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Abstract

Backward somersault dismounts at parallel bars in artistic gymnas-
tics are considered fundamental movements for other advanced skills,
such as double backward tucked and piked somersaults. It has been
previously discussed that angular momentum reduction around the
center of mass occurs right before takeoff. However, such angular
momentum reduction would decrease the number of rotations during
somersaults, making it difficult for a gymnast to perform higher-valued
dismounts. We hypothesized that avoiding this angular momentum re-
duction may be essential for enabling a large number of rotations and
tested this hypothesis based on computer-based optimizations. We
first determined the best stunt and observed hip flexion in the middle
of the stunt, which is an unlikely movement for gymnasts. To avoid
conclusions with applications only limited to unusual stunts with such
hip flexion, we performed yet another optimization under additional
constraints suppressing hip flexion in the middle of a stunt. In both
these optimized stunts, angular momentum reduction was observed,
thereby rejecting our hypothesis. However, an induced acceleration
analysis of these stunts revealed that wrist and shoulder coordination
weakened this angular momentum reduction, suggesting the impor-
tance of inter-joint coordination for better performance in backward

somersault dismounts.

Introduction

Backward somersault dismounts at parallel bars in artistic gymnastics are
considered fundamental movements for other advanced skills, such as double
backward tucked and piked somersaults. (Fig. 1). A typical sequence of a
backward somersault dismount at parallel bars begins with a still handstand

on the parallel bars, followed by shoulder extension and takeoff from the
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parallel bars. However, gymnasts typically need to have an extended airtime
and high angular momentum around the center of mass (CoM) for high-
valued dismount skills.

A previous study has revealed that the horizontal and vertical momen-
tum of the CoM decreases and increases, respectively, during the upward
swing phase of a backward somersault dismount (Prassas and Papadopou-
los 2001). They indicated that the force originating from parallel bars that
induced the momentum change also reduced the angular momentum around
the CoM. This was because the position of the CoM was higher and in front
of the point of support.

However, this angular momentum reduction around the CoM could also
reduce the number of rotations in the following backward somersault dis-
mount because the number of rotations is proportional to the product of
the airtime and angular momentum around the CoM. Such reduction in the
number of rotations would make it more difficult for a gymnast to demon-
strate high-valued dismount skills. Thus, we hypothesized that avoiding this
angular momentum reduction during the upward swing phase is essential for
somersault dismounts with higher number of rotations. To test this hypoth-
esis, we conducted computer-based optimizations. We first determined the
best stunt by maximizing the number of rotations via optimization and
observed hip flexion in the middle of the stunt, which is not typical for gym-
nasts. To avoid conclusions that could only be applied to unusual stunts with
hip flexion in the middle, we performed yet another optimization under ad-
ditional constraints suppressing this hip flexion and tested the hypothesis

by analyzing the two optimized results.
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Method

Model Configuration

A two-dimensional model of a human and the parallel bars was developed to
maximize the number of somersault rotations (Fig. 2). The human model
comprised three segments representing the trunk, arms, and legs. The seg-
ments were connected at the wrist, shoulder, and hip joints. The wrist was
assumed to be fixed on the parallel bars because gymnasts grasp parallel
bars tightly with their hands. Further, the inertial parameters of the body
were determined based on the body mass and the lengths of the body seg-
ments of a male gymnast (Ae et al. 1992). Notably, positive directions for
the joint angles were assumed as follows: ulnar flexion for the wrist, exten-
sion for the shoulder, and flexion for the hip. All the angles were defined to
be zero in the handstand position. Note that the origin of the displacement
of parallel bars ypp can be realized when no force is applied, including the
gravitational force. In our model, each joint had a torque actuator that
incorporated its physiological properties such as torque—angle and torque—
angular velocity relationships. The torque of each actuator (mw,7s and 7x)
was determined based on the method proposed by Millard et al. (2019) (Fig.
S-1). A linear spring and damper were used to represent the parallel bars
(Linge et al. 2006).

