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ABSTRACT

Gait symmetry is a vital index for improving and evaluating the walking ability of patients with hemiplegia. Asymmetric gait
disturbs walking balance and increases unnecessary energy consumption, causing serious damage to the musculoskeletal
system. The restoration of step length symmetry (SLS) is one of the gait parameters targeted for rehabilitation and can be
easily accessed and adjusted in the clinic. Therefore, we proposed a novel scheme based on a speed variation method (SVM)
using a robotic haptic cane (HC) to improve SLS on overground walking. To evaluate the proposed method and check protocols
for a patient study, we conducted an experiment to lengthen the left step length of 24 healthy young participants using positive
(P), negative (N), and positive & negative (PN) SVM. Additionally, we examined its feasibility in one stroke patient. As a result
of the healthy subjects’ experiment, walking speed and SLS ratio significantly increased with P and PN SVM while maintaining
Root Mean Square (RMS) of pelvic tilt (p < .001). Results from the patient pilot test were similar to those of the healthy
subjects, with decreased RMS of pelvic tilt. SLS ratio improved from -0.13 ± 0.00 (Normal Walking) to -0.07±0.01 (P SVM)
and -0.04±0.01 (PN SVM). However, swing phase symmetry also improved. Furthermore, the patient was sensitive to the
baseline HC speed and Negative SVM. The results indicate that the proposed methods may be effective in stroke patients and
the relationship between walking speed and the ratio of PN SVM should be verified in a larger number of patients.

Keywords: Rehabilitation Robotics, Asymmetry, Haptics, Gait Assistance, Stroke

Introduction
Gait is a harmonious movement that moves symmetrically with a phase difference of 180 degrees between the left and right1

sides through the movement of each joint and muscle. In general, patients with hemiplegia, such as those with stroke, exhibit2

asymmetrical gait and low speed1–3. Furthermore, stroke survivors would live with persistent dysfunctions3. Gait asymmetry is3

an important index for hemiplegic patients to improve and evaluate their gait performance4. It is not only related to balance4

control during walking but also increases energy expenditure unnecessarily, which can seriously damage the musculoskeletal5

system2, 5, 6. Furthermore, it is a common symptom in patients with brain lesions and is relatively easy to measure in the clinic.6

Asymmetric gait is divided into temporal asymmetry and spatial asymmetry. Both temporal and spatial asymmetric gait7

characteristics are related to motor dysfunction of the paretic lower extremity7. Temporal asymmetric gait is calculated as the8

stance or swing time on both sides and is highly correlated with walking balance and speed2, 5. There are various approaches9

to improving temporal asymmetry in hemiplegic patients. Gait training with an external auditory rhythm has been shown to10

improve temporal asymmetry in hemiparetic stroke patients8, 9. In addition, vibrotactile biofeedback, which is delivered to the11

user’s calves, has shown promising results of improving gait symmetry in stroke survivors2, 10. However, temporal and spatial12

asymmetries are not directly related, since separated mechanisms are responsible for temporal and spatial gait parameters7, 11.13

Spatial asymmetric gait, calculated as the difference in step length between the left and right sides, is generally related to14

energy expenditure12. According to Patterson et. al., there is a relationship between the step length symmetry (SLS) ratio and15

the propulsive force during walking13. Gait rehabilitation with bilateral speed differences in a split-belt treadmill environment16

has been reported to improve SLS in stroke patients6, 14, 15 and the effects of adaptation after training16, 17. Furthermore, the17

improvement of SLS in a split-belt treadmill environment has recently been demonstrated by providing visual feedback5 or18
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speed differences on both sides of a split belt6. However, a split-belt treadmill limits its accessibility due to high cost in the19

clinical environment18. Furthermore, gait rehabilitation overground is more similar to a real environment and has various20

advantages, such as improving walking stability, speed, and endurance19, 20. Therefore, an accessible system is needed to21

enhance SLS by providing an external force that functions as a split-belt treadmill during overground walking.22

In a previous study, we conducted a comparative analysis between a 1-Degree Of Freedom (DOF) robotic haptic cane23

(HC) and a conventional instrumented cane (IC) with constant speed in 10 stroke patients21. We demonstrated significant24

improvements in temporal asymmetry and lower limb muscle activity on the affected side during the swing phase when using25

HC. Furthermore, it was shown that constantly providing preferred and fast speed with HC significantly improved the swing26

phase symmetry (SWS) ratio more than SLS. However, SLS is also important since it relates to gait patterns, balance, and27

energy expenditure, and can be easily accessed and manipulated in the clinic5. Thus, many rehabilitation approaches target SLS28

recovery.29

Since training with assisted-as-needed strategies has shown better improvement in SLS recovery compared to a fully assisted30

strategy22, force interaction may be more effective when applied only in the necessary amount, which can be implemented31

based on the HC framework21. A speed variation method (SVM) is generated from a sinusoidal wave, which serves as a velocity32

profile to generate a force interaction. Since continuously provided pulling force interaction can improve stride length in stroke33

patients23, 24, we believe that the intermittent force interaction generated by SVM will either increase the step length on the34

shorter side or decrease the step length on the longer side. Furthermore, improvements in walking velocity as well as SLS35

asymmetry are expected, since the positive sinusoidal phase of SVM may increase overall walking speed. To the best of our36

knowledge, research aimed at improving SLS by providing rhythmic and external force of assistive devices during overground37

walking has not been studied yet. Therefore, the aims of our study were: First, to determine whether the force interaction38

caused by the SVM would increase the asymmetry by making the left step longer than the opposite side or the right step shorter39

than the opposite side. Second, whether the positive sinusoidal signal of the SVM will increase the overall walking speed.40

