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Highlights: 

Statistical non-parametric mapping explores effect over the entire kinematic curve. 

Medial heel bar reduces rearfoot eversion for the majority of the stance phase. 

Retrocapital bar rotates rearfoot externally for the entire stance phase. 
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The Immediate effects of sensorimotor foot orthoses on foot kinematics in healthy 

adults 

 

Abstract 

Background: Sensorimotor foot orthoses is an alternative concept, which in addition to 

mechanical effects, are designed to change muscle activation by altering sensory input to the 

plantar surface of the foot. However, there is little evidence of how these affect the 

kinematics of the foot during gait.  

Research question: The aim of the study was to explore the immediate effect of calcaneal 

medial heel bars and retrocapital bars on foot kinematics during the stance phase of gait.  

Methods: Kinematic data were collected from 32 healthy individuals using an eight camera 

motion capture system and a six-degrees-of-freedom multi-segment foot model in three 

different orthotic conditions; calcaneal medial heel bar, retrocapital bar, and no orthosis. 

Vector field statistical analysis was performed to explore the effect of the orthotic conditions 

over the kinematic time series curves during stance phase. Peak median and interquartile 

ranges were also reported during the different phases of stance. 

Results: The calcaneal medial bar significantly decreased rearfoot eversion for the majority 

of the stance phase and compensatory increased midfoot eversion during the entire stance 

phase compared to the no orthosis condition. The retrocapital bar rotated the foot externally 

significantly abducting the rearfoot for the entire stance phase and the midfoot for the 

majority of stance phase.  

Significance: The calcaneal medial heel bar and retrocapital bar significantly altered the foot 

kinematics in a way that may benefit patients with abnormal pronation and intoeing gait.  
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Introduction  

Foot orthoses are commonly used to manage various foot related problems [1–5]. Traditional 

concepts of foot orthoses utilize mechanical effects to adjust the foot biomechanics. 

However, an alternative concept is the use of sensorimotor elements of insoles which in 

addition to any mechanical effect, are designed to change muscle activation by altering 

plantar surface sensory inputs. Sensorimotor insoles comprised of individual components 

which when combined, can alter lower limb and foot function in Charcot-Marie-Tooth disease 

[6] and pediatric intoeing gait patients [7]. However, to the authors’ knowledge, sensorimotor 

insoles have not been fully explored to understand the effect of the individual sensorimotor 

elements on foot kinematics. Recently, Laštovička et al [8] reported a sensorimotor orthosis 

with a medial heel bar and retrocapital bar with lateral elevation, decreased peak foot 

eversion, increased peak dorsiflexion and increased peak foot abduction. These findings 

suggest that the medial heel bar decreases whole foot eversion in a similar fashion to a 

medial heel wedge which has been reported to reduce rearfoot/ankle eversion [9–13]. Whilst 

changes to ankle kinematics were reported, this study did not use a multi-segment foot 

model and as a result was unable to identify subtle foot segment kinematic changes between 

orthotic conditions [14]. Differences between single-segment and multi-segment foot models 

have been reported [15], and the importance of midfoot joint motion has been highlighted 

when describing foot function [16,17]. Therefore, the use of a multi-segment foot model may 

help the understanding of the different components of sensorimotor foot orthoses, such as 

the effect of the medial heel and retrocapital lateral bars, which may reveal important 

information when considering their potential clinical use. 

The aim of the study was to explore the effect of medial heel and retrocapital bars on foot 

kinematics during stance phase. We hypothesized that the medial heel bar would decrease 

rearfoot eversion and increase midfoot eversion between midstance and terminal stance. 

Whereas, the retrocapital bar would increase midfoot eversion in the second half of stance 
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phase and cause external foot rotation by increasing both rearfoot and midfoot abduction 

throughout stance phase. 

 

Methods 

Participants 

A convenience sample was recruited from members of University staff and students. 

Participants were included in the study if they had no congenital, or acquired pathology of the 

nervous or musculoskeletal systems, no deformities or serious injuries of the pelvis or lower 

limbs and feet, no self-reported lower limb/foot pain, and did not regularly wear foot orthoses. 

Limb dominance was determined by asking participants which foot they kick a ball with. This 

study was approved by the Ethical Committee of the Faculty of Physical Culture, Palacký 

University in Olomouc, Czech Republic (reference number 3/2018) and all participants 

provided written informed consent prior to data collection. 

Procedures 

An eight camera Vicon Vantage V5 motion capture system (Oxford Metrics, UK) was used to 

collect three-dimensional kinematic data at 200 Hz within the mid-portion of a 15m walkway. 

