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Summary

Comparative musculoskeletal modeling represents a
tool to understand better how motor system parameters
are fine-tuned for specific behaviors. Frog jumping is a
behavior in which the physical properties of the body and
musculotendon actuators may have evolved specifically to
extend the limits of performance. Little is known about
how the joints of the frog contribute to and limit jumping

jumping, the skeletal system of the frog must minimally
include a gimbal joint at the hip (three rotational degrees
of freedom), a universal Hooke’s joint at the knee (two
rotational degrees of freedom) and pin joints at the ankle,
tarsometatarsal, metatarsophalangeal and iliosacral joints
(one rotational degree of freedom). One of the knee
degrees of freedom represented a unique kinematic

performance. To address these issues, we developed amechanism (internal rotation about the long axis of the

skeletal model of the frogRana pipiensthat contained

realistic bones, joints and body-segment properties. We
performed forward dynamic simulations of jumping to

determine the minimal number of joint degrees of
freedom required to produce maximal-distance jumps and
to produce jumps of varied take-off angles. The forward
dynamics of the models was driven with joint torque
patterns determined from inverse dynamic analysis of
jumping in experimental frogs. When the joints were

constrained to rotate in the extension—flexion plane, the
simulations produced short jumps with a fixed angle of
take-off. We found that, to produce maximal-distance

tibiofibula) and played a crucial role in bringing the feet
under the body so that maximal jump distances could be
attained. Finally, the out-of-plane degrees of freedom were
found to be essential to enable the frog to alter the angle of
take-off and thereby permit flexible neuromotor control.
The results of this study form a foundation upon which
additional model subsystems (e.g. musculotendon and
neural) can be added to test the integrative action of the
neuromusculoskeletal system during frog jumping.

Key words: frog, jumping,Rana pipiens modelling, behaviour
degrees of freedom, skeleton, joint, torque.

Introduction

Over the past two decades, there has been an intense effim@ overall body biomechanics are well defined and (iii) the
to integrate information about muscle function at all levels omolecular and biophysical properties of the fiber types are
organization (Rome and Lindstedt, 1997, 1998). An ultimateneasurable.
goal of this integrative approach is to understand enough aboutThe frogRana pipiengpresents a superb model in all these
the molecular and macroscopic components of musculaespects. Although different fiber types in frogs are not
systems so that a comprehensive model can be developed thaatomically separated as in fish (Rome et al., 1984), the
would enable us to predict how alterations in one paramet@xtensor muscles used for jumping are quite homogeneous in
(e.g. crossbridge detachment rate) will affect motoifiber type and mechanical properties (Lutz et al., 1998). In
performance. addition, there is compelling evidence that during maximal-

With the recent development of new biophysical anddistance jumping all the extensor muscle fibers are maximally
whole-animal techniques, we are for the first time in theactivated (Hirano and Rome, 1984; Lutz and Rome, 1994,
position where molecular properties can be related to wholg-996a). Thus, the extensor muscles of a jumping frog behave
animal function in a quantitative manner. To proceed to thisimilarly to an isolated muscle experiment in which the fiber
new level, it is important to have an animal and behavioralor bundle pure in fiber type) is maximally activated by direct
model in which (i) muscle length changes and the recruitmemectrical stimulation. This represents a tremendous
pattern of the responsible fiber types can be determined, (8jmplification in terms of modeling. Further, frog muscle fibers
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are amenable to all physiological and biophysical techniques. Materials and methods
Finally, because of the large muscle strains compared with Kinematic and inverse dynamic analyses of frog jumping

Cy‘?"ca', locomotory - movements such as running  and 14 gpain the joint torque information necessary to drive our
swimming, the muscle length changes and overall body,yarq-dynamic simulations and ultimately to compare the
mechanics during the one-shot ballistic jump of frogs can bginematics of virtual jumps with actual jumps, we needed first
relatively easily quantified (Calow and Alexander, 1973}, anaiy7e the three-dimensional kinematics of jumping frogs.
Hirano and Romg, 1984; Marsh, 1994; Marsh and JOhn'AldeHigh-speed cine film (200 framessof jumping frogs by Lutz
1994; PEpIO_WS_'K' and Marsh, 1997)_' , and Rome (1994, 1996a,b) was analyzed. The film contained
Still, a significant obstacle to integrating from m“SCIeorthogonal views of jumps (top and side views), and
function to .Iocom_otion is that the musculoskeletal systemorections were made, as detailed by Lutz and Rome (1996a),
of any animal is complex. Previously, we conducted, narajiax errors that occur with a 45 ° mirror. From the films,
experiments on the semimembranosous muscle of frog aggh " getermined the trajectory of the frog's center of mass

tried to relate its mechanical performance to overall jumpingCOM)’ which was located near the center of the abdominal-
performance (Lutz and Rome, 1994, 1996a,b). However, frog,qracic segment, the three-dimensional joint angles at the
hindlimbs have in excess of 15 muscles that contribute tﬂip and knee and the one-dimensional joint angles

overall performance, and these muscles may perforfeyion_extension) about the iliosacral, ankle, tarsometatarsal
different types of con.tr.actlon (Mal and Lieber, 1990; Ol'so.nand metatarsophalangeal joints (Fig. 1). We followed a
and Marsh, 1998; Gillis and Biewener, 2000). Thus, it iSyrocedure detailed by Vaughan et al. (1996) for calculating
difficult to predict whole-animal movements from the ihree dimensional joint angles at the hip and knee. This
mechanics of a single (or even a few) muscleSyocequre is detailed in Electronic Appendix 1. In short, three
Musculoskeletal modeling can be an enormous help by, rkers were digitized on the pelvis, thigh and calf segments.
keeping track of_ the forces generated by multiple musples, %h orthogonal, y, z reference system was embedded in each
that the net action of all the muscles can be determined. |§ {hese segments based on the locations of the markers. The
addition to muscle function, modeling can provide insightyqyiar orientation of the segments was determined in three-
into how other physical components (e.g. joints, ligamentsyimensional space, and the orientation of one segment was
bones and segment mass distributions) affect th§etermined relative to another (e.g. the thigh relative to the
tran;forma’uon of neuromotor commands into limb and b°d¥)elvis and the calf relative to the thigh). Five jumps in three
motions (Crago, 2000; Dhaherlab et al., 2000; Pandy angarent frogs were examined in this way.

Sasakl,. 2001; Yeadon, 1990). To find the torques produced during jumping (Fig. 1), we
In this study, we developed a skeletal model of the frogyertormed an inverse dynamic analysis. The joint velocities
that contained the bones, joints and segment masses afitly accelerations were estimated using a difference equation
moments of inertia as a first step towards creating ap, \yhich the difference between data points was 5ms (i.e.

integrative. musculoskeletal. model. In addition to measuring frames). The time series of joint angles, joint velocities
and describing the anatomical features of the frog skeleton,,q joint accelerations were input to SIMM (Software for

we used the model along with a reverse-engineering approagheraciive  Musculoskeletal Modeling, Motion Analysis

to test important aspects of the. design 'and function of théorporation, Santa Rosa, CA, USA), which is a graphical
skeletal system of frogs. Frog jumps differ from those of,,qeling environment, together with the estimated inertial
humans and.oth'er mammals in seve'ral.|mport§1nt ways. 'ﬁ‘arameters of the frog body segments (e.g. center of mass
frogs, the hindlimb bones do not lie in a single plangqcation, mass and inertia tensor, sBegmental inertial
throughout the jump, and hindlimb joint rotations other tha’}neasuremen)sDynamics Pipeline Software (Motion Analysis
extension are prominent (Lombard and Abbot, 1906; Gangsrporation, Santa Rosa, CA, USA) was then used to connect
and Parsons, 1966). Further, two joints (the tarsometatarsgla ;MM motion file to SD/Fast (Symbolic Dynamics, Inc.,
and iliosacral), which are nearly fixed in humans, are flexible;,ntain View. CA USA). The SD/Fast software then solved

in proficient jumpers such @ana pipiensand they may  he following inverse dynamic equation for the system (in 1 ms
contribute greatly to performance (Emerson and de Jonghme steps):

1980). N :
We tested the importance of the extra joints and degrees of T@.a)=at-[G@+V.al, (1)
freedom using our model. We performed a series of forwardihereq is a vector of generalized coordinates, which includes
dynamic simulations of jumping while varying the number ofthree hip angles, three knee angles and flexion—extension
joints and degrees of freedom in different configurations of thangles at the ankle, tarsometatarsal and iliosacral joints (for
model. We compared simulated jumping performance with thkinematic descriptions, sdestablishment of local coordinate
jumping performance of real frogs. Further, because the abilifyameg, g and ¢ are the first and second derivatives,
to alter the jumping trajectory may be important in the frog’srespectively, ofg, T(qg,q) is the vector of joint torque inputs
behavioral repertoire, we also tested how these addition&iue to muscle activation) that is driving joint moti@(q)
joints and degrees of freedom create opportunities to produeeadV(q,q) are vectors of gravity- and motion-dependent terms
a wide range of jumping trajectories. andl is the system mass matrix. SD/Fast used Kane’s method
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A Jantkinematics B Inversedynamic andysis
Hip ext. Hip rot. Hip ext. Hip rot.
30 80 0.8 0.8 1