Third, to prove whether the proposed SVM disturbs the balance while walking.41

The rest of this article is organized as follows. In the Method Section, we present the design of a scheme for speed variation42

with robotic HC. In addition, an experimental protocol is designed for 24 healthy subjects, and a pilot test with one patient is43

conducted based on the results of the experiment with healthy subjects. Results and discussion about the 24 healthy subjects44

experiment and pilot test with a stroke patient are presented in the Results and Discussion Sections, respectively. Finally, the45

Conclusion Section concludes this article.46

Methods47

Robotic Haptic Cane (HC)48

Fig.1a shows a modified HC, which was previously developed as a simple and intuitive robotic rehabilitation device for partially49

ambulant stroke patients21. Driving wheels with larger diameters than the previous ones and load cells that can measure 3-axis50

force interaction between the user and HC have been replaced. Furthermore, a pair of instrumented insoles based on Force51

Sensing Resistor (FSR) sensors has been added to detect ground contact through the adjustment of a threshold to distinguish52

between the stance and swing phases of gait2. As shown on the left of Fig.1a, four FSR sensors in each insole measure pressure53

and are positioned on the heel, toe, metatarsal 1, and metatarsal 5 of the user’s sole. The insoles are wired to the HC control54

module. The HC has a structure similar to a tilted conventional cane with motorized wheels added to a freely rotating caster55

Table 1. Components and Specifications of the HC

Specification Value
Maximum speed 1.71 m/s

Weight 10.15 kg
Wheel radius 155 mm

Encoder resolution 38 pulses/rev
Motor DC motor (48.6 W, gear ratio 19:1, 4000 rpm)

Motor driver Escon 50/5 (Maxon DC motor controller)
System controller Sb-RIO 9636 (National Instruments, USA)

3-axis Force sensor MS111 (Capacity: 100N), Voltage Output Transmitter: LCTF (CASKOREA, Korea)

FSR sensor Flexiforce A401 (Tekscan), Force range: 0-110 N, Linearity (Error) < ±3 %,
Repeatability < ±2.5 % of full scale, Hysteresis < 4.5 % of full scale, Response Time < 5 µs

Battery Lithium-Ion battery (4/3 FA, 22.2 V, 13000 mAh)
HC: Robotic haptic cane, DC: Direct current, FSR: Force sensitive resistor

/
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(a) (b)

(c)

Figure 1. (a) Robotic Haptic Cane (HC) and Experimental environment, (b)-(c) The speed variation method (SVM), (b) The
diagram of SVM, (c) Three types of SVM

wheel to provide support in the vertical direction. Thus, the HC can generate velocity regulation and a continuous but low56

ground supporting force to the user’s hand. This continuous kinesthetic interface provides proprioceptive information about the57

position and velocity of body sway to control posture. As shown in Table 1, the components and specifications of the HC are58

presented.59

The operation software was implemented in the LabVIEW environment (National Instruments Inc., USA) and communicates60

with the Microcontroller Unit (MCU) of the HC, over the onboard Wi-Fi link wirelessly. The operator can control the HC such61

as setting the device speed and starting or stopping it. To drive the motor according to the input velocity, the HC can regulate62

walking speed using a PI controller for velocity control, where the loop frequency is 1 kHz. Voltage divider circuits convert the63

FSR resistance variation to an analog signal, which is read by the HC controller board and processed by the HC software to64

control its operation. The operation software logs experimental data from the HC at a rate of 100 Hz. In addition, not only65

a software emergency button is implemented on the Graphic User Interface (GUI) of the operation software and a physical66

emergency switch is mounted on the handle to stop the HC during the experimental trial.67

The Scheme of Speed Variation68

In a previous study, we found a more significant improvement in temporal symmetry than SLS for stroke patients when69

walking at a constant speed using a HC21. Furthermore, when the user walks with the HC at a constant speed, it generates a70

non-sinusoidal but relatively less regular force interaction of the mountain shape, which has peaks and valleys25. As shown in71

Fig.1b, the HC speed is provided as a positive sinusoidal wave at the heel strike of the leg-sided a longer step length. Thus, if a72

regular sinusoidal-based velocity profile is provided regularly at an appropriate gait cycle, the interaction force profile will also73

be amplified and provided regularly. Then, a pulling force generated by this positive speed profile may extend the short step74

length of the opposite leg. As shown in Fig.1c, three types of SVM were designed. A positive speed profile creates a pulling75

/
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Figure 2. Operating speed profile based on the SVM (RTO: right toe off, RHS: right heel strike, LTO: left toe off, LHS: left
heel strike, Target side: Left)

force, while a negative speed profile creates a pushing force. Additionally, a combination of both can be applied. The reason for76

designing a velocity profile to generate an interaction force is that force control has stability issues and can be dangerous to the77

patient.78

Fig.2 shows the operating speed profile of the HC based on the designed SVM. The left step length targeted side is defined79

as the distance between the two feet at LHS. The positive SVM profile of the HC generates a pulling interaction force. Thus,80

the positive SVM profile may increase the left step length during the left swing phase, while the negative SVM profile may81

decrease the right step length during the right swing phase. As shown in Fig.2, during the double support phase, braking and82

propulsive forces occur sequentially, shifting the pelvic center of mass (COM). This phase is also called the loading response,83

accounting for 10-12 % of the total gait cycle. Additionally, hemiparetic patients with shorter paretic steps experience this due84

to impaired hip flexor activity in the paretic leg during pre-swing26. Therefore, the pulling force needs to be applied during85

the target-side pre-swing phase, which coincides with the loading response phase of the non-target side limb. To generate86

the pulling interaction force of the HC during the loading response, the peak of the positive sinusoidal profile was shifted87

forward to 0.125T (T: Period). Thus, the trigger for initiating the SVM is the right toe-off (RTO). At 0.125T, the peak of the88

speed profile aligns with the right heel strike. ∆v, the amplitude of the speed profile is calculated from the relationship between89

impulse and momentum as shown in (1) and (2).90

F∆t = p(t f )− p(ti) (1)

