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Abstract

Background: During human locomotion, a sufficiently stiff foot allows the ankle plantar flexors to generate large propulsive powers. Increasing

foot stiffness (e.g., via a carbon plate) increases the ankle’s external moment arm in relation to the internal moment arm (i.e., increasing gear

ratio), reduces plantar flexor muscles’ shortening velocity, and enhances muscle force production. In contrast, when activation of the foot’s

intrinsic muscles is impaired, there is a reduction in foot and ankle work and metatarsophalangeal joint stiffness. We speculated that the reduced

capacity to actively control metatarsophalangeal joint stiffness may impair the gearing function of the foot at the ankle.

Methods: We used a tibial nerve block to examine the direct effects of the intrinsic foot muscles on ankle joint kinetics, in vivo medial gastro-

cnemius’ musculotendinous dynamics, and ankle gear ratio on 14 participants during maximal vertical jumping.

Results: Under the nerve block, the internal ankle plantar flexion moment decreased (p = 0.004) alongside a reduction in external moment arm

length (p = 0.021) and ankle joint gear ratio (p = 0.049) when compared to the non-blocked condition. Although medial gastrocnemius

muscle�tendon unit and fascicle velocity were not different between conditions, the Achilles tendon was shorter during propulsion in the nerve

block condition (p < 0.001).

Conclusion: In addition to their known role of regulating the energetic function of the foot, our data indicate that the intrinsic foot muscles also

act to optimize ankle joint torque production and leverage during the propulsion phase of vertical jumping.

Keywords: Ankle biomechanics; Ankle gearing; Foot biomechanics
1. Introduction

When running and walking, the ankle plantar flexors pro-

duce more average positive power than the larger, more proxi-

mal muscles acting around the hip and knee.1 A substantial

proportion of this power is delivered via elastic recoil of the

Achilles tendon during propulsion.2,3 It appears the foot plays

an important role in modulating the behavior of the ankle plan-

tar flexors and Achilles tendon by acting as a lever with a con-

stantly varying length throughout the stance phase. This

function acts to alter the ratio of external moment arm to inter-

nal moment arm at the ankle joint, also known as the gear

ratio.4 This dynamic gearing is potentially associated with the

optimization of shortening velocities of the ankle plantar flexor

muscle�tendon unit (MTU), improving force production and
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positive power output during walking and running.5,6 Simula-

tions also suggest variable gearing may enable supramaximal

ankle power outputs, where relatively short heels (shorter

internal moment arm) and long feet/toes (longer external

moment arm) would allow increased terminal gear ratio and

slow MTU shortening speeds during sprinting propulsion.7

In vivo studies have also sought to elucidate the relationship

between foot and ankle contributions to locomotion. Takahashi

et al.8 examined the effects of modulating the stiffness of the

foot/shoe complex during walking, via the addition of a carbon

fiber plate inside a shoe. Increased foot stiffness (delivered

from the carbon fiber plate) resulted in increased soleus force

and reduced soleus shortening velocities.8 The increased foot

stiffness delivered from the carbon plate also resulted in an

increased ankle plantar flexor gear ratio, which was largely

driven by an increase in external moment arm length during

propulsion.8 Willwacher et al.9 have previously reported simi-

lar findings during running with carbon fiber shoe inserts.
o modulate plantar flexor gearing and ankle joint contributions to propulsion in vertical
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Thus, externally stiffening the foot appears to increase the

external ankle joint moment arm length and ankle gear ratio,

which may act to improve muscle contractile dynamics, poten-

tially enhancing force and power output.

The plantar intrinsic foot muscles (IFM), located within

the arch of the human foot, also appear to play an important

role in modulating the mechanical function of the foot.