Participants were fitted with a pair of correctly sized uniform ProTouch Drop Shot rubber-

soled shoes (IIC-INTERSPORT, Bern, Switzerland) and walked, at a self-selected speed, 

under three different orthotic conditions; no foot orthosis, foot orthoses with a medial heel 

bar, positioned under the sustentaculum tali, and foot orthoses with a retrocapital bar, 

positioned posterior to the 2nd-5th metatarsal heads (Figure 1). The medial heel bar and the 

retrocapital bar were made of polyurethane and had an approximate density of 30 Shore A. 

The base sole was made of special fabric textile material stiffened with polyethylene. These 

were part of the NovaPed sensosytem case set (Schein Orthopädie Service KG, Germany). 

The medial heel bar and the retrocapital bar were attached to the base sole by a trained 

physiotherapist and differed in scale based on the foot size and no top cover was used. The 
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participants received no information about the different configurations of the orthoses used, 

however they could potentially feel the positions of the bars, therefore these could not be 

blinded.  

Retroreflective markers were placed using the calibrated anatomical system technique 

(CAST) [18]. Anatomical markers were positioned on the anterior and posterior superior iliac 

spines, medial and lateral femoral epicondyle, medial and lateral malleoli and over the medial 

and lateral aspects of first and fifth metatarsal, respectively. Clusters of noncollinear markers 

were attached to the shank and thigh. Markers were also placed bilaterally over the rearfoot, 

midfoot and forefoot aspects of the shoes. Anatomical markers were removed after the static 

trial and tracking markers remained in place during all orthotic conditions and were used to 

track the segmental kinematics in six degrees of freedom. A single static trial was captured 

with the participant standing with a comfortable relaxed posture and was used to calculate 

the ankle and knee joint centres, defined as the midpoints between the lateral and medial 

malleoli and epicondyles, respectively. Twenty-five walking trials were captured for each 

condition, the order of which was randomized by participants picking different coloured balls 

from a bag which represented the different orthotic conditions. A five-minute familiarization 

period and wash-out time was used between each condition.  

Data analysis 

The first stance phase within the mid-portion of the 15m walkway from each trial was used 

for data analysis. Kinematic data were processed in Nexus 2.8 and exported to C3D format. 

Heel strike and toe-off events were identified manually based on linear acceleration, velocity 

and visual inspection of the heel and toe marker trajectories. A 4th order low pass Butterworth 

filter with a 6Hz cut-off frequency, and a six-degrees of freedom CAST lower limb model [18] 

and a multi-segment foot model were applied in Visual 3D (C-Motion, USA) [19]. The X-Y-Z 

Cardan rotation sequence equivalent to the joint coordinate system was used to calculate 

joint kinematics [20]. Data were normalized to 100% of stance phase (heel strike to toe-off) 

and were averaged for the left and right foot separately. The kinematic variables of interest 
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included the peak eversion and abduction values of the rearfoot-to-tibia and midfoot-to-

rearfoot.  

Statistical analyses were carried out using spm1d version 0.4.2 (http://www.spm1d.org/) in 

Python version 3.7 and in SPSS 25.0 (IBM Corp., USA). A vector field statistical analysis 

technique, statistical parametric mapping [21] was used to explore the kinematic effects of 

the orthotic conditions over the whole of stance phase. The D’Agostino-Pearson K2 test was 

used to assess time series data normality. The non-parametric version of vector field 

statistical analysis (SnPM) was used [21,22] as not all kinematic data was normally 

distributed. SnPM One Way ANOVA for repeated measures and SnPM post hoc paired t-

tests with a Bonferroni correction (p<0.0167) were used to explore for any significant effects 

between orthotic conditions. For all SnPM tests the number of iterations was set at 10000. In 

addition to SnPM analysis, we explored the rearfoot and midfoot peak kinematic values in all 

three anatomical planes. Shapiro-Wilk tests identified that not all the data were normally 

distributed, therefore non-parametric Wilcoxon tests were used to explore differences 

between limbs, and Friedman and Wilcoxon post hoc tests with a Bonferroni correction 

(p<0.0167) were used to explore the effects between orthotic conditions. Additionally, the 

effect size (r) was calculated [23], with a value of 0.1 to 0.3 being considered a small effect, 

0.3 to 0.5 being a moderate effect and 0.5 and above being large effect [24]. 

