derivative of the general-
ized coordinates have a linear correlation:

The - and
as

where isa matrix that correlates the angular mo-
Rotational moment around the sagittal axis can be calailat@entum and the velocity of the generalized coordinates. The
by (15). Same as in the sagittal plane, because of the sympmélgrivative of the angular momentum can then be calculated as
of the motion with respect to time, we do not have to tuni@llows:

any parameters to compensate for the angular momentum. The (17)
only variables used for optimization in the frontal plane ar
and . Acceleration of the motions of the feet can be expressed as
functions of
APPENDIXIII
CALCULATING THE JOINT ANGLES USING INVERSE
KINEMATICS (18)

As we have already de ned trajectories of the COM and
angular momentum, the next step is to calculate kinematic
parameters that satisfy these trajectories. Inverse katiesn Where s the Jacobian matrix of the feet data.
is used for this purpose. At rst, positions and rotational The trajectories of the feet are calculated by scaling the
trajectories of the feet, which are de ned here as trajectories of the original feet using the subsequenttiposi
and , are calculated using footstep data speci ed iff the foot steps;
advance. As shown in Figure 11, four keyframes of the support
foot are specied. The data include postures of the foot at
initial contact, initial full contact, heel rise, and to#-orhe
- component of the velocity of the motion of the foot of the
swing leg when it is lifted from the ground is calculated by

where and are the position of theth
- and th footsteps on the oor in the newly generated
motion, and are the corresponding

where is the step length. The nal velocity of the motionpositions of the footsteps in the original motion, and
of the foot when it comes into contact with the ground i the position of the foot in the horizontal plane in the newl



generated motion, and is the corresponding position in
the original motion. The rotation of the feet in the new motio
will be calculated by using the step length as a scaling facto
. This is due to the fact that the orientation of
the feet enlarges as the step length gets larger.
By combining (16), (17) and (18), linear constraints that
must be satis ed can be written in the following form:

(19)

where , and
. Calculating that satis es (19) can
be considered as an inverse kinematics problem.
The that minimizes the quadratic form

(20)

was used to update the generalized coordinateshere
and are the target generalized coordinates and its derivative
at each moment based on the reference captured gait motion,
is the vector of elastic constants, andis the vector of
viscosity constants. that minimizes (20) and satis es (19)
was calculated by quadratic programming.
The initial posture at OTO that satis es the COM and feet
position constraints is rst calculated by adjusting thesjtion
of the pelvis. The velocity at the initial posture is caldath
by solving for the initial generalized velocity that satis es
the constraints of the COM, angular momentum, and feet:

(21)

where s the initial velocity vector and is the initial
Jacobian matrix for the whole system. Using the calculated
acceleration, the values of the generalized coordinatels an
their velocities were updated step by step, and, nally, the
entire trajectories were obtained.
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