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1. INTRODUCTION

My doctoral research focused on human movement, specifically on neurokinematic analyses of
the lower limbs. During my research, I had the opportunity to thoroughly investigate two
distinct areas that are interconnected within the themes of proprioception, sensory feedback,
and motor coordination. As a result, my dissertation is structured into two main parts. Firstly,
we examined the effects of a popular balance training device, the Togu Jumper, which provides
an unstable surface. We assessed and compared the electrical activity of the lower limb muscles
and the kinematic parameters of the balancing limb during single-leg balancing on both sides
of the device, which have different properties. Secondly, we investigated the effects of body
position, limb dominance, and the specific initiation of the test on lower limb muscle tone

during the pendulum test in healthy individuals.

In recent years, several balance training devices have been developed such as soft mats, tilt
boards, wobble boards, the both sides utilized Togu® Jumper® (TJ), and are used for the
aforementioned purposes (Fitzgerald et al., 2010). Manufacturers provided TJs with a flat, solid
plastic base and an inflatable bladder, corresponding to a halved Swiss ball (www.togu.de). Due
to its unique design, TJ can be used as a compliant surface on the bladder side and a combination
of a wobble board and a compliant surface on the flat side. Numerous studies reported the
favorable effects of TJ exercises on postural control, balance, low back, or knee pain, and
muscle strength. Despite the excessive data on the long-term effectiveness of TJ exercises,
however, previous literature failed to extensively study whether the effects are surface-specific
(Yaggie and Campbell 2006). Furthermore, exercising on a flat versus a bladder surface may
induce different balancing strategies to maintain posture, and the kinematic and dynamic
mechanisms of these strategies are unclear. Gruber et al., (2006) observed that, with a fixed
ankle joint, the control of balance shifts from the shank to the thigh muscles. These conditions
and the unique material and surface of the two sides of the TJ could lead to different progression
of the balancing process on one leg. The closest to the focus of the present work is the study by
Laudner and Koschnitzky (2010), in which they measured the electrical activity of the ankle
muscles using a both sides utilized balance trainer, with the flat side either resting on the floor
or facing up, and found no significant difference between the two conditions. To our knowledge,
there have been no studies varying the two sides of the TJ and simultaneously monitoring leg
muscle activation and kinematics around the ankle, knee, and hip joint. Understanding the
neurokinematical strategies of balancing on the bladder versus the flat surface of the TJ is

important in order to target stability in a specific joint.



The pendulum test was introduced by Wartenberg as a simple and reliable clinical test to
objectively quantify quadriceps muscle tone in Parkinson's disease (Wartenberg, 1951). There
is incoherence in the application of various initial body positions and starting mechanisms.
Previous studies have used different body postures including upright, supine, and semi-supine
(Brown et al. 1988). The semi-supine positions alternated between 15 and 70 degrees of hip
flexion. Muscle spasticity is muscle length dependent, and the increase of muscle length
augments the stretch reflex activity (Sheen, 2009), therefore the positioning of subjects during
measurement could influence the results of the spasticity assessment, particularly when bi-
articular muscles are involved. In our previous study, we also found, that the number of swings
in the pendulum test performed in semi-supine position was significantly higher than in supine
position in the case of a spinal cord-injured (SCI) person (Mayer et al., 2022). In contrast, others
found that the position of the subject has no practical significance (Brown et al., 1988; de
Azevedo et al., 2015; Ferreira et al., 2023). To the best of our knowledge, it has not been
investigated how can leg dominance influence the spasticity of the muscles, while pendulum
test is applied. Previous study showed that, greater quadriceps muscle volume is associated with
higher levels of knee extensor muscle spasticity in children with spastic diplegic Cerebral Palsy
(CP) (Pierce et al., 2012). In only a few studies were special apparatuses built to hold the limb
magnetically (Lim et al, 2006; Winter 2009) or by a light strap around the ankle (Stein et al.,
1996) for the opportunity to release the leg abruptly and make the assessment more objective.
In these studies, they did not compare the automatic releasing mechanisms to the usually used

hand release.



2. OBJECTIVES

Understanding the precise effects of balance devices that are experientially similar in

difficulty but have different properties on the lower limbs can make the use of these devices

more specific and effective. Due to the differing properties of the two sides of the Togu Jumper

(TJ), we hypothesized that single-leg standing on these surfaces would require different

balancing strategies, potentially exerting different effects on various regions of the lower limb.

To our knowledge, no previous studies have simultaneously examined the electrical activity of

the lower limb muscles and the kinematics of the limb segments around the ankle, knee, and

hip joints while balancing on both sides of the TJ. Based on this, our objectives were as follows:

To examine and compare the electrical activity of the lower limb muscles on three
different surfaces: flat ground, the bladder side of the TJ, and the flat side of the TJ

during single-leg balancing.