 

Results 

Thirty-two participants (16 males) who were all right side dominant with a mean age, body 

weight and height of the participants were 22.9±3.5 years, 67.9±10.4 kg and 173.7±10.3 cm, 

respectively. There was no significant difference in walking speed between no orthosis 

(1.264±0.210 m/s) and retrocapital bar (1.276±0.206 m/s) conditions (p=0.150). Although 

there was a significant difference in walking speed between no orthosis and medial heel bar 

(1.289±0.207 m/s) conditions (p=0.009), an increase of 1.98% was not considered 



 
8 

 

meaningful. Wilcoxon tests found no differences between the dominant and non-dominant 

sides, therefore the differences between orthotic conditions were considered using the data 

from 64 feet from the 32 participants. Friedman tests showed significant differences in both 

rearfoot and midfoot eversion and abduction and post hoc Wilcoxon test showed further 

differences between conditions (Table 1). 

The SnPM version of Oneway ANOVA for repeated measures showed significant differences 

in all three planes for both conditions in rearfoot and midfoot; therefore, only post-hoc 

findings (Figures 2-5) which were statistically significant for more than 2% of stance phase 

were considered meaningful and presented.  

Rearfoot  

The medial heel bar significantly increased rearfoot dorsiflexion in the first 5% (p<0.001) and 

between 45% and 85% of stance phase (p<0.001). Whereas the retrocapital bar significantly 

decreased dorsiflexion between 50% and 80% of stance phase (p<0.001) and increased 

plantarflexion in the last 5% of stance phase (p=0.003). In the coronal plane, the medial heel 

bar significantly decreased eversion for the majority (between 10% and 80%) of stance 

phase (p<0.001) and peak eversion by 1.29° (p<0.001, r=0.5). The retrocapital bar 

significantly decreased eversion in the first 10% (p<0.001) of stance phase and from 60% to 

the end of stance phase (p<0.001). In the transverse plane, the medial heel bar significantly 

increased rearfoot abduction through the majority of stance phase (10% to 90%, p<0.001) 

with its peak value increased by 1.25° (p<0.001, r=0.4), and for the entire stance phase for 

the retrocapital bar (p<0.001) with its peak value increased by 2.19° (p<0.001, r=0.6). 

Midfoot 

For the midfoot, the medial heel bar significantly increased extension between 5% and 55% 

of stance phase (p<0.001) and decreased extension between 65% and 80% of stance phase 

(p=0.001). The retrocapital bar significantly increased extension for the majority of stance 

phase (between 20% and 85%, p<0.001). In the coronal plane, the medial heel bar 
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significantly increased eversion during the entire stance phase (p<0.001) and peak eversion 

by 1.31° (p<0.001, r=0.6). The retrocapital bar significantly increased inversion in the first 

15% (p<0.001) and decreased inversion between 60% and 75% of stance phase (p=0.002). 

In the transverse plane, the medial heel bar significantly increased abduction during the 

entire stance phase (p<0.001) with its peak value increased by 0.15° (p<0.001, r=0.3) and 

the retrocapital bar significantly increased abduction between 20% and 85% of stance phase 

(p<0.001) with its peak value increased by 0.26° (p=0.009, r=0.2).    

 

Discussion 

This study examined the immediate effect of medial heel and retrocapital sensorimotor bars 

on foot kinematics. The SnPM explored the effect of the orthotic components across the 

entire stance phase whilst complementary peak kinematic values were also analysed to 

highlight the magnitude of the differences between the orthotic conditions. Our findings 

demonstrated that the two orthotic conditions reduce rearfoot eversion and foot external 

rotation, respectively. Significant changes were observed in all planes in the rearfoot and 

midfoot. 

The medial heel bar decreased rearfoot eversion for the majority of the stance phase 

(between 10-80%) compared to the no orthosis condition, with a median decrease in peak 

eversion of 1.29°. This could be plausibly explained by an increased inversion moment due 

to the medial heel bar’s shape and position, which is supported by previously reported 

reductions of the foot eversion when using a medial heel bar [8]. In the midfoot, the medial 

heel bar increased median peak eversion by 1.31°, which seems to be a compensatory 

mechanism to decrease eversion in the rearfoot, with the increased eversion in the midfoot 

lasting the entire stance phase. In previous work, the medial heel bar was reported to cause 

‘excessive’ supination of the foot, which prevented adequate contact of the first metatarsal 

head and the floor [8]. In contrast, our findings demonstrated reduced rearfoot eversion for 
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most of the stance phase and the midfoot appeared to be able to fully compensate for this. 

However, we also observed the abduction of both rearfoot and midfoot, which would shift the 

load to the medial structures of the foot [25] and thereby further contributing to the midfoot 

compensatory eversion.  