_50_\ 04T — 0.4_/\ 0.4

-130 80— 04 0 _\/\
Fig. 1. Joint kinematics (A) and joint torque T T T T T T T 1 1
patterns (B) during a maximal-effort jump Knee et. Kneeadd. Knee at. Kneeadd.
in Rana pipiens (A) The joint angle 10 80 0.8 0.8
changes during the take-off phase of _ _
jumping (when the feet are in contact with— _70_/ o] —— 04 —/\ 0.4 -
the ground) are shown. In each panel,ythe § — — % —
axis (joint angle) has the same range ofg —150 —80 z 0+ O_I | |
160°. (B) The net torques due to the€ ' ' ' I I I g ' '
combination of active muscle forces, 5 Ankle et. Kneerot. g Ankle et. Kneerot.
passive forces in connective tissues ands 150 80 - = 08 0.8 ]
forces arising from interaction between theS ] - e}
metatarsal segment and the ground (se'g 70 o4 7 04- 0.4
Materials and methods). In each panel\the 10 B 7 0 0 IN\o—r
axis (torque) has a range of 0.8Ncm. The _, . T _80_| T T h T T T T T
joint degrees of freedom (DOFs) illustrated
are: extensor DOF of the hip (Hip ext.), Hip add. lliosaaal Hip add. lliosaaral
extensor DOF of the knee (Knee ext.), 80 80 0.8 0.8 7
extensor DOF of the ankle (Ankle ext.), 7 n
adduction DOF of the hip (Hip add.), U S 0.4—N o.4—k
external rotation DOF of the hip (Hip rot.), B | |
adduction DOF of the knee (Knee add.), —80 T T =0 T T 0 T T T 0 T T T
external rotation DOF of the knee (Knee 0 50 100 0 50 100 0 50 100 0 50 100
rot.) and the iliosacral joint. Time (ms) Time (ms)

to computeT(q,q) required to produce the body-segmentdimensional scan was obtained. This was performed five times
rotations measured from kinematic analyses. In performintp obtain five complete scans. The scans were merged into a
these calculations, the metatarsal segment was assumed tosbegle three-dimensional image of the skeleton using software
rigidly fixed to the ground to avoid having to supply the groundrom Cyberware. Individual bone segments were then
reaction forces to the inverse dynamics solver. Joint torqueisarticulated, and the remaining skeletal complex was scanned
values were computed for a total of five jumps by threaising the above procedure. All the removed bone segments
different frogs. were individually scanned as well. This procedure was used so
that the relative positioning between bone segments was
Bone scanning maintained in the graphical modeling environment (see below).
The bones of the frogana pipiengSchreber) were scanned For example, the femur and tibiofibula, which are connected
using a three-dimensional laser scanner (resolutiopmj0 at the knee joint, were scanned together with connective tissues
manufactured by Cyberware (Cyberware Inc., Monterey, CAintact and then individually scanned after disarticulating the
USA) and controlled by a Silicon Graphics, QNIX two bones. The individual scans were then correctly positioned
computer. An average-sized frog, 28g mass and with arelative to each other by matching their orientations to an
extended hindlimb length of approximately 90 mm, was killedoverlaid scan of the entire bone complex.
with an overdose of Tricaine (Sigma Chemical Co.) and pithed The three-dimensional images of the individual bone
in accordance with IACUC procedures. Excess muscle, orgaisggments were converted into bone files by a utility program
and connective tissues were dissected from the skeleton, bot SIMM 2.2. The bone files, which list the polygons and
all tissues surrounding the joints were left intact to ensurpolygon coordinates that compose the three-dimensional
proper joint motion. The intact skeleton of the frog was placetmage, were then imported into SIMM, where the correct
on a rotating stage, and the scanner was initiated to move amientation between bones was maintained.
the horizontal direction to obtain one surface scan of the
skeleton. The stage was rotated by 10°, and a second surface Establishment of local coordinate frames
scan of the skeleton was taken. The skeleton was scanned anth SIMM, the individual bone segments were positioned in
rotated 36 times (i.e. in 10 ° increments) to obtain a completa configuration that served as an arbitrary starting point or
three-dimensional scan. The skeleton was then placed on treference anatomical position. In this configuration, all the
rotating stage in a different orientation and a second thre®ones rested in a horizontal plane (see Fig.2). A local
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coordinate frame was attached to the following bonelefined: hip joints, displacement of the femur relative to the
segments: femur, tibiofibula, astragalus—calcaneus segmepglvis; knee joints, displacement of the tibiofibula relative to the
metatarsophalangeal segment, pelvis, urostyle, vertebridmur; ankle joints, displacement of the astragalus—calcaneus
column (all nine vertebrae considered as a single rigidegment relative to the tibiofibula; tarsometatarsal joints,
segment) and skull. displacement of the metatarsophalangeal segment relative to the
The orientation and the origin of the local coordinate frameastragalus segment; iliosacral joint, displacement of the
(LCFs) were established as follows. The pelvis LCF wawsertebral segment relative to the pelvis; and sacro-urostyle joint,
oriented such that the axis pointed from the central displacement of the urostyle relative to the vertebral segment.
acetabulum of the right hip joint through the centralThe forelimb joints were ignored, and the joint between the first
acetabulum of the left hip joint. Theaxis was orthogonal to vertebra and skull was fixed such that the angle between their
the x axis and pointed dorsally in the reference configuratiomespectivey axes was 0°.
(i.e. out of the page when looking down on the frog). Yhe  We used a custom-made jig apparatus (see Lutz and Rome,
axis was determined by the right-hand rule and pointed996a) to measure the kinematics of a moving joint member
caudally along the long axis of the pelvis. The origin of thewith respect to a fixed joint member. For each joint examined,
pelvis LCF was positioned mid-way between the centers of thiae fixed and mobile bone segments were removed from frogs
right and left acetabula. as a single unit. Major limb muscles were removed from the
The LCF for both the right and left femora was oriented suchone segments, but small muscles, ligaments and other
that thex axis was parallel to the long axis of the femur andconnective tissues surrounding the joint capsule were left
pointed to the frog’s left when in the reference position. Zhe intact. The fixed and mobile members were rigidly secured to
axis was orthogonal to theaxis and pointed dorsally in the the stationary and moving arms of the jig, respectively, by
reference position. The femyraxis was determined by the Mizzy low-heat compound. For the hip, the pelvis was fixed
right-hand rule and pointed caudally in the reference positiorand the femur was mobile. For the knee, the femur was fixed
The origin of the femur LCF was positioned at theand the tibiofibula was mobile. For the ankle, the tibiofibula
instantaneous center of femoral rotation relative to the pelviwas fixed and the astragalus—calcaneus segment was mobile.
(see Joint kinematics: descriptions, measurements andror the tarsometatarsal joint, the astragalus was fixed and the
modeling. This position was located approximately 1.5mmmetatarsal segment was mobile. For the iliosacral joint, the
from the most central, proximal point of the femur andpelvis was fixed and the vertebral column was mobile. The jig
within the femoral head. The LCFs for the tibiofibula, permitted 180° of rotation and unopposed translation of the
astragalus—calcaneus and metatarsophalangeal segments waobile member relative to the fixed member within a single
oriented in a manner similar to that of the femur LCF, i.e. th@lane of motion. A digital camera (Nikon Coolpix 990,
x axis for each LCF was parallel to the long axis of the bon&.8 megapixels) was positioned orthogonal to this plane of
segment, thez axis pointed dorsally in the reference motion, 1.83m from the approximate center of the joint. The
configuration and thg axis was determined by the right-hand horizontal and vertical dimensions of the digital image were
rule. The origin of each of these segments’ LCFs wasalibrated by placing rulers in the view of the camera along
positioned to intersect with the most proximal, central point oboth dimensions.
the respective bone segment. The joint members were placed in the reference position in
The origin of the vertebral segment’'s LCF was positionedhe jig (reference position shown in Fig. 2), and the mobile
at the most caudal, central tip of the sacrum. The sacrum is theember was first rotated aboutitaxis. Rotation about the
most caudal vertebra next to the elongated urostyle, and igis is the primary range of motion in the frog hindlimb joints
transverse processes form a joint with the most rostral tips aeihd was referred to here as flexion—extension. The top row of
the iliac crest (Emerson and de Jongh, 1980). In the referenEgy. 3 shows the flexion—extension ranges of motion for the
configuration, thez axis of the vertebral segment pointed hip, knee, ankle and tarsometatarsal joints. Counterclockwise
dorsally, thex axis pointed to the left of the frog and thaxis  rotation of the left femur about it axis was termed hip
pointed caudally. The origin of the skull's LCF was positionedextension and clockwise rotation was termed hip flexion
at a central point within the foramen magnum at the level ofopposite convention for the right hip). Counterclockwise
the skull's attachment to the first vertebra. The axes wenetation of the left tibiofibula was termed knee flexion and
oriented similarly to that of the vertebral segment’s axesclockwise rotation was termed knee extension (opposite for the
Finally, the origin of the urostyle’s LCF was positioned at theright knee). Counterclockwise rotation of the left astragalus
most rostral, central tip of the urostyle, where it articulatedegment about itg axis was termed ankle extension and
with the sacrum. In this report, we do not discuss LCFs for thelockwise rotation was termed ankle flexion (opposite for the
forelimb bones and for the clavicle—scapula—sternum segmemight ankle). The flexion—extension angle for each joint was the
angle between theaxis of the moving segment and thexis
Joint kinematics: descriptions, measurements and modelingof the fixed segment (dotted line in top row of Fig. 3). Each
A joint specifies the displacements that relate the position artdndlimb  joint was rotated through a 160° range of
orientation of a moving bone segment relative to a reference fiexion—extension, and a digital image was captured at each
fixed bone segment. In the frog model, the following joints werd 0 ° increment.
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external—internal rotation. The third row of Fig. 3 shows the
external—-internal ranges of motion for the hip and knee. The
ankle and tarsometatarsal joints had small (<15°) ranges of
external—-internal rotation and so are not shown. When viewed
proximally to distally down the shaft of the moving bone (as
in Fig. 3), counterclockwise rotation about the long axis was
termed internal rotation and clockwise rotation was termed
external rotation. The external—internal rotation angle was the
angle between theg axis of the moving segment in the
reference position (dotted line in third row of Fig. 3) and the
y'-axis in its rotated position. The femur was rotated through
arange of 100 °, and the tibiofibula was rotated through a range
of 60°, each in 10° increments.