A movement was simulated beginning from a still handstand, and a dis-
crete time series of the active state for each joint with a 1/20 s resolution
was used as the input. Cubic spline interpolation was used to obtain a
time series with finer time resolution. The joint torque at each time was
calculated considering the active states and the torque-angle—angular ve-

locity relationships (Millard et al. 2019). The obtained joint torques were
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used to numerically integrate Newton’s equations, and the angles and an-
gular velocities were obtained (Fig. S-2). To identify the input yielding
the best performance, an optimizing algorithm with genetic algorithms and
simulated annealing was developed.

To quantify the performance of a simulated movement, the number of

rotations NN, was defined as follows:

LCOM ‘takeoff
N, = —CoMltakeoff p 1
" 277[st7’etched “r ( )

where Lcon |takeors denotes the angular momentum around the CoM at
takeoff, Isreteheq denotes the moment of inertia for the stretched posture,
and T,; denotes the airtime. The takeoff occurred when the displacement
of the parallel bars ypp was equal to zero and 0p,qy > 180°, where 0p,qy :=
0w + 0g. Here, Ty, is defined as the time when the CoM approaches the
height of the CoM in a standing position on the ground that is 1.8 m below
the parallel bars. The stretched posture is also defined as a standing position
(fs = 180° and Oy = 0°).

Here, N, is a suitable indicator of performance for the following two
reasons: (1) larger N, values enable gymnasts to perform more difficult
backward dismounts, and (2) when they perform tucked or piked dismounts,
gymnasts can prepare for a suitable landing with larger N, values by stretch-
ing their bodies before landing, which requires extra rotations.

Two conditions were defined for successful movements: (1) [fy| < 45°
all the time, which otherwise was considered out of balance, and (2) ypp < 0
all the time because otherwise the parallel bars vibrated quickly and became
unrealistic. The integration of Newton’s equations of motion was terminated

when the simulated movement surpassed either of the two conditions.
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Two optimizing conditions were also defined: (1) unconstrained condi-
tion using the aforementioned method and (2) hip-flexion suppressed con-
dition, which yields an additional condition. The additional condition was
O < 0 all the time while 6p,4, < 180°. The hip-flexion suppressed condi-
tion was used because we observed, in the best stunt of the unconstrained
condition, hip flexion in the middle of the stunt, which actual gymnasts do
not usually perform, and thus sought for an optimized stunt without such
hip flexion. In the figure legends, we denote the unconstrained condition as

“Uncon” and the hip-flexion suppressed condition as “HFS.”

Contribution of joint torques to physical quantities

The contribution of joint torques to Lcons and other physical quantities
was analyzed, as previously reported (Liu et al. 2006, Zajac et al. 2002,
Hirashima 2011, Koike et al. 2019).

Notably, the generalized acceleration, including translational and angu-
lar acceleration, can be expressed based on a linear combination of general-
ized forces, including forces and torques. For example, the angular acceler-

ation of the wrist joint (ay) can be expressed as

awy = AW TW+A Tg—i—AHTH—i—APBFPB-i-CaW (2)

(=ay +ap + o +aFPB+C’aW), (3)

W ATS H AFPB i i
where A7V, ATs | ATH  AGPE, and Cy,, are coefficients that do not involve

. T
generalized forces (tw,7s,7H, or Fpp). apf (= AW my) can be defined as

the contribution of Ty to aw, and ajy, ayff, and a}‘};})B can be defined sim-

ilarly. Cy,, contains effects that are independent of joint torques and Fpp

such as those of the gravitational force and inertia. The angular acceleration
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of the shoulder and hip joints (ag and ) and the acceleration of parallel
bars (app) can be expressed similarly.