The medial heel bar increased rearfoot dorsiflexion at heel strike and between 45% and 85% 

of stance phase with its peak at about 75% of stance phase. This was accompanied by a 

small increase in flexion of the midfoot between 60% and 85% with its peak also at 75% of 

stance phase. The increased ankle dorsiflexion was also reported in pediatric intoeing gait 

patients, where multiple sensorimotor elements, including a medial heel bar, were used 

together [7]. Both changes in rearfoot and midfoot can be explained by the shape and slightly 

proximal position of the medial heel bar under the sustentaculum tali, which would possibly 

increase the dorsiflexion moment of the rearfoot. The increased rearfoot dorsiflexion and 

midfoot flexion could also be partially caused by altered activity of the tibialis posterior 

muscle supporting the medial arch of the foot [26] which has been reported to increase in 

activity in midstance/propulsion phase when under greater load [27]. The coupled motion of 

increased midfoot eversion, extension and abduction in the first half of the stance phase 

causing the increased pronation is in accordance with current understanding of the 

movement of the midtarsal joints [17]. This can be associated with the tendency to flex during 

terminal stance, especially when emphasized by the mechanical effect of the medial heel bar 

and potentially altered tibialis posterior activity. 

Foot orthoses with medial rearfoot posting have been reported to decrease rearfoot eversion 

which may benefit patients with abnormal pronation. Past research has reported reductions 

in peak ankle eversion by 1.1° and 2° using either a medial longitudinal arch support with a 

5° rearfoot posting insole [11] or an an anti-pronatory foot orthosis with a 4° medial heel 

wedge [12]. Telfer identified a 0.26° peak rearfoot eversion reduction for every 2° of posting 

in the medial direction [13]. In our study, the 25° medial bar decreased peak eversion by 

1.29°, which suggests a minor effect. However, due to the marker placement on the shoe 
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and significant differences in material, shape and position between the orthoses, the 

comparison is rather approximate. The medial heel bar used in this study is made from soft 

material and is located more distally; therefore, the relatively low immediate effect in the 

coronal plane rearfoot motion is not surprising. In addition, the purpose of the medial heel bar 

is not merely a mechanical reduction of eversion, but also a stimulation of the tibialis 

posterior as a foot invertor in order to achieve long-term change in its activity. Although the 

particular effect of the medial heel bar on tibialis posterior is beyond this study, future work is 

needed to determine this and the effect of sensorimotor foot orthoses on muscle activation, 

as a lateral pressure point is suggested to increase peroneus longus activity during 

midstance in healthy individuals [28]. On the contrary, there was a minimal effect of 

sensorimotor insoles on muscle activity in Charcot-Marie-Tooth disease patients. Although, 

this might have been associated with the neuropathy, reduced proprioception and cavovarus 

foot deformity rather than the action of the foot orthoses [6].  

The retrocapital bar increased midfoot eversion between 60% and 75% of stance phase 

which can be explained by increasing pressure on its position behind the 2nd-5th metatarsal 

head. The retrocapital bar decreased rearfoot eversion from about 60% of stance phase, 

which as reported previously could be explained as a compensatory mechanism in order to 

stabilize the foot for propulsion [8]. The retrocapital bar increased midfoot extension for most 

of stance phase starting from the midstance, which may be explained by an increased 

extension moment due to its position proximally just behind the 2nd-5th metatarsal heads. The 

retrocapital bar also slightly decreased dorsiflexion of the rearfoot between 50% and 80% of 

stance phase which could potentially be explained by either the rearfoot abduction or the 

differing levels of orthotic material.  

The most significant effect of the retrocapital bar was observed in the transverse plane where 

it increased rearfoot and midfoot abduction and thereby seemed to rotate the entire foot 

externally, which is consistent with previous findings [8]. The rearfoot was relatively more 

abducted during the entire stance phase and the increase in peak abduction of 2.19° 
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compared to the no orthosis condition was the largest observed peak increase of all 

assessed values, which may benefit patients with intoeing gait. The position of the 

retrocapital bar may have resulted in an increased pressure on the lateral foot structures and 

therefore plausibly increased the eversion moment. Decrease of the pressure caused by 

metatarsal pads, which, to some extent, correspond to retrocapital bars, have been reported 

in previous work [29,30]. To decrease the pressure caused by the retrocapital bar, the 

external rotation of the foot shifted the load to the medial structures of the foot [25]. It is 

important to note that despite the immediate effects presented here on the sensorimotor 

orthoses, future research is needed to determine if there are long-term clinical benefits of 

using such insoles in different patient groups. 