To measure the kinematics of the iliosacral joint, the pelvis
was secured to the fixed arm of the jig and the vertebral column
was secured to the moving arm. The vertebral column was
rotated through a 100° range of motion aboukitis, and
images were captured every 10°. When viewed from the
frog’s right side (as in the lower right panel of Fig. 3),
Fig. 2. The bone segments (right) Bfna pipiensand the local counterclockwise rotation of the vertebral segment was termed

coordinate frames (LCFs) (left) attached to each bone segment y@rtepral extension and clockwise rotation was termed flexion.
SIMM software. The bone segments are positioned in the ‘referend@otations about the other axes of the vertebral segment are
position’, a position in which all the bones rest in a single, horizontaMinimal in the frog (Emerson and de Jongh, 1980), so these
plane. In the reference position, thaxis of the LCF points out of were not measured. lliosacral joint images were captured in
the page. The orientation of theandy axes for each segment four frogs, hip joint images in eight frogs, knee images in six
are shown with different colors (orange, metatarsophalangealfogs and ankle images in five frogs.
M; yellow, astragalus—calcaneus, A; green, tibiofibula, T; red, femur, The images were analyzed to determine the locations of
F; light blue, pelvis, P; purple, vertebral column, V; dark blue, skullthe instantaneous centers of rotation about each joint axis
S). The LCF for the u_rostyle overlaps that of V apd is not shownay s mined (see Lieber and Boakes, 1988). To minimize the
The LCFs for the forelimb bones (humerus, H; radius, R; hand, Ha) s 45q0ciated with determining the instantaneous center of
are not shown. . - . .
rotation, extended wires (4 cm in length) were placed into the
moving segment before the joint images were captured. One
After measuring flexion—extension kinematics at thewire was placed along the long axis of the bone and a second
hindlimb joints, the joint members were re-positioned in thewvire was placed perpendicular to the long axis. Markers
jig and placed in the reference configuration. The movingl mn?) were then placed at the tips of each wire. The marker
member was then rotated about ytsaxis. Rotation about positions A and B) at each successive joint position were
the y axis of a hindlimb bone was referred to here agligitized in Matlab. The location of the instantaneous center of
abduction—adduction. The second row of Fig. 3 shows thmtation was determined to be the intersection point of the
abduction—adduction ranges for the hip and knee. The ankferpendicular bisectors of vectdrAn+1 and vectorBnBn+1,
and tarsometatarsal joints had small (<20°) ranges aofheren refers to the position number antll is the position
abduction—adduction and are not shown. Counterclockwiseesulting from a 10 ° rotation (Kinzel and Gutkowski, 1983).
rotation of the left femur and tibiofibula about the respegtive  The joint images were analyzed to determine the locations
axes was termed adduction and clockwise rotation was termefithe LCFs for the fixed and moving segments. The origins of
abduction (opposite convention for the right hindlimb). Thethe LCFs were marked on both segments using small dots of
abduction angle was the angle betweerztods of the moving paint (approximately 0.50m#n The dot locations were
member in the reference position (dotted line in the second rodigitized at successive rotation angles (10° increments). The
of Fig. 3) and the-axis in the rotated position. The femur waslocation of the moving segment’s origin was subtracted from
rotated through an abduction—adduction range of 120 °, and tlige location of the fixed segment’s origin at each rotation angle.
tibiofibula was rotated through a range of 60°, each in 10Thus, for each joint axis, theandy locations of the moving
increments. segment’'s LCF relative to the fixed segment's LCF were
After measuring abduction—adduction kinematics at thelescribed as a function of the rotation andle This
hindlimb joints, the joint members were re-positioned in thénformation was used to model the appropriate kinematic
jig and placed in the reference configuration. The movindunctions in SIMM. In SIMM, three kinematic functions were
member was then rotated about its long axisx{s) using the specified for each joint, one for each joint axis. So, for
jig’'s second, independent axis of rotation. Rotation abougéxample, translation between the femur and pelvis in the plane
the long axis of a hindlimb bone is referred to here a®f hip extension was specified as a function of the hip extension
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Hip Knee Ankle Tarsometatasal joint
Femur rotation Tibfib. rotation Astrag. rotation Meta rotation

Flexion—extersion
aboutz-axis

Small ROMs for Small ROMs for
arkle alduction(<20°) tarso alduction(<15°)
ext-int rotation(<15°) ext—int rotation(<10°)

lliosacraljoint

Vertebral column rotation

Abduction-adduction
abouty-axis

Flexion—externsion
aboutx-axis

Iliaccrest

Ext—int rotation
aboutx-axis

Sacral diapophysis

Fig. 3. The ranges of motion and passive kinematics for the hindlimb and iliosacral jorasapipiensThe location of the instantaneous
center of rotation was determined about each joint axis. The white arcs overlying the joint images represent the rangeabbutctach

joint axis. Red dots represent the locations of the instantaneous centers of rotation measured over this range of mattied./iike show

thex, y andz axis. The left column shows the ranges of motion and kinematics for the hip joint: top panel, flexion—extension of the femur F
relative to the pelvis P; middle panel, abduction—adduction of the femur; bottom panel, external-internal rotation of tHEhéeimpr
kinematics corresponded most closely to the kinematics of a ball-and-socket joint. The second column shows the rangesanél motion
kinematics for the knee joint: flexion—extension of the tibiofibula T relative to the femur, abduction—adduction of the dibémfibul
external-internal rotation of the tibiofibula (Tibfib). Flexion—extension kinematics at the knee corresponded most clodéhetodties of a
rolling joint, while the kinematics about the other axes corresponded more closely to the kinematics typical of hingbdgdimpspdnels of

the third and fourth columns show the ranges of motion and kinematics for ankle flexion—extension (rotation of the astragaiu#é\ se
relative to tibiofibula), and tarsometatarsal flexion—extension (rotation of the metatarsals M relative to the tarsals)e3 e raaton
(ROMs) about the other axes of these two joints were minimal (<20 °). Flexion—extension kinematics at the ankle corresparideelyrtos

the kinematics of a rolling joint. Tarsometatarsal kinematics was represented in the model as a hinge joint (i.e. aasitaglednstcenter of
rotation throughout the range of motion). The bottom right panel shows the ranges of motion and kinematics for the diosacral j
(flexion—extension of the vertebral column V relative to the pelvis; U, urostyle). The kinematics at this joint correspohdezsehoso a
gliding joint. The inset shows a diagram of the sacral diapophysis, which is the transverse process of the sacrum tjeantfovitisthe iliac
process of the pelvis.

angle. SIMM smoothly interpolates between the discretelynique description of joint motion, i.e. the rotations are not

specified variables using a natural cubic spline. commutative (Kinzel and Gutkowski, 1983). In our joint
For three-dimensional rotations, the order of rotations abowtefinitions, we specified the order of rotations to be rotation

the specified axes is important and must be specified for about thez axis, x axis and theny axis of the proximal
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segment’'s LCF. Rotation about the axis, i.e. flexion— the frog affect jumping performance. Forward dynamic
extension, is the primary range of motion in the hindlimb, s@imulations were performed using the Dynamics Pipeline
this was chosen as the first rotational component in each joirgoftware, which works by connecting the skeletal model in
We found that changing the order of rotations had n&IMM to SD/Fast. SD/Fast computes and solves the equations
discernible effect on the dynamic behavior of frog model®f motion for the model when given a set of forces or torques

examined (se€orward dynamic modelig acting on the skeletal system. A separate equation of motion is
o solved for each degree of freedom and is of the general form
Segmental inertial measurements described for other rigid-body, musculoskeletal models

The mass, moment of inertia and center of mass werg€rago, 2000; Zajac, 1993):
determined for each of the hindlimb and trunk segments. These .. _ _ . . i .
measurements were then entered into a segment description filed =171G(@ +V(@.0) + Tm(@.d) + Tr(a.0) + Te(@.0).  (3)
for inputting to SIMM. The segment mass and moments ofvhere variables are defined as previously described (see
inertia were determined in four frogs that had similar segmergquation 1) andt-1 is the inverse mass matrikm(q,q) is the
lengths (an extended hindlimb length of approximately 90 mmyector of joint moments due to muscle forc&€s(q,q) is a
see Table 1) and total mass (289) to the frog that was laserector of passive moments due to stretching of connective
scanned. Each frog was killed and frozen in the referendéssues about the joints amé(q,q) is a vector of moments that
position. The body was cut into a number of segments; cagise from interactions with the environment. In this study, we
was taken to make the cuts at similar positions and orientatioescluded submodels of the muscles and neural control to focus
in each frog. The segments included the thigh, calf, astragalusglely on the joint degrees of freedom that are critical for
foot (both metatarsals and phalanges included), a pelviomping performance. Therefore, to drive the motion of the
segment, which spanned from the most caudal aspect of theodel, we specified a pattern of joint torque inputs instead of
pelvis (ischium) to the most rostral tip of the iliac crest, arspecifying a muscle activation pattern. Thiis(q,q) from
abdominal-thoracic (trunk) segment, which spanned from thequation 3 was replaced with user-defined pattern of torque
tip of the iliac crest to the base of the skull, and the skull (sei@puts, T|. In addition to simplifying the control input, we
Fig. 4). These segments contained muscle, skin, tendon, orgaassumed the contributions of passive structliegg,q) to be
and bone. Because these tissues have slightly differenegligible, so this term was removed from equation 3.
densities, an average density was measured for each segmenA series of progressively higher-dimensional models was
To do this, each segment was weighed to determine its massnstructed in which a kinematic degree of freedom (DOF) that
(M) and then lowered into a water-filled graduated cylinder andias constrained in one model was relaxed in a subsequent
its volume {) was determined by weighing displaced water.model. The four models are described in the Results and shown
The average density) was then calculated as described inschematically in Fig. 5. We used two strategies to examine the
Nigg (1999) as: dynamic behavior of the frog models. In the first strategy, we

wanted to explore the range of dynamic behaviors that the
p= v (2) model was capable of producing. To do this, we applied unit
torque steps about each relaxed, rotational DOF in the model

The moments of inertia for each segment were calculated &s drive its motion. The torque steps were 80ms in duration
described by Yeadon (1990) based on a simplifying assumptiand applied synchronously about each joint. A vector of
that segment density was uniform and equal to the averageghdom numbers was generated before each simulation run to
density. Each segment was represented as a geometric solicsoéle the magnitude of the applied torque steps. The scalars
uniform density. We modeled the thigh, calf, pelvic, abdominalranged from 0 to 0.009 N m for the hip extensor torque, from
thoracic and skull segments as stadium solids (see Yeadoer).004 to 0.004Nm for the hip external (=) or internal (+)
1990). A stadium solid is an elongated geometric solid bounde@tation torque, from —0.004 to 0.004 N m for the hip adduction
by parallel stadia (i.e. a rectangle with an adjoining semicircl¢-) or abduction (+) torque, from 0 to 0.007 Nm for the knee
at each end of its width) on its two ends. The stadiunextensor torque and from 0 to 0.007 N m for the ankle extensor
dimensions were estimated by measuring several parametergafgue. We set the maximum value for the extensor scalars (i.e.
the frog segments. These parameters included the perimetkip, knee and ankle extensor torques) to be the peak torque that
width and depth of the segment ends (i.e. the bounding stadidje real frog produces during a representative, maximal-
and the segment length (i.e. distance between the stadia). Tdistance jump (seKinematics and inverse dynamic analyses
astragalus segment was modeled as a cylinder, the foot segmehtfrog jumping. For the other scalars, we chose an
was modeled as a cone and the specific dimensions for eadatermediate range of values in which both directions of torque
were measured (see Electronic Appendix 2 for calculation dfe.g. hip abduction and hip adduction) could be produced.

moments of inertia for each segment). For each model, 1000 simulations was run with different
_ _ randomized scaling factors. We determined the trajectory of
Forward dynamic modeling the COM, the take-off angle and the joint angles for each