F∆t = mHC(vHCt f
− vHCti

)+muser(vusert f
− vuserti

) (2)

∆t is the time difference from ti (initial velocity) to t f (peak velocity), F is the interaction force between the user and HC, m91

is mass, and v is velocity. Because 0.125 T (∆t) is a short time, we can assume the (vusert f
− vuserti

) term is zero. T is the period92

of the gait cycle, which was measured as the initial normal walking trial (10 m) of the subject.93

∆vHC = F∆t/mHC (3)

mHC is 10.15 kg, and F is the desired force generated by speed variation, which was set at 20 N in this study23. Since the94

sudden braking force provision can act as a perturbation to the user27, the amplitude of the negative SVM profile was set to half95

of ∆v to focus on improving SLS by shortening the step length.96

/
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Participants97

We conducted an experiment to lengthen the left step length of 24 healthy young participants to evaluate our research hypotheses98

and check protocols before conducting a patient study. Thus, the twenty-four young healthy subjects (Gender: 11 Males and 1399

Females, Age: 22.4 ± 3.6 years, Height: 167.8 ± 7.2 cm, and Weight: 61.4 ± 11.4 kg, Dominant leg: 24 Right) took part in100

this study. They did not suffer from any physiological disorders that might affect their gait. This study was conducted at the101

Gwangju Institute of Science and Technology (Gwangju, Republic of Korea) and was approved by the Institutional Review102

Board of the Gwangju Institute of Science and Technology (20220628-HR-67-22-04). Additionally, we examined the possibility103

in one stroke patient using the optimal protocols derived from a pilot test with healthy young participants. Thus, a pilot test104

was performed with one stroke patient who was capable of independent gait at Gyeongsang National University Hospital105

(Gender: Male, Age:68 years, Height: 168 cm, Weight: 68 kg, Left-sided hemiplegia, 20 days since onset, Cause of stroke:106

Pontine infarction, Brunnstrom stages of stroke recovery: 5/4/5, Modified Barthel Index (MBI) score: 55, Mini-Mental State107

Exam (MMSE) score: 28). All procedures were conducted in accordance with the Declaration of Helsinki, and all participants108

provided written informed consent before participating in the study.109

Participants wore elastic Velcro belts holding Inertial Measurement Unit (IMU) sensors on their thighs, shanks, feet, and110

pelvis to track gait parameters (MyoMOTION, Noraxon, USA, Anatomical angle accuracy: ± 1.0 degrees (static), ± 2.0 degrees111

(dynamic), Orientation angle accuracy: ± 0.25 degrees (pitch & roll)). This system measures spatiotemporal gait parameters112

based on a standardized skeleton model based on the user’s height and measured joint angles28, 29. Motion capture data were113

recorded at a rate of 100 Hz. In addition, a load cell measured the interaction force between the HC and the subject’s hand.114

Protocol115

The purpose of the experiment with healthy young participants was to lengthen the left step length more than the right side116

using SVM and to evaluate force interaction and walking balance before applying the proposed SVM to patients. The protocol117

consisted of negative (N), positive (P), and passive & negative SVM (PN) conditions and included trials with both left and right118

hands grasping the HC. All trial conditions are as shown in Table 2, and were performed in a pseudo-random order to avoid any119

sequence-related effects.120

Prior to the start of the trials, the healthy young participants were briefly informed about the operation of the HC and121

Table 2. Protocol of Experiment Trials for Healthy Young Participants

Trial Conditions
NW Normal Walking
C_R HC with Constant NW speed grasping by Right hand
N_R HC with Negative SV grasping by Right hand
P_R HC with Positive SV grasping by Right hand

PN_R HC with Positive and Negative SV grasping by Right hand
C_L HC with Constant NW speed grasping by Left hand
N_L HC with Negative SV grasping by Left hand
P_L HC with Positive SV grasping by Left hand

PN_L HC with Positive and Negative SV grasping by Left hand
HC: Robotic haptic cane, SV: Speed variation

Table 3. Protocol of Experiment Trials for a Stroke Patient

Trial Conditions
NW Normal Walking
C HC with Constant NW speed grasping by healthy side hand
N HC with Negative SV
P HC with Positive SV

PN HC with Positive and Negative SV
C_F HC with Constant Fast speed (20 % increased over NW)
N_F HC with Negative SV (Fast speed)
P_F HC with Positive SV (Fast speed)

PN_F HC with Positive and Negative SV (Fast speed)
HC: Robotic haptic cane, SV: Speed variation

/
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allowed to familiarize themselves with the devices and trial conditions by walking a few steps (less than the length of one trial122

walk). First, a 10 m normal walking trial was performed. In subsequent trials, participants walked 20 m in a straight line on a123

flat surface with the HC. The first and last 5 m were defined as acceleration/deceleration sections, while the HC operated with124

speed variation during the middle 10 m. Each participant performed two walking trials under each condition. As shown in125