This study had limitations. The same static trial was used for all the conditions, which may be 

a possible source of error. However, to reduce this, all tracking markers remained in place for 

the entire data collection. This may be the source of between foot and shoe movement error, 

but all the reported changes were systematic. All participants were young healthy adults 

therefore the magnitude of any effect may be different for people requiring orthotic 

interventions and for people of different age groups. A further limitation is that the present 

study was not blinded. However, blinding with physical devices such as orthoses are 

extremely difficult given the different appearance of each orthoses. 

 

Conclusion 

This study examined the immediate effect of the medial heel bar and the retrocapital bar 

sensorimotor elements on the foot kinematics of healthy participants. In addition to the 

differences in magnitudes of the peak values, this study highlighted the effect of the 

sensorimotor elements of the components of the foot orthoses over the whole of stance 

phase using SnPM analysis. These findings support our hypothesis that the medial heel bar 

significantly decreased eversion of the rearfoot over the majority of stance phase, which may 
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benefit patients with rearfoot abnormal pronation. The retrocapital bar significantly increased 

abduction of both the rearfoot and midfoot for the entire stance phase which may benefit 

patients with intoeing gait.  
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Figure Captions 

Figure 1. Diagram illustrating the dorsal (top), lateral (middle) and medial (bottom) aspects of 

the two sensorimotor insoles; medial heel bar (left) and retrocapital bar with lateral elevation 

(right). 

Figure 2. Diagram illustrating the mean rearfoot kinematic curves for no orthosis (solid line) 

and medial heel bar (dashed line) condition in sagittal, coronal and transverse plane (left 

column) with corresponding post hoc SnPM paired t-test results (right column). Positive 

angles indicate dorsiflexion in sagittal plane, eversion in coronal plane, abduction in 

transverse plane. 

Figure 3. Diagram illustrating the mean midfoot kinematic curves for no orthosis (solid line) 

and medial heel bar (dashed line) condition in sagittal, coronal and transverse plane (left 

column) with corresponding post hoc SnPM paired t-test results (right column). Positive 

angles indicate extension in sagittal plane, eversion in coronal plane, abduction in transverse 

plane. 

Figure 4. Diagram illustrating the mean rearfoot kinematic curves for no orthosis (solid line) 

and retrocapital bar (dashed line) condition in sagittal, coronal and transverse plane (left 

column) with corresponding post hoc SnPM paired t-test results (right column). Positive 

angles indicate dorsiflexion in sagittal plane, eversion in coronal plane, abduction in 

transverse plane. 

Figure 5. Diagram illustrating the mean midfoot kinematic curves for no orthosis (solid line) 

and retrocapital bar (dashed line) condition in sagittal, coronal and transverse plane (left 

column) with corresponding post hoc SnPM paired t-test results (right column). Positive 

angles indicate extension in sagittal plane, eversion in coronal plane, abduction in transverse 

plane. 
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Table 1

Friedman ANOVA comparing kinematic median (25th; 75th Percentil) values during the stance phase under the different orthotic conditions

no orthosis medial heel bar retrocapital bar

rearfoot (degrees)

peak eversion
10.52                                    

(8.44; 13.07)

9.29                                       

(6.81; 12.23)

10.94                                        

(8.38; 13.30)

peak abduction
7.51                                         

(5.59; 10.28)

8.76                                           

(6.54; 11.02)

9.7                                             

(7.79; 12.49)

midfoot (degrees)

peak eversion
-5.19                                             

(-7.79; -3.32)

-3.88                                         

(-6.85; -1.76)

-4.95                                                     

(-7.48; -3.16)

peak abduction
-0.55                                                           

(-2.27; 1.13)

-0.41                                                         

(-2.32; 1.42)

-0.3                                                     

(-2.20; 1.24)

Statistically significant pairwise comparisons between the orthotic conditions during the stance phase

median diff. 

(degrees)
p-value r

rearfoot (degrees)

no orthosis medial heel bar  1.29 < 0.001 0.5

medial heel bar retrocapital bar -1.65 < 0.001 0.5

peak abduction no orthosis medial heel bar -1.25 < 0.001 0.4

no orthosis retrocapital bar -2.19 < 0.001 0.6

medial heel bar retrocapital bar -0.94 < 0.001 0.4

midfoot (degrees)

no orthosis medial heel bar -1.31 < 0.001 0.6

medial heel bar retrocapital bar  1.08 < 0.001 0.6

no orthosis medial heel bar -0.15 < 0.001 0.3

no orthosis retrocapital bar -0.26 0.009 0.2

Bonferroni correction: p < 0.0167

peak eversion

peak abduction

p-value

< 0.001

< 0.001

< 0.001

0.001

Comparison between conditions

peak eversion
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Figure 1 
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Figure 4. 
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Figure 5. 

 

 