In this study, we used forward dynamic simulations to tessimulation run.
how different degrees of freedom in the hindlimb joints of The second strategy to examine the dynamic behavior of the
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frog models was simply to use the torque values produced l{gee Kinematic and inverse dynamic analyses of jumping
the real frog to drive the motion of the models. If we could nofrogs). The transpose of the Jacobian matrix relates the joint
produce a maximal-distance jump in the model under studyorques to the GRF by the following:
then clearly something was lacking in the model. T
. . . . 1=J'F, (4)

Several assumptions were made in all the jumping
simulations. In models 1-3, the right and left foot segmenta/heret is ann-dimensional joint torque vectoF, is anm-
(metatarsals and phalanges) were fixed to the ground. In moa&mensional end-effector output force aildis the transpose
4, only the phalanges were fixed to the ground. By modelingf the Jacobian matrixl is anmxn matrix, wherem denotes
the foot—ground contact as a jointed connection, grounthe degrees of freedom of the end-effector space dedotes
reaction forces were automatically included in the model rathéhe number of actuated joint variables (calculationJab
than having to supply them explicitly (Nigg, 1999). However,shown in Electronic Appendix 3). For each of the models, the
because each frog model was connected to the ground, jumpi@RF during simulation runs was calculated at the starting
distance had to be estimated. Jump distance was calculatedcasfiguration of the limb. The velocity and joint angles of the
the sum of the horizontal displacement of the COM duringensuing, dynamic jumps were then calculated. The GRFs at the
the take-off and aerial phases of the jump. The horizontatarting limb configuration were related to the trajectory of the
displacement during the aerial phase was estimated usifi;gg models using linear regression techniques.
ballistics equations described by Hirano and Rome (1984). o )

A second assumption we made in each simulation was that Sensitivity analysis
the forelimb segments could be removed without any effect on We examined how sensitive jumping performance was to
jumping performance. The forelimb segments are not likely tyariations in the magnitude of individual joint torques. The
contribute much, if any, power to the jump (Calow andtorque pattern that was estimated using an inverse dynamic
Alexander, 1973; Hirano and Rome, 1984; Peters et al., 1998halysis of jumping was systematically modified by scaling the
Marsh, 1994). Also, the small mass of the forelimb segment®agnitude of each torque (e.g. the hip extensor torque) to
(approximately 5% of total body mass) is likely to have a80-120% of its base value. Each torque component was
negligible effect on the trajectory of the center of mass. Wwédividually examined in this way, including the iliosacral
also assumed that the atlanto-occipital joint and intervertebrgxtensor torque. The sensitivitgp of the vertical and
joints did not contribute significantly to jumping, and thesehorizontal velocities of the COM and the sensitivity of take-
joints were therefore held rigid in each model. Finally, weoff angles in response to a change in the torque magnitude
assumed that the iliosacral joint was a revolute joint in eac@bout a single axis was determined as:
_mpdel. The digitizgq mga;urement§ provide evidencg that this S=[(AVV)IATIT] (5)
joint may be a gliding joint, in which trunk translation and
rotation are independent of one another (Bekavior and WhereV is a variable describing the trajectory (e.g. peak
modeling of the ankle, tarsometatarsal, metatarsophalangeafertical velocity, horizontal velocity or take-off angle) ahd
and iliosacral jointsin Results). However, gliding joints is the joint torque, which is varied during the batch of
are computationally difficult to model, and others havesimulations.
hypothesized that translation of the trunk (relative to the pelvis)
may be important only during swimming and in frogs

specialized for swimming (Emerson and de Jongh, 1980). Results
Kinematic and inverse dynamic analyses of jumping frogs
Static analysis of force transmission The hindlimb and iliosacral joint kinematics were determined

Measurements of the ground reaction force (GRF) can bfer five jumps in three different frogs (mean peak take-off
used to predict the trajectory of the frog’s COM usingvelocity 1.7+0.08 md., mean #s.e.m.). Fig. 1A shows the joint
relatively simple ballistics equations (Hirano and Rome, 1984kinematics during a maximal-effort jump in one frog. The peak
Marsh, 1994). It is unclear whether and how the frog activelyake-off velocity of the COM during this jump was 1.95/ s
varies the GRF to generate different trajectories and take-offhich occurred approximately 80 ms into the jump. The time
angles. If the goal is to produce a maximal-distance jump, theourse and range of hip, knee, ankle and iliosacral extension
frog should generate GRFs that are oriented at approximatelyere similar to previously published values (Calow and
42° to the ground (Hirano and Rome, 1984). However, if thélexander, 1973; Lutz and Rome, 1996a; Peters et al., 1996).
goal is to jump over an obstacle or to generate low take-ofh addition, we found that flexion occurred about the
angles (i.e. high accelerations), the frog must adjust the GRBrsometatarsal joint for the first 60 ms and extension occurred
to higher or lower angles, respectively. The degrees of freedoabout this joint for the last 15-20ms. We also found some
in the hindlimb models and the associated startinglegree of rotation about the secondary degrees of freedom at
configuration might limit this ability. To examine the range ofthe hip and knee joints. For the jump shown in Fig. 1A, there
force directions that each model can produce, we calculated thes a moderate amount of external rotation (range 30°) and
Jacobian matrix for each model in its starting configurationabduction (range 25 °) about the hip joint. These joint motions
which was determined from video analysis of jumping frogsacted to bring the femur into the same plane as the long axis of
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Table 1.Body-segment properties Rana pipiens

Proximal Distal
Length Width Depth Width Depth Mass Volume p Ix ly Iz

Segment (mm) (mm) (mm) (mm) (mm) (9) (én (gent®)  (gem?)  (gem?)  (genP)
Pelvis 23.1 14.9 12.1 10.1 10.9 3.6 3.3 1.1 2.5 3.1 4.2
Femur 26.8 15.1 10.1 7.3 55 2 1.8 1.1 0.6 1.9 2.3
Tibiofibula 30.7 7.3 4.9 5 4.8 1.4 1.2 1.2 0.2 1.2 1.4
Astrag. 15.4 4.9 4.9 4.9 4.9 0.4 0.4 1 0.1 0.8 0.8
Foot 28 4.9 4.9 4.9 4.9 0.5 0.5 1.1 0.1 0.2 0.2
Skull 19.2 25.1 16.2 5 3.1 3.8 3.8 1 1.8 1.6 1.7
Trunk-spine 20.2 25.2 17.4 18.1 12.1 10.3 9.4 1.1 5.3 4.7 7.2

The body was divided into 11 rigid-body segments (see Materials and methods): skull, trunk-spine, pelvis, two femorafjtularibivo
astragalus—calcaneus (Astrag.) and two foot (metatarsals plus phalanges) segments. Segment length, the surface diraqursixinsabfith
distal segment ends, mass, volume, denpijtyid moments of inertia about the segment axek, @ndlz) were determined for each segment.
Each value represents the mean of 4 frogs.

the pelvis. We also found moderate degrees of internal rotatiategrees of freedom to jumping performance. It was first
(range 30°) and abduction (range 20°) about the knee joimecessary to measure the behavior and degrees of freedom of
These joint motions acted similarly to bring the tibiofibula intoeach joint in the real frog and then use this information to
the same plane as the femur and long axis of the pelvis. model the appropriate behavior of the virtual joints.

On the basis of the kinematics of the analyzed jumps and the Flexion—extension is the primary range of motion at the
measured inertial parameters of the hindlimb and axial segmeriisdlimb joints and represents rotation of a bone segment about
(Table 1), we estimated the net torques produced about eachtbéz axis of its LCF. The locations of the instantaneous centers
the degrees of freedom during jumping. We used an invers# rotation for each joint during flexion—extension are shown
dynamic analysis and assumed the metatarsal segment todse a collection of red dots in the top row of Fig. 3. The
rigidly fixed to the ground (see Materials and methods). The n@tstantaneous centers of hip extension tended to cluster into a
torques about the iliosacral, hip, knee and ankle joints, whickingle, circumscribed region (area 1.6+0.199nmean =
correspond to the jump shown in Fig. 1A, are presented ine.m., N=8) located within the femoral head and
Fig. 1B. Net torques at each joint varied with time. Extensoapproximately 1.5 mm from its most proximal point. This tight
torques about the iliosacral, hip, knee and ankle joints peaked@ustering indicated that the location of the instantaneous
successively later times into the jump (15, 40, 50 and 70msgenter was approximately constant throughout the range of
respectively) and this temporal staggering was consistent for
each jump analyzed. The peak magnitude of the extensor torq
was larger about the hip than about the knee and ank
joints (0.85+0.02Ncm, 0.720.04Ncm and 0.7+0.04Ncm,
respectively; means £e.m., N=5 jumps) and relatively smaller
about secondary degrees of freedom at the hip and knee. F
some jumps (data not shown), hip adduction torques wel
more significant (e.g. peak of 0.65Ncm; peak magnitud
0.4+0.05Ncm, mean sEM., N=5 jumps). The finding that
extension ranges of motion and extensor torques were larg
than motion and torques about the other degrees of freedc
indicates that most of the joint work was performed by hip, kne
and ankle extension.

Bones and segment propertiedRaina pipiens

The bone segments that were laser-scanned and used
construct the skeletal modelsR&na pipiensre shown in Fig.

2. The mass, moment of inertia, center of mass and geometF'g' 4 The bod_y segments of the frog were modeled_as geometric
primitives of uniform density. To the left is a scanned image of the

dimensions were _determlned for each of the hindlimb aM\yhole frog body. To the right are the geometric solids used to
trunk segments (Fig. 4), and the mean values from 4 frogs aapproximate the inertial properties of the skull, trunk, pelvis, thigh

shown in Table 1. and calf segments (stadium solids; see Materials and methods), the
) o astragalus segment (cylinder) and the foot segment (cone). The
Behavior and model of the hip joint dimensions, mass, averaged density and estimated inertias for each

A goal of this study was to determine the importance of joinsegment are shown in Table 1.
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Model 1: planar hindlimb (5 DOFs) Model 2: 3-D hip (7 DOFs)

Rear view

AN

Hindlimb
plane

Side view

Model 3: 2-D knee @ DOFs) Model 4: link extension (9 DOFs)

Rear view
k g /,
5 9 é Side view

Fig. 5. The four frog models on which forward dynamic simulations of jumping were performed. Here, we assume that the &iedlimbs
symmetrical with respect to jumping. Hence model 1 had five rotational degrees of freedom (DOFs). These DOFs are flexioratetktensio
iliosacral (1), hip (2), knee (3), ankle (4) and tarsometatarsal (5) joints. Model 2 had seven rotational DOFs. The t\@Fextmanpared

with model 1 (6 and 7, shown in red) are abduction—adduction and external—internal rotation at the hip. These DOFs ephaitie dtihe
hindlimb to be rotated under the body and at different angles relative to the ground. Model 3 had eight rotational DOFs. DRE- ex
compared with model 2 (8, shown in red) is external-internal rotation at the knee. This DOF permitted the distal limbg con#isti
tibiofibula, astragalus segment and foot, to be rotated further under the body. Model 4 had nine rotational DOFs. The eotnpdd&iFwith
model 3 (9, shown in red) is flexion—extension at the metatarsophalangeal joint. This DOF permitted the frog to moveditsnesstérnger
distances during the ground-contact phase of the jump and to achieve higher take-off velocities

7~
4

passively applied hip extension. This was in agreement witapplied range of motion. Thus, the hip joint could be modeled
previously reported data (Lieber and Shoemaker, 1992). Thuas a gimbal joint, which consists of three independent revolute
we modeled the virtual hip joint in the extension—flexion plangoints. The intersection of the instantaneous centers of rotation
as a revolute joint in which the position of the instantaneoufr each revolute joint was positioned 1.5mm along the long

center of rotation was fixed. The location of the instantaneousxis of the femur, from its most proximal point, and at the level

center of rotation was positioned 1.5mm along the long axief the central acetabulum.

of the femur from its most proximal point.

