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An inverse dynamics model for the single support (SS) phase of gait is developed to study segmental
contributions to the ground reaction force (GRF). With segmental orientations as the generalized degrees of
freedom (DOF), the acceleration of the body’s center-of-mass is expressed analytically as the summation of
the weighted kinematics of individual segments. The weighting functions are constants that are functions of
the segment masses and center-of-mass distances. Using kinematic and anthropometric data from literature as
inputs, and using the roll-over-shape (ROS) to model the foot-ground interaction, GRF obtained from the inverse
model are compared with measured GRF data from literature. The choice of the generalized coordinates and
mathematical form of the model provides a means to weigh individual segment contributions, simplify models
and choose more kinetically accurate inverse dynamics models. For the kinematic data used, an anthropomorphic
model that includes the frontal plane rotation of the pelvis in addition to the sagittal DOF of the thigh and shank
most accurately captures the vertical component of the GRF in the SS phase of walking. Of the two ROS used, the
ankle-foot roll-over shape provides a better approximation of the kinetics in the SS phase. The method presented
here can be used with additional experimental studies to confirm these results.

Mochon and McMahon1980 to complex musculoskeletal
models Anderson and Pand®2007). A simplified model for

In inverse dynamics models of gait, measured kinematicsgait cannot capture all the characteristics of human walking,
estimated body segment parameters (BSP) and measurachile a complex model becomes analytically intractable. Ide-
ground reaction force (GRF) are usually used as inputsally, a mathematical model for gait should include all the
to compute the internal joint forces and momenidirter, degrees of freedom (DOF) that are major contributors to
2009. GRF are external forces acting on the body, and intro-the activity. Six quantities, namely, the rotation of pelvis in
ducing them as inputs in the inverse model overdetermineshe frontal and transverse planes, knee flexion in the stance
the problem Katze 1981). This overdeterminacy results in phase, rotations of the foot and knee and the lateral move-
a residual error in the joint kinetics computatiof®&idmer  ment of the pelvis were identified as the six determinants of
et al, 2008. In this work, an inverse dynamics model that gait (Saunders et g11953. Although, the influence of these
uses only the kinematics and BSP as inputs is developed. ThBOF on the vertical center-of-mass (COM) motion and en-
measured GRF is used to validate the model. ergy cost has been debatd¢up, 2007), it is accepted that

The motivation for this work is a mathematical model that these six quantities are characteristic features of gait. The in-
can be extended to study asymmetric gait with only kine-dividual contributions of these and possibly other DOF to the
matic measurements as inputs. This model for normal walk-overall kinetics needs to be quantified. By knowing the DOF
ing can serve as a baseline model for asymmetric gait, sucthat are active contributors, one can determine the kinemat-
as the gait of a prosthesis user, since errors in the anthropaes that must be most accurately measured and reduce or add
morphic model are accounted for. DOF to the mathematical model to make it simpler or more

Mathematical models of gait vary from simple planar link- accurate.
segment modelsdnyshko and Winterl98Q Winter, 2005



Various researchers have used forward or inverse modeleverdetermined inverse model. Since joint reactions cannot
to predict the GRFPandy and Berm§L989h used a three- be measured experimentally, the validity of these studies is
dimensional forward dynamics model that used five of thedependent on the accuracy of the model. In this work, com-
six determinants of gait for the simulation of normal gait parison of the GRF from the model to the measured values
to quantify the influence of individual gait determinants on provides a means to determine the accuracy of the model, and
the GRF and studiedP@ndy and Bermel9893 the com-  the use of segmental orientations as the generalized DOF en-
pensatory actions required when each of these DOF was sysbles us to obtain analytical expressions for the contributions
tematically removed from the model. The model used wasof each segment’s kinematics to the GRF results. By system-
not an anthropomorphic model, and the joint moments wereaatically eliminating the DOF whose contribution is not sig-
heuristically selectedMochon and McMahor{(1980 used  nificant, an optimal number of measurements needed for a
a ballistic model for the swing phase, which assumed zeraeasonable estimation of GRF can be obtained. This can re-
moments at the joints, to study the influence of the determi-duce the number of kinematic measurements and BSP esti-
nants of gait on the GRREhornton-Trump and Dahg€1975 mates and thereby reduce the corresponding errors.
obtained GRF and joint kinetics from an inverse model and Apart from kinematics and BSP, the COP and foot kine-
used these data as inputs for the analysis of a polycentricmatics Mccaw and Devitat 1995 Silva and Ambrosip
prosthetic kneeZarrugh(1981) obtained GRF from an in- 2004 have also been found to influence the joint moment
verse model to study joint powers but did not include a pelviscomputations. Simulation studies on gait have used mod-
link. Winiarski and Rutkowska-Kucharsk2009 used in- els such as the triple rockeP¢rry, 1992, polynomial fits
verse dynamics to study the suitability of estimating GRF (Ju and Mansourl988 Ren et al. 2007) and COP-based
from the kinematics of the COM in normal and pathological fits (Koopman et al.1995 Srinivasan et al.2008. McGeer
gait.Pillet et al.(2010 obtained GRF from an inverse model (1990 used circular arcs for the plantar surface of the foot
for a force-plate-less estimation of center of pressure (COP)n passive dynamic walkers, anénderpool et al(2008
trajectory during gaitOh et al.(2013 used an artificial neu-  found that rolling feet are energetically efficient and can ac-
ral networks-based analysis for force-plate-less estimation o€ount for the loss of ankle motion. In their experimental stud-
GRF. ies,Hansen et al(2004) define foot roll-over shape (FROS)

