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Abstract— Among the various elements that facilitate the
movement of the lower limbs, the anterior cruciate ligament
(ACL) is prone to injury. An adequate joint control of the lower
limb can prevent ACL injury. Balancing activities between the
agonist and the antagonist muscles is vital for joint control.
However, prior studies on muscle activities were limited since
they could not determine passive muscle activities. In this
study, we develop a muscle model considering the passive
properties to analyze the movement mechanism of the ACL
under heavy loads, such as those produced during jump landing.
We estimated the muscle activities occurring during a drop
vertical jump (DVJ) by applying to the proposed method
the physiological constraint that muscle activities are constant
during a short time around landing. In addition, the knee joint
torque and muscle forces were calculated from the estimated
muscle activities, which were thereafter compared with those
obtained using the conventional method. The results revealed
that this passive muscle model appropriately represented the
knee joint torque at DVJ landing by decreasing the passive
muscle strain and increasing the isometric maximum muscle
force. Moreover, the estimated muscle activities were larger
than those obtained using the conventional method, which may
be caused by the co-contraction between agonist and antagonist
muscles that cannot be represented by the conventional method.
This muscle co-contraction estimation algorithm would estimate
the muscle load under heavy loads, and applying this knowledge
to training would help to prevent ACL injuries.
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Fig. 1. Scheme of drop vertical jump (DVJ) measurement, where 24 cameras
are used to capture the jump activity. The jump is performed from the stage
to the ground. In addition, two force plates are placed on the ground to
measure the contact force against the floor. A line is drawn 50 cm away
from the edge of the stage. The participant was asked to jump toward the
line 50 cm away from the 30-cm-high stage and to jump as high as possible
soon after landing on the ground. The initial contact (IC) denotes the timing
of landing on the line.

I. INTRODUCTION

Injuries, especially in the lower limbs, occur frequently
in sports that involve vigorous physical activity. Among the
various elements that facilitate lower limb movement, the
anterior cruciate ligament (ACL), which connects the femur
and the tibia and stabilizes the knee joint, is one of the most
frequently injured structures during high impact or sporting
activities. Due to the poor capacity of the ACL to heal,
patients with torn ACLs often require surgery. The healing
process after the surgery is quite long, i.e., six months or
more, which is the time taken before returning to sports.
Around 70% of ACL injuries are noncontact-type injuries
that are caused by large loads applied on the knee without
contact with other persons, such as jump landing or sudden
stop in movement or change in direction [1]. Therefore,
the incidence of ACL injury can be significantly reduced
by preventing noncontact-type injuries. The position control
error of lower limb joints, such as excessive knee valgus in a
dynamic state, can result in a noncontact ACL injury [2][3].
Thus, an adequate joint control would prevent ACL injury.
From observations of jumps of participants, we noticed that
their knee bending patterns at landing exhibited a typical
characteristic. Some landed softly with a large bending,
whereas others landed stiffly with a small bending. Whole-
body balance control is another important characteristic;
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however, we do not focus on it in this study. Instead, we aim
to find a parameter that characterizes the difference between
soft and stiff landings. A balance of activities between the
agonist and the antagonist muscles is vital for joint control
in the cases in which the knee is subjected to large loads,
such as when decelerating from high speeds [4]. The agonist
muscle plays a pivotal role in conducting a particular move-
ment, whereas the antagonist muscle acts in the direction
opposite to the agonist muscle. The hypothesis is that athletes
prepare for landing by setting the co-contraction of the
antagonistic muscles for stiffness control. Subsequently, the
issue is the identification of the level of co-contraction at
landing. A prior study has estimated such muscle activities
based on motion capture data [5]. The inverse kinematics
and inverse dynamics of the three-dimensional joint posi-
tions obtained from the motion capture system were solved
using mathematical optimization calculations to estimate the
muscle forces. This method can be applied to actual sports
using a video-based motion capture system. However, the
antagonist muscle activity cannot be estimated through this
method as the optimization is performed with an objective to
minimize the square sum of muscle forces; in this case, the
antagonist muscle activity would be equal to zero. On the
contrary, an electromyogram (EMG) can directly measure
the muscle activity with the aid of electrodes attached to the
human body. Although the antagonist muscle activity can be
estimated using EMGs, exercising with electrodes attached
to the body is challenging for participants in actual sports.