The rotational DOFs of the femur about Xsandy axes Behavior and modeling of the knee joint
represented hip external—internal rotation and hip abduction— For the majority of frogs examined (four out of six) the
adduction, respectively. The sequence of instantaneous centfliexion—extension kinematics at the knee conformed most
of rotation for both external—internal rotation and abduction-losely to a rolling joint. As shown in Fig. 3 (top row, second
adduction (first column, bottom two panels of Fig. 3) tendegbanel from left), the positions of the instantaneous centers of
to cluster into a single, circumscribed region (areasotation for the knee traversed a curve that approximately
1.1+0.26 mm and 1.9+0.3 mm respectively, means ¢e.M., traced the joint surface of the proximal bone. The
N=8 frogs). For abduction—adduction, the instantaneoumstantaneous center of rotation was located at one end of this
centers clustered in a position located approximately 1.5-2 mourve at the extreme range of flexion and ‘rolled’ to the other
from the femur's most proximal point. For external-internalend of the curve, along the surface of the proximal bone, as the
rotation, the instantaneous centers clustered at a position neaoving segment was extended. Thus, we modeled the
the center of the acetabulum. The tight clustering indicated th#liexion—extension of the virtual knee as a rolling joint so that
the location of the instantaneous center of rotation about eadie tibiofibula segments smoothly traversed an arc of 70 ° along
joint axis was approximately constant throughout the passivelye surfaces of the distal femur.
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The rotational DOF of the tibiofibula about ksaxis was approximated the iliosacral joint as a revolute joint, in
termed knee external-internal rotation. The range of kneehich the center of rotation was located at the contact
external—internal rotation was approximately 60° (x30° frompoint between the tip of the iliac crest and the transverse
the reference configuration) before significant torsion oprocesses of the sacrum. The measured range of motion was
connective tissues surrounding the knee joint was noticed. TIg® ° (30 ° extended relative to the reference position and 60 °
locations of the instantaneous centers of rotation tended ftexed).
cluster into a single, circumscribed region located at the level
of the mid-tibial crest (second column, bottom panel of Fig. 3). Four models of jumping frogs
Thus, we modeled the knee joint as a type of universal or A schematic diagram of the kinematic degrees of freedom
Hooke’s joint, which consists of two independent joints. Kneanaking up the four skeletal models is shown in Fig. 5.
flexion and extension occurred about a rolling joint, and knee
external-internal rotation occurred about a revolute joinModel 1: planar hindlimb model
whose instantaneous center of rotation was located at theFor simplicity in modeling, it has sometimes been assumed
instantaneous center for knee flexion. That is, as ththat the hindlimb joints of frogs extend within a single plane
instantaneous center for knee flexion traversed the surface diiring jumping and that other DOFs at the hip and knee could
the distal femur, the instantaneous center for external rotatidre ignored (Alexander, 1995). In model 1, we assessed this
was carried along with it. The measured range of knepossibility by constraining all the hindlimb joints to only flex
adduction, i.e. rotation about theaxis, was 45-50° (see and extend. The initial flexion angles at the start of the
second column, middle panel in Fig. 3). simulations were determined for the hip, knee, ankle,

tarsometatarsal and iliosacral joints (B&gematic and inverse
Behavior and modeling of the ankle, tarsometatarsal,  dynamic analyses of jumping frog#f the pelvis of model 1
metatarsophalangeal and iliosacral joints was positioned at 15-20 ° to the ground, similar to the real frog,

For the majority of frogs examined (three out of five), thethen the plane in which the hindlimb was oriented would also
flexion—extension kinematics at the ankle conformed modte at 20 ° to the ground. Extension of the hindlimb within this
closely to a rolling joint. As shown in Fig. 3 (top row, third plane would necessarily lead to a low take-off angle and,
panel from left), the positions of the instantaneous centers dence, a short jump distance (blue trace in Fig. 6D). Take-off
rotation for the ankle traversed a curve that approximatelgngles of 42° are necessary for maximal-distance jumping.
traced the joint surface of the proximal bone. The location of hus, to test whether model 1 could in theory permit maximal-
the instantaneous center of rotation was located at one enddi$tance jumping, it was necessary to invoke an
this curve at the extreme range of flexion and ‘rolled’ to thainphysiological starting position in which the pelvis was tilted
other end of the curve, along the surface of the proximal bonat 42 ° to the ground and the hindlimbs rested in an unnatural
as the moving segment was extended. Thus, we modeled thimarting position (see Fig. 6A).
virtual ankle joints as a rolling joint so that astragalus segments We first examined the range of dynamic behaviors that
smoothly traversed a 90° arc along the surfaces of theodel 1 could produce from its starting position. A batch of
tibiofibula. 1000 simulations was run in which we randomly varied the

The tarsometatarsal joint was modeled as revolute joint. Thmagnitude of the extensor torque steps applied about the
instantaneous center of rotation was positioned at the point diosacral, hip, knee and ankle joints. Trajectories of the virtual
contact between the distal end of the astragalus segment anolg’'s COM are shown in Fig. 6B. For illustrative clarity, only
the proximal metatarsals (see location of red dot in Fig. 3, top00 trajectories are shown starting from the onset of the torque
row, right panel). steps for a period of 95ms. This is the approximate duration

Because of the difficulty in accurately measuring kinematicérom onset of electromyographic activity to toe-off in the real
about this small and delicate metatarsophalangeal joint in tHeog. The COM followed a similar initial path for each
jig (the ends of the two bones were less than 1 mm in diametegimulation run. This was because model 1 permitted hindlimb
we simply modeled this joint as a revolute joint. The positiormovements in only a single plane (i.e. extension). Variations
of the instantaneous center of rotation was placed at the point the magnitude of the extensor torques between simulation
of intersection between the bone segments. runs produced variations in the magnitude of the GRF but

The measurement of iliosacral kinematics is shown imot in the GRF orientation. Consequently, the vertical and
Fig. 3 (bottom right panel). Flexion—extension of thehorizontal velocities of the COM were linearly correlated
vertebral segment occurred aboutitexis. We examined among the simulation runs (Fig. 6E2=0.97, P<0.001; i.e.
iliosacral kinematics in four frogs. The instantaneous centenitial take-off angles were the same for each run and equal to
of vertebral rotation did not follow a consistent path amondhe angle of pelvis tilt).
these frogs. This variability might be due to the fact that the We tested whether model 1 could reproduce maximal-
iliosacral joint is to some extent a true gliding joint. In adistance jumping. To do this, we used the torque values
gliding joint, thex- andy-translations and rotations within the generated by the real frog to drive the forward dynamics of
plane are independent of each other. To avoid thenodel 1. Only the hindlimb ‘extensor torques and the
complexities associated with modeling such a joint, weliosacral torque were used to drive the model dynamics (i.e.
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Fig. 6. Jumping performance of model
(A) Model 1 did not permit rotations other tt
flexion—extension at the hindlimb joints. In
normal starting position (shown in Fig. 7A), jul
distance was very short compared with the
frog (blueversusblack recordings in D). Hence,
assess better its jumping potential, model 1
placed in an unnatural starting position in wt
the plane of the hindlimbs and the long axis of
pelvis were oriented at 42° to the ground.
purple, orange and green arrows represen
ground reaction forces (GRFs) at the stai 2 D
position that were produced by a unit exte
torque (1 Nm) about the hip, knee and ankle jo
respectively. GRFs are in normalized units (i.¢
per Nm of torque), so a torque value of 0.009
at the hip will produce 0.15N of GRF (i
0.009 Nmx15NN-1m-1), At the starting positiol
a unit hip extensor torque produced the lar
propulsive GRF. (B) The path of the center of n
(COM) of the frog during the ground-contact pf 1 I 1 I I ! T

of the jump for 100 simulation runs in which 0 45 90 45 90 0.1 . 0.3 0.5 0.7
magnitudes of the extensor torques driving Time (ms) Distance (m)

relaxed DOF were randomly varied. The red |
in B-D represents the simulation run in which
actual torques produced by the real frog were
to drive the model. The blue path represen
simulation run in which model 1 was placed :
more natural starting position in which the pe
was oriented at 15° to the ground. (C) The ver
W and horizontaVy velocity of the COM for th
red and blue runs did not match the velocity of l | N E—
real frog (black lines). (D) The predicted ju 0 05 1.0 0 06 1.8 0 06 1.8
distances for the red and blue runs were sh Vy (M s Propusive GRF (N)

than those for the real frog. (E) The vertical

horizontal velocities were tightly correlated<0.97,P<0.001) during simulations, signifying that take-off angles were the same for each run
and equal to the angle of pelvis tilt. This occurs because the vectors of GRFs for a given torque are in the same déahigoirfo(see A).