While forward dynamic models require joint moments and ankle-foot roll-over shape (AFROS) based on COP data.
(which cannot be measured directly) to be specified; inverséheir experimental studies found that the AFROS remains
dynamics models need kinematic data as inputs. The gerthe same irrespective of changes in walking spe¢ahéen
eral trends of joint/segment angles in normal gait have beert al, 2004, heel height flansen and Childres2004 and
studied extensively and are readily available in the litera-load carriagelansen and Childres2005. They also found
ture Saunders et 311953 Inman et al. 1981 Perry, 1992. that a person controls the ankle kinematics to maintain a con-
Therefore, an inverse dynamics model that incorporates alsistent ROS\(Vang and Hanse2010 and that in the case of
the sagittal plane DOF of the lower limb segments, the frontala trans-tibial prosthesis user, an alignment for better walking
and transverse plane rotation of the pelvis, lateral movemenperformance for a given type of prosthetic foot can be deter-
of the legs and a single head-arms-and-trunk (HAT) segmenmined using this ROSHansen et al2000. Srinivasan et al.
is developed in this work. Newton’s equation is rewritten to (2009 used Hansen’s ROS in a forward dynamics model for
express GRF as a weighted summation of segmental kinethe gait of trans-tibial prosthesis users. Since the FROS and
matics. This enables the study of contributions of each of theAFROS shapes are backed by extensive experimental stud-
DOF/segment kinematics to the GRF in a more direct way.ies, we use these models to model the foot-ground interface
Expressing the model in terms of contributions of individual in our work.
segments will enable extension of the model to study asym- Optimization is used in this work to ensure that the in-
metric gait, such as the gait of a prosthesis user, where thput data satisfies the kinematic constraint of the swing
properties and kinematics of the prosthetic limb are likely tofoot clearing the ground during the SS phase. Unlike other
differ from those of the unaffected side. optimization-based inverse modekoppman et al. 1995

Many inverse dynamics models suffer from errors in kine- Ren et al. 2007 in which optimization is used in parallel
matics (noise in measurements, errors due to data filterwith the inverse model to predict the kinematics, kinetics or
ing, curve fitting technique used and derivative computa-both, here optimization is used only to correct any errors in
tion) and BSP (mass, inertia and COM location) estimatesdata that cause violation of the kinematic constraints. The ef-
While some studiedRamies-Vila et a].2012 Reinbolt et al, fects of using the FROS and AFROH4gnsen et a).2004)
2007 suggest that errors in kinematic data influence jointmodels on the GRF computations are studied.
moment estimates more than the errors in BSP estimates, oth-
ers Rao et al.2008 Pearsall and Costigath999 show that
the influence of BSP errors cannot be neglected. In all the
above cases, the sensitivity of the joint reactions to the per-
turbations in the kinematics and BSP are studied using the



(b)

Stick figures showing the angles in t{& sagittal andb) frontal planes. All angles are measured with respect to N. (HAT segment
is not shown in the frontal planz)

assumed to be connected to the mid-point of the pelvis. The
foot-ground interaction is modeled using two different foot
models:

The anthropomorphic model of gait consists of eight seg- 1. A rolling contact foot model with Hansen’s Foot ROS
ments and eleven DOF (Fig). The eight segments are: the (Fig. 2).

foot, shank and thigh of each leg, the pelvis and the HAT. The 5 - A qjling contact foot model using Hansen's Ankle-Foot
segments of the leg — foot, shank and thigh — are assumed  png (Fig.3).

to remain in the same plane and are connected by revolute

joints at the hip, knee and ankle. Transverse plane rotatiod he FROS is obtained by transforming the COP data from
of the leg is assumed to be zero. Thus, the stance leg ha (the coordinate system fixed to the ground) to a coordi-
4 DOF: sagittal plane rotations of the foét), shank¢s) nate system fixed to the foot at the ankle, and the AFROS is
and th|gh 63) and the frontal p|ane rotation of the |eg as a obtained by transforming the COP data from N to a coordi-
whole @4). The swing leg also has 4 DOF — sagittal plane nate system fixed to the shank at the ankle. In the latter case,
rotations of the footdy1), shank 1) and thigh ¢g) and the ~ the AFROS takes into account ankle flexion and models the
frontal plane rotation of the leg as a wholg) The pelvis ~ Nnet motion as rolling motion of the shank and foot complex
has two DOF — rotation in the frontal) and transverse With respect to the ground so that the ankles of the swing and
planesfg). The HAT segment is assumed to be rotating only stance legs can be assumed to be rigid in the mathematical
in the sagittal plane%). The angles in the frontal, trans- Model. The angles of the foot segméntindes; are then de-
verse and sagittal planes are measured as the orientation #rmined using, = 6 — fankandd11 = 10 — bank. The value

the body-fixedx, y or z axis with respect to the ground- fank is the angle between the shank and the foot segments
fixed X, Y and Z axes respective|y_ The body-fixed coor- that remains constant since the AFROS accounts for the an-
dinate systems of the segments are as shown iniFighe kle flexion. Therefore, while the model using the FROS has
pelvis is modeled as a massless link, and the HAT segment igleven DOF, the model using AFROS has only nine DOF.
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The position, velocity and acceleration (\) of a point BP
on a rigid bodyB moving in space with respect to another
point BQ on the same body (expressedvipare given by

Pgpieo=Pep—Peo=Tar",
1)