Together with the extrinsic foot muscles, these muscles mod-

ulate metatarsophalangeal joint (MTPj) stiffness during

propulsion,10,11 as well as modulate both energy absorption

and generation through the foot in a diverse array of locomo-

tion tasks.10,12�14 The potential importance of the IFM for

human athletic performance has been widely argued.15�18

However, there is little evidence that stronger IFM can actu-

ally enhance performance. To our knowledge, a single study

by Goldmann et al.18 reported increased strength of the IFM

was associated with increased horizontal jump performance

and no changes in walking, running, or vertical jump perfor-

mance. Also, the IFM have been shown to alter the position

of the center of pressure, relative to the ankle joint, upon acti-

vation.19 Therefore, it is plausible that these muscles may

contribute to the dynamic gearing function of the foot around

the ankle by modulating external moment arm length. This

mechanism may explain why we have observed reductions in

ankle joint work and plantar flexion torque when the active

force production from the IFM is temporarily removed via

anaesthesia.10,12

Thus, the aim of this study was to determine the contribu-

tion of the IFM to the gearing function of the foot around the

ankle, as well as the impact on ankle joint kinetics and plantar

flexor muscle�tendon behavior during maximal effort unilat-

eral jumping. In contrast to previous investigations of walk-

ing and running,10 a maximal effort task was performed

before and after the application of a tibial nerve block to see

how removing IFM contributions affected positive work gen-

eration capacity of the lower limb system when jumping (i.e.,

foot, ankle, knee, hip contributions). We hypothesized that

the absence of active force production from the IFM would

lead to a reduction in external ankle joint moment arm length,

due to the absence of active MTPj stiffening and reduced

anterior translation of the center of pressure relative to the

ankle joint. Further, we hypothesized that these alterations

would produce an increase in ankle plantar flexor fascicle

velocity and a reduction in ankle plantar flexion torque and

positive power.

2. Methods

2.1. Participants

We recruited 16 recreationally active individuals (12 males

and 4 females, 29.4 § 11.8 years (mean § SD), 1.73 § 0.22 m,

73.7 § 17.8 kg) to participate in this study. Two males were

excluded from all fascicle and MTU variable analyses due to

complications with accurately measuring their fascicle images,

and an additional 2 males were excluded altogether from analy-

sis due to inadequate motor nerve blocks. Thus, for all MTU

and fascicle analyses, 12 participants were included, and for the
Please cite this article as: Ross Smith et al., Examining the intrinsic foot muscles’ capacity t
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remaining analyses, 14 participants were included. All par-

ticipants provided written informed consent to participate,

and this study was approved by the ethics committee at the

University of Queensland in accordance with the Declara-

tion of Helsinki.
2.2. Protocol

Following a series of familiarization trials, participants per-

formed 5 unilateral maximal effort jumps from their dominant

foot. All participants were encouraged to jump with maximal

intent and were able to land any way they desired, to remove

any potential distractions. Following the completion of the 5

jumps, a peripheral nerve block was applied at the level of the

medial malleolus to temporarily remove the active force-pro-

ducing capacity of the plantar IFM (see Section 2.3). Once a

successful nerve block was achieved, the unilateral jumping

protocol was repeated. Due to the limitations in local anesthe-

sia dosage, only 1 foot could be anaesthetized. Thus, the

choice of unilateral instead of bilateral jumps was made to

ensure the validity of our repeated measures design by elimi-

nating potential compensatory action by the non-blocked limb.

Due to the balance constraints imposed by unilateral jumping,

the use of arms for balance and swing during the jumps’ coun-

termovement were allowed. A successful trial was 1 where the

participant assumed a unilateral stance on their jumping leg

and where the non-jumping leg did not come in contact with

the ground during the countermovement and propulsive

phases.
2.3. Tibial nerve block

A tibial nerve block was administered through injection of a

2% lignocaine plain solution (2% Xylocaine; AstraZeneca,

New South Wales, Australia) at the tibial nerve, approximately

(2�4 cm) proximal to the medial malleolus.10 The injection

site was guided by ultrasound to determine the location of the

tibial nerve and ensure the accuracy and safety of the proce-

dure. Because the maximum dose was restricted to 3 mg/kg of

body mass, the block was applied only to the dominant foot to

ensure the quality of anesthesia coverage and participant

safety. For all participants, confirmation of a complete motor

block was ensured by monitoring the electromyography

(EMG) signal from a pair of surface electrodes with a 20-mm

inter-electrode distance (Tyco Healthcare Group, Neustadt,

Germany) placed on the plantar surface of the medial longitu-

dinal arch during a toe plantar flexion maximal voluntary con-

traction. To establish a reference signal amplitude, the EMG

signal was recorded during a series of maximal effort toe flex-

ion tasks, performed immediately prior to the administration

of the block. The EMG signal amplitude was then checked

repeatedly following administration of the nerve block until

we observed a reduction of 90% or greater in arch muscle acti-

vation amplitude when compared to the reference value. We

ensured an efficacious block throughout our task completion

by checking the arch muscle EMG signal at the end of the pro-

tocol.
o modulate plantar flexor gearing and ankle joint contributions to propulsion in vertical
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2.4. Data collection and processing