For the x coordinate of the CoM (z¢onr), the equation of motion is
Mage,\ = F, (4)

where a,,,, denotes the horizontal acceleration of the CoM, and F, denotes

the horizontal force originating from the parallel bars and acting on the

upper limb (Fig. 2b). As zconm = oo (Ow,0s,0m,ypB),
Azoon — CWOW + Csas + cgag + cppapp + d, (5)

where ¢y, cg, ¢, cpp, and d are coefficients that do not involve generalized

accelerations. Therefore, from Equations 2-5,

Fy = A rw + A 75 + Aty + AJP® Fpp + Cp, (6)

(=FW 4+ FTs + FTi 4 FFre 4 O ), (7)

where A}Z",AE,A}Z,A?? B and Cp, are coefficients that do not involve
generalized forces. F;" (= AL 1w ) is defined as the contribution of Ty to
F,, and F7s, F7# and FIPB are defined similarly. Cf, contains effects that
are independent of joint torques and Fpp such as those of the gravitational
force and inertia. From the equation of motion for the y coordinate of the
CoM (yconm), the vertical force Fy originating from the parallel bars and

acting on the upper limb can be calculated similarly:

Fy = A rw + AR 75 + Aty + ALFP Fpp + Ch, (8)

(=F)W + Fj5 + FJ" + FJ*? + Cp,), (9)
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where A;ZV’AE’A}Z’AR) B, and CfF, are coefficients that do not involve
generalized forces. Fy" (= A?y" Tw ) is defined as the contribution of Ty to
Fy, and FJs, FJH, and FyF PE are defined similarly. Cp, contains effects that
are independent of joint torques and Fpp such as those of the gravitational
force and inertia.

Leons satisfies the following equation:

dLCoM
dt

= (pw —p&) X F'+ 1w
= (Yocom — yPB) e — xcom Fy + Tw (10)
where p& and pyy denote the position vectors of the CoM and wrist joint,

respectively, and F(= [y, F,]T) represents the external force vector at the

wrist joint (Fig. S-3, 2b). Therefore, from Equation 6-10,

dLcom — AW

F,
dt Loy ™ T Al s+ AQZCOMTH + Aqr e FPB + CaLoon

dLcom dLcom
(11)

where AW A'S TH Fpp
dLCoM

s AdL oo Adlcons Al 1 and Cyr,,,, are coefficients that

do not involve Ty, 7s, 7, or Fpp. AQVLVC W is defined as the contribution
of 7y to the torque around the CoM, and AZlSicoMTS’ A;’ECOMTH, and FyFPB
are defined similarly. Cyr,.,,,, contains effects that are independent of joint

torques and Fpp such as those of the gravitational force and inertia.

Result

The performance of the optimized movements in both conditions was suffi-
ciently significant to perform the triple backward piked somersault (Fig. 3).

This indicates successful optimization, given that the most successful back-
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ward somersault dismount by real gymnasts is the double backward piked
somersault (Fig. 1d).

The number of rotations in the unconstrained condition was larger than
that in the hip-flexion suppressed condition (Table 1). This was expected as
all the movements satisfying the hip-flexion suppressed condition also satisfy
the unconstrained condition. Although T, in the unconstrained condition
was shorter than that in the hip-flexion suppressed condition, the number
of rotations was larger in the unconstrained condition because of its larger
rotational velocity.

The number of rotations was positively correlated with Lcons|takeofs
but negatively correlated with T,; (Fig. 4), suggesting that increasing the
Lcon|takeoff Was more crucial for increasing the number of rotations than
increasing Tg;-. This indicates the necessity of avoiding the reduction of
Leons for a large number of rotations.

In the following description, time intervals are denoted by [s, t], where
s and t denote time points before takeoff. For example, [-0.4s, —0.25]
represents the time interval from 0.4 s to 0.2 s before the takeoff.

The wrist and shoulder angles (6 and 6g) and the displacement of
parallel bars (ypp) were quite similar in both conditions, whereas the hip
angle (ff) in the unconstrained condition was remarkably larger than that
in the hip—flexion suppressed condition (Fig. 5). 0y in the unconstrained
condition was positive at [-0.4s, —0.2s] in the middle of the downward
phase. We refer to this movement as the “hip flexion,” which any gymnast
is unlikely to perform.