Vepso=Vep—Veo=ws xTer? and
Agpieo=Agp — ABg=0g x Ter®+wp x (wgxTr®)

respectively, whereg is the angular acceleratiowg is the
angular velocity of bodyB in N (expressed iV), Tg is the
3 x 3 transformation matrix obtained using space-fixed -
X transformationsKane et al. 1983 andr8 is the position
vector from point BQ to BP expressed i

The above equations can be rewritten as

Pgpiso=Tar®,
VepBQ= Cgr® and (2)
Agpg=Epr®

where Cg=agTg, Eg=agTg+awgCpg and the skew-
symmetric matrix of any general vectog = (¢, gy, 9)’
is given as $habana2010

~ 0 —qz 4y
d=| ¢ 0 —g )
—qy 4x 0

The productEg rB of Eq. (2) can also be written in column
vector notation as
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shank) along the shank length.

where the subscriptsl, ¢2 andc3 indicate the first, sec-
ond and third columns of the matrkg, respectively. Using
the above notation, the acceleration of the COM can be ex-
pressed as (Appendix A)

|
E

whereSt A, is the acceleration of the ankle of the stance
leg, ks are functions of mass fractions and COM distances
andEs are dependent on the kinematics of the segments.

Acom= StAank—i- Z k (%)

Newton'’s equation of motion for the whole body in the SS
phase is given by

GRF=MAcom— Mg=M (Acom—zmig) :ZRi (6)

wherem; is the mass fraction of th&h segmentM is the
total mass ang is the gravity vector. Expressing all the ac-
celerations in terms dEs, GRF can be rewritten as the sum-
mation of contributions from each segment’s kinematics as
(Appendix A)

GRF =%Ri + *'Rek+ S'Rin + Rpel

7
+ Rhat+ *"Rih + *"Rsk+ "Ry %

where R;s are the segmental contributions and the super-
scripts “sw” and “st” indicate swing leg and stance leg, re-
spectively, and the subscripts “ank”, “ft”, “sk”, “th”, “hat”
and “pel” indicate the ankle, foot, shank, thigh, HAT and
pelvis segments, respectively. The contributions of the seg-
mental kinematics towards the GRF are given by EAS8) (

to (A15). The segmental contributioR; has units of force.



Each of theR;s is expressed as a summation of a vari- When#és, ws andas are set equal to zero, the contributions

able acceleration termM k; E;) and a constant gravity term of transverse plane rotation of the pelvig)(are given by,

(m; M g). Thek;s in the acceleration terms are functions of

the mass fractions of multiple segments and the distance ofRpeix = Mk4 (—wéSe +a6C6>

the COM from the joints (EgA5), and eaclk; is a function

of the kinematics of segment For a given set of anthropo-

metric data (estimated segment masses and COM distanceg)nd wherdg, wg andag are set equal to zero, the contribu-

eachR,; is a function of only the kinematics of a particular tions of frontal plane rotation of the pelvigs) are given by,

segment. The foot segment’s contributigRy is also de-

pendent on the ankle acceleratid@ny), which is deter-

mined by the ROS used (Appendix B). Using the anthropo- Rpete =0

metric data fromWinter (2009 in Eq. (A5), we get (inm) R, = Mk, (wgSs —OtsCs).

k1 =-0.0009,k2 =0.41,k3=0.28,k4=0.144 k5 =0.194,

ke =—0.033,k7 = —0.0147 andkg = —0.0009. The above equations show that the transverse plane rotation
The segmental contributions to the vertical component ofof the pelvis has no effect on the GRFy and the frontal plane

GRF (GRFy) are given byy(components in EQ#8 to A15) rotation has no effect on the GRFx.

(10)
pely =0

(11)

Rity = M Aanky + Mk (~S101 — (0F +0F) C1Ca

t
—a484C1) + “miMg, The kinematic data frordvinter (2005 are used to study the
st _ _ (.2, 2 _ segmental contributions to the GRF. The sagittal plane rota-
Rsky = Mk | —Soc wi+ @5) C2Cq — aaSaC
S0 2( 2 ( 4 2) e T tand 2) tions of the foot, shank, thigh and HAT are obtained from
+ S'mgMg, Winter (2005. The frontal plane rotation of the legs(and

st 2., 2 0g) is assumed based on general gait trends in normal gait
Riny = Mks <_S3a3 B (a)“ +w3) CaCa— a4S4C3) (Inman et al. 198% Perry, 1992. In normal gait, the trajec-

+ Smn Mg, tory of any point on the pelvis, including the hip joints, in the

transverse plane is a sine cur¥enjan et al. 1981). There-

fore, the trajectory in the transverse plane of any point on the

pelvis can be given by = C sin(wt + ¢), wherew =2r/T

and T is the period of the gait cycle. The maximum lat-

Rpely = Mka <w5w636 + w§S5C6 — Ot5C5C5> ,

Rhaty = Mks (—S7ot7 - w$C7> +mpatM g,

W Ry = Mke (_Sgag _ (wg +wg) CoCg — asSng) eral translz_:\tion of the p_elvis is approximately 0.02 m and is
reached slightly after mid-stancian et al, 1981). Using
+ ¥mnMyg, these two assumptions, the values(dfand ¢ were deter-

mined. The height above the ground of the hip joint is known

sw _ _ N 2 _
Rsiy _Mk7< S10010 (w8+w10) C10Cs (XgSng) from the hip trajectory dataWinter, 2009, while the equa-