2.4.1. Kinematics and kinetics

Motion capture data was collected using a 14-camera sys-

tem (Oqus; Qualisys, Gothenburg, Sweden) at 125 Hz or

250 Hz. This discrepancy was due to some inconsistencies in

reflective-marker recognition at the lower capture rate

(125 Hz) for participants tested early in recruitment, which

was remedied by doubling the capture rate. Ground reaction

force data was sampled at 1250 Hz (AMTI, Watertown, MA,

USA). Reflective markers (6.4 mm; B&L Engineering, Santa

Ana, CA, USA) were placed on the following bony landmarks

to generate rigid segments for the pelvis, femur, and shank

respectively: left and right anterior superior iliac spine and

posterior superior iliac spine on the pelvis, medial and lateral

epicondyles on the femur, as well as medial and lateral mal-

leoli on the shank. Rigid clusters of 4-marker were secured to

the shank and thigh to track the motion of each segment during

the jumping tasks. Markers were placed on the foot in accor-

dance with a modified Rizzoli multi-segment foot model20 to

track the motion of the calcaneus, metatarsals, and toe seg-

ments. Ankle joint angles were defined as rotation of the calca-

neus about the shank, while MTPj angles were defined as

rotation of the toe segment about the metatarsals. A static cali-

bration trial was collected in order to establish segment dimen-

sions. Marker data for the pelvis, femur, shank, calcaneus,

metatarsal, and toes segments were used to construct an

inverse kinematic model within Visual 3D (C-Motion Inc,

Germantown, MD, USA). Inverse kinematics for motion data

were calculated using a pelvis to thigh, thigh to shank, shank

to foot (calcaneus), and metatarsal to toes chain. The knee and

ankle were modeled with 3 degrees of freedom to allow angu-

lar rotation (flexion/extension, abduction/adduction, and inter-

nal/external rotation), with translations excluded. The hip joint

and MTPj were modeled as traditional six-degree-of-freedom

joints. For each frame, the inverse kinematic model optimized

a new skeletal pose (q) for defined segments by solving a

weighted least squares problem to minimize the difference

between marker data coordinates (r) and model-based coordi-

nates (f) for each segment,21,22 whose notation is shown below:

F qð Þ ¼
XM

i¼1

k ri � f i qð Þ k 2;

where r is body segment position (X, Y, and Z and f is a known

function of q where marker i is placed at a known position (p)

and orientation (R) within the segment’s reference frame:

ri ¼ r qð Þ þ R qð Þ � pi ¼ fi qð Þ:
A weighted solution is necessary for a whole-model solution,

as segments with larger residual tracking errors due to soft tissue

artifact (e.g., thigh) will influence the minimization solution for

other segments. For our solution, all segments were weighted

equally except for the shank and calcaneus, which were doubly

weighted to correct for soft tissue artifact.22 All joint rotations

were expressed in relation to the proximal segment. Joint rota-

tion polarity and Cardan rotational sequence was determined by
Please cite this article as: Ross Smith et al., Examining the intrinsic foot muscles’ capacity t
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a right-hand rule for all tri-dimensional angular computations

where X is the longitudinal axis, Y is the anteroposterior axis,

and Z is the mediolateral axis.

We examined the effect of the nerve block over the pro-

pulsive phase of the jump, which was defined as the period

from the bottom of the jumping countermovement (start)

until the point that vertical ground reaction force subsided

below 25% of its peak value (end). The start event was

defined as the point at which the center of mass (COM)

velocity (see Section 2.5.1 for details) passed through zero

from negative to positive. We selected our end event for the

following 2 reasons: First, during the period immediately

before take-off, the quality of muscle fascicle images is

drastically reduced, increasing the error in tracking fascicle

lengths and velocities during this time. Second, during the

same period just prior to take-off, center of pressure meas-

urements are noisy at low force levels, creating inaccuracies

in external moment arm lengths, and thus, ankle joint gear

ratios (which has also been reported by Willwacher et al.9

Thus, the 25% cut-off in vertical ground reaction force is

arbitrary, as it is based on visual inspection of the gearing

data, but its use enables confidence in the accuracy of our

ultrasound and gearing measures while still retaining the

period over which the largest kinetic output of the ankle was

performed.