In this light, the present study develops a co-contraction
identification method and verifies it experimentally through
motion/force measurements using optical motion capture
and force plates. The idea is to assume that an athlete
sets and retains the muscle activity to prepare for landing,
namely, for a short period of time, including the instant
of landing. The computed knee joint torques from inverse
dynamics based on the motion capture data vary in time
and by motion patterns, which are the results of the passive
stiffness revealed from the level of co-contraction. Video-
based studies of ACL injuries reported that noncontact ACL
injuries occurred within 40 ms after landing [6], and the
muscle stretch reflexes appeared approximately 60 ms after
landing [7]. Therefore, posture control with muscle stretch
reflex or voluntary muscle control is theoretically difficult
to achieve in case of landing to noncontact ACL injury. As
the posture is fixed and prepared for landing immediately
before landing, in this study, we hypothesized that the muscle
activities are constant in a short period of time before and
after landing, and the variation in the muscle force is caused
by a passive mechanism, that is, viscoelasticity of the muscle.
Using this hypothesis, we developed a calculation method
that could determine the distribution of muscle activity
between agonist and antagonist muscles [8]. However, we
did not consider the detailed muscle properties under large
passive forces. This study investigated a passive muscle
mechanical model that was suitable for environments having
heavy loads such as jump landing by considering the passive
properties of the muscle. We studied the drop vertical jump

(DVJ) motion, which constitutes one of the screening tests
for ACL injury [2] and which is depicted schematically
in Fig. 1. The muscle activities occurring before and after
landing were estimated using the developed muscle model
that incorporated the passive muscle properties into the
Hill’s equation [9]. The passive muscle mechanical model
was adjusted for suitability by varying the parameters for
landing. Furthermore, we compared the estimated agonist
and antagonist muscle activities with those obtained using
the conventional method to demonstrate the possibility of
estimating muscle co-contractions. The remainder of this
paper is structured as follows: Section II introduces the setup
and procedure of DVJ motion measurement. Section III de-
scribes the conventional method and the method proposed for
the estimation of muscle activity. Section IV and V present
the results and discussions, respectively. Lastly, Section VI
presents the conclusion of this study.

II. DVJ MOTION MEASUREMENT

The setup and procedure of precise DVJ motion mea-
surement using optical motion capture and force plates are
described in this section. The obtained data were used
to analyze the muscle activities. The measurement was
performed as follows [12][13]: The participant was asked
to jump toward a line 50 cm away from the 30-cm-high
stage. Within a short period after landing on the ground, the
participant was asked to jump as high as possible. Fig. 1
shows the measurement environment and DVJ motion. We
performed the DVJ measurement of the right-foot-landing
on one subject. The subject was a 29-year-old man who had
15 years of swimming and 2 years of triathlon experiences.
The initial contact (IC) was defined as the instant at which
the heel or toe first landed on the ground. Subsequently,
the muscle activity of the right lower limb was analyzed
at IC. The motion was measured using an optical motion
capture system using 24 cameras at 200 Hz (Raptor-4S,
Motion Analysis Co., Santa Rosa, USA). The subject wore
57 markers. In addition, the contact force between the subject
and floor was measured at 1 kHz with two force plates (ITR,
Bertec Co.). The subject was free of any injuries at the
time of data collection. Our study protocol was approved
by the local institutional review board and conformed to the
guidelines outlined in the Declaration of Helsinki (1983),
and the subject provided informed consent.

