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Article 
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Department of Sports Science, RPTU University Kaiserslautern-Landau, Kaiserslautern, Germany 
* Correspondence: stephan.becker@rptu.de (S.B.), oliver.ludwig@rptu.de (O.L.) 

Abstract 

Background/Objectives: Pes planovalgus is one of the most common misalignments in children. In 
this study the established biomechanical foot orthoses (BMFO) are being compared with a more 
recent treatment: sensorimotor foot orthoses (SMFO). SMFO are a more recent treatment and aim to 
correct malalignment by specifically modulating muscle activity rather than relying solely on passive 
mechanical support, as is the case with BMFO. Methods: Thirty-two children and adolescents aged 
six to six-teen participated in this study. After randomized group allocation, the rearfoot angle was 
analyzed by two-dimensional gait analysis in the SMFO-group (n=18) and the BMFO group (n=14) 
under three conditions: without foot orthoses (baseline), with foot orthoses (immediate) and after 
four weeks of use. Results: (1) SMFO and BMFO significantly improved the rearfoot angle 
immediately after application, (2) the achieved correction was maintained over four weeks in both 
groups, and (3) despite baseline differences, the superior rate of improvement in the SMFO-group 
resulted in comparable rearfoot alignment between SMFO and BMFO at the four-week follow-up. 
Conclusions: Based on the results, it can be concluded that SMFO and BMFO are comparable 
methods for treating pes planovalgus in children and adolescents. 

Keywords: flat feet; insoles; gait analysis; gait biomechanics; orthotic therapy; proprioception 
 

1. Introduction 

Pes planovalgus is one of the most common misalignments in children [1]. Up to a certain degree 
and during a specific growth period, it represents a normal developmental variation in children, in 
which the longitudinal arch of the foot is flattened and the rearfoot is in an everted position [1,2]. 
Flexible pes planovalgus in children is usually caused by highly flexible soft tissue (ligaments, 
tendons, muscles)[1], relatively enlarged fat pads [3] and a tendency toward genu valgum [4] during 
the growth phase. However, as in pes planovalgus in adolescents or adults, foot orthoses may be 
necessary, if certain symptoms occur: pain, ankle or knee instability, or gait abnormalities [5].  

In such cases, the symptomatic pes planovalgus is often treated with the help of biomechanical 
foot orthoses (BMFO; also known as conventional insoles or foot orthoses) [5,6]. BMFO are designed 
to mechanically support the longitudinal arch of the foot and guide the rearfoot into a neutral position 
[7]. A more recent alternative used in clinical practice are sensorimotor foot orthoses (SMFO) [8,9]. 
SMFO follow a more active approach that focuses on modulating proprioceptive feedback and 
optimizing sensorimotor control [10,11]. SMFO are defined as foot orthoses that alter gait pattern 
using specific elements (e.g., a medial or lateral rearfoot element, toe bridge, retrocapital element) to 
influence the activity of defined muscles, at a certain point during the stance phase of gait in a specific 
manner (toning or detoning) [12]. Their elements apply pressure to specific muscle and tendon areas, 
aiming to tone or detone the muscles, probably by influencing muscle spindle afferents or Golgi 
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tendon organs [10,11]. In particular, the ability of SMFO to activate muscles has already been 
demonstrated in several studies [8,11,13]. 

Previous studies suggest that both SMFO [14–18] and BMFO [6,7,14] can cause short-term 
changes in foot kinetics and kinematics. However, it is unclear whether these effects also occur in 
children with pes planovalgus, whether they need an adaptation period and how potential effects 
change after the initial exposure. Treating pes planovalgus in children is particularly interesting from 
a functional and medical perspective, as the condition is considerably more correctable in this age 
group than in adults [1] and because activation muscles could counter the criticism that insoles could 
lead to a weakening of the foot and lower leg muscles. The present study aims to investigate: 

(1) Is there a difference between SMFO and BMFO in the treatment of pes planovalgus in children 
measured by the rearfoot angle? 

(2) Does the rearfoot correction change between the immediate effect and after wearing the foot 
orthoses for four weeks? 