Fig.1a, walking velocity was measured using a gait speed measurement system (SR500, SeedTech, Korea), which consists126

of two optical sensors. A break of 1 minute was given between trials. The participants were asked to rest while seated for 3127

minutes between each condition and to take a few steps in place before starting the next trial condition.128

The purpose of the pilot test with the stroke patient was to determine whether SVM could improve the symmetry ratio and129

to evaluate force interaction and walking balance. The SVM protocol was the same as that used for the healthy subjects and130

included both preferred and fast walking speeds, which were increased by 20 % compared to Normal Walking (NW). All trial131

conditions are shown in Table 3, and the test was performed twice under the same conditions. The stroke subject experiments132

were performed by holding the HC with the healthy side hand. Before the start of the trials, the stroke patient was briefly133

informed about the operation of the HC and allowed to familiarize with the devices and trial conditions by walking a few134

steps. First, an 8 m normal walking trial was performed. In subsequent trials, the patient walked 12 m in a straight line on a135

flat hospital hallway surface with the HC. The first and last 2 m were defined as acceleration/deceleration sections, while the136

HC operated with speed variation during the middle 8 m. During all stroke subject trials, a doctor stood one step behind the137

subject and provided support before and after the trial. Furthermore, the operator was prepared to stop the device at any time by138

pressing the emergency switch on the SW GUI. Other conditions were the same as those in the healthy subject experiments.139

Data Analysis140

The gait velocity of the healthy subjects and a stroke patient was measured using the gait speed measurement device (SR500,141

Seedtech, Korea). The Gait temporal parameter (swing phase), stride length, and step length were extracted from the report of142

the MyoResearch software (MR3 3.16, Noraxon, USA) based on data recorded by the IMU-based motion capture system. In143

addition, to determine walking balance during the various protocol conditions, the Root Mean Square (RMS) of Mediolateral144

(ML) and Anteroposterior (AP) tilts was calculated from the pelvic tilt values in the MR3 report. The SWS and SLS ratio for145

the healthy subjects (SWSHealthy & SLSHealthy) were calculated based on the swing phase time and step length4 using (4) and (5)146

respectively to determine the direction of increase (right or left) of the gait temporal and spatial parameters caused by the SVM.147

SWSHealthy(or SLSHealthy) =
Le f t −Right
Le f t +Right

(4)

The symmetry ratio for the stroke patient (SWSStroke & SLSStroke) was calculated using the following equation:148

SWSStroke(or SLSStroke) =
Paretic−Nonparetic
Paretic+Nonparetic

(5)

Thus, if the left side of a healthy subject or the paretic side of a patient was longer, a positive value was indicated, while if149

the right side of a healthy subject or the non-paretic side of a patient is longer, then a negative value was indicated. For statistical150

analysis of post-experimental data, a one-way repeated measures analysis of variance (RMANOVA) was conducted to study the151

effects of various SVM conditions involved in NW, which had five conditions (NW, C, N, P, PN) on gait speed, stride length,152

temporal and spatial symmetry ratio, and RMS values of ML and AP tilts. RMS of ML and AP pelvic tilts are considered153

as measures of trunk control and balance25, 30. Higher pelvic tilts imply impaired balance performance during gait31, 32. To154

check the effects of grasping the hand side, a two-way RMANOVA was performed. The factors were hand side (Levels: Right155

and Left) and SVM condition (Levels: C, N, P, PN). Greenhouse-Geisser corrections were applied where Mauchly’s test of156

sphericity was violated, and Bonferroni corrections were used for conducting post-hoc tests. Partial eta squared was calculated157

as a measure of the effect size for one-way and two-way RMANOVA. All statistical analyses were carried out using SPSS158

V20.0 (IBM Corp., USA).159

Results160

The mean values of gait velocity, stride length, SWS, SLS, RMS of pelvic tilt, and pulling and pushing force measured during161

the experiment with all participants are presented in Table 4. Fig.3 shows the device data for velocity and interaction force. As162

shown in Fig.3b, pushing and pulling forces were defined by the means of the maximum and minimum interaction forces at163

each gait phase during all gait trials.164

/
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(a)

(b)

Figure 3. The representative device data of one healthy young subject. (a) Device data during the first 8 seconds of a PN-L
trial. (b) Interaction force graph relative to the gait period at each protocol.

Healthy Subjects165

The results of the two-way RMANOVA for all parameters are presented in Table 5. For all parameters, no significant interaction166

between Side and Condition, and no significant difference due to Side, led to a post-hoc analysis of Condition separately. The167

side of the grasped hand in the healthy subjects’ experimental protocol was included as a factor; however, as shown in Table 5,168

there was no effect of the side of the grasped hand. Table 6 shows the results of the one-way RMANOVA for all parameters for169

each hand side. There was no significant difference in the RMS of ML and AP pelvic tilt in both the two-way and one-way170