2.4.2. Muscle�tendon function

Ultrasound data for the medial gastrocnemius (MG) were

collected by placing a 128-element flathead ultrasound trans-

ducer (LV 7.5/60/128Z-2; Telemed, Vilnius, Lithuania) over

the muscle tissue and recorded by a PC-based ultrasound

system (ArtUs EXT-1H, Telemed). Upon obtainment of a

high-quality image, the transducer was fixed at that site and

secured using self-adhesive tape such that the transducer

would not slip out of the plane in which fascicles short-

ened.23 Caution was taken to ensure that the tape was

secured with an even pressure but was not made excessively

tight in order to avoid affecting the muscle geometry within

the image.24 Ultrasound data were sampled between

95�168 Hz to capture rapid changes in fascicle length. In

some cases at the lower ends of our range of capture rates,

we were forced to sacrifice our capture framerate to raise the

image quality. The ultrasound sampling rate was held con-

stant within each participant.

2.4.3. Muscle activation

EMG data for the MG and tibialis anterior (TA) were

amplified by 1000, and then band-pass filtered at a bandwidth

of 30�500 Hz (MA300; Motion Lab Systems, Baton Rouge,

LA, USA) and sampled at 4000 Hz by a 14-bit analog-to-digi-

tal converter (Qualisys). The initial hardware filter was used to

ensure the quality of EMG data in real time, as it is monitored

throughout collection. Bi-polar surface electrodes (MA310;

Motion Lab Systems) were secured with self-adhesive tape

just medially to the central portion of the MG muscle belly

and in line with the central portion of the TA. Each muscle’s

electrodes were placed as close to the muscle belly as possible
o modulate plantar flexor gearing and ankle joint contributions to propulsion in vertical

2

https://doi.org/10.1016/j.jshs.2022.07.002


ARTICLE IN PRESS

4 R. Smith et al.
and oriented such that the electrodes’ long axis was parallel to

the muscle fibers’ orientation. This placement was chosen to

minimize cross-talk from other ankle plantar flexor muscles

while accommodating the presence of the ultrasound trans-

ducer occupying the MG’s most central portion.

2.5. Data analysis

2.5.1. COM and MTPj mechanics

Peak vertical ground reaction force was calculated during

the propulsive phase (defined in Section 2.4.1) for all jumps

across both conditions. Vertical jump height was calculated

using the terminal velocity at take-off, the height of the COM

at take-off, and equations of uniform accelerated motion.

Velocity of the COM was first calculated based on the cumula-

tive time integral of acceleration (vertical ground reaction

force minus body weight/body mass) from start of the down-

ward movement to the time that the ground reaction force

went to zero. Displacement of the COM was then determined

relative to the start position by calculating the cumulative time

integral of the velocity. Finally, jump height was calculated by

adding the height gained during aerial phase (take-off-veloc-

ity2/(2£ gravity)) to the displacement at take-off.

MTPj quasi-stiffness was calculated as the absolute value of

the peak MTPj moment divided by the change in MTPj angle

from MTPj start until peak MTPj moment. The MTPj moment

was calculated as a net internal moment, using a Newto-

nian�Euler approach. MTPj start was the time-point at which

the MTPj moment crossed zero to become an internal plantar

flexion moment, which is synonymous with the ground reac-

tion force shifting anteriorly to the joint’s rotational axis. This

step is necessary to ensure the moment attributed to the joint is

valid based on the limitations of inverse dynamic calculations

within the foot segments.25,26

2.5.2. Ankle joint mechanics

Ankle joint gear ratio was calculated as the ratio of the

lengths of the external moment arm and the internal moment

arm over the propulsive phase. The external moment arm

length was calculated as the 2D-perpendicular distance

between the ankle joint center and the projected vector of the

ground reaction force in the sagittal (Z and Y) plane, and the

internal moment arm was calculated as the perpendicular dis-

tance between the ankle joint center and a line created by a

longitudinal projection along the shank from the calcaneus

marker to a virtual landmark set at half of shank length. The

ankle joint plantar flexion moment is reported as a net internal

moment, using a Newtonian�Euler approach. All relative seg-

ment masses, joint centers, COM locations, and moments of

inertia were Visual 3D defaults.27,28 Ankle joint power was

calculated as the dot product of the sagittal plane ankle joint

moment and ankle joint angular velocity.

