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Abstract. [Purpose] Physical therapists frequently perform manual stretching of the ankle joints. Manual stretch-
ing procedures are challenging to define because they involve multidirectional joint motions and external forces. 
Therefore, in this paper, we propose a method for quantitatively and statistically analyzing the manual foot stretch-
ing techniques used by physical therapists. [Participants and Methods] The participants were four physical thera-
pists, and three patients who have a spastic foot. We investigated the manual foot stretching techniques employed 
by the physical therapists using a three-dimensional analysis system and an instrumented brace with force sensors. 
Principal motion analysis was applied to the obtained data, and principal motions were determined. [Results] The 
first principal motion was the application of force for the dorsiflexion of the foot; second, the pushing/pulling of 
the heel; third, the eversion/inversion of the entire foot; and fourth, the eversion/inversion of the forefoot. Further-
more, the manual stretching techniques varied among the physical therapists, even for the same patient, and some 
techniques occurred only between particular pairs. [Conclusion] This study demonstrated the effectiveness of the 
principal motion analysis for the statistical assessment of manual stretching techniques and clarifying differences 
in stretching technique among physical therapists.
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INTRODUCTION

Stretching is a frequently used treatment to increase the range of motion of the ankle joints, and several studies have 
proved its effectiveness1–4). Various studies have focused their investigations on the biomechanical changes in muscles and 
tendons due to stretching, using ultrasonography imaging devices, and have shown that muscle stiffness is decreased with 
stretching5–8). In clinical practice, the therapist occasionally stretches the foot of the patient manually. While feeling the 
hardness of the target parts, the therapist adjusts the amount and direction of the applied force and performs manual stretch-
ing. However, no standard has been established for the degree of motion or force to be applied in foot stretching. Typically, 
stretching is performed on the basis of the knowledge and experience of individual therapists, which is the same for stretching 
procedures for all muscles. When multiple therapists treat the same patient, whether the procedure used by one therapist 
matches that used by another therapist is unknown.

Manual stretching is expressed as time-series data, with variables such as the three-dimensional force applied to the foot 
and the ankle joint angle. Such data can be analyzed using a principal motion analysis, which is an extension of the principal 
component analysis for time-series data; the method decomposes one motion into multiple independent motions, which are 
called principal motions. The number of principal motions is considerably smaller than the number of dimensions of the 
original motion; that is, a stretching motion is represented by the magnitudes of a few principal motions, which enables the 
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use of parametric testing for motion data and promotes statistical discussions. Park and Jo analyzed the motion of the upper 
limbs with multiple degrees of freedom by using the principal motion analysis9). With similar methods, Nakanishi et al. 
addressed walking and jumping motions10), while Morishima et al. studied squat motions11).

In this study, we applied the principal motion analysis to investigate manual stretching techniques for the ankle joints. The 
present study builds upon the study conducted by Yamada et al.12) in which the force applied at the heel was analyzed. In the 
present study, the force applied at the heel and forefoot and the movements of the foot during stretching were simultaneously 
measured. Furthermore, we applied the principal motion analysis to the measured data and succeeded in extracting the 
features of the manual foot stretching technique in more detail. We also studied the manual stretching performed by multiple 
physical therapists for multiple patients to clarify the differences between the manual stretching techniques used by physical 
therapists. By employing patients, we investigated the adaptations of stretching techniques to the symptoms.

PARTICIPANTS AND METHODS

Four physical therapists, denoted as PT1, PT2, PT3, and PT4 (3 males and 1 female; mean age, 28.8 ± 1.3 years), with 5 to 
8 years of experience in rehabilitation and three patients, denoted as ptA, ptB, and ptC (2 males and 1 female; mean age, 78.0 
± 3.0 years), participated in the study. All the patients had spastic foot after stroke. Written informed consent was obtained 
from all the subjects. Each physical therapist performed manual stretching for each of the three patients. However, one 
physical therapist performed foot stretching on only 1 patient for business reasons. This study was approved by the Nagoya 
University Bioethics Review Committee and registered under approval No. 14-501.