To the best of our knowledge, there are no studies on SMFO in relation to pes planovalgus in 
children or adolescents. Due to the high prevalence of pes planovalgus in children, the long-standing 
practice of treating this foot deformity with BMFO or SMFO, and the potential benefits of SMFO 
(muscle activation as opposed to passive support through BMFO), this study is highly relevant, 
especially since evidence for benefits of foot orthoses on gait remains weak [1,7]. 

2. Materials and Methods 

The sample size was calculated using G*Power (Version 3.1.9.6 for Macintosh, University of Kiel, 
Germany) for repeated measures ANOVA (within-between factors, f = 0.25, α = 0.05). A minimum 
total sample size of 30 children was calculated (power = 0.9). Due to possible dropouts, a total of 32 
participants (age: 9.8 ± 2.6 years; height: 144.5 ± 16 cm; weight: 38.0 ± 12.4 kg; sex: 8 ♀, 24 ♂) were 
included in this randomized controlled study and ended without dropouts (Table 1). 

Table 1. Descriptive statistics of the anthropometric data of the group with sensorimotor foot orthoses (SMFO) 
and with biomechanical foot orthoses (BMFO). 

 SMFO  
n = 18 

BMFO 
n = 14 

Age [years] 9.6 ± 1.9 10.2 ± 3.4 
Height [cm] 140.9 ± 10.4 148.2 ± 20.0 
Weight [kg] 35.3 ± 10.2 41.8 ± 14.5 

 
Participants were included, if their age was < 18 years and they were diagnosed with pes 

planovalgus by a physician. The exclusion criteria were all diseases potentially affecting sensorimotor 
control (e.g. diabetes mellitus, neurological disorders). Furthermore, no acute injury potentially 
effecting habitual walking was allowed. Lastly, children with previous experience wearing foot 
orthoses were not included. 

The study was conducted in accordance with the current guidelines of Declaration of Helsinki 
and was approved by the responsible ethics commission (No. 99). All participants and legal 
guardians were provided with written informed consent after receiving a full explanation of the 
study and agreeing to participation and publication of the results. 

2.1. Foot Orthoses 

All foot orthoses (SMFO, BMFO) (Figure 1) were manufactured by the same and experienced 
orthopedic shoe technician. Each foot orthosis (FO) was manufactured individually based on a foot 
scan with a podometer (Rothballer electronic systems GmbH, Weiden, Germany), a dynamic foot 
pressure analysis (model: FDM 3, Zebris Medical GmbH, Isny im Allgaeu, Germany) and a video-
based gait analysis in frontal and sagittal planes, which was the standard procedure for FO 
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manufacturing in the medical supply store. The children were randomly assigned to the BMFO group 
or the SMFO group. 

 

Figure 1. Sensorimotor foot orthosis (SMFO; left) and biomechanical foot orthosis (BMFO, right). The sensory 
elements of the SMFO are shown in white. 

BMFO were manufactured by HEMA (HEMA Orthopaedische Systeme GmbH, Soemmerda, 
Germany) and built using polyurethane material with a Shore hardness of 35. Conventional 
supination wedges were used to individually correct the rearfoot eversion and midfoot 
overpronation. A metatarsal pad was applied depending on clinical indication and individual needs. 

SMFO were manufactured according to Woltring/Springer (Springer Aktiv AG, Berlin, 
Germany) and built using ethylene-vinyl acetate (EVA) material with a Shore hardness of 25 (brown) 
and 35 (white) (Figure 1). The medial element is positioned at the Sustentaculum tali to apply 
pressure along the tendon of tibialis posterior. The lateral element is placed laterally of the calcaneus 
to exert pressure on the tendon of fibularis longus and brevis. The retrocapital pad is positioned 
behind the metatarsal heads II - V. Additionally, a toe bar was placed under the middle and distal 
phalanges of toes II - V depending on clinical indication and individual needs. The key elements for 
correcting the rearfoot alignment in this sample are the supination wedge (BMFO) and the medial 
element (SMFO). The medial element of the SMFO is designed to activate tibialis posterior, which 
raises the longitudinal arch and thereby stabilizes the rearfoot. As it exerts lateral pressure on the 
tendons, it does not provide mechanical support for the talus and calcaneus [11]. 