III. ALGORITHM FOR MUSCLE ACTIVITY ESTIMATION

A. Conventional muscle activity estimation method [5]

This subsection describes the conventional method for
estimating the muscle activity based on the muscle force [5].
The inverse kinematics of the involved motion was computed
to estimate the three-dimensional joint positions using the
optical motion capture data, whereas the inverse dynamics
was evaluated to estimate the joint torque τττ generated at the
joint positions and the consequent contact force against the
floor. The relationship between the muscle force fff and τττ is
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represented as follows:

JJJℓℓℓ =
∂ℓℓℓ
∂θθθ

. (1)

τττ = JJJT
ℓℓℓ fff , (2)

where ∂ℓℓℓ denotes the variation in the muscle length; ∂θθθ ,
the variation in the joint angle; and JJJℓℓℓ, the Jacobian matrix
representing the variation in the muscle length based on that
of the joint angle. Moreover, the following mathematical
optimization minimizing the least-squares sum of muscle
forces was solved to uniquely determine the muscle force,
as humans operate on a redundant drive system in which the
number of muscles is much greater than that of joints.

arg min
fff

1
2

δδδ T
τττ WWW τττ δδδ τττ +

1
2

δδδ T
fff WWW fff δδδ fff (3)

δδδ τττ = τττ − JJJT
ℓℓℓ fff (4)

δδδ fff = fff − fff ∗ (5)

where WWW τττ and WWW fff represent the weights of each evaluation
term, and fff ∗ denotes the muscle force measured by the EMG
(it is 0 for unused muscles). As expressed in the second
term of Eq. (3), the antagonist muscle activity in which the
EMG was not attached would be equal to zero because the
optimization calculation was solved to minimize the sum of
squares of muscle forces.

B. Estimation method for antagonist muscle activity using
Hill–Stroeve model and passive properties of muscle

This subsection describes the algorithm used in this study
to develop the passive muscle mechanical model. The model
was used to estimate the antagonist muscle activity under
large passive forces such as jump landing. The passive
properties of the muscles, which were not considered in [8],
were applied to the developed model for analysis.

τ was estimated using the optical motion capture data in
the same manner as the conventional method described in the
subsection III-A. We used Hill–Stroeve ’s musculo-tendon
model that represents the passive properties of muscles in
detail. The relationship between the muscle activation aaa and
fff was represented as Eq. (6) by Hill [9]:

fff = FFFmaxFFF lce(ℓℓℓ)FFFvce(ℓ̇ℓℓ)aaa, (6)

where ℓℓℓ is the muscle length; ℓ̇ℓℓ, the muscle velocity; and
FFFmax, the maximum isometric force. Stroeve [10] and Thelen
[11] identified the force–length relationship Flce(ℓ) and the
force–velocity relationship Fvce(ℓ̇) as follows:

Flce(ℓ) = e−(ℓ/ℓ0−1)2/γ +
ekPE(ℓ/ℓ0−1)/εM

0 −1
ekPE −1

(7)

Fvce(ℓ̇) =


0 (ℓ̇ <−vmax)
Vsh(vmax+ℓ̇)

Vshvmax−ℓ̇
(−vmax ≤ ℓ̇ < 0)

VshVshlvmax+Vml ℓ̇

VshVshlvmax+ℓ̇
(ℓ̇≥ 0)

(8)

ℓ0 = ℓmin +Lopt(ℓmax − ℓmin)− ℓt (9)
ℓsh = Lsh(ℓmax − ℓmin) (10)

vmax(a, ℓ) = Vvm(1−Ver(1−aFlce(ℓ)), (11)

(a) Flce: Muscle Force–Length (b) Fvce: Muscle Force–Velocity

Fig. 2. Muscle force–length and force–velocity relationship.

where ℓ0 denotes the original length; γ , the width of the
Gaussian force–length curve; kPE , the exponential shape
factor; εM

0 , the passive muscle strain resulting from the
maximum isometric force; vmax, the maximum contraction
velocity; Vml , the maximum velocity during concentric con-
traction; Lopt , the relative optimum muscle length; ℓt , the
tendon length; and Lsh, the relative width of the force–length
curve. Further, Vsh,Vshl ,Vvm, and Ver are parameters for the
force–length curve, and ℓmin and ℓmax are the minimum and
maximum muscle length, respectively. The first and second
terms of Eq. (7) represent the active and passive properties
of the muscle, respectively. As ℓℓℓ and ℓ̇ℓℓ can be evaluated
from the motion capture data, and the values from prior
studies [10][11] were used for the remaining parameters,
FFF lce(ℓℓℓ) and FFFvce(ℓ̇ℓℓ) can be computed using Eqs. (7) and
(8). Figs. 2(a) and 2(b) depict the graph diagram of FFF lce(ℓℓℓ)
and FFFvce(ℓ̇ℓℓ), respectively. In Fig. 2(a), the dotted and chain
lines represent the muscle forces generated from the active
and passive properties of the muscle, respectively; the solid
line represents the sum of the two muscle forces.