An instrumented brace that can be attached to the foot of a patient was developed to measure the force applied by the 
physical therapist during manual foot stretching. Typically, while holding the heel of the patient, the physical therapist 
stretches the foot by pressing the forearm against the forefoot. To measure these contact forces, 2 six-axis force sensors 
were attached to the heel and the forefoot plantar surface of the brace (Fig. 1A). The patient lay on the bed, and the physical 
therapist stretched the spastic foot normally using the device. A three-dimensional analysis system (OptiTrack, NaturalPoint 
Inc., USA) was used to measure the foot posture. The force sensor and camera were synchronized and operated at 120 Hz. 
For the anatomical positions, the x-axis was defined as the mediolateral axis; the y-axis, as the anteroposterior axis; and the 
z-axis, as the craniocaudal axis. The coordinates of the lower limb (Σl) were determined from markers located on the tibia, 
and the coordinates of the foot (Σf) were determined from the markers on the instrumented brace (Fig. 1B). The coordinates of 
the force sensor (Σs) were set similarly. The rotation angle of Σf on Σl was defined as the foot posture (θx, θy, and θz) calculated 
with x-, y-, and z-axis rotations, in this order.

In one experiment, each physical therapist performed foot stretching for 10 s thrice at intervals of 5 s and performed three 
sets of such stretching. A rest period of approximately 1 min was provided between sets.

One stretch was divided into a transitional phase from the initial posture to dorsiflexion and a keeping phase, in which 
continuous stretching was performed in dorsiflexion. In this study, the transitional phase data were analyzed to confirm the 
posture change during stretching. The measurements from the starting to the end point were discretized into a data length of 
100.

All data were normalized before the analysis. First, the differences between the maximum and minimum values of the joint 
angles, forces, and moments were calculated for the trial of each participant. Subsequently, each quantity was divided by the 
largest difference among all the trials.

The principal motion analysis was applied to the obtained time-series data, including 15 quantities. Foot posture is ex-
pressed as θx, θy, and θz,, and the triaxial force and moment applied to the heel are denoted by hfx, hfy, hfz, hmx, hmy, and hmz, 
and those for the forefoot are ffx, ffy, ffz, fmx, fmy, and fmz. By performing the eigenvector expansion on the time-series data of 
all 90 trials, the principal motions and scores were calculated. The principal motions included typical motion patterns, and 
the score for each principal motion shows how much the feature of each principal motion was included in each trial. In this 
paper, four principal motions with large eigenvalues were adopted. These four movements can explain 87.6% of the variation 
in the measured data. For straightforward interpretation of each principal motion feature, Promax rotation was applied to the 
obtained results.

Two-way analysis of variance was applied to the scores of the first to the fourth principal motions obtained in the previous 
section to evaluate whether the manual stretching techniques used for multiple post-stroke patients differed among the physi-
cal therapists. For each principal motion, the main effects and interactions of the two factors, namely the physical therapist 
and the patient, were tested. One physical therapist (PT4) was excluded from the analysis because he performed stretching 
for only one patient. For the statistical analysis, MATLAB2016a was used.

RESULTS

Figure 2 shows the time transition of each variable from the first to the fourth principal motions. In the first principal 
motion, hmx and fmx (the dorsiflexion moment applied to the heel and forefoot, respectively) significantly increased as the 
stretching phase progressed. Similarly, hfy (the force pushing the heel in the direction of the toe), ffz (the force pushing the 
forefoot in the direction of the dorsiflection), and θx (the dorsiflexion movement angle) also increased. From the above-
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mentioned results, we judged that the first principal motion was to move the foot of the patient in the dorsiflexion direction. 
Typically, the first principal motion represents the average motion in all the trials.

In the second principal motion, only hfz (the force to push the heel toward the upper side) increased. This indicated that the 
second principal motion was a technique of pushing or pulling the heel.

In the third principal motion, although no significant temporal change occurred, θy (the inversion angle) was always 
positive, and ffx (the force pushing the forefoot outward) and θx (the dorsiflexion angle) decreased to negative values in the 
second half. Moreover, fmy (the forefoot inversion moment) increased to a positive value in the latter phase. When these 
movements were combined, the entire foot was inverted. In other words, the third principal motion was a procedure used to 
turn the entire foot in or out.