2.3. Procedure and Data Processing 

All children were diagnosed with pes planovalgus by a physician and were asked to obtain FO 
for midfoot (overpronation) and rearfoot (eversion) correction. Before the actual data collection 
began, the children visited the medical supply store with their legal guardians so the master 
orthopedic shoe technician could perform the standard examinations (foot scan, foot pressure 
analysis, gait analysis), which were necessary to manufacture the individual foot orthoses in a best 
possible manner (Figure 2). 
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Figure 2. Overview to the procedure for this investigation. 

The children came to the second appointment in a rested state without intensive physical activity 
within 48 h preceding the measurements. Three markers (Figure 3) with a diameter of 4 mm were 
fixed at three anatomical landmarks: (1) the center of the calcaneus (represents: rearfoot) (2) the 
Achilles tendon at the height of the connecting line between the lateral and medial malleoli 
(represents: ankle joint) (3) approximately 10 cm above the second marker on the middle of the 
Achilles tendon (represents: lower leg axis). Only one experienced investigator palpated the 
anatomical landmarks and placed the markers. All participants wore their own footwear. Therefore, 
the first marker had to be placed on the heel of the shoe. The camera (iPad generation 11, 4K, 60 FPS) 
was placed at one end of the walkway (length: 6.0 m) at a height of 50.0 cm. The children were 
instructed to walk at their habitual walking speed on the walkway. To ensure habitual walking in 
children in a laboratory setting, practice trials were considered important, which is why the number 
of trials was not fixed. In general, after three to five trials, gait was recorded for three walks on the 
walkway. At first gait was recorded with shoes but without FO (NFO; no foot orthosis) as a baseline 
measurement and afterwards with shoes and FO (SMFO or BMFO) to measure immediate effects. 
After four weeks the measurement with FO (SMFO or BMFO) was repeated with the same shoes 
worn on the second appointment. In between FO were worn continuously (minimum: 8 h/day). 

For each child the mean rearfoot angle (3x left foot, 3x right foot) was calculated for each 
condition (NFO, FO, 4-weeks FO) during mid stance. Kinematic angle evaluation was performed 
with Dartfish (Pro Suite 8.0, Fribourg, Switzerland), demonstrating good to excellent reliability for 
gait analysis [19]. 

2.4. Statistics 

Rearfoot angle was analyzed using a linear mixed-effects model fitted with restricted maximum 
likelihood (REML) in Python (version 3.11; Python Software Foundation, Wilmington, DE, USA) 
using the statsmodels [20] package. Time (baseline [NFO], immediate [FO], and 4 weeks [FO]) and 
orthosis type (SMFO vs. BMFO) were included as fixed categorical factors along with their interaction 
term (time × type o fFO). A random intercept was specified for each participant to account for 
repeated measures and inter-individual variability in baseline rearfoot alignment. Model 
assumptions, including normality of residuals, homoscedasticity, and independence, were assessed 
using residual plots and quantile–quantile plots and were considered acceptable. 
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Figure 3. The participants left rearfoot shows the rearfoot angle. The participants right rearfoot shows the three 
markers used for the rearfoot angle: (1) the center of the calcaneus (2) the Achilles tendon at the height of the 
connecting line between the lateral and medial malleoli (3) middle of the Achilles tendon. 

Baseline (time = 0) and SMFO were treated as reference categories. Accordingly, model 
coefficients for time represent changes from baseline within the SMFO group, and interaction terms 
quantify how changes in the BMFO group differ relative to SMFO. Because of this treatment coding 
structure, differences between immediate and 4-week assessments were evaluated using planned 
contrasts rather than direct model coefficients. 

Planned contrasts were conducted to examine (1) within-group changes across time and (2) 
between-group differences at each time point. Effect sizes were calculated as model-based 
standardized mean differences (Cohen’s d), defined as the estimated contrast divided by the residual 
standard deviation. Ninety-five percent confidence intervals (95%-CI) were derived from model-
based standard errors. To control for family-wise error across nine planned comparisons, Holm-
adjusted p-values were reported. Statistical significance was set at p < .05. 

3. Results 

Descriptive statistics for rearfoot angle across groups and measurement time points are 
presented in Table 2. Figure 4 illustrates the raw rearfoot angles and mean changes from baseline for 
both groups. 