With regard to the active states, the wrist and shoulder active states
demonstrated a similar pattern in both conditions; the wrist active state

was maintained at around 1 before —0.8 s, whereas the shoulder active state
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was maintained at around 1 after —0.8s (Fig. 5). The hip active states in
both conditions were not similar, especially at [—0.6's, —0.4 s]; the hip active
state in the unconstrained condition rose up earlier than that in hip-flexion
suppressed condition. It appears that this earlier rise of the hip active state
caused hip flexion in the middle of the downward phase.

The changes in L¢ops in both conditions were similar to each other; it in-
creased right after —0.8 s and decreased after —0.1s (Fig. 6). This reduction
is similar to that in a previous study (Prassas and Papadopoulos 2001). We
refer to this reduction of Loy after —0.1s as the “brake effect.” Therefore,
our hypothesis that claimed the necessity of avoiding Lg,ps reduction for a
large number of rotations was rejected.

We decomposed the torque around the CoM in [—0.1s, 0s| based on
Equation 10 to examine the reason for the brake effect; while 11y was always
positive, the other two terms, (yconr — ypp)Fr and —zcon Fy, were mostly
negative (Fig. 7a). These negative torques around the CoM were also
consistent with that in the previous study (Prassas and Papadopoulos 2001).
We further decomposed (yconmr — ypp)Fr into yconr — ypp and Fy, and
—zcomFy into xoonr and Fy. (Fig. 7b, 7c). (ycom —ypr)Fy was negative at
[—0.1s, 0s] because (yconr —ypp) remained positive and F,, turned negative
at —0.15s, and —zconm Fy was negative because F, remained positive and
Tcoom turned positive at —0.1s. The main cause of the brake effect was

(yoorm — ypp)Fy with respect to the magnitude.

Discussion

In this study, we conducted computer-based optimization of backward som-
ersault dismount at parallel bars to test the hypothesis that avoiding the

brake effect is required for a large number of rotations. In both the optimized

10
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stunts, the brake effect was observed, rejecting our hypothesis. However, we
propose that, in these two optimized stunts, the brake effect is minimized
via the coordination between the wrist and shoulder joints, suggesting the
importance of weakening the brake effect.

Considering Equation 10, the brake effect could be weakened via four
approaches: (1) decreasing yconm — ypp, (2) decreasing F),, (3) increasing
F,, and (4) decreasing xc,p. However, we argue that (1), (2), and (3) are
not effective in weakening the brake effect for a large number of rotations,
whereas (4) is effective.

In (1), the rise of ycorr — ypp in the upward swing phase is quite impor-
tant to gain Tg;., since it determines the vertical CoM velocity at takeoff.
The rise of yoonr — ypp also gains CoM height at takeoff, which would in-
crease Ty Thus, decreasing yoonmr — ypp to weaken the brake effect would
reduce T,;-; therefore, we assume that decreasing yoon —ypp is not effective
to weaken the brake effect.

As regards (2), decreasing Fy, would also reduce Tg;,, which may reduce
the number of rotations.

With regard to (3), increasing F), is not effective either, because increas-
ing I, would also decrease Fy, as discussed below. First, F) is proportional
to —Fy in [—0.1s, 0s]. This holds because F and F, in [-0.1s, 0s| are al-
most equal to FXPB and FyF PB respectively (Fig. S-4). This approximation
holds because the effect of large Fpp by large |ypp| surpasses the effect of
other terms. Therefore,

agre

F;
Fy ~ AII::PB

Y

(12)

11
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" Fym BIPP = A[PP Fpp, Fy~ Ff7P = AP Fpp (13)

. F, « F, (14)

Furthermore, because F,/F, < 0 in [-0.15s, 0s], Ag:B/AII;jB < 0 in
[—0.155s, 0s]. This indicates that increasing F, would also reduce Fy,, which
would in turn reduce T, .

As regards (4), zconr can be reduced by generating a negative F), before
the occurrence of the brake effect, and its cumulative effect in reducing zooar
is more significant when a negative F, is generated as early as possible.
According to Fig. 8, Ty generated a negative F, before —0.8s, and 7g
generated a positive F, after —0.8s, which was suitable considering the
cumulative effect.