To investigate the linear acceleration of the lower limb segments (foot, lower leg, thigh,
pelvis) on the three surfaces: flat ground, the bladder side of the TJ, and the flat side of
the TJ during single-leg balancing.

To examine the segmental angular changes of the lower limb segments (foot, lower leg,
thigh, pelvis) on the three surfaces: flat ground, the bladder side of the TJ, and the flat
side of the TJ during single-leg balancing.

Regarding the pendulum test, we hypothesized that due to different rectus femoris muscle

lengths, varying use of dominant and non-dominant limbs, and differences in initiation

methods, we would observe significant differences in the pendulum test parameters across the

tested conditions. With this in mind, our objectives were as follows:

To examine and compare the swinging parameters of the lower leg during the pendulum

test in young, healthy individuals in both supine and semi-sitting positions.

To investigate and compare the swinging parameters of the dominant and non-dominant

lower limbs during the pendulum test.

To examine the swinging parameters of the lower leg during the pendulum test using

traditional manual initiation and automatic initiation methods.



3. METHODS
Single-leg Balancing on Both Sides of the Togu Jumper

In our study, 14 healthy female university students participated voluntarily, with an average age
of 23.6 = 1.9 years. The participants were required to balance on their dominant lower limb on
three different surfaces: flat ground, the bladder side of the TJ, and the flat side of the TJ. All
participants first performed the balancing task on flat ground, followed by alternating trials on
the two sides of the TJ in a random order. The balancing trials lasted for 10 seconds each
(Laudner and Koschnitzky, 2010).

During the balancing tasks, the electrical activity of the lower limb muscles was
collected telemetrically. Surface electrodes were placed on eight lower limb muscles: tibialis
anterior (TA), peroneus longus (PL), soleus (SOL), gastrocnemius medialis (GastM), biceps
femoris (BF), vastus lateralis (VVL), vastus medialis (VM), and gluteus medius (GM).

Balancing ability on the three surfaces was quantified using the segmental sway method
(Curtis et al., 2015; Ivusza et al., 2022). Inertial measurement units (Noraxon U.S.A. Inc.,
Scottsdale, United States) were attached to the foot, lower leg, thigh, and pelvis segments. The
sensors are equipped with three orthogonal gyroscopes capable of detecting angular
displacement and angular velocity. These allowed us to determine the angular deviation from
the vertical axis (orientation angle) in the selected plane. The vertical axis (0°) was calibrated
during a 10-second period when the participants stood straight with feet together. The
placement of the sensors and the calibration process followed the manufacturer's

recommendations. The sensors were attached to the limb segments.

Raw EMG signals were collected at a frequency of 2000 Hz, filtered (20-500 Hz), and
then smoothed using the root mean square (RMS) method with a 50 ms moving window.
Finally, the average processed EMG of each muscle was calculated for the entire 10-second

balancing period.

During the test, we recorded segmental orientation angles and linear acceleration data
over time in both the frontal and sagittal planes using the Noraxon MyoMotion system
(Noraxon U.S.A. Inc., Scottsdale, United States) at a data collection frequency of 100 Hz. All
EMG and kinematic data were synchronized and processed using myoRESEARCH 3.18



software. The averages of three balancing trials performed on the three different surfaces were

used for statistical analysis.

For statistical analysis, means and standard deviations were calculated for the measured
and computed variables. All data were checked for normality using the Shapiro-Wilk test.
Relative EMG activity of the muscles across different conditions (surfaces) was compared using
a two-way ANOVA, with muscle (TA, PL, SOL, GastM, VL, VM, BF, GM) and surface (flat
ground, TJ bladder side, and TJ flat side) as independent variables. Interactions between
conditions (flat ground, TJ bladder side, and TJ flat side) and body segments (foot, lower leg,
thigh, and pelvis) were examined using two-way ANOVA for linear acceleration and segmental
sway data recorded in the frontal and sagittal planes during the 10-second balancing trials.
Bonferroni correction was applied for all pairwise comparisons, and statistical significance was
setat p =0.05.

Measuring Muscle Tone Using the Pendulum Test

Our study included 15 healthy young adults (9 males, 6 females) aged 18-32 years. We used a
Zebris 3D ultrasound-based motion analysis system (ZEBRIS, CMS10, Medizintechnik GmbH,
Isny, Germany), which is capable of simultaneously recording muscle activity and kinematic

data on 8 channels.