2.5.3. Muscle�tendon function

The MG MTU length and velocity during the propulsive

phase were calculated according to a previously reported

regression equation29 using ankle and knee joint kinematics.
Please cite this article as: Ross Smith et al., Examining the intrinsic foot muscles’ capacity t
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Fascicle lengths of the MG muscle during the jumping tasks

were obtained using a previously described semi-automatic

tracking algorithm.30,31 This algorithm implements an affine

extension to an optic flow algorithm to track movement of

muscle fascicle end-points throughout dynamically recorded

sequences of ultrasound images. Muscle fascicle length was

defined as the instantaneous distance between the deep and

superficial aponeuroses along a clearly defined fascicle. Mean

fascicle velocity was calculated as net length change through-

out propulsion. MG tendinous tissue length was calculated as

MTU length minus the dot product of fascicle length and the

cosine of the pennation angle.32

2.5.4. Muscle activation

Muscle activation data during the propulsive phase were

processed using a custom Matlab script (MathWorks, Natick,

MA, USA). EMG signals were high-pass filtered using a sec-

ond-order Butterworth filter at 35 Hz, rectified, and low-pass

filtered using a second-order Butterworth filter at 10 Hz to gen-

erate an EMG envelope.33 The final low-pass filter is per-

formed to relate muscle activation data to the movement

frequency, where 10 Hz adequately captures the highest move-

ment frequencies we would see during jumping. These data

were normalized to each subject’s peak value for that muscle

across all trials for all tasks, then averaged across trials within

each subject.

2.6. Statistics

Two-tailed statistical parametric mapping paired t tests

were performed in Matlab using the spm1d34 (Version

M.0.4.7; www.spm1d.org) to assess the effect of the nerve

block on ankle gearing, ankle kinetics, MG MTU and fascicle

dynamics, as well as MG EMG. This analysis was selected to

identify notable phases for all time-series data throughout

jumping propulsion. As the statistical parametric mapping

method compares data vectors over the same time period (time

normalized), we ensured propulsion times between conditions

were not significantly different (2.75% difference,

blocked = 0.987 s, non-blocked = 1.015 s; p = 0.622). For each

comparison, the subject-averaged data per condition was used

for statistical comparison. Also, for continuous analyses, we

calculated Cohen’s d at each time point and reported the mean

value over the period of each significant effect. This allows

estimation of the nerve block intervention’s effect; however,

this method for continuous analyses may be subject to inflated

error in the measurement.35 A paired sample t test (Jamovi,

Version 1.6; www.jamovi.org) was performed to assess the

effect of the block on vertical jump height and MTPj quasi-

stiffness. Alpha for statistical significance for p values were

set at � 0.05 for all analyses.

3. Results

3.1. Ground reaction force, jump height, and MTPj mechanics

Mean jump height was significantly lower in the presence

of the nerve block as compared to the non-blocked condition
o modulate plantar flexor gearing and ankle joint contributions to propulsion in vertical
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Fig. 1. Group mean data (n = 14) for vertical ground reaction force (GRF) in

both non-blocked (blue) and blocked (red) conditions. Horizontal brackets rep-

resent statistically significant differences between conditions for jump height.

Time series data are normalized to the mean trial length from the bottom of

the countermovement to 25% of peak vertical GRF. Regions of percent-time

with shading and asterisk represent statistically significant differences between

conditions (p � 0.05).
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(mean difference = 0.024 § 0.061 m (mean § SD), p = 0.028,

d = 0.662, 95% confidence interval (95%CI): 0.070�1.230).

Vertical ground reaction force (Fig. 1) was significantly lower for

67%�92% (p < 0.001, mean significant Cohen’s d = 0.376) of

the propulsive phase when jumping with the nerve block. MTPj

quasi-stiffness decreased substantially in the nerve block condi-

tion (mean difference = 1.2 § 0.89 N £ degree/kg; p < 0.001;

d = 1.38, 95%CI: 0.625�2.110).
Fig. 2. Group mean data (n = 14) for (A) ankle moment, (B) ankle velocity,

and (C) ankle power in both non-blocked (blue) and blocked (red) conditions

during jumping. All data are time normalized to the mean trial length from the

bottom of the countermovement to 25% of peak vertical ground reaction force.