Table 2. Descriptive statistics of the rearfoot angle for both groups (sensorimotor foot orthoses (SMFO) and 
biomechanical foot orthoses (BMFO)) and the three measurements with (1) no foot orthoses (NFO), (2) with foot 
orthoses (FO) and (3) with foot orthoses after four weeks (4-weeks FO). 

 NFO (baseline) FO (immediate) 4-weeks FO 

  
SMFO 
n =18 

BMF
O 

n = 14 

SMFO 
n = 18 

BMFO 
n = 14 

SMFO 
n = 18 

BMFO 
n = 14 

Mean [°] 169.1 173.6 175.0 176.2 175.4 175.6 
SD [°] 3.3 1.8 2.2 2.0 1.6 2.4 
Upper CI-95% [°] 170.8 174.6 176.1 177.3 176.2 177.0 
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Lower CI-95 % [°] 167.5 172.5 173.8 175.1 174.5 174.2 
IQR [°] 5.8 1.9 3.5 2.0 2.1 2.1 
Minimum [°] 163.3 169.9 170.5 174.1 171.2 171.8 
Maximum [°] 175.1 177.2 178.0 181.8 177.9 182.4 

SD = standard deviation, CI-95% = 95% confidence intervals, CV = coefficient of variation, IQR = interquartile 
range. 

 

Figure 4. A) Raw rearfoot angle in degree [°] for SMFO group (blue) and BMFO group (red) without foot orthoses 
(NFO, baseline), with foot orthoses (FO, immediate) and after four weeks. B) Mean change from baseline in 
degree [°] for SMFO group (blue) and BMFO group (red) without foot orthoses (NFO, baseline), with foot 
orthoses (FO, immediate) and after four weeks. 

Inclusion of the time × type of FO interaction significantly improved model fit compared with a 
reduced model without the interaction (χ²(2) = 26.87, p < .001). The model explained 53% of the 
variance through fixed effects (marginal R² = 0.53) and 77% when including random effects 
(conditional R² = 0.77). Substantial between-subject variability was observed, with an intraclass 
correlation coefficient (ICC) of 0.52, indicating that approximately 52% of total variance in rearfoot 
angle was attributable to differences between participants. 

Fixed-effect estimates from the model are presented in Table 3. Planned contrasts were 
subsequently conducted to examine within-group changes across time and between-group 
differences at each time point and are presented in Table 4. 

Table 3. Fixed effects from Linear Mixed-Effects Model. 

Predictor β (°) SE z p 
Intercept (SMFO baseline) 169.13 0.55 308.91 <.001 

Time[T.1] 5.83 0.54 10.84 <.001 
Time[T.2] 6.22 0.54 11.57 <.001 

Type of FO[T.2] 4.44 0.83 5.36 <.001 
Time[T.1] × Type of FO[T.2] −3.19 0.81 −3.92 <.001 
Time[T.2] × Type of FO[T.2] −4.18 0.81 −5.14 <.001 

Table 4. Planned contrasts with effect sizes (Holm-corrected). 

Contrast Estimate (°) 95% CI pHolm Cohen’s d 
SMFO: Baseline vs Immediate 5.83 [4.77, 6.88] <.001 3.61 
SMFO: Baseline vs 4 Weeks 6.22 [5.17, 7.28] <.001 3.86 
SMFO: Immediate vs 4 Weeks 0.39 [−0.66, 1.45] .98 0.24 
BMFO: Baseline vs Immediate 2.64 [1.45, 3.84] <.001 1.64 
BMFO: Baseline vs 4 Weeks 2.04 [0.85, 3.24] .004 1.27 
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BMFO: Immediate vs 4 Weeks −0.60 [−1.79, 0.59] .98 −0.37 
Between groups at Baseline 4.44 [2.82, 6.06] <.001 2.75 
Between groups at Immediate 1.25 [−0.37, 2.88] .52 0.78 
Between groups at 4 Weeks 0.26 [−1.36, 1.88] .98 0.16 

3.1. Time × Type of FO Interaction 

Significant interaction terms indicated that changes in rearfoot angle over time differed between 
orthosis types (Table 3). The interaction term for the baseline-to-immediate interval was significant, 
indicating that the immediate increase in rearfoot angle following orthosis application was 3.19° 
smaller in the BMFO group compared to the SMFO group. 