+ VmgkMg and tion for Z gives the amount of lateral displacement. Using
W 2 9 this information, the frontal plane rotation of the leg is deter-
Rity=Mkg (_511“11_ (“’8+“’11> C11C8_“358C11) mined for the entire stance phase. A Fourier series curve for
+ Y Mg (8) the full gait cycle is fit using this data to determine the leg
angle in the frontal plane during swing.
where,S; =sin6;, C; = cosb;, w; = 6;, a; = 6;, M is the total Using the available data and the fact that gait is symmet-

mass and'Aankyis the vertical component of the acceleration ric for a normal person, the frontal plane rotatiés)(@nd the

of the ankle of the stance leg given by EB1J. The segmen- transverse plane rotatiofg] of the pelvis are obtained as fol-

tal contributions to the anterior-posterior component of GRFlows: from the hip trajectory data/(inter, 2009, it is seen

(GRFx) and medio-lateral component of GRF (GRFz) canthat the height above the groung ¢oordinate) of the hip

also be obtained from EqsA8) to (A15). joint at ipsilateral and contralateral heel contact (HC) is ap-
Each segmental contribution is a function of one or two proximately the same. This equality implies that in symmet-

DOF. To study the contribution of a DOF of a particular seg- fic gait (as is the case here) at HC the height above the ground

ment, the other DOF is set equal to zero. For instance, th@f the right and left hips is the same, indicating that the pelvis

contributions of pelvis to GRFx and GRFy are given by, is level with (i.e. parallel to) the ground in the frontal plane
at HC. Also,Inman et al(1981) reported gait characteristics
Rpely = Mkg <—a)§56 — w5w6S5Cs +066C5C6> of six adult males walking at moderate walking speed and
9) found that, in general, the pelvis is level with the ground in
Rpely = Mka (wsweSe + wES5Ce — asCsCe) . the frontal plane at HC. Therefore, the pelvis rotation in the

frontal plane ¢s) at HC is assumed to be zero.



From the hip trajectory data, the hip displacement in the  gof \ T Winter (2005
direction of progressionx(direction) from ipsilateral HC to B 6ot \
contralateral HC (sayl1) and the hip displacement in the S 40l —“ ]
direction of progression from contralateral HC to ipsilateral 2
HC (sayd») are known. Again, due to the symmetry of nor- £ 20 \
mal gait, the distance along thedirection between the right o J

and left hips at right HCx; — x2) must be the same as that 0 20 4& Gait c|6e0 80 100
at left HC (x2 + d2) — (x1 + d1). Sinced; andd, are known ¥
guantities, this equality can be solved to obi&in=x; — x». (a) Foot angle

This valuedx, in turn can be used to obtain the transverse  ,qc

plane angular positiord§) of the pelvis at HC. For the kine- = AN T‘(’)"F‘)rt‘itrf]riz(gg%
matic data fronWinter (2009, the value obg at HC is 10.3. g o
Since the relative position of the hips at HC is known, a o 20 \
unit vector along the line joining the hip joint&, at HC §:’
is known. Using the sagittal plane hip trajectory data from —40 . . . . \
Winter (2005 andZ, the 3-D trajectories of the right and left 0 20 40 60 80 100
hips, and therefore the vectar are known for the full gait % Gait cycle
cycle. For aZ-Y-X transformation with no rotation about the (b) Shank angle

Z axis, the DOFs andfs can be computed using

| —— Winter (2005
05 = atan(—hy / hz) and ) o /0 T - Optimized
o 10
06 = atan(—h. S5/ hy). (12) = . 0
5 i 3
Fourier series curves are fit to all the kinematic data ( §_10 )
through#61). In order to determine the number of Fourier /

coefficientsn required for each fit, the least squares errors 0 20 40 60 80 100
are determined as is increased. For each of the fits, the % Gait cycle

(as itis increased) that results in a change in the least squares (¢) Thigh angle

error that is less than one degree is chosen. In order to en- . . . .

sure symmetry of the gait data, the time period used for the = 1 —— Winter (2005
Fourier series fit for the HAT segment is half that of the oth- & 0f

ers, and only odd harmonics of the Fourier series are used for g -1t

IR

the pelvis DOF. g’ -2r
_3.
0 20 40 60 80 100
% Gait cycle
In the single support phase of walking the stance leg is in (d) HAT angle
contact with the ground while the swing leg clears the ground
as it moves forward. In experimentally obtained kinematic Sagittal plane kinematic data for full gait cycle (toe-off to

data, due to errors, the data may indicate that the swing legoe-off) (Winter, 2005. (a) Foot, (b) shank,(c) thigh and(d) HAT
contacts or digs into the ground. This is a violation of the angles. Fofa)—(c) the data from 0 to 39 % gait cycle indicate data
kinematic constraint that the swing leg remains above thefor the swing leg and angles from 50 to 89 % gait cycle indicate data
ground in the SS phase. To address this issue, in this workfor the stance leg in the SS phase.

optimization is used to modify the segment angles such that

the swing leg remains above the ground during SS phase. No

kinetic constraints or energy criteria are employed, and thevherex is the vector §2, 03, 64, 05, 66, 0g, 09, 610] and ymin
optimization merely serves to render the kinematics realisticis they coordinate of the lowest point on the foot. To ensure
With the input kinematic data and FROS, the kinematic con-minimal deviation from known trends, small values 6fihd
straints are not violated. However, when AFROS is used, thel mm are chosen fatx and A, respectively. Every instance
constraints are violated in the swing phase just before HCOf the SS phase is checked for constraint violation, and opti-

The optimization problem statement for this case is given asmization is performed whenever there is a violation. Fourier
series curves are fit again to the optimized kinematic data.