RMANOVA.171

As shown in Fig.4a, the negative SVM (N) condition trial showed a significantly reduced walking velocity compared to the172

constant (C) trial, regardless of the grasping hand side (C vs N (p < .001)). In addition, the positive SVM (P) and the positive &173

negative (PN) trials showed a significantly increased speed compared to the C and N trials, regardless of the grasping hand174

side (C vs P, C vs PN, N vs P, and N vs PN (p < .001)). However, the velocity of the PN condition was significantly reduced175

compared to the P trial. Fig.4b and 4c show the pulling and pushing forces, respectively. The pulling force in the P and PN176

trials, compared to the C and N conditions, was significantly increased regardless of the grasping hand side (C vs P, C vs PN, N177

vs P, and N vs PN (p < .001)). The pushing force in the N trial, compared to the C and P conditions, was significantly increased178

regardless of the grasping hand side (C vs N (p < .001) and P vs N (p < .001)). In addition, there were significant differences179

between the C and P trials, the P and PN trials, respectively (C_L vs P_L (p < .001) and C_R vs P_R (p < .05) and P_L vs180

/
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Table 4. All Measured Parameters of Experiments

Healthy Subjects
Protocol NW C N P PN
Handside Left Right Left Right Left Right Left Right

Gait Velocity (m/s) 1.19±0.09 1.20±0.09 1.20±0.09 1.16±0.09 1.16±0.09 1.26±0.09 1.27±0.09 1.23±0.09 1.24±0.09
Stride Length (m) 1.35±0.10 1.31±0.09 1.32±0.09 1.28±0.10 1.27±0.10 1.34±0.10 1.36±0.11 1.33±0.10 1.34±0.11

SWS Ratio 0.00±0.02 0.00±0.01 0.00±0.02 -0.01±0.03 -0.01±0.03 -0.01±0.03 -0.01±0.03 -0.01±0.03 -0.02±0.03
SLS Ratio 0.00±0.03 0.00±0.02 0.00±0.02 0.02±0.04 0.02±0.03 0.04±0.03 0.04±0.03 0.04±0.03 0.03±0.04

RMS of ML Tilt (deg) 1.75±0.32 1.74±0.36 1.76±0.42 1.79±0.40 1.67±0.33 1.85±0.38 1.76±0.36 1.76±0.45 1.74±0.39
RMS of AP Tilt (deg) 3.26±1.21 2.99±0.94 2.93±1.11 2.97±1.18 2.75±0.89 3.25±1.46 3.05±1.37 3.09±1.27 3.11±1.49

Pulling Force (N) - 5.52±2.14 5.49±2.58 5.56±2.20 6.19±4.01 13.43±3.13 13.46±3.88 12.82±3.51 13.27±3.74
Pushing Force (N) - 1.79±1.76 2.55±1.59 3.77±2.96 5.18±4.06 -0.26±2.63 0.68±3.41 2.18±4.07 2.87±3.77

A Stroke Subject
Protocol NW C N P PN
Speed Preferred Fast Preferred Fast Preferred Fast Preferred Fast

Gait Velocity (m/s) 0.88±0.06 0.88±0.03 1.08±0.01 0.83±0.02 1.04±0.04 0.91±0.00 1.09±0.01 0.96±0.01 1.12±0.01
Stride Length (m) 1.22±0.03 1.19±0.02 1.34±0.05 1.16±0.00 1.36±0.00 1.22±0.02 1.37±0.01 1.29±0.00 1.41±0.00

SWS Ratio 0.11±0.03 0.10±0.01 0.10±0.02 0.07±0.02 0.08±0.01 0.08±0.00 0.07±0.01 0.07±0.02 0.04±0.00
SLS Ratio -0.13±0.00 -0.01±0.04 -0.03±0.03 0.02±0.04 0.00±0.00 -0.07±0.01 -0.02±0.01 -0.04±0.01 -0.03±0.01

RMS of ML Tilt (deg) 1.87±0.21 0.95±0.05 1.27±0.16 1.37±0.05 1.10±0.19 0.87±0.01 1.28±0.37 1.00±0.26 1.27±0.02
RMS of AP Tilt (deg) 4.08±0.21 2.83±0.64 3.24±0.49 3.97±0.47 3.55±0.39 2.64±0.72 3.15±0.45 3.77±0.24 3.17±0.40

Pulling Force (N) - 10.87±4.57 15.54±0.58 10.99±0.21 7.60±2.72 16.86±0.26 24.08±7.35 17.39±9.62 22.88±7.21
Pushing Force (N) - 7.03±0.30 6.94±1.30 29.51±5.04 11.16±2.15 11.72±4.04 2.99±0.96 31.18±1.93 9.45±1.53

SWS: Swing phase symmetry, SLS: Step length symmetry, RMS: Root mean square, ML: Mediolateral, AP: Anteroposterior, C: Haptic
cane (HC) with Constant normal walking speed, N: HC with Negative speed variation (SV), P: HC with Positive SV, PN: HC with Pos-
itive and Negative SV

PN_L (p < .01), and P_R vs PN_R (p < .05)).181

As shown in Fig.4d, the stride length under the C and N conditions was significantly reduced compared to NW, regardless182

of the hand side (NW vs N (p < .001), NW vs C_L (p < .001), and NW vs C_R (p < .01)). In addition, the N trial showed183

a more significant reduction compared to the C trial (C_L vs N_L (p < .05) and C_R vs N_R (p < .001)). The P condition184

showed a significant increase compared to the C and N conditions, regardless of the grasping hand side (P vs C (p < .05) and P185

vs N (p < .001)). However, the stride length in PN_R was significantly reduced compared to P_R (PN_R vs P_R (p < .05)). As186

shown in Fig.4e and 4f, both SLS and SWS indicate that positive values mean the left side is longer or greater. Regardless of187

the grasping hand side, the P and PN of SVM significantly increased the left step length compared to the NW and C conditions188

(P vs NW, P vs C, PN vs NW, and PN vs C (p < .001)). In the N condition, the values were significantly higher than C (N_L vs189