However, a negative F, would also reduce Lcons, as ycors — yps > 0
(Equation 10). This indicates that 73 reduced the brake effect by reducing
Tcoonm while reducing Leoops with a negative Fy, and 7g generated Lo,y with
a positive F, (Fig. 8). This coordination pattern of 7y and 7 was caused
by a unique feature of Ty discussed below.

The effect of generating a negative F, via joint torques on Lg,ps can be

evaluated by

() T(¢) ()
AchoM _ AdLCoM 7() _ dLCoM
T(A) - AT(A) - T(A) . (15)
A F, F, T (. ) F T
Reduction in dLES‘O)M due to a negative FIT ©) is smaller for smaller A;(L)CONI / A;(;

12



269

270

271

272

273

274

275

276

277

278

279

280

281

282

because

() AT(')
() _ “TdLcom 17() _ dLcom ()
dLC’oM - AT(.()) By = — AT(.[; ‘ - F ‘ (16)
F, Fy

According to Fig. 9a, AjY /AR is smaller than AJ7 ~ /A}7 (note that

AgCOM /AR is remarkably similar to A:licoM /AE , although it is not plotted
herein). This indicates that generating a negative F, with 7y is the best
strategy to reduce xcops with less Leoops reduction.

This unique feature of 7y is attributable to the fact that the wrist joint
is fixed on the parallel bars while neither the shoulder nor the hip joint has

such a constraint. To clarify the difference, the torque around the CoM

generated by g is given as (Equation 10):

(yoorr — ypB)F;® — xcomFy® = |(ycom — ypPB) AR — TcoM AR | T

dLcom

TS. (17)

As _mCoMA;z is sufficiently small compared with (ycon — ypB)A;SI (Fig.

9b), the following approximation holds:

TS

Lo,
% X YCoM — YPB- (18)
Fy

The same holds for 7 (data not shown). In contrast, because the wrist
joint is fixed on the parallel bars, the torque around the CoM generated by

Tw is as follows:

(Ycom — ypB)FTY — xzcom FyV + Tw
= | (Ycor — yp)AR, — xcom AR + 1| 1w

=AW T (19)

13
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As —a:coMA}VyV is extremely small (data not shown), the following approxi-

mation holds:

TW 1
dLcom

— X yoom — YPB + —F (20)
A;VTV A}‘;V

Furthermore, because A}V: is negative (Fig. 9c), the following inequality

holds:
W TS
dLcom AdLCo]\/I ~ 1 <0 (21)
T T, T )
AF‘;V Aﬁi AFV:
W TS
AchoM < AdLC’o]\/I (22)
T T, *
AR AR,

Therefore, 77 can generate a negative F), with a lower Lo, reduction than
75 or Tg. Owing to this feature, 7y before —0.8s can successfully reduce
Tcoonm to weaken the brake effect considering xoons decreased before —0.8s
(Fig. S-5).

Alternatively, A7 /AR and A~ JAY" arelarger than A7y~ /ARY.
This implies that 7¢ and 77 can generate a certain amount of Looys with
a less positive F, than 7. A reduction in the positive F, would also
reduce xcon, resulting in weakening of the brake effect. Furthermore, be-
cause AgcoM is extremely small compared with the other terms (Fig. 9d),
generating a torque around the CoM via 7¢ would be more effective than
generating it via 7y after —0.8s.

In summary, the coordination between the wrist and shoulder joint ap-
pears to be a strategy for generating Lcops while reducing the brake effect.
The wrist first generates a negative F,, and the shoulder then generates a

positive F, to effectively reduce the value of xc,ps considering the cumula-

14
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tive effect. The wrist generates a negative F, because it generates the least
Loy reduction with a negative F, and the shoulder generates a positive

F, because it generates the largest Looys production with a positive Fj.

CONCLUSION

The aim of this study was to test the hypothesis that avoiding the reduction
of angular momentum around the CoM right before takeoff is required for a
large number of rotations in backward somersault dismount at parallel bars.
We performed computer-based optimization and observed the reduction of
angular momentum in optimized stunts, rejecting our hypothesis. However,
we found that wrist and shoulder torques were activated in order, and an
induced acceleration analysis revealed that this coordination weakens the
reduction of the angular momentum.