Regions of percent-time with shading and asterisk to represent statistically sig-

nificant differences between conditions (p � 0.05).
3.2. Ankle joint mechanics and gearing

Fig. 2 presents group mean ankle joint plantar flexion

moment, angular velocity, and power for both conditions dur-

ing the time-normalized propulsive phase. The application of

the nerve block produced a significant decrease in ankle plan-

tar flexion moment (p = 0.004, mean significant Cohen’s

d = 0.718; Fig. 2A) from 64% to 96% of propulsion. However,

we observed no differences in ankle joint angular velocity

(Fig. 2B) or ankle joint propulsive power (Fig. 2C) when the

nerve block was administered.

Fig. 3 shows group mean internal and external ankle joint

moment arm lengths and gear ratio throughout the time-nor-

malized propulsive phase. The internal moment arm length

was similar between both conditions for the entire propulsion

phase (Fig. 3A). The external moment arm length was shorter

in the blocked condition from 85% to 92% of the propulsive

phase (p = 0.021, mean significant Cohen’s d = 0.168;

Fig. 3B), and we saw a reduction in ankle joint gear ratio from

90% to 92% of the phase (p = 0.049, mean significant Cohen’s

d = 0.513; Fig. 3C).
3.3. Muscle�tendon function

Group mean MTU, fascicle, and tendinous tissue lengths

during jumping for the non-blocked and blocked conditions

are depicted in Fig. 4, and group mean MTU and fascicle

velocities are presented in Fig. 5. There were no significant

differences in MG fascicle length (Fig. 4A) or MG MTU

length (Fig. 4C) between conditions. Participants jumped with
Please cite this article as: Ross Smith et al., Examining the intrinsic foot muscles’ capacity t
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shorter tendon lengths in the blocked condition from 42% to

100% of the propulsive phase (p < 0.001, mean significant

Cohen’s d = 0.138; Fig. 4B). No significant differences in MG

MTU (Fig. 5A) or fascicle (Fig. 5B) shortening velocities

were observed between conditions.

Fig. 6 shows the filtered, time-normalized, and enveloped

EMG for the MG and TA muscles during the propulsion phase

of jumping. For the MG, activity appears slightly higher

throughout propulsion in the non-blocked condition, but there

were no significant changes in activation between conditions.

For TA activity, both conditions display a similar pattern of

consistent activation throughout, and there were no significant

differences in the magnitude of activation between conditions.

4. Discussion

In this study, we explored the influence of the IFM on ankle

joint mechanics and ankle plantar flexor function during maxi-

mal effort vertical unilateral jumping. We applied a peripheral
o modulate plantar flexor gearing and ankle joint contributions to propulsion in vertical
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Fig. 3. Group mean data (n = 14) for (A) internal moment arm (r) length, (B)

external r length, and (C) gear ratio in both non-blocked (blue) and blocked

(red) conditions during jumping. All data are time normalized to the mean trial

length from the bottom of the countermovement to 25% of peak vertical

ground reaction force. Regions of percent-time with shading and asterisks rep-

resent statistically significant differences between conditions (p � 0.05).

Fig. 4. Group mean data (n = 12) for (A) fascicle length, (B) tendon length,

and (C) muscle�tendon unit (MTU) length in relation to mean non-blocked-

condition length in both non-blocked (blue) and blocked (red) conditions dur-

ing jumping. All length changes are represented as a percentage of mean

length per variable and were divided by the same normalizing value for both

conditions. Data are time normalized to the mean trial length from the counter-

movement bottom to 25% of peak vertical ground reaction force. Region of

percent-time with shading and asterisk represent statistically significant differ-

ences between conditions (p � 0.05).

ARTICLE IN PRESS

6 R. Smith et al.
nerve block to selectively anaesthetize the plantar IFM, tempo-

rarily preventing these muscles from actively producing force,

thus allowing us to determine their influence by eliminating

their contributions. In line with our hypothesis, we observed a

reduction in the external moment arm length and ankle joint

moment in the presence of the nerve block. This occurred

alongside a reduction in MTPj stiffness and vertical jump

height. Despite the changes in ankle joint mechanics, MG

muscle contractile dynamics remained relatively constant

across both conditions. These findings suggest that the IFM

directly affect ankle joint mechanics by actively controlling

the leverage of the foot during propulsion.

