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Abstract 

Tactile perception in the lower limbs is essential for maintaining balance and co-

ordinating movement. Unlike the upper limbs, where movement errors are often tol-

erable, failures in posture control can result in instability or falls—particularly in older 

adults. This cumulative dissertation investigates how lower-limb somatosensory per-

ception adapts to postural and sensorimotor demands, guided by models of predictive 

coding and reliability-based sensory integration. 

Three experimental studies examined changes in vibrotactile perception during (1) 

quiet stance under stable and unstable conditions in young and older adults, (2) tem-

porally predictable and unpredictable visual perturbations, and (3) goal-directed leg 

movements involving distinct functional roles of each leg. Across all studies, tactile 

perception dynamically modulated depending on postural state, task phase, and limb 

function. 

Instability and postural load led to reduced perception, while balance-threatening 

or feedback-critical phases triggered transient enhancement. Older adults showed el-

evated baseline thresholds at rest but preserved modulation across postural condi-

tions, suggesting intact compensatory reweighting. This indicates that while sensory 

degradation occurs with age, adaptive mechanisms remain functionally effective. 

These findings support a dynamic model of lower-limb tactile perception, shaped 

by posture, timing, and behavioral relevance. They also emphasize the functional dis-

tinctiveness of the lower limbs, where sensorimotor demands are more tightly coupled 

to stability and whole-body control than in the upper limbs. 
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1 Introduction 

Imagine a gymnast performing a floor routine. Every step, leap, twist, and hold 

demands precise motor execution, not only to impress the judges with flawless form, 

but also to prepare for the next movement and, most importantly, to maintain balance 

and avoid an uncontrolled fall. Now, imagine if we could visualize the electrical im-

pulses of the human sensorimotor system during this routine. With every ground con-

tact, a rapid burst of activity would ignite in the tactile receptors of the contacting 

body part, traveling at high speed toward the central nervous system. These signals 

would reach the brain, making their way through the thalamus and cortical circuits, 

merging and interacting with other neural inputs, before newly computed motor com-

mands cascade back down toward the muscles, encoding the precise adjustments re-

quired for the next action. This seamless loop of perception and action, from skin to 

brain to muscle, reflects the body’s remarkable ability to integrate sensory input and 

generate motor output. 

The human sensorimotor system operates under substantial complexity, integrat-

ing high-dimensional sensory input with motor commands across numerous degrees 

of freedom to produce even a single coordinated movement. Postural control presents 

a particularly demanding challenge, as it not only requires the continuous integration 

of multisensory information and the regulation of multiple effectors, but is also asso-

ciated with a high cost of failure. Compared to upper limb tasks such as reaching or 

object manipulation, failures in postural control carry substantial biomechanical and 

health-related risks. 

In this work, I present three articles investigating how the human sensorimotor 

system adapts under varying postural demands, in unstable environments, and across 

the lifespan. Specifically, I explore sensory perception in the lower limbs during 

standing on stable versus unstable ground, and compare these processes in young and 

older adults to understand age-related changes in sensorimotor control. Next, I ex-

amine how the perception of a moving room, either predictable or temporally uncer-

tain, influences tactile processing over time. Finally, I investigate the highly dynamic 

act of kicking, analyzing how tactile integration evolves before, during, and after ball 

contact in both the kicking and balancing legs. Across all experiments, I discuss the 

mechanisms that underlie changes in tactile information processing in the lower 

limbs. 
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1.1 Tactile perception and movement-related sensory modulation 

Tactile perception enables the nervous system to detect and interpret physical con-

tact with the environment. Mechanoreceptors in the skin of the hands and feet trans-

duce indentation, vibration, and skin stretch into neural signals, providing critical in-

formation for object manipulation, postural control, and movement coordination (Jo-

hansson & Westling, 1984; Voudouris et al., 2019; Assländer et al., 2018; Jeka et al., 

2000). While upper-limb touch has been extensively studied in the context of object 

manipulation and the decrease in perception termed sensory attenuation, tactile input 

from the lower limbs remains less well understood, despite its central role in detecting 

ground contact, stabilizing posture, and regulating gait (Kavounoudias et al., 2001; 

Mouchnino & Blouin, 2013). 

Crucially, tactile perception is not fixed but dynamically modulated. One well-

known phenomenon is tactile suppression, wherein perception of externally applied 

stimuli is reduced during movement or in anticipation of it (Blakemore et al., 1999; 

Voss et al., 2008). This suppression is thought to reflect predictive mechanisms that 

downregulate expected sensory consequences of self-generated actions, helping to 

distinguish reafferent from exafferent input and to prioritize movement-relevant sig-

nals (Kilteni & Ehrsson, 2022). However, suppression is not uniform: depending on 

the body part, movement phase, and task context, tactile signals may be attenuated, 

unchanged, or even enhanced (Fraser & Fiehler, 2018; Voudouris & Fiehler, 2021). 