C_L (p < .05), N_R vs C_R (p < .01)), and the N_R condition was significantly higher than NW (N_R vs NW (p < .01)).190

Additionally, the P_L and PN_L conditions were significantly higher compared to the N_L condition (P_L vs N_L (p < .05)191

and PN_L vs N_L (p < .01)). The SWS ratio value of the right side was significantly higher in the PN_R condition compared192

to the NW and C_R conditions (PN_R vs NW (p < .05) and PN_R vs C_R (p < .01)).193

A Stroke Patient194

As shown in Table 4, the RMS of ML and AP pelvic tilt were measured to be smaller than that of NW. Fig.5a-5c shows a stroke195

patient’s velocity, pulling, and pushing force graphs. The trends are similar to the results of the healthy participants experiment,196

but there are some differences. As shown in Fig.5a, both the preferred and fast speeds showed small velocity increases in the197

P condition (C: 0.88±0.03, P: 0.91±0.00, C_F: 1.08±0.01, P_F: 1.09±0.01). At the preferred speed, the pushing force was198

measured to be larger overall than the results of the healthy participants’ experiment, and at the fast speed, the pulling force was199

measured to be larger overall.200

Fig.5d-5f shows the stride length, SLS, and SWS ratio of a stroke patient. As shown in Fig.5d, the stride length at the201

preferred speed showed a similar trend to the results of the healthy participants’ experiment, but the PN condition increased the202

most at both speeds (PN: 1.29±0.00, PN_F: 1.41±0.00). In addition, the values under all conditions at fast speed increased, and203

the stride length did not decrease in the N_F condition (C_F: 1.34±0.05, N_F: 1.36±0.00). The SLS ratio improved compared204

to NW in all conditions under both speeds and showed the lowest values in the C and N conditions under the preferred speed,205

but the standard deviation was measured to be large (C: -0.01±0.04, N: 0.02±0.04). The lowest value at fast speed was observed206

in the N condition (N: 0.00±0.00). The SWS ratio improved in the N, P, and PN conditions at both speeds, and the lowest value207
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Table 5. Results of Two-Way RMANOVA

Parameter Factor F P-Value η2
p

Gait Velocity
Side (1, 23)=1.76 .198 .071

Condition (1.52, 35)=283.13 .000 .925
Interaction (2.02, 46.46)=2.21 .120 .088

Stride Length
Side (1, 23)=1.99 .171 .080

Condition (2.05, 47.07)=32.59 .000 .586
Interaction (3, 69)=2.45 .071 .096

SWS Ratio
Side (1, 23)=.80 .380 .034

Condition (2.24, 51.59)=3.14 .046 .120
Interaction (3, 69)=1.33 .271 .055

SLS Ratio
Side (1, 23)=.00 .972 .000

Condition (2.18, 50.12)=35.32 .000 .606
Interaction (3, 69)=1.22 .310 .050

RMS of ML Tilt
Side (1, 23)=1.43 .244 .058

Condition (3, 69)=1.13 .342 .047
Interaction (3, 69)=1.25 .299 .051

RMS of AP Tilt
Side (1, 23)=1.15 .294 .048

Condition (3, 69)=1.02 .389 .042
Interaction (2.02, 45.53)=.20 .825 .008

Pulling Force
Side (1, 23)=.32 .578 .014

Condition (3, 69)=122.95 .000 .842
Interaction (3, 69)=.37 .778 .016

Pushing Force
Side (1, 23)=4.99 .063 .178

Condition (3, 69)=20.13 .000 .467
Interaction (3, 69)=.38 .769 .016

Statistically significant p-values and effect sizes are shown in boldfaced font.
SWS: Swing phase symmetry, SLS: Step length symmetry, RMS: Root mean
square, ML: Mediolateral, AP: Anteroposterior

at fast speed was measured in the PN condition (PN_F: 0.04±0.00).208

Discussion209

Healthy Subjects210

The side of the grasped hand in the healthy subjects’ experimental protocol was included as a factor; however, as shown in211

Table 5, there was no effect of the side of the grasped hand. G. U. Sorrento showed adaptation and post-adaptation effects of212

increased walking speed and stride length in 13 healthy subjects with a constant tensile pulling force of 10 or 20 N23. Thus, we213

set the desired pulling force to 20 N and designed the SVM profile. As shown in Fig.4b and 4c, SVM clearly generated pulling214

and pushing forces that showed significant differences (Pulling force: P and PN vs C and N, p< .001, Pushing force: N vs C (p215

< .05), N vs P (p < .001), C_L vs P_L (p < .001), C_R vs P_R (p < .05), PN_L vs P_L (p < .01), PN_R vs P_R (p < .05)).216

However, the measured peak values were smaller than the desired values (12.82 ± 3.51 to 13.46 ± 3.88), which is thought to be217

due to slippage between the HC wheel and the floor.218

Regardless of the side of the hand being grasped, it was observed that Positive (P) and Positive & Negative (PN) SVM made219

the left step length longer than the right compared to the SLS ratio of NW and C conditions (See Fig.4e, p < .001). However,220

while SLS under the N_R condition showed a significant difference compared to SLS of NW (p <.01), SLS under N_L and NW221

conditions did not. This may be because the moment axis (the axis in the direction of gravity) of the pushing force applied222

to the right hand holding the HC aligns with the moment axis of the right foot’s swing, and the directions are opposite. The223