However, the reason why either of the optimized stunts did not com-
pletely avoid the reduction of angular momentum around CoM is unclear.
In the optimized stunts, the angular momentum was mainly reduced by the
negative horizontal force from the parallel bars (Fig. 7). Since the negative
horizontal force was proportional to the positive vertical force (Equation 14),
decreasing the magnitude of the negative horizontal for larger angular mo-
mentum would have decreased the positive vertical force, thereby decreasing
the airtime. Thus, our future task involves identifying the tradeoff between
the angular momentum and airtime caused by the forces from the parallel

bars.

15
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Table 1: Best performances in the two conditions following Equation 1. Note

LooMltakeos s

that rotational velocity is equal to 5= 7 p—

Number of Rotational velocity —Airtime

Condition rotations [s71] [s]
Unconstrained 1.26 1.46 0.856
Hip—flexion suppressed 1.22 1.40 0.871
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(d)

Qwvﬁ 2oz, Qwvﬁﬁ%?
e e

Figure 1: Examples of backward somersault dismounts in the order of their
difficulty. (a) Single backward piked somersault (the easiest). (b) Single
backward stretched somersault. (c) Double backward tucked somersault.
(d) Double backward piked somersault (the most difficult). For any of the
backward dismounts, the gymnasts begin with handstands and swing down
their entire body until takeoff while supporting their body above the parallel
bars. The moment of inertia decreases in the order of the stretched, piked,
and tucked postures. The difficulty is evaluated by combining the moment of
inertia and the number of rotations. Although the moment of inertia in the
tucked posture is smaller than that in the stretched posture, the difficulty
corresponding to (c) is greater than that corresponding to (b) because the
number of rotations is larger in (c¢). (d) is the most difficult dismount among
the backward dismounts performed by real gymnasts.

()
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(a) (b)

© : Torque Actuator

Hip

Shoulder

F, é .
- P Fpp = —kppypp — CppYpB

Figure 2: Illustration of simulated model parameters and external forces
acting on the gymnast. (a): Simulated model. The model consists of a
gymnast and parallel bars. The gymnast is modeled as three linked segments
with the wrist, shoulder, and hip joints. Each joint has a torque actuator
with its physiological characteristics. The parallel bars are modeled using
a linear spring and damper. The angles of all the joints (6w, 0s,60r) are
defined, with zeros corresponding to the handstand posture. The positives
are considered in ulnar flexion for the wrist, extension for the shoulder, and
flexion for the hip. (b): Definition of Fppg, F;, and F,. Note that Fpp is
a vertical force acting from the spring-damper element to the parallel bars,
and F, and Fy are the horizontal and vertical forces acting from the parallel
bars to the wrist joint, respectively. F, does not always match with Fpp
because the parallel bars have mass and vertical acceleration.

Shoulder ™ Parallel bars
W ©) Wrist

Parallel bars
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Figure 3: Simulated performance of the optimization results in the piked
posture to compare the difficulty with that shown in Fig. 1d. (a) Best
performance in the unconstrained condition in the piked posture. (b) Best
performance in the hip-flexion suppressed condition in the piked posture.
Both performances qualified the triple backward piked somersault dismount.
(a) was better than (b) because (a) had enough rotation to stretch the body
to prepare for landing while (b) did not have enough rotation to stretch the

body for landing.

(a) (b)
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Figure 4: (a) N, vs. Lcom|takeoff- (D) Ny vs. Tguir. The results whose

N, > 0.8 found in the two optimizations were plotted.
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Figure 5: Relevant kinematic variables and active states of each joint: from
the top, joint angles of the wrist, shoulder, and hip, displacement of the
parallel bars, and active states of the wrist, shoulder, and hip in the uncon-
strained (blue) and the hip-flexion suppressed (red) conditions.
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Figure 6: Angular momentum around the CoM (L¢ops) in the unconstrained
(blue) and the hip-flexion suppressed (red) conditions.