Similarly, the interaction term for the baseline-to-4-week interval was significant, demonstrating 
that the long-term corrective effect remained smaller in the BMFO group relative to the SMFO group. 

Because baseline served as the reference level in the model, no direct coefficient represents the 
immediate-to-4-week interval. This comparison was therefore evaluated using planned contrasts. No 
significant differential change between orthosis types was observed during this period (β = −0.99°, p 
= .22), indicating comparable stabilization of rearfoot alignment between groups after the initial 
corrective response. 

3.2. Within-Group Changes Over Time 

Both orthotic designs produced significant immediate increases in rearfoot angle following 
application (Table 4). In the SMFO group, rearfoot angle increased by 5.83° from baseline to 
immediate assessment, representing a very large effect. A similarly sustained improvement was 
observed at 4 weeks, with a mean increase of 6.22° relative to baseline. 

In the BMFO group, the immediate increase was 2.64°, corresponding to a large effect. At 4 
weeks, the increase relative to baseline was 2.04°. Between the immediate and 4-week assessments, 
no additional significant changes were observed in either group.  

3.3. Between-Group Differences at Each Time Point 

At baseline, the BMFO group exhibited significantly larger rearfoot angles than the SMFO group 
(β = 4.44°, pHolm < .001, d = 2.75). However, at the immediate assessment and at the 4-week follow-
up, the between-group difference were no longer statistically significant (β = 1.25°, pHolm = .52, d = 
0.78; β = 0.26°, pHolm = .98, d = 0.16). 

4. Discussion 

The present randomized controlled trial investigated the immediate and four-week effects of 
SMFO and BMFO on rearfoot alignment in children with pes planovalgus. The main findings were: 
(1) SMFO and BMFO significantly improved the rearfoot angle immediately after application, (2) the 
achieved correction was maintained over four weeks in both groups, and (3) despite baseline 
differences, the superior rate of improvement in the SMFO-group resulted in comparable rearfoot 
alignment between SMFO and BMFO at the four-week follow-up. 

The rearfoot correction using SMFO appears to be more effective, but the initial situation of the 
SMFO group was also more severe because the smaller rearfoot angle indicated greater eversion of 
the calcaneus. Although randomization should theoretically prevent these situations, there was a 
significant baseline difference between the SMFO and BMFO group. Consequently, it may be 
expected that rearfoot correction using FO was more effective in this part of the sample [21], and 
therefore this part of the results should be interpreted with caution. In practice, unequal baselines are 
common, especially in clinical studies with small sample sizes or populations that are difficult to 
standardize (e.g., children, orthopedic findings) [22]. For this reason, the effect size and thus the 
clinical relevance should be considered first and foremost, showing a strong effect for both FO. From 
the authorsʹ point of view, this represents one of the key interpretations of the results: both FO correct 
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the rearfoot angle significantly and comparably. This is consistent with previous investigations which 
compared SMFO and BMFO with the help of electromyography [13], subjective perception [9], and 
kinematic methods [14]. 

Figure 2 shows a kind of plateauing between the immediate and four-week effect for both FO. It 
remains to be seen how this effect behaves with a longer treatment duration, but the immediate 
comparison shows that SMFO can take effect immediately and that no neuromuscular adaptation 
phase seems to be required. Schmitt et al. (2022) compared the effects of SMFO, BMFO, and placebo 
FO on 73 adult patients with pes planovalgus and showed that the pedographic contact area in mid 
stance was significantly reduced in the SMFO group [8]. This change is explained by a corrected 
longitudinal arch and shows that SMFO has already provided positive evidence for pes planovalgus 
[8]. In the context of other diseases and settings, a significantly positive influence of SMFO on foot 
kinematics (pronation, eversion) has been demonstrated in Charcot-Marie-Tooth disease [15], 
patients with patellofemoral pain [14], and healthy adults [17,23]. The BMFO also reaches a plateau 
comparable in other investigations with custom-made BMFO after 3 weeks [24] and 12 weeks [25]. 
Further studies with longer treatment durations are necessary. 