Negative (N) SVM was intended to reduce the right step length through the pushing force applied during the swing phase of224

the right foot. Thus, this may have prevented the pelvic (center of mass) from shifting forward. As shown in Fig.4f, the SWS225

showed a significant difference between PN_R and NW, C_R. This indicates that while the left step length increased, the ratio226

of the right swing phase became higher than the left. This suggests that the SWS ratio may change according to the proportion227

of Positive and Negative SVM, necessitating further research.228
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Table 6. Results of One-Way RMANOVA

Parameter Factor F P-Value η2
p

Gait Velocity Left (1.83, 42.03)=269.57 .000 .921
Right (1.41, 32.38)=164.78 .000 .878

Stride Length Left (2.47, 56.72)=19.15 .000 .454
Right (2.02, 46.47)=22.06 .000 .490

SWS Ratio Left (2.99, 68.76)=2.06 .113 .082
Right (2.94, 67.50)=5.21 .003 .185

SLS Ratio Left (2.66, 61.14)=32.76 .000 .587
Right (4, 92)=18.926 .000 .451

RMS of ML Tilt Left (4, 92)=1.04 .393 .043
Right (4, 92)=.78 .546 .032

RMS of AP Tilt Left (4, 92)=.55 .699 .023
Right (4, 92)=1.18 .326 .049

Pulling Force Left (1.83, 42.00)=120.96 .000 .840
Right (3, 69)=65.40 .000 .740

Pushing Force Left (2.26, 51.94)=14.79 .000 .391
Right (3, 69)=13.32 .000 .367

Statistically significant p-values and effect sizes are shown in boldfaced font.
SWS: Swing phase symmetry, SLS: Step length symmetry, RMS: Root mean
square, ML: Mediolateral, AP: Anteroposterior

Walking velocity increased or decreased compared to NW, depending on the SVM profile (See Fig.4a, p < .001). Regardless229

of the hand that held the HC, the P SVM resulted in the most significant increase in velocity. PN SVM increased velocity230

compared to NW but was lower than the P SVM condition. Furthermore, the N SVM decreased velocity compared to NW.231

As shown in Fig.4d, the stride length decreased when walking at a constant speed while holding the HC. This is because the232

preferred speed increases when walking while holding the HC. In previous studies, the preferred speed of normal walking233

and the preferred speed of walking while holding the HC were different21. The stride length of the P condition for both sides234

increased to match the NW stride length (See Fig.4d). Previous studies have reported that a constant pulling force can increase235

walking speed and stride length23, 24. Therefore, it can be observed that stride length can be independently controlled according236

to walking speed and Positive & Negative SVM.237

An interesting finding is that the RMS of ML and AP pelvic tilt values did not show any difference, even though the pulling238

force (max: 13.46 ± 3.88 N (PN_R)) or pushing force (max: 5.18 ± 4.06 N (N_R)) was applied for each gait cycle by the SVM239

profiles. This means that the SVM profile with HC did not affect walking balance. These results are similar to previous studies240

that provided constant speed of HC. Previous studies confirmed that the HC with constant velocity can provide proprioceptive241

augmentation21, 30. This proprioceptive augmentation aids participants in balance control during walking33. Thus, we believe242

that the HC-based SVM provides proprioceptive augmentation.243

A Stroke Patient244

A pilot test was conducted on a stroke patient based on the results of the healthy subjects’ experiments. The walking speed was245

set to the preferred speed measured without HC, and the fast speed was increased by 20 %. Afzal et al. showed that greater246

improvements in temporal stance symmetry and paretic muscle activity were observed at a 20 % increased gait speed with HC30.247

Considering subject fatigue due to the number of experimental protocol conditions, the proportion of Positive and Negative248

SVM was not considered a factor.249

Regarding walking velocity and interaction force, the trends were similar to those observed in experiments with healthy250

individuals (See Fig.5a-5c). However, PN SVM showed the highest walking velocity (PN: 0.96 ± 0.01, PN_F: 1.12 ± 0.01). As251

shown in Fig.5b and 5c, the pushing force was measured higher overall at the preferred speed, while the pulling force was252

measured higher overall at the fast speed. Thus, it was observed that speed was affected by PN SVM, and interaction force was253

affected by both the baseline HC speed and the SVM. These were similarly observed in stride length, where stride length was254

most extended in the PN condition at both preferred and fast speeds, increased overall at fast speed, and did not decrease in the255

N condition (See Fig.5d). Since these results differ from those of healthy subjects, further research is needed to explore the256

influence of speed and the ratio of Positive and Negative SVM amplitudes.257

In general, the paretic side swing phase of stroke patients is longer, and step length varies from patient to patient7. As shown258
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(a) (b)

(c) (d)

(e) (f)

Figure 4. Mean and SD values of (a) the velocity, (b) the pulling force, (c) the pushing force, (d) the stride length, (e) the SLS,
and (f) the SWS ratio of healthy subjects during various gait trials. Statistically significant differences are marked based on
Post-hoc pairwise comparisons (*: p < 0.05, **: p < 0.01, ***: p < 0.001). The error bars represent the standard deviation.

in Fig.5e and 5f, the swing phase of the subject’s paretic side (left) was measured as longer in NW, and the left step length was259

measured as shorter. Thus, the target direction was set to make the subject’s left step length longer. The SLS ratio improved in260

all conditions (See Fig.5e). The average value was lowest at the preferred speed in the C and N conditions (NW: -0.13 ± 0.00,261

C: -0.01 ± 0.04, N: 0.02 ± 0.04), but the standard deviation was large. Additionally, at fast speed, the standard deviation of the262