Minimize |x —xol The optimization and curve fitting are thus performed itera-
such that ymin > A (13)  tively until a set of kinematics that satisfies the constraints
x—0x <x <x-+8x are obtained. It can be seen from Figand>5 that after opti-

mization, the kinematic data show little or no variation from
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(c) Leg angle in the frontal plane

Derived frontal plane and transverse plane kinematic data
for full gait cycle (toe-off to toe-off). Pelvis anglg®, b) in the GRFy and stance leg, HAT, pelvis and swing leg contribu-
frontal and transverse planes and leg arfg)en the frontal plane.  tions during SS phase as a fraction of body weight @hAFROS
For (c) data from 0 to 39 % gait cycle indicate data for the swing leg and (b) FROS. (Gait cycle starts at toe-off of the other leg, that is,
and data from 50 to 89 % gait cycle indicate data for the stance legy; the beginning of SS.)
in the SS phase.

the initial data except for pelvis rotation in the frontal plane of the stance leg and pelvis (F.@' The contributions of
(Fig. 5a) around HC of right leg (39 % of gait cycle). Once the HAT to GRFy are also relatively constant (F&. The
. . X . ' variable acceleration termg; E;s) of R; of the swing leg
a valid set of kllnematlcs are obtqlned, these data are used t&egments (EqsA13 to A15) are rendered negligible by the
study the contribution of kinematics to the GRF. small values of the correspondikgs. In the case of the HAT
segment, thé; E; of the contribution (EgA12) is small due
to minimal change in the HAT angle (Figd, HAT angle
has a range of%. Hence, only the segment weights (that
The segmental contributions of the stance leg (foot, shanks, the gravity terms in EqsA12 to A15) of the HAT and
and thigh), pelvis, swing leg and HAT (expressed as a fracswing leg segments contribute to GRFy. The difference be-
tion of body weight — BW) to GRFy and GRFx from the tween RMS values (Tabl&) with all the DOF and with-
models using AFROS and FROS are shown in Fégend7, out the DOF of the swing leg and HAT is approximately
respectively. Between the models using AFROS and FROS0.01 BW for GRFy. This difference is negligible given that
the contributions of the stance leg segments showed variathe GRFy varies around 1BW in the SS phase of normal
tion (Fig.8) while the contributions from the segments of the walking. Therefore, the DOFs of the swing leg and HAT,
swing leg remained similar as expected. The contributions oto 611, can be eliminated from the equation for GRFy.
the segments of the swing leg to GRFy for the model that The contribution of the transverse plane rotation of the
uses AFROS are shown in Fig.The variations in the swing pelvis to GRFy (Eq10, Fig. 10) is zero, and the contribution
leg contributions to GRFy are much smaller, and the con-of the frontal plane rotation of the pelvis to GRFy (Ed.,
tributions are almost constant compared to the contributiong-ig. 10) is the same as when both the DOF are included. In
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GRFx and stance leg, HAT, pelvis and swing leg contri- Contributions from foot, shank and thigh of the stance

butions to GRFx during SS phase as a fraction of body weight withleg and sum of all three (Leg) to GRFy in SS phase as a fraction

(a) AFROS andb) FROS. (Gait cycle starts at toe-off of the other of body weight with(a) AFROS andb) FROS models for the foot.

leg, that is, at the beginning of SS.) (Gait cycle starts at toe-off of the other leg, that is, at the beginning
of SS.)

other words, the entire contribution from the pelvis segment

to GRFy comes from the frontal plane rotati@n The RMS

values also show a minimal change in GRFy (Tahlerhen

06 is ignored, while the difference is considerable whers

ignored. Also, the contribution of the frontal plane rotation of \;4«t mathematical models include only sagittal plane kine-

fthe stance leg to GRFy (Fig2) is almost zero (r_lo difference  patics Gelles et al. 2001 Ren et al, 2007 Martin and

in the RMS value with all DOF and wheia =0 in Tablel),  gchmiedeler2014 and avoid the pelvis linkMochon and

confirming the dominance of the sagittal plane DOF_ of the\recmahon (1980 use a ballistic swing phase model but do

leg. Therefore, the measurementgfandds is not required 4t incjude the frontal plane rotation of the pelvis or ankle

for the computation of GRFy. plantarflexion in their model. Their results for GRFy do not
In the case of GRFx, the pelvis and the stance leg argqy the characteristic double hump, and they concluded that

the most dominant contributors (Fig). The contributions ¢ 0| plane rotation of the pelvis is probably necessary to

of the swing leg and HAT, however, are not constant as iNcantyre that. Our result confirms that conclusion and shows
the case of GRFy. Moreover, the GRFx obtained from they, ¢ the frontal plane rotation of the pelvis is a major contrib-

models gave an RMS error of 0.25 and 0.28 BW for AFROS, 5, 1 the characteristic shape of GRFy and must be included

and FROS, respectively, and the results showed a poor matG 5 mathematical model for gait. One contradictory result

with the experimental data (Fig3). is from Pandy and Berm&1989h who, in their forward dy-
namics simulation, found that the pelvic list (frontal plane ro-
tation of the pelvis) is not a dominant dynamical determinant
of GRFy. However, their model was not anthropomorphic
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GRFy results for SS phase with all DOF and without the
frontal plane rotation of the le@f = 0) with AFROS. The results
from the model using FROS are similar. (Gait cycle starts at toe-off
of the other leg, that is, at the beginning of SS.)
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" — Model
Contributions from foot, shank and thigh of the swing

leg and sum of all three (Leg) to GRFy is SS phase as a fraction of

body weight with AFROS.The results from the model with FROS

are similar. (Gait cycle starts at toe-off of the other leg, that is, at the
beginning of SS.)
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GRFy results when all the DOFs are used and with
minimal DOFs in the model with AFROS. The results for the model
using FROS are similar. (Gait cycle starts at toe-off of the other leg,
that is, at the beginning of SS.)