In experimental settings, tactile perception is typically assessed via psychophysical 

detection or discrimination thresholds. Mechanical stimulation methods include si-

nusoidal vibration (commonly between 10–250 Hz)(Fuehrer et al., 2022; Gescheider 

et al., 2002), brief pressure pulses (Craig, 1974; Buckingham et al., 2010), or 

transcutaneous electrical stimulation (Chapman et al., 1987; Cybulska-Klosowicz et 

al., 2011; Juravle et al., 2018). Detection thresholds serve as behavioral proxies for 

sensory gain and reflect both peripheral afferent responsiveness (Johansson & Vallbo, 

1979) and central processing efficiency (Wolpert & Flanagan, 2001). Vibration fre-

quency is closely linked to receptor selectivity: Meissner corpuscles are most respon-

sive to low-frequency vibration (10–100 Hz), while Pacinian corpuscles are tuned to 

higher frequencies (~40–800 Hz); Merkel and Ruffini endings encode sustained in-

dentation and skin stretch (Bolanowski et al., 1988). These mechanoreceptive signals 

ascend via the dorsal column–medial lemniscal pathway to the contralateral primary 

somatosensory cortex, where information is further processed and integrated with in-

put from other modalities and predictive motor circuits (Hsiao & Gomez‐Ramirez, 

2012). 
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Whereas tactile perception in the hands is critical for fine motor movements and 

object interactions, cutaneous signals from the foot sole contribute to estimating body 

orientation, detecting perturbations, coordinating stance adjustments, and initiating 

gait, all while accounting for ongoing postural demands and whole body dynamics 

(Kavounoudias et al., 1998, 1999; Mouchnino & Blouin, 2013; Mouchnino et al., 

2015). Although the same receptor types occur in feet and hands, they seem to have 

evolved differently in density, distribution, receptive field size, and force thresholds 

(Inglis et al., 2002; Trulsson, 2001). Compared to the hands, the principles guiding 

how and when tactile input from the feet or legs is modulated remain poorly defined. 

In particular, it is unclear how postural instability or environmental changes influence 

tactile gain control in these regions. 

Importantly, tactile processing is not only shaped by movement or posture per se, 

but also by the broader context in which an action is embedded. Sensorimotor de-

mands, such as the relevance, timing, and predictability of sensory events, play a cen-

tral role in determining whether tactile input is attenuated or enhanced both in the 

upper (Fraser & Fiehler, 2018; Voudouris et al., 2019; Voudouris & Fiehler, 2021) and 

lower limbs (Staines et al., 2000). For example, during goal-directed reaching, tactile 

perception is dynamically modulated across movement phases, with suppression 

strongest during movement initiation and weakest when tactile feedback is needed for 

fine-tuned guidance (Juravle et al., 2010; Voudouris & Fiehler, 2021). There are also 

indications that cognitive load plays a role by reducing tactile perception (McManus 

et al., 2023). This context dependence extends to postural and whole-body actions: in 

balance tasks, tactile perception at the leg can increase prior to expected perturba-

tions, suggesting an anticipatory upregulation of relevant input (Mouchnino et al., 

2015; Saradjian et al., 2013). Conversely, when afferent load is high, as during strong 

contact or sudden impact, sensory masking may transiently override fine tactile per-

ception (Abramsky et al., 1971; Kirman, 1984; Williams & Chapman, 2002). 

Nevertheless, most studies on tactile suppression and modulation have focused on 

upper-limb actions in seated or static postures (e.g., Williams et al., 1998; Broda et 

al., 2020; Fuehrer et al., 2022). It remains largely unknown how tactile modulation 

unfolds during whole-body behaviour like postural control, where the sensorimotor 

system has many more inputs to handle and degrees of freedom to control. This gap 

limits our understanding of sensorimotor coordination in complex whole-body move-

ments and hinders the development of models that generalize across body regions. 
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1.2 Predictive models and internal model theories 

Efficient sensorimotor control relies not only on reactive processing of sensory in-

puts, but on the brain’s ability to predict the consequences of its own actions. Internal 

model theories propose that forward models generate predictions about future sen-

sory states based on motor commands, allowing the system to compare expected and 

actual input to reduce redundancy and optimize control (Blakemore et al., 1999; 

Wolpert & Ghahramani, 2000). In the tactile domain, this process manifests as pre-

dictive attenuation, whereby expected tactile feedback is down-weighted in percep-

tion, thereby freeing up processing resources for unexpected or externally generated 

stimuli (Bays & Wolpert, 1993; Kilteni & Ehrsson, 2022). 

However, the conditions under which tactile input is attenuated or preserved re-

main complex and context dependent. While tactile suppression is commonly ob-

served during self-initiated upper limb movements, it can also occur during passive 

motion (Arikan et al., 2024; Chapman & Beauchamp, 2006) or even in the absence of 

overt movement (Voss et al., 2006), suggesting that motor-independent predictions 

and motor-task relevance modulate these effects. Another contributing factor to sup-

pression is tactile masking, where a stimulus is less perceived in the temporal prox-

imity (±100 ms) of another stimulus (Abramsky et al., 1971; Kirman, 1984), which 

might explain suppression during passive movements (Williams & Chapman, 2002; 

Chapman & Beauchamp, 2006). Bayesian models of perception offer a useful frame-

work to describe tactile suppression: sensory input and internal predictions are com-

bined based on their respective reliability, allowing the system to flexibly adapt to un-

certainty or changing sensorimotor demands (Körding & Wolpert, 2004). 