In the fourth principal motion, fmy (the inversion moment of the forefoot) greatly increased in the second half. Therefore, 
the fourth principal motion reflected whether the muscles involved in the inversion foot were consciously stretched.

Figure 3 shows a plot of the scores of the first to the fourth principal motions, with all trials being discerned for each 
physical therapist-patient combination. The scores of the first principal motion were positive in all the trials. The scores of the 
second principal motion tended to be negative for PT1 and PT4, and positive for PT2. In the third principal motion, the scores 
of PT4 were negative in all the trials. Furthermore, ptC tended to have negative scores. In the fourth principal motion, the 
scores of PT2 and PT4 tended to be negative. Moreover, the scores of PT1 were close to 0, while those of PT3 were widely 
distributed from positive to negative. Table 1 lists the mean and standard deviation of the scores of each patient-and-physical 
therapist pair and the results of the two-way analysis of variance of the scores in each trial for the first to the fourth principal 
motions. From the results, the differences in the techniques used by the physical therapists can be statistically discussed for 

Fig. 1.  A. Instrumented brace. Two six-axial force sensors are placed on the forefoot and heel areas of the brace. The physical therapist 
stretches the patient’s foot while holding the heel grip and placing his/her forearm against the forearm cuff. B. Coordinate sys-
tems (Σl, Σf, and Σs). l: lower limb, f: foot, s: sensor.
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each principal motion. In all the motions, the stretching techniques differed significantly among the physical therapists and 
patients. Furthermore, in the first and third principal motions, an interaction between the two factors existed.

DISCUSSION

While several studies on the methods and effects of stretching have been presented, manual stretching techniques have 
rarely been analyzed. In this study, we examined the manual foot stretching techniques used by multiple physical therapists 
for multiple patients and analyzed them statistically by performing a principal motion analysis to evaluate the differences 
among the techniques used by physical therapists.

Currently, the statistical methods used to analyze multidimensional time-series data of multiple trials such as stretching 
studies have not been established. The principal motion analysis is primarily used to generate motion in the engineering field 
and has become a major method in recent years9–11, 13). We used this method for the analysis of manual stretching. Thus, 
we successfully extracted the features of manual stretching. Moreover, by a two-way analysis of variance of the scores 
calculated from the principal motion analysis, we statistically determined whether a significant difference exists among the 
stretching techniques used by physical therapists. This enabled us to analyze manual stretching in detail quantitatively and 
statistically for the first time to our knowledge. The ability to analyze from a statistical perspective the stretching techniques 
that are applied empirically by therapists is a major advancement in rehabilitation, which requires evidence-based medicine. 
Furthermore, this analysis method can also be applied to the stretching of other body parts. Moreover, the method can be used 
to analyze multidimensional time-series data similar to stretching data such standing and walking motion data.

In this study, to identify the characteristics of the stretching techniques for spastic foot, we obtained the contributing 
motions to the stretching techniques, which in descending order are the motion to achieve dorsiflexion of the foot, the 
motion to push/pull the heel, the motion to invert/evert the entire foot, and the motion to invert/evert the forefoot. General 
foot dorsiflexion stretching relies on the stretching of the lower leg back muscles. The triceps surae muscles, which are large 
muscles on the surface, run in the direction of the long axis of the lower leg. Therefore, these muscles are stretched when a 
force is applied in the dorsiflexion direction. Moreover, because the triceps surae muscles are attached to the calcaneal bone, 
the stretching force is accurately applied to the triceps on pulling the calcaneal bone. Hence, the characteristics of the stretch-

Fig. 2.  First, second, third, and fourth principal motions.
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Table 1.  Scores of the patient-and-physical therapist pairs and results of the two-way analysis of variance