T\ e
S

05y, Gazi?cycle25 %0 %40 When FROS is used for the foot-ground interface, the GRFy
Contributions of pelvis DOF 45 anddg to GRFy in estimation requires measurement of four DO, @2, 03
SS phase expressed as a fraction of body weight with AFROS. Thé@nd 65). When AFROS is used, the number of required
results from the model with FROS are similar. (Gait cycle starts atDOF is reduced to three sin€g =6, — 0ank, w1 =w2 and
toe-off of the other leg, that is, at the beginning of SS.) a1=az. The GRFy estimated using minimal kinematics
match closely with the GRFy from the model with all
the DOFs (Fig.12). The RMS error between GRFy from
because they neglected the effect of the foot and attacheghe model with all DOF and with minimal kinematics are
a massless damped spring between the hip and ankle of thg0202 BW for FROS and 0.0198 BW for AFROS. There-

stance leg. fore, measurement of sagittal plane kinematics of the stance

The results of the segmental contributions showed that thgeg and the frontal plane rotation of the pelvis is sufficient to
sagittal plane DOFs of the stance leg and the frontal plane ropptain a good approximation of GRFy.

tation of the pelvis link are the most dominant DOFs for the
prediction of GRFy. Based on these observations, the analyti-
cal expression for GRFy in SS phase of gait can be reduced to

The GRFx obtained from the model cannot be used in an
inverse dynamics model as this would give large errors in
the horizontal joint forces and joint moments. Resealdry(

and Popovic2008 shows that the angular momentum reg-
ulation in gait influences the horizontal component of GRF.
Koopman et al(1995 ensured that the kinematics are such
that the GRF vector passes though the COM and obtained
GRFx and GRFz that matched well with the experimental

GRFy~ Mg + Ms, (alCl - wfsl)
+M (k1 + sy) (—a1S1 — w%Cl)
+ Mko (—Sz(xz—a)%Cz) +Mk3 (—Sgozg—a)%Cg)

+ Mkg (w§S5 — O[5C5> . (14)
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0.6 —=— Model-AFROS ]
—— Model-FROS be attributed to the ROS models used. From B®)( we

observe that the ankle acceleration has a direct correlation to
GRF while the rest of the kinematickg) are scaled by a
factor less than one. Therefore, the accuracy with which the
foot model predicts the acceleration of the ankle joint plays
a significant role in accurate GRF computation. The GRFy
obtained using the FROS model reaches a very high value

GRFx/BW

9 towards the end of the SS phase when compared to GRFy

0.4 1 when the AFROS model was used (Fid). This difference

-o. : : : . . . . could be due to the fact that the ankle is assumed to be rigid
L e Ty VL G for AFROS model but not for the FROS model. The circu-

lar ROS takes into account the plantarflexion of the ankle

GRFx results for SS phase — experimental data andjoint, and since the FROS model has both rolling motion and

results for AFROS and FROS foot models using GRFy and the asankle plantarflexion, the combined effect has likely resulted

sumption that the GRF vector passes through the COM. (Gait cyclgy, overprediction of GRFy towards the end of the SS phase
starts at toe-off of the other leg, that is, at the beginning of SS.) (Fig. 15).

In order to understand the effect of using a ROS, the
GRF is computed using the ankle acceleration directly from
Winter (2005. In other words, the®'A ok in EqQ. (A6) is
obtained directly from experimental data as opposed to the
GRFx— (ux/uy)GRFy (15) _models with ROS in which case tﬁbﬁl_ank is cor_nputed us-

ing Eq. B1). In all three cases, there is a consistent overpre-

whereu is the vector from the contact point to the COM. diction of GRFy in the first half of the SS phase (Fig).

The GRFx obtained using this assumption (Rig) show a ~ When FROS is used, the first peak of the GRFy curve is
better match with the experimental data than the GRFx ob-shifted forward, while the model with AFROS gives a peak

tained from the model (Figl3). The GRFx obtained using at approximately the same % gait cycle as the experimental

this assumption gave an RMS error of 0.09BW and 0.13BwValues. Even in the case where no ROS is used, the GRFy
for AFROS and FROS models, respectively. curve does not match the experimental values well (RMS er-

ror=0.1399 BW), possibly due to measurement errors. The

RMS error for GRFy is lower in the case where no ROS is

used (0.1399 BW) when compared to RMS error when the
The input kinematic data for both the models are similar, FROS and AFROS models are used for the foot-ground in-
and hence, the segmental contributions for all the segmentteraction (Tablel). This result shows that direct measure-
showed similar patterns (Fig6.and7) except for the con- ment of the ankle kinematics is better than using a model
tributions from the stance foot (Fi§). This discrepancy can for the foot. However, using a ROS to model the foot-ground

data. Making this assumption, the GRFx at every instance i
computed as



RMS values of predicted GRFy (normalized by BW) with respect to the experimental values.