Sensorimotor demands refer to the sensory information necessary for effective mo-

tor execution and the motor actions that shape or refine sensory input. Postural de-

mands, which are a focus of this thesis, are a subgroup of motor demands that support 

either the maintenance of postural stability or intended changes of posture in space. 

These are mostly, but not exclusively, demands involving the lower limbs (Peterka, 

2002). 

In lower limb contexts, the mechanisms governing the adaptability of the sen-

sorimotor system likely operate under additional constraints: gravity, postural stabil-

ity, and ground interaction introduce continuous variability and demand rapid, adap-

tive reweighting of sensory inputs.  
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1.3 Postural control and multisensory integration 

Predictive mechanisms typically require information to build a prediction on. Up-

right stance and locomotion require the seamless integration of multisensory infor-

mation to estimate body orientation and generate appropriate motor responses. This 

process draws on visual, vestibular, proprioceptive, and cutaneous signals, which 

must be dynamically weighted depending on the reliability of each modality (Day, 

2002; Peterka, 2002, 2018). For instance, when visual cues are unstable or mislead-

ing, as during surface sway or optic flow perturbations, the nervous system can re-

weight toward somatosensory input, such as afferents from the foot sole or lower leg 

(Assländer & Peterka, 2014; Kavounoudias et al., 2001). However, there are also find-

ings suggesting an upweighting of visual information even when a visual-propriocep-

tive conflict is evoked via visual perturbations. This focus on the visual information 

implies a moving world and leads to downregulation of the proprioceptive signals that 

would suggest a static environment, resulting in posture adaptations fitting to the vis-

ual perturbations (Lishman & Lee, 1973; Chander et al., 2019; Engel et al., 2020). 

Tactile signals from the lower limbs contribute critically to this sensory estimate. 

They either provide direct information about the supporting surface (Mouchnino et 

al., 2015; Mouchnino & Blouin, 2013) or can work even with low-intensity skin contact 

or light touch to stabilize posture by providing spatial reference information (Asslän-

der et al., 2018; Goar et al., 2025; Jeka, 1997). However, these signals are not static. 

Postural state, body configuration, and attentional demands all influence how tactile 

information is processed. Importantly, the nervous system must continuously decide 

whether to up- or down-weight these signals—a process often described in terms of 

sensory reweighting or modulation. 

1.4 Mechanisms in postural adjustment 

Postural control relies on both predictive and reactive mechanisms to maintain 

stability in the face of internal or external perturbations. Predictive mechanisms, such 

as anticipatory postural adjustments (APAs), are initiated before a voluntary move-

ment or expected disturbance. These adjustments redistribute body mass and pre-

activate postural muscles to minimize destabilization caused by the primary move-

ment (Massion, 1992; Santos et al., 2010). APAs reflect the nervous system’s ability to 

generate internal models of movement consequences, allowing for preemptive stabi-

lization. In contrast, reactive mechanisms are elicited in response to perturbations 

and involve rapid sensorimotor feedback loops that trigger corrective movements, 

such as stepping, hip strategies, or ankle strategies (Horak & Nashner, 1986). Addi-

tionally, behavioral strategies like lowering the center of mass can increase stability 
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by improving the base of support and reducing the likelihood of toppling. These mech-

anisms operate in parallel and are continuously shaped by task constraints, prior ex-

perience, and sensory input from visual, vestibular, and somatosensory systems (Pe-

terka, 2002). Further, recent work shows that the predictability of perturbations plays 

a key role in how the nervous system weights APAs versus reactive responses. For 

example, when the perturbation direction is known in advance, APAs are more precise 

and timed earlier; when the direction is unpredictable, there is often a shift toward 

co-contraction of antagonist muscles in the anticipatory phase, possibly as a failsafe 

strategy (Piscitelli et al., 2017). 

Effective postural control depends on the seamless integration of these processes 

to maintain an upright stance under dynamic and uncertain conditions. 

1.5 Age-related changes in sensorimotor control 

Healthy aging is associated with widespread changes in sensory, motor, and cog-

nitive systems, which in turn affect the control of movement and posture. Sensory 

acuity declines across modalities, including proprioception, vestibular function, and 

tactile sensitivity (Seidler et al., 2010; Goble et al., 2009). These changes reduce the 

fidelity of afferent signals available for estimating body state, increasing uncertainty 

and reliance on compensatory strategies. 

In the tactile domain, older adults often exhibit elevated detection thresholds or a 

decline in spatial acuity (Klever et al., 2019; Wolpe et al., 2016; Stevens & Choo, 1996; 

but see also Timar et al., 2023). These deficits can impair the timely detection of 

ground contact, perturbations, or slippage—sensory cues that are vital for maintain-

ing balance. Moreover, age-related changes extend beyond peripheral loss: central 

processes involved in sensory integration, predictive control, and motor adaptation 

may also be affected (Laessoe & Voigt, 2008), and compensatory strategies such as 

increased visual dependence or delayed reweighting may emerge (Eikema et al., 2013; 

Kanekar & Aruin, 2014). 