(F) Accordingly, the magnitudes of vertical and horizontal velocities were tightly correlated tor&RP@,P<0.01 for vertical anad?=0.81,
P<0.01 for horizontal velocities).
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the other hindlimb DOFs were fixed, and torques about theddodel 2: three-DOF hip joint

DOFs were therefore zero). When model 1 was placed in a In the actual frog, the hip joint is not constrained to only
physiological starting position in which the pelvis was orientecextend during jumping; other DOFs at the hip might be critical
at 15° to the ground, the take-off angle was also 15° and tier jumping performance. Model 2 captures the three-
jump distance was only 0.380m (blue lines in Fig. 6B—D)dimensional properties of the hip by adding the external—
Even when unphysiological starting positions were usetdhternal rotation and abduction—adduction DOFs. The
(pelvis tilted at 42 ° to the ground; red lines in Fig. 6B-D), theremaining hindlimb joints were constrained to only flex and
jump distance was only 70 % of that obtained by the real frogextend. The hip was positioned in its initial configuration as
The black lines in Fig. 6C,D represent the trajectory of a realetermined from the kinematic analysis: flexed by 32°,
frog jumping at 25°C. The peak total velocity (i.e. the vectormdducted by 18° and internally rotated by 15°. The knee and
sum of the vertical’y and horizontaly velocities) of the 42° ankle were initially flexed by 155° and 150 °, respectively.

run was 1.83 nt$ compared with 2.33 ntfor the real frog, We first examined the range of dynamic behaviors that
and the trajectory of the COM during the ground-contact phaseodel 2 could produce. To do this, a batch of simulations was
resulted in a predicted jump distance of 0.552 m compared wittun in which we randomly varied the magnitude of the torque
0.704m for the real frog. The inability to produce bothsteps applied about each rotational DOF. Trajectories of the
maximal-distance jumping and a range of take-off anglesirtual frog’s COM are shown in Fig. 7B. Both internal and
suggests that additional DOFs and joints are critical foexternal rotation torques were applied about the feraigs,
jumping. and both abduction and adduction torques were applied about
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Fig. 7. Jumping performance of mo
2. (A) Model 2 was placed in a norn
starting position. The colored arro
represent ground reaction for
(GRFs) as in Fig. 6. In addition, t
GRF per unit Nm of torque is sho
for hip external rotation (yellow) ar
hip adduction (blue). (B) The path
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arrows in A). (F) The magnitudes or

the hip (HE) and ankle extensor (AE) torques were significaP#.01;r2=0.69 and2=0.63, respectively) correlated with variations in the

peak horizontal velocity among the simulation runs. Only the magnitude of the hip external rotation (HR) torque was sigififiOabl,

r2=0.59) correlated with variations in the peak vertical velocity.

the femur’sy axis. Five hundred trajectories are shown startingon unit torque inputs, but it is important to keep in mind that
from the onset of the torque steps for a period of 95 ms. Whé#tese vectors will be scaled by the actual torque values shown
is most evident from Fig. 7B is that a large range of take-ofin Fig. 1 (e.g. the GRF due to a unit hip extensor torque is
angles was produced in this model compared with model 1.6.93NNIm1 and thus the GRF due to 0.009Nm of hip
The take-off angles ranged from 0 to 90° relative to theextensor torque is 0.15N). A unit hip extensor torque produced
ground. The peak vertical and horizontal velocities of the COM: large horizontal and smaller vertical force (ratio 15.5:6.8). A
showed no significant correlation among simulation runs (seenit ankle extensor torque produced a similar ratio of
Fig. 7E) because, unlike model 1, the individual hindlimbhorizontal to vertical force (13.2:8.0). A unit knee extensor
torques produced different ratios of horizontal to vertical GRFtorque produced a relatively small horizontal force (2.1 N) and
We examined the GRFs produced by each hindlimb torqua vertical force (7.2 N) comparable with that produced by hip
at the starting limb configuration. Fig. 7A shows the GRFand ankle extensor torques. The knee extensor torque produced
vectors produced by a unit hip extensor (purple), knee extensarvery large lateral force (18.2N) compared with the lateral
(orange), ankle extensor (green), hip external rotation (yellowfprces produced by the hip (-5.1N; negative values represent
and hip adduction (blue) torque. The GRF vectors are basededially directed forces) and ankle extensor unit torques
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Model 3 Model 2
Tibio

Fig. 8. Internal rotation of tt
tibiofibula at the starting jumr
position enhances the verti
component of the ground react
force (GRF). Left column, model
right column, model 2; botto
panels, position of models at 1 30 ms
start (Oms) of the jumpir
simulation; top panels, position
models and orientation of the G
(red arrow) 30ms into tt
simulation. Model 3 had an ex
degree of freedom about the ki
compared with model 2, wherein 1
tibiofibula (the bone colored pink
the right side of model 3) w
internally rotated about its long ax
By bringing the foot under the froc
body, this internal rotation increas
the vertical component of the Ghkr
relative to the horizontal component during the early portion of the jumping simulation. The GRF shown for both modelsilatesi dalc
response to the same extensor torque pattern applied about the hip, knee and ankle joints.

(5.9N). Both hip external rotation and hip adduction unitFig. 7B-D). This resulted in a predicted jump distance of
torques produced relatively large vertical forces (11.1 an0.370m (Fig. 7D). If we increased the hip external rotation
9.3 N, respectively), but horizontal forces that opposed forwartbrque by four times that observed in the real frog, model 2
translation (-8.0 and —9.1N, respectively). produced jumps that more closely resembled maximal-distance
On the basis of the static descriptions of torque transmissiojumps (red trajectory in Fig. 7B—D). That we could not produce
we predicted that hip and ankle extensor torques shoultiaximal-distance jumping in model 2 using physiological
accelerate the COM most strongly in the horizontal directiorstimates of hindlimb torque values suggested that additional
and that hip external rotation and adduction torques shouldOFs must be added to the frog model.
accelerate the COM most strongly in the vertical direction.
This relationship was in fact observed (see Fig. 7F). ThModel 3: two-DOF knee joint
magnitude of both the hip and ankle extensor torques was The frog knee joint exhibits an overflexion mechanism in
significantly @<0.01) correlated with the peak horizontal which the calf is rotated along its long axis and carried over
velocity of the COM 1(2=0.69 and2=0.63, respectively). The the dorsal aspect of the thigh in the extreme ranges of knee
magnitude of the hip external rotation torque was significantlflexion (Lombard and Abbot, 1906). This over-flexion
correlated with the peak vertical velocity<0.01,r?=0.59). mechanism may enhance the jumping performance of the
The hip adduction torque did not show a significant correlatiomodel. Thus, we added this DOF at the knee joint in model 3.
with peak vertical velocity. Thus, increasing the externalThe knee was then internally rotated by 30°, the estimated
rotation torque will produce higher take-off angles and lowerotation angle at the starting position of the jump (see Materials
acceleration take-offs, and increasing ankle and hip extensand methods). As shown in Fig. 8, this rotation brought the
torques will produce lower take-off angles and higherfoot more underneath the body and more within the sagittal
acceleration take-offs. However, it is important to keep in minghlane compared with model 2 and, thereby, increased the
that the majority of the jumping muscles are biarticular, andertical component of the GRF. As described above, there is
independent regulation of hindlimb torques may not ben additional DOF in the knee in the adduction—abduction
possible in the real frog. plane. Preliminary simulations showed that this DOF had little
We tested whether model 2 produced maximal-distanceffect on jumping performance and thus, for computational
jumping when the real jumping torques (shown in Fig. 1) weresimplicity, we fixed this DOF so that the adduction angle was
used to drive its forward dynamics. To our surprise, we foundonstant at 90 °C. The remaining joint angles were the same as
that model 2 did not produce maximal-distance jumpingthe initial angles in model 2.
Instead, the take-off angle was approximately 13° and the We first examined the range of dynamic behaviors that
vertical velocity was only 0.4m% (blue trajectories in  model 3 could produce by randomly varying the magnitude
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Fig. 9. Jumping performance
models 3 and 4. (A) Models
and 4 were both placed in 1
normal starting position. Tt
colored arrows represent |1
ground reaction forces (GRF
as in Figs6 and 7 for bao
models. Note that the GF
generated by internal rotation
the knee is mostly lateral

Distane (m)

T T T
direction (i.e. out of the pag 0 0.02
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path of the center of ms
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magnitudes of hindlimb torqu
were randomly varied. The r
path in B-D represents t
simulation run in which th
actual torques produced by -
real frog were used to drive t 0
degrees of freedom (DOF I I - I T
in model 3. The blue pa 0 45 90 45 90 01 03 05 0.7
represents the simulation run Time (ms) Distance (m)

which the same torque patt
was used to drive model
(C) The vertical VW and
horizontal V4 velocities of the
COM for the red simulation rt
matched those of the real fr
(black lines) over the first 70
At this time, model 3 we
maximally extended and t
simulation ended. The vertic
and horizontal velocities of tl
COM of model 4 more close T T T

|

Velocity (m s1)
H
|
Distane (m)
1
N
S

Velocity (m s?)

matched those of the real fr 0 05 1.0 0 0306 0O 0306 10 20 30
over the entire 90ms take- Vi (m s HE _ Ankle argle >90°
phase (i.e. addition of the dis T (ms)

joint allowed model 4 to extel Torque (N cm)

further during the remaining 15 ms of the jump). (D) The predicted jump distance for model 3 was less than that of theHewalkfreg the
predicted jump distance for model 4 closely approximated that of the real frog. (E) As in model 2, vertical and horizoities irelmodel 3
were not correlated. (F) The magnitude of only the hip extensor (HE) torque was signifieaft1(r2=0.71 ) correlated with variations in
the peak horizontal velocity among the simulation runs in model 3. No single torque component was significantly correletgdtiwith in
vertical velocity. In trials in which the ankle extensor (AE) torque was greater than 0.3Ncm (boxed regidnyimafmISAE torque graph),
the time T) taken for the ankle to extend past 90° was significanfiy0(61, P<0.05) correlated with variations in vertical velocity (right
panel). The later the ankle extended during the ground-contact phase, the larger the vertical velocity.

of torque steps applied about each rotational DOF. Thaear-maximal-distance jumping using physiological estimates
trajectories of the virtual frog’s COM, which were generatedf hindlimb torque values.

by driving the forward dynamics of the model with randomized When the hindlimb torques computed in the real frog were
torque steps, are shown in Fig. 9B. Both internal and externaked to drive the forward dynamics of model 3, the simulated
rotation torques and both abduction and adduction torquggmp closely matched that of the real frog. Fig. 9C shows the
were applied at the hip. Five hundred trajectories are showmorizontal and vertical velocity of the COM of model 3 (red

starting from the onset of the torque steps for a period of 95 mknes) compared with the real frog (black lines). Fig. 10 shows
Similar to model 2, we found that model 3 produced a largéhe hindlimb joint angles of model 3 (red lines) compared with
range of take-off angles (0—90 °) from a single starting positiorthe real frog (black lines). The trajectory of the COM and the
However, unlike model 2, we found that model 3 producedhindlimb joint angles were very similar for the first 70 ms of the
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Hip extension Hip rotation Hip ab-add
30 30 301