23



(a) (b)
7L _7,. JV AL o B ? + 3 AL o
30 8
Uncon Z, 200 U
SaiN c ek =
2 20 — = o0
L 15 S -100
S I
10 = -200
E
E)
© 200
2 1000
R _
3 = 0
T o100 K 1000
= -200
S -2000
\?/;
— 400 _.03
=1
. 300 %
Z 02
LE\_zoo ‘é
3 100 Lo
g 0 S
| = )
-02 -0.1 0 -02 -0.1 0
time [s] time [s]

(©)
£ A~
e e

Uncon
= 200
R
.‘;1100
g o0
|

4000

Z 3000
> 2000
1000

0

0.05

0
- 0,05
0

-0.15

-0.2 -0.1 0
time [s]

fm]

TooMm

Figure 7: Analysis of the brake effect. (a): Decomposition of torque around
the CoM based on Equation 10. From the top, mw, (ycom — ypB)Fz, and
—xcomFy are presented. The positive value corresponds to increasing Loon -
(b): Decomposition of (ycorr — ypr)Fy into F, and ycorr — ypp. From the
top, (Ycor —ypB)Fr, Fr, and yoonr —ypp are presented. (c): Decomposition
of —xcomFy into Fy and xcopr. From the top, —zcon Fy, Fy, and xconr are

illustrated.
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Figure 8: Breakdown of F}, into the contributions of the wrist, shoulder, and
hip torques, as well as Fpp, and CF,.
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Figure 9: (a): Ratio of the coefficients of contribution to the torque around
the CoM (= A;(L') ) to Fy (= A;S')). The larger the value, the lower the
CoM x
magnitude of F, that needs to be generated to gain a certain amount of
torque around the CoM. (b): Breakdown of AZ%COM into terms via F, and
F,. Note that the terms obtained via F, are equal to (ycom —yp B)A}z, and
the terms obtained via F are equal to _xC'oMAE- (c): Coefficients of the
contributions of the wrist, shoulder, and hip torques to F, . (d): Coefficients
of the contributions of the wrist, shoulder, and hip to the torque around the
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Figure S-1: Physiological properties incorporated into the toque actuators.
(S-1a), (S-1c), (S-1e) Torque—angle relationship for the wrist, shoulder, and
hip, respectively. (S-1b), (S-1d), (S-1f) Torque—angular velocity relationship
for the wrist, shoulder, and hip, respectively. The torque—angle relationships
do not affect 7 significantly when 8 is far from the edge of the motion range.
The torque—angular velocity relationships also do not affect 7 significantly
under eccentric w. However, they change 7 significantly under concentric w
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Figure S-2: Simulation Flow. A time series of the active state for each
joint with a 1/20 s resolution is used as input (upper left). Cubic spline
interpolation is used to obtain a time series (lower left). To simulate the
state at t = t1, the joint torque (7) for each joint is calculated considering
the active states and the torque—angle—angular velocity relationships with
0 and w (top middle). The obtained joint torques are used for numerically
integrating Newton’s Equations, and the angles and angular velocities are
obtained.
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Figure S-3: The external forces and torque that affect Lg,ps are displayed.
The gravity acting on the gymnast does not affect Loops because the gravity
applies to the CoM, thus creating no torque around the CoM. F, and F,
affect Loops with a non-zero moment arm, and 7y directly affects Loons.
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Figure S-4: Breakdown of F, and Fj into the contributions of the wrist,
shoulder, hip joint torques, Fpp, and the remaining terms in [—0.2s, 0s].
From the top, the breakdown of F, and that of F, are presented. Both
FFrs and F; PB were almost identical to F, and F}, respectively.
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Figure S-5: Horizontal force (= F,) and horizontal position of the CoM
(= zcon). From the top, F, and zcop are presented. F, tends to be
negative at [start of motion, —0.8s], and it tends to be positive at [—0.7s,
—0.2 |, which makes ¢,y downward convex. This time history utilizes the
cumulative effect to decrease xconm.