Collectively, these findings suggest that aging affects not only the fidelity of tactile 

afferents but also the mechanisms through which sensory input is weighted, gated, 

and integrated. This underscores the importance of characterizing tactile processing 

in the lower limbs, which are both critical for postural control and among the most 

informative sensory sources for estimating body orientation. Whereas failures in up-

per limb motor tasks may lead to relatively minor functional consequences, impair-

ments in postural control—particularly prevalent with advancing age—carry substan-

tially higher costs. Falls represent a major health risk in older adults and are associ-

ated with increased morbidity and mortality (Burns et al., 2016).  
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1.6 Theoretical framework and research objectives 

Tactile perception is dynamically shaped by the interplay of predictive mecha-

nisms, sensory reliability, and task relevance (Kilteni & Ehrsson, 2022; Körding & 

Wolpert, 2004; Voudouris & Fiehler, 2021). Internal forward models attenuate ex-

pected sensory input to prioritize novel or behaviorally salient signals (Blakemore et 

al., 1999; Wolpert & Ghahramani, 2000), while multisensory integration continu-

ously reweights afferent input based on environmental and postural demands 

(Assländer & Peterka, 2014; Peterka, 2002). In the lower limbs, these modulations 

are crucial for balance, mobility, and interaction with the environment. Yet, the mech-

anisms that govern such modulation remain underexplored, particularly in ecologi-

cally valid, whole-body tasks. 

Previous research has focused primarily on the upper extremities or artificially 

constrained conditions. We know that the lower limbs are equipped with the same 

type of touch sensors as the upper limbs in different configurations (Inglis et al., 2002; 

Trulsson, 2001), but have to solve vastly different motor tasks where failure imposes 

tremendous risks. Surprisingly little is known about how tactile processing in the 

lower limbs adapts to changes in postural stability, movement dynamics, or environ-

mental uncertainty (Menz et al., 2006; Mouchnino et al., 2015; Mouchnino & Blouin, 

2013). This is especially true in real-world contexts involving unstable support sur-

faces, temporally unpredictable perturbations, or object-related interactions such as 

foot contact. Furthermore, the extent to which these modulatory processes remain 

flexible in older adults, despite age-related changes in sensory and motor systems, 

remains poorly understood, even though their risk profile greatly increases (Burns et 

al., 2016). 

At the core of this thesis are three primary questions. (1) How does healthy aging 

affect the flexibility and efficiency of tactile reweighting in balance-relevant contexts? 

(2) How is tactile perception in the lower limbs modulated during quasi-static tasks 

with varying postural demands? (3) To what extent is tactile modulation in the lower 

limbs shaped by sensorimotor demands, both spatially (across limbs) and temporally 

(across task phases)? 

These questions are examined through three experimental articles, each employing 

vibrotactile stimulation and psychophysical threshold measurements in progressively 

more complex task contexts. Article 1 investigates age-related and postural influences 

on tactile perception during quiet stance. Article 2 explores temporal changes in tac-

tile perception during externally induced balance perturbations in virtual reality. Ar-

ticle 3 examines dynamic, phase-specific tactile modulation during a goal-directed 
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foot movement—ball kicking—focusing on interlimb differences and contact-related 

masking. 

Together, these studies provide a multidimensional perspective on how tactile pro-

cessing in the lower limbs is flexibly and efficiently regulated under varying sen-

sorimotor demands and across the lifespan.
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2 Article 1: Postural demands modulate tactile perception 

in the lower limb in young and older adults 

(Fabian D. Wachsmann, Katja Fiehler, Dimitris Voudouris, Scientific Reports) 

 

The first article examined how postural demands affect tactile perception in young 

(18–35 years) and older adults (55–75 years). Participants completed a vibrotactile 

detection task at the calf while either sitting, standing on solid ground, or standing on 

foam to manipulate postural stability. Detection thresholds served as proxies for tac-

tile perception, and center of pressure data quantified postural sway. 

As expected, postural sway was greater when standing on foam, confirming in-

creased instability (Figure 1a). Tactile thresholds were higher under unstable condi-

tions, indicating reduced perception. Older adults showed generally elevated thresh-

olds, but the degree of task-dependent modulation was similar across age groups (see 

Figure 1b). 

The findings support the notion that tactile processing in the lower limbs is adap-

tively modulated depending on postural context. When instability increases, the nerv-

ous system may downregulate tactile input either to minimize interference from un-

reliable afferent signals or as a result of masking. Although aging affects baseline per-

ception and balance control, the preserved ability to modulate tactile input suggests 

that compensatory mechanisms remain effective. 