Prin-
cipal 
motion

Patient A Patient B Patient C Two-way ANOVA

PT 1 PT 2 PT 3 PT 1 PT 2 PT 3 PT 1 PT 2 PT 3
Main effect 

PT
Main effect 

Patient Interaction

F p-value F p-value F p-value

1st 8.8  ±  
1.8

5.2 ± 
1.8

8.3 ± 
1.6

11.4 ± 
1.8

7.1 ± 
1.4

14.1 ± 
1.2

7.8 ± 
2.4

5.4 ± 
0.9

8.9 ± 
2.0 52.2 <0.001 37.5 <0.001 4.2 <0.005

2nd −3.3 ± 
1.4

0.5 ± 
1.7

−2.2 ± 
1.5

−1.0 ± 
1.3

5.4 ± 
1.0

−0.4 ± 
1.9

−0.8 ± 
1.7

4.4 ± 
0.8

0.1 ± 
3.1 69.7 <0.001 26.1 <0.001 2.1 0.089

3rd −0.3 ± 
0.8

−0.8 ± 
0.8

−0.3 ± 
0.6

3.0 ± 
0.8

1.9 ± 
0.9

1.1 ± 
1.0

−2.0 ± 
0.9

−0.3 ± 
0.6

−2.9 ± 
1.2 10.9 <0.001 130.6 <0.001 11.1 <0.001

4th −0.1 ± 
1.1

−1.2 ± 
1.4

−1.5 ± 
0.7

0.1 ± 
1.0

−2.4 ± 
1.9

−1.3 ± 
2.3

1.3 ± 
1.0

−0.5 ± 
0.8

1.9 ± 
2.9 8.5 <0.001 13.3 <0.001 2.1 0.096

Mean ± standard deviation.
PT: Physical therapist.

Fig. 3. Scores of principal motions. Comparison between the first and second principal motions, and between the third and fourth prin-
cipal motions.
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ing techniques extracted as the first and second principal motions are considered appropriate. On the other hand, the third and 
fourth principal motions were techniques to apply force in the direction of the rotation. The participants in this study were 
post-stroke patients, whose posterior tibial muscles, in addition to the triceps surae muscles, were hypertonic. Therefore, the 
foot may have been deformed in the inversion position. The posterior tibial muscle acts on the plantar flexion and inversion of 
the foot14). The third and fourth principal motions could have been produced because physical therapists stretch the shortened 
muscles while feeling the tension of muscles related to foot rotation. This suggests that the physical therapist applies manual 
stretching adaptively in accordance with the symptoms exhibited by the patient.

On the other hand, according to the results of the two-way analysis of variance, in all the motions, the stretching tech-
niques significantly varied among physical therapists or patients. Naturally, the stretching procedures differ between patients 
according to the degree of tonus in the target muscle in individual patients. This indicates that the condition of the patient 
determines the stretching procedure.

The fact that the stretching techniques differ significantly among the physical therapists implies that the procedures differ 
even for the same patient. Moreover, in the first and third principal motions, an interaction between the two factors, the 
physical therapist and the patient, was observed. This implies that differences in these motions occurred only for a particular 
combination of therapists and patients. We predicted that this difference is directly related to the difference in treatment 
effectiveness. A detailed examination should be conducted in the future to clarify under which conditions this difference 
arises and which procedure is effective.

The limitation of this study is that only few physical therapists participated in the experiment. If data from more physical 
therapists are acquired, the results may differ. For example, we can investigate how the difference in years of experience 
among the therapists affects the results. Further testing of more participants is also desirable. In a future work, the foot-
stretching technique used by each physical therapist and its effectiveness for the patient should be analyzed simultaneously 
to establish an effective stretching method. Moreover, several previous studies developed automatic machines for ankle 
stretching15–18). Although currently, no such machine has been commercialized, the analysis of foot-stretching techniques in 
this study will help in their development.

The manual stretching techniques used by physical therapists for the ankle joints were statistically analyzed using an 
instrumented cuff and a motion-capturing system and the principal motion analysis. As a result, the principal motions were 
successfully extracted that indicated the average stretching techniques of the four physical therapists and several charac-
teristic techniques. Furthermore, for each principal motion, the stretching procedures were significantly different among 
the physical therapists and patients. These analysis methods will help quantitatively and statistically study the stretching 
techniques used by physical therapists.
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