By substituting Eq. (6) into Eq. (2), the following Eq. (12)
can be obtained:

τττ = JJJT
ℓℓℓ FFFmaxFFF lce(ℓℓℓ)FFFvce(ℓ̇ℓℓ)aaa (12)

τττ = CCCaaa, (13)

where CCC ∈ Rn×m is defined as

CCC = JJJT
ℓℓℓ FFFmaxFFF lce(ℓℓℓ)FFFvce(ℓ̇ℓℓ). (14)

Moreover, CCC is the matrix of which the row/column is the
number of joints and muscles. In this case, we need to
increase the number of constraints to determine a unique
muscle activity from the computed joint torque, as humans
have a redundant drive system with n < m. As stated earlier,
the muscle activity aaa was assumed as constant during the
time before and after landing. Therefore, aaa can be obtained
by the least-squares method for the following Eq. (15):

arg min
aaa

1
2

∥∥∥∥∥∥∥
 τττ1

...
τττT

−

 CCC1
...

CCCT

aaa

∥∥∥∥∥∥∥
2

, (15)

which is subject to the following constraints

0 ≤ ai ≤ 1 (i = 1, . . . ,m), (16)
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TABLE I
MUSCLES IN MUSCULOSKELETAL MODEL

ID Muscle Wires
1 Psoas Major 9
2 Iliacus 2
3 Sartorius 1
4 Rectus Femoris 1
5 Vastus Lateralis 1
6 Vastus Medialis 1
7 Vastus Intermedius 1
8 Gracilis 1
9 Pectineus 1

10 Adductor Longus 1
11 Adductor Brevis 1
12 Adductor Magnus 3
13 Gluteus Maximus 6
14 Gluteus Medius 3
15 Gluteus Minimus 3
16 Tensor Fasciae Latae 1
17 Piriformis 1
18 Obturatorius Internus 1
19 Gemellus Superior 1
20 Gemellus Inferior 1
21 Quadratus Femoris 1
22 Obturatorius Externus 2
23 Biceps Femoris Short Head 1
24 Biceps Femoris Long Head 1
25 Semitendinosus 1
26 Semimembranosus 1
27 Tibialis Anterior 1
28 Extensor Hallucis Longus 1
29 Extensor Digitorum Longus 3
30 Peroneus Tertius 2
31 Gastrocnemius 2
32 Soleus 2
33 Plantaris 1
34 Popliteus 1
35 Flexor Hallucis Longus 1
36 Flexor Digitorum Longus 1
37 Tibialis Posterior 1
38 Peroneus Longus 1
39 Peroneus Brevis 1

where T represents the number of frames used for analysis.
Thus, aaa representing the agonist and antagonist muscle
activities can be obtained.

The number of muscles was m = 39 (Table I), and the
number of degrees of freedom (DoFs) of the joints were
n = 9 (3 DoFs each for the hip, knee, and ankle joints).
Some muscles are implemented using multiple wires on the
musculoskeletal model, and the number of wires of each
muscle is shown in the third column of the Table I. In
addition, T = 9, because the motion was analyzed every 5
ms and 20 ms before and after the IC for a total period of
40 ms. We used MATLAB R2020b as the analysis tool and
the lsqlin function for the least-squares method.

C. Adjustment of passive muscle parameters

In addition to the estimation method for the antagonist
muscle activity discussed in the previous subsection III-B,
the muscle model was adjusted to be suitable for jump
landing by altering the parameters representing the passive
properties of the muscle. To modify the passive parameters of
the muscle, the knee joint torque calculated based on inverse
dynamics was compared with that obtained by the proposed
method discussed in the previous subsection III-B. The
parameters that we modified were the passive muscle strain

resulting from the maximum isometric force εM
0 and the

maximum isometric force Fmax. The muscle becomes harder
to stretch when the value of εM