We placed four Zebris markers on the lateral side of each limb: at the malleolus lateralis,
the fibula head, the lateral femoral epicondyle, and the greater trochanter. Surface electrodes
were placed on four thigh muscles in positions recommended by SENIAM (www.seniam.org):
vastus lateralis, vastus medialis, rectus femoris, and biceps femoris. The test was performed in
eight conditions, varying by two initiation methods (a, b), two body positions (supine and semi-

sitting), and the dominant and non-dominant limbs.

a) Manual initiation: The examiner holds the participant’s ankle, elevates the lower leg to fully
extend the knee joint, without lifting the limb from the examination table. The participant is
instructed to relax completely, and then the examiner unexpectedly releases the limb, allowing

it to swing freely.

b) Automatic initiation: The participant’s ankle rests on a foot support wooden board (38 cm

x 34 cm), connected to a stable table by hinges. The knee joint is fully extended, and the thigh


http://www.seniam.org/

rests on the examination table. When the foot support is closed, a strong electromagnet holds it
in a horizontal position. After muscle relaxation, the examiner sends a ready signal to the
control unit, which randomly disengages the electromagnet after 5-15 seconds, causing the foot

support to drop unexpectedly and initiating the test (Figure 1).

The central measurement unit collected kinematic marker data at a sampling frequency of 50
Hz, which were processed using custom-developed MATLAB and Python software. Knee
flexion angles were calculated using trigonometric equations. The Relaxation Index (RI)
expresses the ratio of the first knee flexion angle to the difference between the initial flexion
angle and the final (resting) angle (Bajd and VVodovnik, 1984). According to several studies, the
index reliably indicates spasticity (Brown et al., 1988).

For statistical analysis, we used SPSS Statistics (Version 29) software. Data normality was
checked with the Shapiro-Wilk test. Paired t-tests were applied to data sets with normal
distribution (p>0.05), and Wilcoxon tests were used for non-normally distributed data sets
(p<0.05). We compared data between the two test positions, the dominant and non-dominant

limbs, and the two test initiation methods. The significance level was set at p=0.05.

Figure 1. Experimental setup for pendulum test with automata foot-releasing apparatus

A: adjustable backrest in 45 degrees semi-supine position, B: plate with electromagnet, C

control unit



4. RESULTS

One leg balancing on the Togu Jumper

EMG: In EMG activity, there was significant main effect for surface (F = 123.69, p < 0.001)
and muscle (F = 69.87, p < 0.001) with surface by muscle interaction (F = 13.18, p < 0.001).
The post-hoc test of the main effect revealed that EMG activity was higher during balancing on
either TJ side versus the floor (p < 0.001), when all muscle activites were pooled within a
condition, but there was no difference between the bladder vs. the flat side of the TJ (p =0.230).
The post hoc test of the surface by muscle interaction revealed that GM and GastM muscle
activities were uniform across the three conditions, and SOL activity was greater in the bladder
vs. floor conditon (p = 0.009). All other muscles showed greater activity in either TJ condition
vs floor, but there were no differences between the bladder and the flat TJ conditons (Figure

2.).
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Figure 2. Average EMG activity (mean + SD) in the three conditions (floor, and bladder and
flat side of the Togu Jumper) for lower and upper leg muscles during the 10-s single leg

balance trials. Horizontal bars indicate statistically significant differences *(p < 0.05) and **

(p < 0.001).

Linear acceleration: Results of the statistical analysis declared main effects for surface in
frontal plane (F = 72.38, p <0.001) and sagittal plane (F = 107.47, p <0.001), main effects for
segment in frontal plane (F = 43.37, p < 0.001) and in sagittal plane (F = 24.11, p < 0.001),
furthermore a significant surface by segment interaction both in frontal plane (F = 30.17, p <
0.001) and in sagittal plane (F = 17.64, p <0.001). The post-hoc test revealed that in both planes
foot acceleration was different among the three conditions (p < 0.001): in sagittal plane, the
greatest was in the bladder, and the smallest was in the floor condition. In the frontal plane, the

greatest was in the flat, and the smallest was in the floor condition. In case of the shank and the



thigh segments, in both planes, both TJ conditions revealed higher accelerations, compared to
the floor, but there was no difference betweeen the bladder and the flat TJ condtions. No

difference was found among the three conditions in the acceleration values of the pelvis in both

planes (all p > 0.05)(Figure 3.).
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Figure 3. Average linear acceleration (mean + SD) in the three conditions (floor, and bladder
and flat side of the Togu Jumper) for the leg segments (pelvis, thigh, shank, foot) in frontal
and sagittal plane. Horizontal bars indicate significant differences (p < 0.001)

Segmental angular sway: We found significant main effect for surface in both planes (frontal:
F=66.92, p <0.001; sagittal: F = 20.01, p <.001), as well as significant surface by segment
interactions (frontal: F = 51.54, p < 0.001; sagittal plane: F = 5.12, p = 0.030). In the case of
the foot, in frontal plane, the post-hoc tests revealed significant differences among the three
conditions (p < 0.001); in sagittal plane segmental angular sway was higher during balancing
on the bladder side vs. the two other conditions (p < 0.001) and there was no significant
difference between floor and flat side (p = 0.260). No difference was found among the three

conditions in the case of the shank, thigh, and pelvis in either plane (all p > 0.05).