Fig. 10. Comparison of the joint kinematics of model 3 g O-X 0

(red lines), model 4 (blue lines) and experimental frogs \/
(black line represents data from one frog). The forward, -30 =304 —30

dynamics of models 3 and 4 were driven with the joim‘g -60 -60] Ext rotationl -60 AbductionT
torque pattern estimated from the kinematics
experimental frogs. The hindlimb joint angles of bot®
models closely corresponded to the experimental data %r
the first 70 ms of each simulation run. After 60—70 ms, thig
metatarsal joint (Meta) of experimental frogs begins t& ] 150 90
extend (lower right panel). Model 3 did not capture thi8 _50
reversal of tarsometatarsal joint motion because the 100 60
metatarsal-phalangeal segment was fixed to the ground.qqq | 20
Model 4, which allowed passive rotation of the metatarsal 50 .
segment above the ground (i.e. no active torques were_150 | 0l Extension §
applied about the tarsometatarsal joint), did capture this
kinematic effect. ab—add, abduction—adduction; Ext, 0 45 0 0 45 90 0 45 20
external. Time (ms)

Kneeextension Ankle extension Meta extension

jump. After that time, the hindlimb of model 3 was maximallytorque to contribute more to the vertical acceleration of the
extended and the simulation was terminated. This earlgenter of mass, which in turn produced a more optimal take-
termination was due to the fact that the metatarsophalangeaf angle (42 °) for maximal-distance jumping.
segment of model 3 was rigidly secured to the ground. Thus, On the basis of the static descriptions of torque transmission
unlike the real frog, the tarsometatarsal joint of model 3 did ndh model 3, we predicted that variations in the magnitude of
extend during the last 10-15ms of the jump (this joint flexeghe hip extensor torque should be related to variations in the
during the first 60—70ms of the jump; see Fig. 10). The jumpeak horizontal velocity of the jump. This relationship was
of model 3 had a predicted distance of 0.612m compared withbserved (see Fig. 9F, left panel; significant Ra0.01,
0.704m in the real frog (Fig. 9D). Before examining howr?=0.71). We hypothesized that variations in the ankle
adding the metatarsophalangeal joint enhances jumpirgxtensor torque, because of its increased contribution to the
performance, we first examined in more detail why model ¥ertical GRF at the starting position, should be related to
produced a much better jump than model 2. variations in the peak vertical velocity of the jump. However,
We examined how the GRFs produced by the individualve found this was not the case (see Fig. 9F, middle panel).
hindlimb torques were different in model 3 compared withinstead, a combination of kinematic and dynamic factors was
model 2. The GRF vectors produced by unit torque inputs arelated to variations in the vertical velocity. In simulation runs
shown in Fig. 9A (purple, hip extensor; green, ankle extensoim which the ankle extensor torque was greater than 0.3Ncm,
orange, knee extensor; yellow, hip external rotation; blue, hithe most notable factor correlated with variationdAnwas
adduction). The GRFs produced by hip extensor, knethe time for the ankle angle to extend past 90 ° from a starting
extensor, hip external rotation and hip adduction torques wegmngle of 150 ° (see Fig. 9F, right panel). This was because the
similar to the GRFs produced by the same torques in model Byagnitude of the vertical force produced by the ankle torque
i.e. the ratio of vertical to horizontal to lateral force for eachdepended critically on the ankle angle. As the ankle extended
torque was similar in both models. However, an ankle extensaiuring the jump, the ankle torque produced less vertical and
torque in model 2 produced GRFs that were dramaticallynore horizontal force. Thus, if the ankle extended early or at
different from those produced in model 3. A unit anklean initially high rate in the jump, then the ankle torque
extensor torque produced a vertical force that was twice thaccelerated the COM more in the horizontal direction. If the
produced in model 2 (15.8N compared with 8.0N). Thusankle extended later or at a slower initial rate, then the ankle
internal rotation of the tibiofibula (Fig. 8, left panel) allowed torque accelerated the frog more in the vertical direction. The
the ankle torque to produce a GRF with a larger vertical thaimitial rate of ankle extension depended on the magnitude of
horizontal component (15.8:5.0). In terms of absolute valueshe hip and knee extensor torques. When these other torques
the real torque pattern in the frog produced a total GRF at theere high, the ankle extended later and higher take-off angles
starting limb position in which the vertical component waswere produced. If these torques were low and the ankle torque
0.99N for one hindlimb (1.98N for both limbs) and thewas the same value, the ankle extended earlier and lower take-
horizontal component was 1.01 N (2.02 N for both limbs). Theoff angles were produced.
same torque pattern produced a GRF in model 2 that had a
vertical component of only 0.78 N and a horizontal componeri¥lodel 4: addition of the metatarsophalangeal joint
of 1.23N. Thus, the extra DOF at the knee permitted the ankle Freeing the metatarsal segment so that it can lift off the
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ground should, at the least, function passively to increashat the internal rotation DOF at the frog knee joint, which is
jump distance. Jump distance is the sum of the horizontéhsignificant in humans, played a very important role during
distances covered by the COM during the ground-contact arftbg jumping. Adding this DOF to the frog knee joint
aerial phases. Freeing the metatarsal segment should incregsemitted the generation of a wide range of take-off angles not
the horizontal distance covered by the COM during thettainable in simpler models and permitted a take-off angle of
ground-contact phase. If the vertical distance covered by th& %, which is necessary for maximal-distance jumping, when
COM is also increased, the duration of the aerial phase anging physiological estimates of torque values to drive frog
therefore the distance covered during the aerial phase will baotion.
increased as well. Freeing the metatarsal segment should alsd'he approach in which modules are added to an existing
allow the other joint torques to produce GRFs for longer. Watructure cannot be used to attribute a single function to any
examined how releasing the metatarsal segment and addimglividual module. Each module has its particular significance
a metatarsophalangeal joint in model 4 enhanced jumpinfgr, and influence on, the functional totality, but at the same
performance. The torque values calculated for the iliosacrafime each module is regulated and limited in its function by
hip, knee and ankle joints in the real frog were used to drivehe other modules (Savazzi, 1999). For example, adding the
the forward dynamics. No torques were applied about thextra DOF at the knee permitted the expression of maximal-
tarsometatarsal joint, and it therefore contributed onldistance jumping by allowing the limb to enter a particular
passively to jumping performance. The simulation resulted istarting configuration otherwise not attainable (Fig. 8, left
a predicted increase in jump distance of 0.101 m compargehnel). In this configuration, the extensor torque about another
with jumps with the metatarsal segment fixed to the groun®OF (the ankle) resulted in a larger vertical GRF compared
(see Fig. 9D; trajectory with metatarsal fixed to the groundwith models without the extra DOF at the knee and
red line; metatarsal freed, blue line). The increase in jumponsequently higher take-off angles close to 42 %. At the same
distance was due to an increase in take-off velocity, atime, we found that transmission of the ankle torque to the GRF
increased horizontal distance covered during the groundvas configuration-dependent. Thus, if extensor torques about
contact phase and an increased height at take-off, whiather DOFs (hip and knee) were too small, the ankle extended
prolonged the aerial phase. early in the jump and the ankle torque produced a more
horizontal GRF and, consequently, lower take-off angles.
Therefore, both a correct balance of hindlimb torques and a
Discussion correct starting configuration were necessary for the expression
In this study, we used a modeling approach to test what ttef maximal-distance jumping.
appropriate hindlimb model was for producing maximal- In addition, considerable care must be used when
distance jumping and for producing a flexible range of takeinterpreting our simulation results to differentiate between
off angles. We found that, to produce maximal-distanc&inematic effects and the effects of the reduced power
jumping, the skeletal system of the frog must minimallyassociated with removing DOFs. Removing a given DOF
include a gimbal joint at the hip (three rotational DOFs), aliminates motion about this DOF (kinematic effect) but also
universal Hooke’s joint at the knee (two rotational DOFs) aneliminates joint work and power produced about this DOF. We
pin joints at the ankle, tarsometatarsal, metatarsophalangdalind that the distance of simulated jumps declined as DOFs
and iliosacral joints. In addition, we found that a uniquewere removed from the model. One interpretation is that
mechanism at the knee joint provided an opportunity to flexiblynotion about these DOFs (either pre-jump to position the joints
control the take-off angle that was not possible without thisnto the starting configuration or during the jump) are
mechanism. In the following, we discuss the approach used irecessary for the kinematic expression of jumping. However,
this study and the implications of our results for maximal-an alternative explanation is that removing DOFs also removes
distance jumping and locomotor control in the frog. the work generated around these DOFs and thus removes
mechanical energy from the system. Hence, in theory, this
Reverse engineering approach to functional morphology reduced work, rather than kinematic constraints, could be
Reverse engineering is the process of disassembling rasponsible for the reduced jump distance.
product to determine how it is designed from the component We assessed this possibility and found it not to be the case
level upwards. In this study, we disassembled the skeletédr the secondary DOFs at the knee and hip. For instance,
system of the frog into individual rotational DOFs at the jointsmodel 3 was able to jump a far greater distance and generate
and then used these DOFs to construct progressively highdar greater power than model 1. The increase in power was not
dimensional models. We tested the range of behaviors, botlue to added power generated about the secondary DOFs (two
dynamic and static, that each model structure could produg the hip and one at the knee). In model 3, the joint power
and whether the model permitted maximal-distance jumpinglirectly generated by the internal rotation of the knee was only
which is a behavior of great interest to integrative muscl®& % of the total joint power, and the combined joint power
physiologists (see below). We found this modular approach tgenerated by hip rotation and abduction—adduction torques
be particularly useful because frog jumping is kinematicallyappears to be negative. Hence, it is not the power generated
quite different from human jumping. In particular, we foundaround the added DOFs that improved performance, rather it



1700 W. J. Kargo, F. Nelson and L. C. Rome

is the relief of kinematic constraints that enables the extensaneasured in experimental frogs), the same ankle torque

DOFs to increase their power output. produced one-third of the lateral force and three times the
_ _ _ _ vertical force of that produced if out-of-plane motions were not
Maximal-distance jumping permitted. Similarly, the same knee torque produced three-