0 becomes smaller. εM
0 was

investigated for values of 0.60, 0.10, 0.03. Thelen showed
that the muscle strain of young adults was 0.60 [11]. Here,
we assumed that the muscles are kept stiff in preparation for
landing and the muscle strain becomes smaller than 0.60.
We also modified Fmax. The Hill–Stroeve model accounted
for the viscoelastic properties of the muscle during its active
movement. We investigated Fmax by multiplying the values
shown in [5] by 1.0, 5.0, and 10.0. We assumed that the
subject was receiving a large amount of force from the floor
when landing, and selected values that were larger than the
values shown in [5]. Analysis was performed on the nine
models that were created by combining each parameter.

D. Comparison between proposed and conventional methods

The total muscle forces acting in the antagonist rela-
tionship of the knee joint obtained using the conventional
method [5] were compared with that obtained from the
proposed method. As described in subsection III-A, the
antagonist muscle activity could not be estimated through
the conventional method; therefore, we reviewed whether the
antagonist muscle activity could be estimated based on the
aforementioned comparison. The parameter values used in
this analysis were εM

0 set to 0.03 and Fmax multiplied by
10.0, which provided a reasonable correspondence to those
obtained earlier (subsection III-C).

IV. MUSCLE ACTIVITY ANALYSIS RESULTS

The following two results were obtained by analyzing the
muscle activity.

• Fig. 3 depicts a comparison of the knee joint torque
obtained using the inverse dynamics and the proposed
method. The black dotted line represents the knee joint
torque calculated using the inverse dynamics, whereas
the additional three solid lines denote those calculated
based on the muscle activities obtained with the pro-
posed method using various passive parameters, i.e.,
εM

0 and Fmax. Figs. 3(a)–3(c) display the torque when
εM

0 is 0.60, 0.10, and 0.03, respectively. In each figure,
the values represented by the blue solid line (circular
marker), red solid line (asterisk marker), and magenta
solid line (square marker) were Fmax multiplied by a
factor of 1.0, 5.0, and 10.0, respectively. The vertical
and horizontal axes represent the values of the knee joint
torque [Nm] and the number of frames, respectively; the
5th frame corresponds to IC. In this figure, the positive
and negative joint torque represent that the joint is flexed
and extended, respectively.

• Fig. 4 depicts a comparison of the total muscle forces
corresponding to the antagonist relationship of the knee
joint obtained using the conventional method [5] and
that evaluated using the proposed method. The muscle
antagonist relationship related to the knee joint for DVJ
motion was set as listed in Table II [14][15]. In Fig.
4, the dotted black and solid red lines represent the
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Fig. 3. Comparison of knee joint torque evaluated using inverse dynamics
(dotted black line) and that obtained with the proposed method using muscle
activities (other three solid lines). The torques calculated using the proposed
method varied with the parameter values: (a) εM

0 = 0.60, (b) εM
0 = 0.10,

and (c) εM
0 = 0.03. In each figure, the blue (circle markers), red (asterisk

markers), and magenta (square markers) lines represent Fmax ×1.0, Fmax ×
5.0, and Fmax×10.0, respectively. The vertical and horizontal axes represent
the joint torque value and number of frames, respectively; the time between
frames was 5 ms, and the 5th frame corresponds to IC timing. A positive
and negative joint torque indicate that the joint is flexed and extended,
respectively.

total muscle forces obtained using the conventional and
proposed method, respectively. Flexion and extension
motions are represented using “ x” and diamond-
shaped markers, respectively. In addition, the vertical
and horizontal axes depict the total muscle force [N]
and the number of frames, respectively; the 5th frame
corresponds to IC.

V. DISCUSSION

Based on the abovementioned results, the following two
considerations were obtained.