The external ankle joint moment arm length was shorter

when the IFM could not actively tune the stiffness of the

MTPj. Previous work from our lab has suggested that the IFM

may act to control the center of pressure underneath the foot

and, therefore, the ankle’s external moment arm.19,33 Our data
Please cite this article as: Ross Smith et al., Examining the intrinsic foot muscles’ capacity t

jumping, Journal of Sport and Health Science (2022), https://doi.org/10.1016/j.jshs.2022.07.00
show that during jumping propulsion, the IFM act at the MTPj

to plantar flex the toes (push into the ground), creating an ante-

rior shift in the center of pressure and lengthening the external

moment arm during late propulsion. These findings also appear

to reinforce the concept, suggested by Mann and Inman36 and

Farris et al.,10,11 that the role of the IFM during locomotor pro-

pulsion is to stiffen the forefoot and improve leverage.

A less-stiff foot under the nerve block may explain some of

the decrement in ankle moments observed, where 1 could con-

sider the foot to be the “resistance” to ankle plantar flexion

during propulsion. While the decrease in external moment arm

lengths could explain the decrease in ankle moments in the

blocked condition, we only detected significant differences at

the end of the propulsion phase. In contrast, the ankle moment

was reduced throughout propulsion. It is difficult to ascertain
o modulate plantar flexor gearing and ankle joint contributions to propulsion in vertical
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Fig. 5. Group mean data (n = 12) for (A) fascicle velocity and (B)

muscle�tendon unit (MTU) velocity in both non-blocked (blue) and blocked

(red) conditions during jumping. All data are time normalized to the mean trial

length from the bottom of the countermovement to 25% of peak vertical

ground reaction force. Negative velocity values are indicative of shortening.

Fig. 6. Group mean data (n = 14) for (A) medial gastrocnemius (MG) muscle

activity and (B) tibialis anterior (TA) muscle activity in both non-blocked

(blue) and blocked (red) conditions during jumping. All data are time normal-

ized to the mean trial length from the bottom of the countermovement to 25%

of peak vertical ground reaction force.
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whether there may have been changes in muscle force with the

nerve block. While we saw no change in MG muscle activation

or fascicle dynamics, there were decreases in the MG tendi-

nous tissue length, suggesting lower forces generated by the

MG. This also aligns with the finding of reduced ankle

moment, which is discussed in detail below. A combination of

reduced muscle force generation and changes in external

moment arm therefore likely contributed to the reduced ankle

moment in the blocked condition. The reduced ankle moment

was also likely a contributing factor to the lower vertical

ground reaction force seen in the blocked condition.

In contrast to previous reports on running10 and landing and

submaximal jumping,12 we saw no changes in ankle power

between conditions during jumping propulsion. Mechanically,

if the ankle joint moment is decreased and ankle joint velocity

is unchanged, the power would necessarily decrease. This

appears to be a result of statistical resolution, as the greater

variability observed for ankle joint velocity may have nega-

tively impacted the test’s ability to detect a difference in ankle

power, considering that the moment was significantly

decreased under the block.

Contrary to our hypothesis, the reduction in ankle joint

moments was not driven by changes in MG muscle fascicle

dynamics. Takahashi et al.8 found that by adding stiffness to

the foot/shoe complex, soleus fascicle velocities increased

while soleus force output increased. The goal of our experimental

design was to invert this stiffness manipulation (i.e., reduce foot

stiffness with the nerve block) to impose unfavorable MG fascicle

velocity and force conditions. While our nerve block did decrease

MTPj quasi-stiffness, the range of longitudinal bending stiff-

nesses employed by Takahashi et al.8 was larger than that of our

experimental manipulations (22.5�65.6 N/mm). While rotational

joint quasi-stiffness and linear longitudinal bending stiffness are

not directly comparable, the differences in magnitudes of

imposed stiffnesses between projects may explain why soleus fas-

cicles were more greatly affected during walking propulsion than

MG fascicles were during jumping propulsion. Additionally, we

only collected ultrasound data from the MG. It is possible that the

lateral gastrocnemius or soleus muscle fascicles may have

behaved in a different manner during jumping in order to drive

the observed increases in ankle moments. Throughout the entirety

of the propulsive phase, MG fascicle lengths were subtly longer

(2�3 mm) and tendinous tissue lengths significantly shorter

(3�5 mm) in blocked condition for the last 60% of propulsion.