Comparative physiologists have long been interested in froguarters of the lateral force and 1.25 times the vertical force.
jumping because the frog is thought to have become wellhus, out-of-plane rotations provided a setting for producing a
adapted for explosive jumps. Muscle, connective tissuenore balanced ratio of vertical to horizontal GRFs. To increase
skeletal and neural are possible modifications to the systerurther the vertical forces so that higher take-off angles could
Muscle properties that contribute to jumping have beete produced, a considerable amount of out-of-plane joint
addressed in other studies (Lutz and Rome, 1994, 1996afborque had to be produced (both hip adduction and external
Lutz et al., 1998). Potential skeletal adaptations for jumpingotation torques). Both torque components produce large
may occur either in the morphology and mechanicalertical forces at the starting limb position.
characteristics of bone or in the DOFs and ranges of motion The iliosacral joint has been hypothesized to be important
of the joints (Alexander, 1993). The present study did nofor frog jumping (Gans and Parsons, 1966; Emerson and de
address how the morphology and mechanical characteristidsngh, 1980). The primary motion at this joint during jumping
of bone contribute to performance (e.g. bone stiffness mag, when viewed from the left side of the frog (nose pointing
govern whether and how bones store and release mechanitathe left), clockwise rotation of the trunk relative to the pelvis.
energy during movement) (see Blob and Biewener, 200Ifhis motion aligns the trunk with the GRF. If the trunk is not
Calow and Alexander, 1973). However, we did address thresdigned, a moment is produced about the trunk that causes it to
properties of the frog skeleton that enhanced jumpingotate away from the neutral position, which will in turn affect
performance: (i) addition of a functional hindlimb joint to the the efficacy with which the COM is accelerated (Emerson and
limb complex, (ii) increased out-of-plane ranges of motion atle Jongh, 1980). The iliosacral joint might function in other
the hindlimb joints and (iii) specialization of the iliosacral ways as well. For example, trunk rotation moves the COM of
joint for jumping. the frog more directly over the ankle joint and therefore acts

The astragalus and calcaneus are tarsal bones distal to theoppose early ankle extension. If the ankle unfolds later or at
tibiofibula that have become elongated in the frog. In mosa slower initial rate, the ankle torque produces relatively more
other limbed vertebrates, the tarsal bones are relatively shoreértical compared with horizontal force. Under these
and, with the metatarsal bones, form an essentially rigid foatonditions, the frog can generate higher take-off angles. A
segment. The skeletal changes in the frog yield a four-jointesensitivity analysis supported this role (see below) and showed
rather than three-jointed hindlimb structure with five rathethat larger iliosacral torques were associated with higher take-
than four rigid segments (Gans and Parsons, 1966). Here, w8 angles.
showed that, by adding a functional tarsometatarsal joint to the
hindlimb structure, jump distance could be increased 1.15-fold Locomotor control
(by 0.1 m or 2bodylengths). One part of this increase was Rana pipienaise jumping as a general mode of terrestrial
because the distance from the COM to the tip of the hindlimibbcomotion and not only for explosive escape responses. Even
was increased at the time of take-off, thereby increasing tha the case of an escape response, the goal of frogs might not
take-off height and horizontal distance covered during theecessarily be to maximize jump distance but instead to
ground-contact phase. A second part of this increase wasaximize the horizontal acceleration (Emerson, 1978) or to
because the other hindlimb torques had a longer duration goncatenate several high-velocity, low-trajectory jumps (Gans
which to produce GRFs and propel the frog (Howell, 1944and Parsons, 1966). Thus, selection of an appropriate skeletal
Alexander, 1995). Finally, a passive torque that is produced byodel not only rests on whether this model can express
a modest spring about this added distal joint could furthemaximal-distance jumping but also on whether it permits a
increase jump distance by up to 0.08 m or 1.6 body lengths. wide range of jumping trajectories. In the process of testing

Out-of-plane rotations, other than flexion and extensionthis, we obtained insight into how the skeleton of the frog
have been hypothesized to allow the hindlimb to move from provides control opportunities to the neuromuscular system.
lateral, splayed position to a more anterior—posterior position One of the main findings of this study was that the knee joint
in the frog (Gans and Parsons, 1966). Rotation of the limhg the frog provided an opportunity for trajectory control that
under the body will reduce the lateral GRFs produced bwas otherwise not possible. The peculiarity of the frog’'s knee
extensor torques and increase the vertical GRFs. In this studgint has long been recognized (Lombard and Abbot, 1906). In
the Jacobian matrix, which describes the differential propertigsarticular, the knee exhibits an over-flexion mechanism
of the limb linkage (Tsai, 1999), was calculated at the startingghereby the calf is carried dorsally over the thigh in the
limb position for each model. The Jacobian matrix determinesxtreme ranges of knee flexion. This mechanism is thought to
how joint torques are transmitted to the ground-limb interfacee important for wiping movements to the cloaca and back
and its form depends on the DOFs and configuration of th@-ukson et al., 1980; Giszter et al., 1989). However, even in
linkage. We found that, if out-of-plane motions were permittedhe resting position of the frog, the tibiofibula was internally
at the hip and knee at the starting limb position (to match thosetated by approximately 25-30°. This degree of rotation was
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sufficient to double the vertical force contributed by the ankle Limitations of forward dynamic simulation; future modeling
extensor torque at the starting limb position. Without this force, Although forward dynamic simulations have proved to be
the remaining torque components could not generate enoughvery useful tool to elucidate the role of various joint DOFs
vertical force to accelerate the frog vertically, and onlyin jumping performance, this approach has several
trajectories between 0 and 20° could be produced. limitations. First, for computational simplicity, in most of the
To examine how trajectory variations might be produced irsimulations we assumed: (i) that the torques around different
the real frog, we performed a sensitivity analysis in whictjoints were generated simultaneously, and (ii) that the torques
the torque pattern for maximal-distance jumping waswvere generated instantaneously and remained constant
systematically varied and used to drive the forward dynamicthroughout the movement (i.e. torque steps). That torque
of model 4. Individual torque components forming the pattermgeneration is simultaneous seems to be supported by actual
were scaled in amplitude while the other torques wereneasurements (see Fig. 1), but the torques generated were
unaltered. We found that the take-off angle was most sensitiveeither instantaneous nor constant. Nonetheless, by running
to variations in the amplitude of the hip external rotation torqué¢he models through the actual torques measured during
(Fig. 11). Variations in torque by a factor of £0.20 produced gumping, we were able to show that these assumptions did
35° range of take-off angles, with increases in the torquaot affect our general conclusions. As might be expected, a
magnitude leading to increases in the take-off angle. We alsmnstant torque during the simulation tended to result in
found that when the hip external rotation and knee extenssomewhat improved jumping. Thus, our findings of reduced
torque were varied simultaneously by a factor of only £0.10performance in models with fewer joint DOFs are a
a 35 ° range of take-off angles could be produced. Interestinglypanifestation of kinematic constraints rather than an
the cruralis, gluteus magnus and tensor fascia latae alinnatural’ torque pattern.
externally rotate the hip and extend the knee and are activatedA third limitation when discussing motor control is our
during jumping (Peters et al., 1996; Gillis and Biewenerassumption that individual torques can be independently
2000). Thus, these muscles represent target muscles by whittanipulated. During maximal muscle recruitment and
small variations in activation level might lead to large changeactivation, this may not be true because most of the hindlimb
in take-off angle. We found that the horizontal take-offmuscles are biarticular and, hence, torques will necessarily be
velocity, which probably determines in large part the successoupled at adjacent joints. During submaximal recruitment or
of escape jumps (Gans and Parsons, 1966; Howell, 1944), wastivation, however, individual regulation of torques is
most sensitive to variations in the amplitude of the hip extensqrobably possible by differential recruitment (or activation) of
torque (see Fig. 11). Thus, the semimembranosus, gracilis atfte muscles. Hence, the various levels of control of the take-
the dorsal head of the adductor magnus, which are the thre# angle with the different models are probably possible
primary hip extensor muscles in the frog, represent targeturing submaximal movements.
muscles for controlling jump speed and distance (see OlsonWe believe that considerable improvements in modeling,
and Marsh, 1998). and hence our understanding of skeletal design, can be
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achieved by driving the skeleton with physiologically realistic sensorimotor transformations in the wiping movements of frags.

muscle—tendon actuators rather than joint torque inputs. In thisNeurophysial62 750-767. _

. . .. Hirano, M. and Rome, L. C.(1984). Jumping performance of frofRaha
case, the observed rise in torque generation at the beginning oﬁpiens as a function of muscle temperatuleExp. Biol. 108 429-439.
the jump will probably be well represented by two importantHowell, A. B. (1944). Speed in Animals — Their Specialization for Running
mechanisms built into the actuator: the rate of muscle force 2nd LeapingChicago, IL: Chicago University Press.

. . . Kinzel, G. L. and Gutkowski, L. J. (1983). Joint models, degrees of freedom
generation and tendon compliance. Further, the drop in torque,, 4 anatomical motion measurementBiomech. EnglO5, 55-62.
that occurs later in the jump will probably be closelyLieber, R. L. and Boakes, J. L.(1988). Muscle force and moment arm
represented by two other important mechanisms: the contributions to torque production in frog hindlimbm. J. Physiol254,

) . .~ C769-C772.
forCE/Velocny properties of the muscle and the Change 'Dieber, R. L. and Shoemaker, S. D.(1992). Muscle, joint and tendon

moment arm with joint position. Finally, activation of a contributions to the torque profile of frog hip joidtm. J. Physiol263

biarticular muscle will lead to moments around both joints, R586-R590. .
h idi listic evaluation of the amount of counlin Lombard, W. P. and Abbot, F. M. (1906). The mechanical effects produced
thus providing a realis PlING by the contraction of individual muscles of the thigh of the frag. J.

of torque generation around adjacent joints. Physiol. 10, 1-60.
In summary, our modular approach to examining the role dfutz, G. J., Bremner, S., Lajevardi, N., Lieber, R. L. and Rome, L. C.

.. . . . . L . (1998). Quantitative analysis of muscle fiber type and myosin heavy chain
joint DOFs during jumping has provided insight into the role  isyinution in the frog hindlimb: implications for locomotory design.

of the skeleton during frog jumping. This approach also Muscle Res. Cell Motill9, 717-731.
provided some insight into neuromuscular mechanisms teHtz, G. J. and Rome, L. C.(1994). Built for jumping: The design of the

trol take-off | d | ti Th hani i frog muscular systenBcience263 370-372.
control take-orr angle and acceleration. €s€ mechanisms Wujtz, G. J. and Rome, L. C.(1996a). Muscle function during jumping in

be further addressed in future studies by embedding frogs. I. Sarcomere length change, EMG pattern and jumping performance.

musculotendon actuators and neural control within the skeletalAm- J- Physiol271, C563-C570. _ o
Lutz, G. J. and Rome, L. C.(1996b). Muscle function during jumping in

framework developed here. frogs. Il. Mechanical properties of muscle: Implications for system design.

Am. J. Physiol271, C571-C578.
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