Figure 1: Effects of age and postural demands on postural sway and 
tactile perception. Comparison between postural demands and age groups 
for (a) center of pressure sway and (b) normalized detection thresholds. Means 
and single subject data for young (circles) and older (diamonds) are depicted 
with standard errors as error bars. The horizontal dotted line in (b) represents 
values at baseline (sitting).  
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3 Article 2: Temporal modulation of tactile perception dur-

ing balance control 

(Fabian D. Wachsmann, Katja Fiehler, Dimitris Voudouris, Scientific Reports) 

 

In our second article, we examined the temporal dynamics of tactile perception 

during balance control and whether this modulation depends on the predictability of 

perturbations. Previous upper limb studies have shown that suppression is not uni-

form and perception can increase when tactile input becomes relevant for action 

(Voudouris & Fiehler, 2021). We investigated whether similar mechanisms apply to 

lower limbs during whole-body postural tasks. 

Participants stood in an immersive virtual room while visual perturbations (for-

ward wall motion) were presented either predictably (low uncertainty) or unpredict-

ably (high uncertainty). Vibrotactile stimuli were delivered to the right calf at three 

time points: early (well before motion onset), late (shortly before), and after pertur-

bation onset (see Figure 2). We hypothesized enhanced perception with temporal 

proximity to the perturbation, reflecting anticipatory gain control when tactile input 

becomes critical for postural adjustments. 

Figure 2: Experimental setup for Article 2. Depiction of the virtual envi-
ronment from the participant ’s view, an illustration of the setup, and a picture 
of the tactor. The lower panel shows a timeline of a single trial of the perturba-
tion condition. The probe tactile stimulus in the perturbation blocks was pre-
sented at an “early” (blue), “late” (brown), or “after” (green)  timepoint, whereas 
in the baseline condition, it  could be presented at any moment during a single 
interval (purple). The onset of the visual perturbation is depicted as starting at 
the 3r d second of the trial, but this could vary in the condition  with high uncer-
tainty. The duration of the perturbation is indicated by the grey area.  
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A second experiment introduced a sitting baseline to test whether the absence of 

suppression, as seen in movement-related upper-limb tasks, may be explained by the 

effects of standing per se. 

Kinetic data revealed anticipatory postural adjustments in the low-uncertainty 

condition only (Figure 3a), without corresponding differences in tactile perception 

across uncertainty levels. Instead, a general increase in perception was observed after 

perturbation onset, indicating temporal upregulation of tactile processing approach-

ing sensory conflict (Figure 3b). Experiment 2 replicated this temporal modulation 

and confirmed that standing reduces tactile perception compared to sitting. 

Overall, the findings demonstrate a rapid, context-sensitive increase in tactile per-

ception during balance destabilization. This illustrates the role of the lower-limb tac-

tile system in supporting postural recovery via phase-specific gain control. 

Figure 3: Results from the first experiment of Article 2. (a) Anticipatory 
center of pressure (COP) displacement in the high (circle) and low (diamond) 
uncertainty conditions normalized to baseline. (b) Normalized detection thresh-
olds for the same conditions , as well as the average of the two conditions 
(squares) for the three stimulation intervals. Means and single subject data are 
depicted with standard errors as error bars. The horizontal dotted lines repre-
sent values at baseline.
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4 Article 3: Modulation of tactile sensitivity in the lower 

limbs during goal-directed movements 

(Fabian D. Wachsmann, Katja Fiehler, Dimitris Voudouris, BioRxiv) 

 

In our third article, we investigated how tactile sensitivity is modulated across the 

two feet during complex goal-directed lower-limb action (ball-kicking) in which each 

leg fulfills a distinct functional role. We hypothesized reduced sensitivity in the bal-

ancing (left) foot during the transition to unipedal stance, due to increased postural 

demands, and enhanced sensitivity in the kicking (right) foot during movement 

phases where somatosensory feedback may guide foot trajectory. Additionally, we ex-

pected strong suppression at ball contact on the kicking foot, due to peripheral mask-

ing. 

In Experiment 1, participants kicked a suspended foam ball with their right foot 

while receiving brief vibrotactile stimuli at four time points: movement onset, mid-

swing, ball contact, and post-contact (Figure 4). Stimulation occurred either on the 

balancing or kicking foot. Baseline thresholds were assessed during sitting. 

To isolate masking effects, Experiment 2 tested a different group of participants 

who remained stationary while the ball contacted their right foot at high or low speed. 

Vibrotactile probes were delivered at time points corresponding to mid-swing, con-

tact, and post-contact in Experiment 1. 

Figure 4: Kicking setup. Sketch of the starting position, mid-swing, ball con-
tact, and after-contact time points. Dots indicate the marker for motion track-
ing, and a blue rectangle the tactor position (a -d).   
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This study allowed us to disentangle central sensorimotor modulation from mask-

ing effects and demonstrated that tactile sensitivity in the lower limbs is concurrently 

modulated across both feet, shaped by their functional role and movement phase. 

Tactile sensitivity was modulated differently across the two feet. In the balancing 

foot, suppression peaked during the swing phase, indicating reduced processing dur-

ing stance transition. In the kicking foot, sensitivity was enhanced mid-swing but 

dropped significantly at the moment of ball contact (Figure 5a). The degree of sup-

pression at contact correlated with kicking velocity. In Experiment 2, we explored this 

correlation and showed that passive collisions with faster balls led to stronger sup-

pression, confirming a role of peripheral masking but only at a limited window at con-

tact (Figure 5b). 