Measurement of muscle tone with the pendulum test
Number of swings

Comparing the number of swings in semi-supine versus supine positions, in investigator-release
mode, there were marginally significant differences, meaning a slightly bigger number of

swings in semi-supine position (p=0.06, p=0.07). In automata-release mode, the number of



swings was significantly higher in semi-supine than in supine positions, in the case of the non-

dominant leg (p=0.03). This indicates higher muscle tone in supine position.

Comparing the number of swings in the dominant leg versus the non-dominant leg, it was found
that the non-dominant leg had significantly more swings with automatic-release mode in both
body positions (p=0.009, p<0.001) and also in hand-release mode in supine body position
(p<0.001). This indicates higher muscle tone in the dominant leg.

Comparing the number of swings in investigator-release mode versus automatic-release mode,

there were no significant differences in either test condition.
Relaxation index

Comparing the relaxation index obtained in semi-supine versus supine positions the RI values
were similar in the case of investigator-release mode and RI was significantly smaller in supine
than in semi-supine position when automata-release mode was applied (p=0.005, p<0.001).

This indicates higher muscle tone in supine position.

Comparing the relaxation index in the dominant leg versus the non-dominant leg, the RI was
significantly smaller for the non-dominant leg in both release modes and positions (p=0.02,

0.01, 0.02, 0.04). This indicates a higher muscle spasm in the non-dominant leg.

There were contradicting results comparing the relaxation index in investigator-release mode
versus automata-release mode. In supine position the index was higher in investigator-release
mode, but lower in automata-release mode, significantly on the non-dominant side (p=0.01).
Thus, assessment in supine position with automata-release mode suggested higher muscle tone
than in investigator-release mode. This was not the case in a semi-supine position, and the RI

was significantly higher on the non-dominant side (p=0.009).



5. SUMMARY

Single-leg stance on the two sides of the Togu Jumper
In my dissertation, I showed the changes in leg muscle activity and kinematics in response to a
single-leg stance on the two sides of the Togu Jumper and the floor. Except gluteus medius and
gastrocnemius medialis, all muscles were more active when balancing on either Togu Jumper
side compared to the floor, but there was no difference between the two sides in any muscles.
Furthermore I showed, that the linear acceleration was the greatest in the frontal plane on the
flat Togu side in the case of the foot. Pelvis acceleration was unaffected by the balance
conditions. Segmental angular sway was the greatest in the frontal plane, on the bladder side in
the foot segment. No difference was found among the three conditions in the case of the shank,
thigh, and pelvis. From these, I concluded that the use of the two Togu Jumper sides produced
different balance strategies in the foot segment and induced no difference in equilibrium

procedures at the level of the pelvis.

Muscle tone assesment by pendulum test
In my dissertation, I showed the effect of body position, leg dominance, and automatic releasing
mechanism on quadriceps muscle tone assessed by the Wartenberg pendulum test in able-
bodied persons. Applying automata-release mode, in the non-dominant leg the number of
swings was significantly higher in semi-supine than in supine position. The non-dominant leg
had significantly more swings with automata-release mode than with investigator-release mode
in both body positions. In investigator-release mode this occurred in supine position. Regarding
the number of swings in investigator-release versus automata-release mode, no significant
differences were found in any test condition. Furthermore, I have shown that in automata-release
mode, in the non-dominant leg the relaxation index was significantly higher in semi-supine
than in supine position. The relaxation index showed significant difference between the
investigator-release and automata-release mode for the non-dominant leg. The values of the
relaxation index didn’t support in all test conditions the results what the number of swings
provided about the muscle tone. In automata-release mode the dominant leg has lower number
of swings, and higher relaxation index than the non-dominant leg. From these, I can conclude,
that the effect of body position on the quadriceps muscle tone can be assessed applying the
pendulum test with an automatic leg releasing mechanism even when the application of
conventional investigator-release mode does not show significant effect. The pendulum test is

more sensitive to assess spasticity with automatic-release than with investigator-release mode.
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