GRFy AlIDOF 671t0011=0 65=0 65=0 642=0 Reduced model
04, 65 andf7 10011 =0

AFROS 0.1571 0.1664 0.1570 0.1777 0.1567 0.1660

FROS 0.3195 0.3308 0.3204 0.2840 0.3198 0.3322

interaction would enable comparison of a prosthetic foot to Results from this work show that the pelvic rotation in the
a normal foot or comparisons involving different prosthetic frontal plane, the rolling foot model and the sagittal plane
feet and varying alignments without collecting gait data eachrotations of the segments of the stance leg are the major con-
time. Since the purpose of this study is to extend the modetributors to GRFy in the SS phase of gait. Of the two ROS,
to the analysis of the gait of a prosthesis user, the two ROShe AFROS provides a better approximation of GRFy. A min-
models are compared. imal 3-DOF (rotations of the thigh and shank in the sagittal
Both the FROS and AFROS are derived using the samelane, and pelvic rotation in the frontal plane) anthropomor-
COPx data. Although the ROS captures the geometric shapphic model can be used to approximate GRFy. Using the re-
of the rolling foot, the dynamics associated with the FROSduced model can enable gait studies in settings other than a
and AFROS are different, resulting in changes in the corre-gait lab by using minimal kinematic measurements and pre-
sponding GRFy. In other words, the ROS models the dis-determined ROS characteristics (radius, arc length and center
placement of the foot with respect to the ground more ac-of ROS location) of the footH{ansen et a]2000.
curately than it models the time derivatives of the displace- A systematic reduction of the mathematical model to ob-
ment. The discrepancy is less pronounced in the case of thiain a simplistic yet effective model is possible if a complete
AFROS model. The RMS error for GRFy from the two mod- set of 3-D kinematic data and BSP are available. In this work,
els (0.1571BW with AFROS foot model and 0.3195BW due to the lack of a full set of kinematic data, the frontal plane
with FROS model in Tabld) show that the AFROS gives rotation of the legs was assumed, and the pelvis DOF were
a better approximation than the FROS. derived using the hip trajectory in the sagittal plane and the
While the model’s ability to accurately predict the timing fact that gait is symmetric. However, this is not a limitation
of the first peak is sensitive to the foot model used (whichof the modeling procedure itself. While the lack of full data
in turn is dependent on the COP trajectory), multiple factorslimited the validation of the model to the one set of gait data
could be influencing the overprediction in the first half of the (Winter, 2005, the typical patterns of the joint angles and the
SS phase. The contribution from the HAT segment to GRFYGRF for normal walking are well-establisheldihan et al.
is essentially constant and is dependent on its estimated mask981; Perry, 1992 Srinivasan et al2008, which lends con-
Any change in the HAT segment’s estimated mass would in-fidence to the model’s validity.
crease or decrease the magnitude of GRFy without changing A limitation of the model is the inaccuracy in predict-
the shape of the peak. Also, the head, arms and trunk aring the GRFx directly from the model. Balance considera-
modeled as a single segment. A model that includes mordions, however, are known to play a role in influencing GRFx
segments (that is, more DOFs) in the upper body could im-(Herr and Popovic2008 Firmani and Park2013. Using
prove the results. All the segments are assumed to be rigidhe GRFy from the reduced model with the assumption of
and the overprediction could be due to the lack of compli-angular momentum control for balance better approximates
ance in the model. The use of a damped spring attached tthe GRFX, indicating that this condition is necessary for the
the segments of the stance leg aBandy and Berm§l988 model to be useful for inverse dynamic analysis.
to account for the damping in the leg could potentially im-  Even though this work does not perfectly model normal
prove the GRF results. gait, its usefulness is as a baseline for asymmetric gait. The
form of the model enables easy extension to model asym-
metric gait where the BSP and kinematics of the segments
of the right and left sides vary, as in the case of prosthesis
The choice of segmental orientations with respect to a groundisers. The use of ROS enables the analysis of the gait of
reference frame as the generalized DOF enables the eXrosthesis users with different prosthetic feet since experi-
pression of the GRF vector as a linear combination of themental data for ROS of different prosthetic feet have been
columns of segmental kinematids (natrices). This mathe- reported klansen et al.200Q 2004 Hansen and Childress
matical form enables the study of the influence of the kine-2004. The radius of the ROS and the center-of-ROS location
matics of a chosen segment or DOF, resulting in a reducedre representative of the compliance and the alignment of the
model for GRFy. prosthetic limb, respectivelfHansen et al200Q Srinivasan
et al, 2009. The effect of different prosthetic feet (modeled



by different ROS), alignments and mass distributions of the The methodology described can be used with more sets
prosthetic limb, etc., can be studied. The results can be comef experimental data to determine statistically the minimum
pared using the developed normal gait model as the basédOFs and ideal ROS for the model. The developed model
line model. This comparison would be more appropriate thancan be extended to the double support (DS) phase by in-
comparison of a model for asymmetric gait to experimentalcorporating additional kinematic constraints in the optimiza-
normal gait data since the baseline model accounts for erroron since some of the DOF will be dependent as a result
due to modeling assumptions. of the closed loop kinematic chain formed by the limb seg-
ments in DS. Modeling DS would also require assumptions
on the load sharing between the two le§e( et al. 2007,
Koopman et al.1995. Future work will include the study
of the double support phase and sensitivity of joint moments
and forces to perturbations in the kinematic data such as in
the case of the gait of prosthesis users.