These findings demonstrate that tactile sensitivity in the lower limbs is dynamically 

and asymmetrically modulated during kicking actions. The balancing foot shows sup-

pression consistent with postural transition costs, while the kicking foot exhibits a 

phase-dependent modulation reflecting both central (predictive) and peripheral 

(masking) influences. The upregulation during mid-swing suggests that somatosen-

sory input is selectively maintained when needed for guiding in goal-directed move-

ments. Together, these results highlight the concurrent, context-sensitive modulation 

of tactile information across limbs to meet the sensorimotor demands of complex ac-

tions. 

Figure 5: Limb- and phase-specific tactile modulation during kicking 
and ball contact. (a) Normalized detection thresholds for all four kicking 
phases for Experiment 1, with data from the balancing (red) and the kicking 
(blue) foot. (b) Comparison between fast (circle) and slow (diamonds) contact 
velocities for the three probed time intervals (before, at, and after contact) of 
Experiment 2. Means and single subject data  are depicted with standard errors 
as error bars. The horizontal dotted lines represent values at baseline.  
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5 Discussion 

5.1 Summary 

This thesis investigated how tactile perception in the lower limbs is modulated by 

sensorimotor demands across postural and motor contexts. Three experimental arti-

cles examined modulation during upright stance, reactive and anticipatory balance 

adjustments, and dynamic whole-body movements. 

Article 1 established that tactile perception is not constant even under seemingly 

stable conditions, but adapts flexibly to postural demands. When standing on unsta-

ble surfaces, tactile thresholds increased, indicating reduced perception. Although 

older adults exhibited generally higher thresholds, the degree of modulation was com-

parable to younger participants, suggesting that adaptive reweighting remains effec-

tive despite age-related sensory decline. 

Building on this, Article 2 addressed the temporal dynamics of tactile modulation 

in the face of environmental instability. Using visual perturbations in virtual reality, 

it demonstrated that tactile perception increased around the onset of balance-threat-

ening events, independent of their predictability. In contrast to the findings in the 

quasi-static task of Article 1, this study highlighted that tactile gain is upregulated at 

critical phases when sensory feedback becomes essential for postural recovery. 

Article 3 extended these insights into a dynamic, goal-directed action, requiring 

the coordinated involvement of both legs. During a ball-kicking task, tactile percep-

tion was modulated in a phase- and limb-specific manner: the balancing foot showed 

suppression during unipedal stance transitions, while the kicking foot exhibited facil-

itation during swing and suppression at ball contact. A follow-up experiment con-

firmed that suppression at contact was driven by peripheral masking, revealing how 

central and peripheral mechanisms jointly shape tactile processing under dynamic 

conditions. 

Taken together, the three articles form a progressive research arc, illustrating how 

tactile processing in the lower limbs is dynamically tuned to meet functional demands. 

This trajectory underscores the context-sensitive and multi-layered nature of soma-

tosensory modulation in support of balance and movement control. 

5.2 The role of age in tactile perception during stance retention 

Previous research has shown that balance control deteriorates with age, contrib-

uting to increased postural instability and a higher incidence of falls in older adults 

(Burns et al., 2016; Rubenstein, 2006). Aging is also associated with a general decline 

in tactile perception, reflected in elevated detection thresholds (Klever et al., 2019; 
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Wolpe et al., 2016) and reduced spatial acuity (Stevens & Choo, 1996). We replicated 

these findings, with older adults exhibiting overall reduced tactile perception com-

pared to younger participants. This decline may be due to increased peripheral noise, 

potentially arising from age-related changes in skin nerve fiber density (Vega et al., 

2009), reduced transduction or transmission (Decorps et al., 2014), or alterations in 

central sensory integration (Seidler et al., 2010). 

Notably, the relative modulation of tactile perception by postural challenge was 

comparable between young and older adults. This suggests that the mechanisms re-

sponsible for context-dependent sensory modulation, whether peripheral suppres-

sion or central deprioritization of unreliable input, remain largely intact with age. 

Thus, while perception at baseline may decline, the adaptive regulation of tactile input 

under changing sensorimotor demands appears preserved in healthy aging. This is in 

line with other work showing a general decline of tactile perception with age; however, 

increasing task demands, for example, by adding cognitive load, did not further influ-

ence tactile detection performance in the age comparison (Klever et al., 2019). There-

fore, while enhancing tactile perception in older adults may represent a viable inter-

vention target, its effectiveness is likely constrained by age-related sensory degrada-

tion. Nonetheless, the preserved capacity for adaptive sensory reweighting suggests 

that compensatory mechanisms remain intact and could be leveraged through con-

text-specific or multimodal interventions. 