The reductions in tendinous tissue length—and hence, the likely

reduction in MG force—are presumably driven by subtle changes

in kinematics and kinetics that impact MTU dynamics and force

producing ability. So, while the nerve block did not affect MG

fascicle velocities, the IFM appear to play a role in ankle plantar

flexor MTU dynamics, particularly in relation to the production

of ankle moments.

Of note, peak force production in the blocked condition

occurred earlier than in non-blocked condition. As propulsion

times were similar between conditions, this may indicate

greater peak power production in the nonblocked condition

and explain the 2-cm reduction in jump height under the block.

However, net vertical impulse (impulse during propulsion
o modulate plantar flexor gearing and ankle joint contributions to propulsion in vertical
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minus body weight, divided by body mass) was similar

between conditions (blocked = 145 N£ s, non-blocked = 148

N£ s), which is an observation that has been used to explain

jump height differences in previous literature.37 Rather, we

found that for the majority of participants, COM position just

before take-off was higher in the nonblocked jumps than the

blocked jumps, such that similar impulse was generated, but

jump height was higher for the nonblocked conditions only as

a result of a higher position at take-off. Therefore, it seems

that subtle changes in joint kinematics under the block led to

different take-off positions during jumping that influenced our

jump height measures.

This study has several limitations. The first is the decreased

sample size after the exclusion of 2 participants’ muscle fasci-

cle data. When reporting MTPj stiffness, we applied an aver-

age linear slope to reflect the rotational stiffness, or quasi-

stiffness, of the MTPj. Of note, this relationship was not per-

fectly linear across participants (Supplementary Fig. 1), but,

given the large difference in magnitude of effect between con-

ditions, we are confident that the reported method adequately

reflects the effect of the nerve block on MTPj quasi-stiffness.

Our measure of internal moment arm length was an estimate

based on kinematic data, not direct measurement. Another lim-

itation is the unilateral jumping task, which was chosen to

allow only a single foot to be injected with local anesthesia.

This was required to ensure the legally (and safe) permitted

dosage of local anesthetic for a nerve block (3 mg/kg of body

mass) was applied to only a single foot, thereby maximizing

the efficacy of the intervention. The performance of the unilat-

eral task then has a balance component that is not present in

other maximal-effort tasks, which may result in alterations of

the mechanics or joint contributions required to perform

jumps. Due to these balance constraints, we allowed the use of

arm swing, which is well established to aid in jumping perfor-

mance. Thus, some participants may have demonstrated

greater ability to influence jumping performance by utilizing

arm swing, but we were not able to quantify this potential con-

tribution. Also, greater arm swing might be used to maximize

jump performance in the presence of the block. Therefore, if

this was to be a confounder, it may actually mean that our

effects would be larger than reported here. Also, although

maximal efforts were encouraged, the block may have led to a

feeling of instability when jumping or landing, which could

influence neural drive. In addition to blocking recruitment of

the IFM, the nerve block also removes sensation from the plan-

tar foot surface. Therefore, it is plausible that mean ankle

moments decreased due to lack of feedback between the cen-

tral nervous system and the muscle. We would then anticipate

altered muscle activity due to disruptions in excitatory or

inhibitory input on the MG’s motor neuron pool. This was not

the case for our data, which we believe provides sound ratio-

nale that the alterations observed here are mechanical in

nature. However, this explanation assumes similar activation

behavior for the other muscles that plantarflex the ankle. As

our study did not collect muscle activity or fascicle imaging

data for the soleus or lateral gastrocnemius, we cannot

completely rule out sensory influences imposed by the block.
Please cite this article as: Ross Smith et al., Examining the intrinsic foot muscles’ capacity t

jumping, Journal of Sport and Health Science (2022), https://doi.org/10.1016/j.jshs.2022.07.00
5. Conclusion

We have provided direct evidence of mechanical coupling

between the IFM and the ankle joint. In addition to their

known role of regulating the energetic function of the foot,

these muscles also have the capacity to alter the leverage func-

tion of the foot and ankle joint moment production during

propulsion
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