The position vectors, throughri4 (Fig. Al) expressed in
the respective body-fixed coordinate systems are given by-

ro =[0r2,0]', r3=[0r3,0]’, ra =[0rsy0]',
rs=[0rs,0]', re=[0re,0]', r7=[0r7,0]',
rg = [0rg,0]', ro =[0re.0]', rio=[0r10,0]',

r11=[0r11,0]', ri2=[0r12,0]', r13=[0r13,0] and

/

ria=[0r14,0]". (A1)
The acceleration of the COMom can be written as
Acom =" Ag + Smsk> Ak + Smin At

+ mpelApel + MhatAhat

+ mn VAt + " me>VAsk+ me MMAr  (A2)

wherem denotes the mass fraction and the subscripts “ft”,
“sk”, “th”, “pel” and “hat” indicate the foot, shank, thigh,

pelvis and HAT segments, respectively, and the superscripts

“sw” and “st” indicate swing and stance legs, respectively.

Using Eq. @) the accelerations of the COM of each segment

can be expressed as
SAn =*Aank+ SEt (—r2),
S‘tAsk ZStAank‘f‘ StEsk(—"B) s
Ath ="Aank+ “Esk(—r3+ra) + *Emn(-rs),
Anat="Aank+ Esk(—r3+ra) + “Ein (—r5+re)
+ Epel(—77) + Enat's,

WAt ='Aank+ Esk(—r3+r4) + SEn (—rs+re)
+ Epel(—r7+r9) + S"Eth (—r10).,

MAsk =""Aank+ “Esk(~ra+ra) + SEtn (—rs+rp)
+ Epel(—r7+7r) + *"Etn (—r10+r11)
+°"Esk(—r12) and

WAf ='Aank+ “Esk(—r3+r4) + SEtn (—rs+re)
+ Epel(—r7+r9) + *"Etn (—r10+r11)
+°"Esk(—r12+r13) + *"Eft (—r14). (A3)

Expressing alErs in Eq. A3) in column vector notation

(Eq.4) and using in Eq.A2) gives

Acom =St Aank+ k1| SEr +ko| SEsk
| c2 | c2
| |

+ks| SEn +ka| Epel +ks| Enat

| dc2 | c3 | c2

| | |
+ke | S"Etn +k7| SYEsk | +ks| S“Es

| dc2 | c2 | c2

Link segment model showing the position vectors in
each segment.

where

k1= —mray,

ko = — (1= S'mg) ray + (1 — Sms — S'msi) ray,

k3=— (1—Stmft—5tmsk) sy + (1—Stmft—5tmsk—5tmth) Fey,
kg=— (1_stmﬂ_stmsk_stmth) ot (swmft +swmsk+swmth) rou,
ks = mhat'gy,

ke=— (*"ma+>"msk+>"mw) rioy+ (M"ma+>"msk) r11y.

k7 = — ("mg + >"msk) r1zy + *“mar13, and
kg = —"mitriay. (A5)

EachE is a function of the kinematics of the correspond-
ing segment. The tern®4 5, andSE¢ are functions of foot
kinematics when the FROS model is used. However, when
AFROS is used (sincéy =602 — Oank), S'Aank and SEy; are
functions of shank kinematics. Using E@\2) in Newton’s
equation (Eg6) we get

GRF:MAcom_Mg

| A6
=MStAank+MZk E |-Mg. (A6)
|
Therefore, GRF is given by
GRF =Rt + 'Rk + S'Rin + Rpel
+ Rhat+ *"Rih + *"Rsk+ >Ryt (A7)



where

SRt = M5 Aank+ Mk | SEr —myMg, (A8)
| c2
|
SRek=Mkz| “Esk | — “mskMg. (A9)
| c2
|
S'Rih = Mk3| SEmn —mnMg, (A10)
| c2
_ | -
| 3
|
Rhat= Mks | Enat —mhatM g, (A12)
L | dc2
|
SWRih= Mke | S“Etn — "mnMg., (A13)
| c2
|
SWRsk = Mk7 SWEsk - swmskMg and (A14)
| c2
|
SWRt = Mkg | SVEg — YmgMg. (A15)

| c2

The general form of the column vectors in the above equa- Ag=

tions are given below. The second column vector of Ehe
matrix for the foot, shank and thigh segments is given by

w28, —a;C,C;+w 0, S, C;
—S.0;.— (02+0?) CxC.—a, S C; | (A16)

—wyw; S; 40, Cx C; _0)3 S¢C;

where

x=4andz=1 for g=standp=Ht,
x=4andz=2 for g¢g=standp=sk,
x=4andz=3 for g=standp=th,
x=8andz=9 for ¢=swandp=th,
x=8andz=10 for ¢ =swandp=sk,
x=8andz=11 for ¢=swandp=ft,
0r=0andz=7 for p=hat,

S; =sing;, C; = cosb;, w; = 6; ande; = ;. The first column
vector of the®'Eg, matrix for the foot segment is given by

w%Cl —a1C481 + 04015154

S =| Cia1— (w% + a)ézl) C4S1 — a4S4S1 | (AL7)
| cl 2
—w4w1C1 + 24CaS1 — w5451
and third column vector dEpg is given by
_w(2556 — wsweS5C6 + aCs5Ch
|
|: Epel :| = a)5a)5$e—|—a)§S5C5 —a5C5Cs . (A18)
| c3

—apSe — a555Ce — (wé + wé) Cs5Cq

In the case of the rolling foot (analogous to the rolling coin
problem Greenwoo¢1988), the acceleration of the contact
point, center of ROS and the ankle of the rolling foot are
determined as

Acp = (0,C1)? Rrollii,
Acp + (St&p + StCT)p St&)p) Rro” ﬁ and
Aank=Ao+ StEps

(B1)

whereii = (0, Cy4, S4)’ and Ryq is the radius of the roll-
over shapep =ft andz =1 for FROS,p =sk andz =2 for
AFROS ands is the vector from the center of ROS to the
ankle.
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