5.3 Modulation of tactile perception by postural demands 

Unlike static rest conditions in upper limb tasks, balancing is better described as 

quasi-static since it requires constant postural micro-adjustments. This results in an 

oscillatory sway pattern (Winter, 1995), which necessarily comes with muscle activity 

and changes of sensory input. So, the manipulation in our first article of the ground 

stability could have led to different results based on the literature: On the one hand, 

gait initiation, which puts more force and balancing demands on the leg that remains 

standing increases tactile processing (Mouchnino et al., 2015) and task-relevancy of 

tactile information enhances processing of afferent inputs from lower limbs (Staines 

et al., 2000) and increases tactile perception on the upper limbs (Voudouris & Fiehler, 

2021). On the other hand, the rise in muscular activity, hence motor commands, and 

sensory noise introduced with the unstable ground would predict tactile suppression 

(Blakemore et al., 1999; Peterka, 2018). Our first article demonstrated that the latter 

mechanisms dominated tactile perception when standing on unstable ground. Inter-

estingly, we can now add another comparison of postural demands and their effect on 

tactile perception by looking at standing with feet shoulder width apart (open stance), 
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like participants did in the first article, and participants standing with their feet closer 

together (closed stance), like in Experiment 2 of our second article, where the base of 

support is reduced, so postural stability is more threatened. In both studies, stimula-

tion was applied to the calf; however, it is important to note that we are dealing with 

raw data from two distinct groups of young participants with different sample sizes 

(18 vs. 10), which generally makes effects more difficult to detect. Despite that, we can 

see, by running an independent sample t-test, that the less stable group has higher 

detection thresholds (t26 = 3.326, p = 0.003, η2 = 0.301; Figure 6). This is perfectly in 

line with our findings from our first article, where higher postural demands, namely 

standing on foam versus standing on solid ground, lead to higher detection thresh-

olds, like standing in a closed stance does to standing in an open stance.  

Beyond behavioral thresholds, neurophysiological findings provide converging ev-

idence that tactile processing in the lower limbs is dynamically regulated at the corti-

cal level. Staines et al. (2000) demonstrated task-dependent modulation of soma-

tosensory evoked potentials (SEPs) recorded over S1 in the P1 and N1 components, 

indicating that afferent inputs from the leg are selectively amplified when task-rele-

vant. Similarly, Mouchnino et al. (2015) observed cortical facilitation of cutaneous af-

ferents during the planning of gait initiation, highlighting a proactive upregulation of 

tactile signals before balance-challenging actions. Later work further showed that SEP 

amplitudes are enhanced under postural instability (Saradjian et al., 2013), suggest-

ing that the central nervous system flexibly adjusts sensory gain depending on the 

reliability and behavioral relevance of cutaneous inputs. These findings support the 

interpretation that the postural effects observed in our data cannot be explained by 

peripheral masking or afferent noise alone, but reflect central cortical mechanisms of 

sensory gating and reweighting. The integration of our threshold data with SEP evi-

dence therefore suggests that tactile modulation in the lower limbs emerges from a 

close interaction between peripheral signal reliability and cortical control processes 

in sensorimotor networks. 
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Figure 6: Reduced base of support decreases tactile perception. Comparison of 
tactile perception thresholds in standing on solid ground between open (circle; 
article 1) and closed (diamonds; article 2) stance. Means and single subject data 
are depicted with standard errors as error bars.  

 

5.4 Sensorimotor demands and tactile modulation 

In addition to postural demands, we manipulated external visual input by intro-

ducing temporally uncertain optic flow (article 2), and we varied movement demands 

by probing tactile perception in both legs across different time points (article 3). 

It is well established that visual perturbations challenge postural control, eliciting 

both anticipatory and reactive adjustments (Chander et al., 2019; Lee & Lishman, 

1975; Lishman & Lee, 1973). Optic flow stimuli have even been shown to induce con-

gruent center of pressure sway patterns both in real-world moving rooms (Lishman & 

Lee, 1973; Lee & Lishman, 1975) and in virtual reality (Chander et al., 2019; Engel et 

al., 2020; Phillips et al., 2022). In our second article, we replicated these findings, 

particularly the anticipatory postural adjustments when perturbation timing was pre-

dictable. 

What remained unknown, however, was how the tactile system responds to such 

visually induced instability. One might expect that postural responses, especially 

when postural adjustments follow the direction of the visual perturbation, would be 

the result of a relative increase in reliance on vision and a relative reduction in reliance 

on non-visual input, such as tactile signals. Additionally, high predictability of object 

properties can reduce tactile perception compared to low predictability in grasping 

(Voudouris et al., 2019). Our results revealed the opposite pattern: tactile perception 

increased in response to visual perturbations, regardless of whether their onset was 

predictable or not. This suggests that instability in the external environment elevates 
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the need for reliable multisensory information, thereby upregulating tactile percep-

tion. In other words, rather than being suppressed under visual dominance, tactile 

perception was enhanced under dynamic, balance-threatening conditions. This is in 

line with research showing increases in cortical excitability during haptic exploration 

compared to just movement, since the need for tactile information increases (Oliver 

& Tremblay, 2009), the increase in phases of high guiding demands (Voudouris & 

Fiehler, 2021), the additional information needed when initiating a step (Mouchnino 

et al., 2015), or the finding that adding sensory demands for movement execution, 

increases processing in the moving lower limb (Staines et al., 2000). It also supports 

models of dynamic sensory reweighting under postural challenge, where cutaneous 

input is enhanced when other channels (e.g., vision or proprioception) become unre-

liable (Peterka, 2002; Assländer & Peterka, 2014). 