A reduction of the eversion movement of the calcaneus toward the vertical axis is a central aspect 
of the treatment of flexible pes planovalgus [7]. While this mechanism is primarily achieved by a 
supination wedge in the BMFO, the concept of the SMFO postulates influencing the tibialis posterior 
muscle, which supports rearfoot inversion, via a medial trigger [10,12]. In a direct comparison, the 
medial element in the SMFO appears significantly more delicate and flexible and exerts lateral 
pressure, while the supination wedge in the BMFO is significantly more stable and exerts pressure 
on the foot structures from below. SMFO are intended to correct less mechanically [10]. Instead, the 
SMFO approach is to influence the activation patterns of the muscles through increased 
proprioceptive input [10,11]. This proprioceptive input is primarily achieved through a distinctive 
profile that targets specific tendon pathways (here: tibialis posterior tendon) and exerts pressure on 
them. The counterpart to the medial element is a lateral element, which should activate fibularis 
brevis and longus. A number of authors have already been able to replicate this systematic activation 
effect for the fibularis muscle [8,11,13]. To date, there is no such evidence for the tibialis posterior 
muscle. The main reason for this is the lack of possibilities to properly record the activity tibialis 
posterior muscle using surface electromyography [8,11]. While the tibialis posterior muscle has a 
greater stabilizing function for the longitudinal arch and the rearfoot than tibialis anterior [26], the 
synergistic function of tibialis anterior muscle, which has been investigated by surface 
electromyography instead, does not seem to be influenced by the medial element [8]. Both elements 
(medial and lateral rearfoot) target the tendon of the ankle stabilizing muscles and thereby achieve a 
muscle tone-enhancing effect [10]. Physiologically, several mechanisms are possible, although the 
exact evidence-based cascade of effects remains unclear. The influence on the sensorimotor control 
loop via the prominent profiling of the SMFO would be expected to occur through the altered afferent 
signals to the CNS [12]. Mechanoreceptors (Merkel, Ruffini, Meissner cells, Pacini corpuscles) could 
be responsible for the measurable effect, as their stimulation can lead to altered efferent signals and 
thus an altered motor response [11]. Furthermore, a muscle activating influence of the muscle spindle 
through altered type Ia afferents is conceivable [27]. The presumed causal chain is as follows: If the 
sensorimotor element exerts a targeted push into the tendon during the gait cycle, this can lead to 
stretching of the tendon, which in turn leads to elongation of the muscle. This signals a disturbance 
in the form of an increase in muscle length to the muscle-tendon system via the Ia afferents of the 
muscle spindles [27]. The control system responds with a reflexive increase in muscle activity in order 
to restore the internal set point [27]. 

The results of this study are relevant for practical application. Treating symptomatic children 
with pes planovalgus with SMFO seems to be a promising approach, as the SMFO and conventional 
BMFO (gold standard) correct the rearfoot in a comparable manner in terms of kinematics [18] and 
additionally the SMFO has so far been shown to have more muscle-activating effects [8,11,13]. From 
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a general functional point of view, correction with the aid of the young patientʹs own muscles appears 
to be more sustainable in the long run than passive support.  

Despite the positive results, the study has some limitations. Firstly, it should be noted that two-
dimensional gait analysis, despite its high acceptance in practice due to its cost-benefit ratio, is not 
the gold standard (e.g., parallax error). It would be desirable to be able to replicate the results on a 
three-dimensional level using optical systems. Furthermore, it should be noted that the authors chose 
a habitual walking speed on the walking track instead of standardizing the walking speed to increase 
internal validity, as this can influence the measurement results. However, this had the advantage of 
allowing natural movement, in contrast to the imposed speeds on a treadmill, which many children 
and adolescents are unfamiliar with. It should also be noted that the randomized group assignment 
did not provide a comparable baseline. The SMFO group had the stronger initial rearfoot eversion on 
average and, in general, pronation was not measured, which could be the subject of future research. 

5. Conclusions 

Based on the results, it can be concluded that SMFO and BMFO are comparable methods for 
treating pes planovalgus in children and adolescents. The corrective effect on the rearfoot angle 
occurred immediately for both FO and remained stable even after four weeks. The follow-up after 
four weeks showed no further increase in rearfoot correction for either FO. The individual case and 
pathology must determine whether SMFO or BMFO should be chosen in practice, but the muscle-
activating nature of SMFO makes it a promising approach for the treatment of pes planovalgus in 
children and adolescents. 
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