• From Fig. 3, the knee joint torque decreased immedi-
ately after landing as the value of εM

0 decreased and
that of Fmax increased. Moreover, εM

0 represented the
elongation rate of the tendon; a small value maintained
the muscle rigidity owing to the posture preparation
for landing. A prior study described the muscle strain

IC

Conventional & Flexion×
Conventional & Extension

Proposed & Flexion

Proposed & Extension

×

Fig. 4. Comparison of the sum of muscle forces related to knee joint antag-
onist relationship (Flexion & Extension) calculated from inverse dynamics
(dotted black line) and from the muscle activity obtained using the proposed
method (solid red line). Flexion and extension motions are represented
using "x" and diamond-shaped markers, respectively. The vertical and
horizontal axes represent the muscle force value and the number of frames,
respectively; the time between the frames is 5 ms, and the 5th frame
corresponds to IC timing.

during passive pulling of the gastrocnemius muscle of
a rabbit [16]. As the strain evaluated in the aforemen-
tioned study was 0.04 for approximately 30 ms after
the start of the pull, the value of εM

0 = 0.03 can be
considered appropriate. For Fmax, the original value from
the Hill–Stroeve model was used. Although the Hill–
Stroeve model accounts for the viscoelastic properties
of the muscle during its active movement, the proposed
model focused on the passive properties of the muscle.
Therefore, the results of Fig. 3 indicate that the passive
properties of the muscle may possess a tolerance of Fmax
which is 10.0 times that of the active property. Thus,
the passive parameters of the muscle were adjusted to
ensure suitability of the developed model under heavy
load conditions of DVJ landing.

• Based on the results presented in Fig. 4, the muscle
force obtained from the proposed method was generally
larger than that obtained using the conventional method.
Presumably, the deviation between these two muscle
forces was caused by the activities of the antagonist
muscle, which can be estimated by the algorithm for
muscle activity estimation developed in this study.
Moreover, the variation in the moment arm of each
muscle may have generated a much larger agonist
muscle force than the antagonist muscle force obtained
using the proposed method. In this study, we adjusted
the passive muscle parameters to estimate the muscle
forces based on the computed joint torque. Therefore,
the agonist muscle force output was larger than its actual

TABLE II
RELATIONSHIP OF ANTAGONIST MUSCLE

WITH KNEE JOINT DURING MOTION [14][15]
Motion Muscle Motion Muscle

Sartorius
Gracilis

Biceps Femoris Short Head Rectus Femoris
Biceps Femoris Long Head Vastus Lateralis

Flexion Semitendinosus Extension Vastus Medialis
Semimembranosus Vastus Intermedius

Gastrocnemius
Plantaris
Popliteus
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value, because the moment arm of the agonist muscles
was smaller than that of the antagonist muscles. As a
future research direction, the proposed method should
be validated with muscle activities measured using an
EMG not used in this study.

• The adjustment of the passive muscle parameters re-
vealed the muscle behavior under heavy load environ-
ment of landing. We applied the same parameters to
all lower limb muscles in this study. Adjusting these
muscle parameters for each muscle will help identify
muscles that are subjected to exceptionally large loads
during landing. Training these load-bearing muscles and
changing the motion so as to avoid subjecting these
muscles to large loads on the knee joint would be
helpful in preventing ACL injuries.

VI. CONCLUSION

This study investigated a passive muscle mechanical model
for heavy load environments such as jump landing to estimate
the activity of antagonist muscles. The model was applied to
the Hill’s equation for estimating the muscle activity during
DVJ. The knee joint torque evaluated using inverse dynamics
was compared with that obtained from the proposed method,
and the values of the passive muscle strain resulting from
the maximum isometric force εM

0 , including the value of the
maximum isometric force Fmax, were varied in the proposed
method to reconstruct the knee joint torque. Based on these
results, we developed a passive muscle mechanical model
that was suitable for representing the landing by decreasing
the value of εM

0 and increasing that of Fmax. The proposed
model was used with εM

0 set to 0.03 and Fmax multiplied
by 10.0. Subsequently, the muscle force pertaining to the
antagonist relationship of the knee joint was determined and
compared with that obtained using the conventional method
[5]. Consequently, the muscle force obtained by the proposed
method exhibited a larger value than that resulting from the
conventional method. This study developed a method to iden-
tify the level of preparation, namely, co-contraction, before
contact in DVJ. This provides useful information to analyze
the risk of muscle/tendon/ligament injuries, including ACL
injuries. The preparation for contact is a tacit skill in athletes
and is difficult to explain or train for. The results of this
study provide a possible approach to quantify and visualize
this tacit skill in athletes.
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