The temporally precise changes observed in our second article, modulated by en-

vironmental instability, were already remarkable. In our third article, we extended 

this approach by examining the temporal modulation of intentional movement, fo-

cusing on two functionally distinct legs during a naturalistic kicking task. 

The balancing leg had to stabilize the body while transitioning from bipedal to 

unipedal stance. Based on our previous findings, we expected tactile perception to be 

impaired during this high-postural-demand phase and to recover afterward. The kick-

ing leg, in contrast, was engaged in a goal-directed movement. Drawing on analogies 

to upper-limb actions, we hypothesized a facilitation of tactile perception during the 

swing phase, when guiding demands increase (Voudouris & Fiehler, 2021). 

Critically, these opposite modulations were expected to occur within the same 

movement phase, the swing phase, and this is precisely what we observed. This find-

ing demonstrates that tactile processing is not only finely tuned in accordance with 

sensorimotor demands during movement, but also operates independently for differ-

ent limbs based on their functional role. This replicates a pattern of perceptual mod-

ulation on the static and active upper limb while reaching to one’s own hand (Vou-

douris & Fiehler, 2017, 2021). This work is the first to show independent modulation 

on different limbs in the presence of differing and complex motor tasks. It further 

supports the idea of an efficient, demand-driven sensory system, potentially shaped 

by constraints in central processing capacity or the general tendency for optimization 

(Wolpert & Ghahramani, 2000). 

We also examined how external noise, such as ball contact, interferes with tactile 

perception. Our results showed that suppression at the moment of contact was not 

merely the result of predictive attenuation based on expected sensory consequences 

but also occurred when the timing of contact was unknown. We interpret this as tactile 
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masking: the suppression scaled with the intensity of the masking stimulus and was 

temporally confined to a narrow window around the moment of contact, with rapid 

recovery shortly thereafter, in line with typical descriptions (Abramsky et al., 1971; 

Kirman, 1984). While we replicated that masking stimulus intensity plays a significant 

role, there are further findings like the specificity of masking effect to certain mecha-

noreceptors (Gescheider et al., 1989) or the effect of masking stimulus duration (Ges-

cheider et al., 1995). These are unlikely to affect our results of the masking study 

where the ball contact was short, constant in duration, and of no specific frequency; 

however, the movement in a balancing task, such as rapid adjustments, is of longer 

duration and might cause more intense or longer masking effects. 

It remains unclear whether this suppression reflects a purposeful mechanism to 

discard unreliable input or whether it results from the sheer intensity of stimulation 

overwhelming the system’s capacity to transduce, transmit, or process tactile infor-

mation. In either case, the findings highlight once more the fast adaptability of the 

human tactile system.
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6 Conclusion 

Like the gymnast introduced at the beginning of this synopsis, the sensorimotor 

system must constantly recalibrate its stance in response to shifting internal goals and 

external conditions. The findings of this dissertation highlight that tactile perception 

in the lower limbs is neither globally suppressed nor passively received, but flexibly 

modulated based on the postural, temporal, and functional demands of the task. Per-

ception decreases when afferent input is less reliable or less behaviorally relevant and 

increases when tactile cues support task execution—be it standing, responding to per-

turbations, or executing dynamic foot movements. 

Rather than representing a fixed suppression mechanism, tactile modulation ap-

pears to follow a context-sensitive logic. Across all three experimental articles, tactile 

thresholds were shaped by whether a limb was engaged in stabilization, movement 

initiation, or interaction with external objects. This dynamic tuning reflects the inte-

gration of predictive models and sensory feedback, whereby afferent signals are 

weighted based on their reliability and task relevance. 

Taken together, these results support an embodied model of sensorimotor control 

in which tactile input is continuously evaluated and reweighted to facilitate adaptive 

behavior. The lower limbs, often overlooked in tactile research, emerge here as critical 

sensory sources—not only for estimating body orientation but for guiding anticipatory 

and reactive adjustments under changing demands. 

Beyond its theoretical contribution, this work may inform interventions to support 

postural stability in populations at elevated fall risk. As tactile reweighting remains 

intact in older adults despite sensory decline, context-specific augmentation—such as 

vibrotactile feedback, adaptive footwear, or balance training—may improve stability 

not by boosting perception at baseline, but by enhancing conditions that prioritize 

critical input. Understanding how and when the system modulates lower-limb input 

offers a foundation for assistive technologies that align with the adaptive logic of sen-

sory integration. 

In returning to the gymnast metaphor, the nervous system, much like the athlete, 

continuously reconfigures its stance in response to both internal goals and external 

instability. Tactile perception in the lower limbs thus plays a pivotal role in maintain-

ing this fine balance – one that is continuously renegotiated to keep us standing tall 

and moving forward. 
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