C condition remained large (C_F: 0.03 ± 0.03). In contrast, the P and PN conditions tended to improve with speed (P: -0.07 ±263

0.01, P_F: -0.02 ± 0.01, PN: -0.04 ± 0.01, PN_F: -0.03 ± 0.01). In particular, the N condition showed the highest improvement264

at the fast speed (N: 0.00 ± 0.00). Interestingly, an improvement in SWS under N, P, and PN SVM was observed at both speed265

conditions (See Fig.5f). As in the healthy subjects’ experimental results (See Fig. 4f), there may be a relationship between the P266

and N ratios and the SWS. The improvement of P and PN SVM increased with speed, and the SWS value of PN SVM improved267

the most at fast speed (NW: 0.11 ± 0.03, PN_F: 0.04 ± 0.00). Lamontagne et al. reported that fast walking can improve limb268

kinematics and muscle activation with temporal symmetry improvement34. From the experimental results, since both SLS269

and SVM can be improved with PN SVM at faster speeds, training with fast PN SVM may be more effective in improving270

symmetry. Additionally, we believe that SLS may be controlled by the P, N, and PN SVM ratio and the baseline HC speed.271

As for gait balance, the RMS of ML and AP pelvic tilt values were measured as lower in all conditions compared to NW,272

similar to healthy participants. Therefore, we believe that both SLS and SWS can be improved without affecting gait balance,273
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(a) (b)

(c) (d)

(e) (f)

Figure 5. Mean and SD values of (a) the velocity, (b) the pulling force, (c) the pushing force, (d) the stride length, (e) the SLS,
and (f) the SWS ratio of a stroke patient during various gait trials. The error bars represent the standard deviation.

depending on the SVM profile and gait speed. However, additional studies on patients are needed to explore the relationship274

between gait speed and the ratio of Positive & Negative SVM.275

Implications and Future Work276

Split-belt treadmill training for SLS has been reported to significantly improve spatial asymmetry but not temporal asymme-277

try14, 15. This is because split-belt walking induced the adaptation of gait pattern (efferent signals), without altering sensory278

signals16. Furthermore, stance time, a reactive parameter, heavily relies on sensory signals (peripheral feedback) from hip279

flexor afferents, limb load receptors, and cutaneous feedback14. However, the HC can provide sensory signals as somatosensory280

feedback21, 30, and the proposed SVM can create speed differences depending on the gait phase which can contribute to efferent281

signals. Thus, HC-based SVM may improve temporal asymmetry as well as SLS. However, our results are from a pilot test282

with a stroke patient, and future clinical studies with stroke patients are needed. During the healthy subjects’ experiment and283

patient pilot test, no adverse events or instability occurred. Subjects, including stroke patients, expressed confidence. However,284

we will conduct the survey to evaluate the acceptance of the technology for everyday use for the future study. In this study, we285

equipped a physical safety switch at the handle of a robotic haptic cane and a software safety switch on the operating laptop.286

Furthermore, the doctor accompanied the patient one step behind. However, in future patient studies, we will add an algorithm287
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that will stop the device if a preset threshold value is exceeded by the force sensor attached to the handle for safety.288

Padmanabhan et al. reported that providing visual feedback to patients improved their SLS on the split-belt treadmill but289

showed no difference in energy consumption. In addition, they reported that this was because they used different strategies290

with still aberrant gait mechanics (specifically, an impaired ability to generate positive paretic work) to improve SLS through291

visual feedback5. It is necessary to examine energy expenditure resulting from improved SLS caused by external forces rather292

than the patient’s effort alone, without guiding appropriate strategies for improving SLS. Since HC has been shown to provide293

proprioceptive augmentation and activate muscles on the paretic side in the gait of stroke patients21, 30, we expect that HC-based294

SVM profiles may positively affect the gait mechanism and energy expenditure. Therefore, future studies will examine the295

improved SLS and energy consumption based on interaction forces.296

In this study, we conducted an experiment with 24 healthy individuals and a pilot test with a patient to confirm the feasibility297

of the proposed SVM of robotic HC. Although the feasibility was confirmed, there is a limitation to generalizing the results from298

the patient pilot test. Furthermore, we acknowledge that the results of the healthy subject protocol may have been influenced299

by the system familiarization conducted before the experiment. However, the brief time for familiarization was provided for300

two key reasons: to ensure identical conditions for every subject and to prevent a reduction in the RMS pelvic tilt value under301

the SVM-applied experimental conditions (for applying in a future study with stroke patients). We aimed to minimize this302

effect by ensuring all participants were experimented on under the same conditions. In addition, the proposed scheme generates303

force interaction through velocity variation rather than direct force control to avoid system instability. Due to this design, the304

resulting force interaction was somewhat less than the desired values. This was caused by two issues: slippage between the305

haptic cane’s wheel and the floor, and variations in the force interaction among different subjects.306

Conclusion307

We proposed a novel scheme based on speed variation of a HC to improve SLS in overground walking. To evaluate the suggested308

method and test protocols for patient studies, we conducted an experiment to lengthen the left step length of 24 healthy young309

participants. In addition, we examined the possibility in a stroke patient. Results from healthy subjects’ experiments and a310

patient pilot test demonstrated the potential of HC to improve gait speed and SLS while maintaining walking balance. In311

particular, the patient pilot test showed that SWS also improved. Furthermore, the subject’s response was sensitive to baseline312

HC speed and Negative SVM. Therefore, in the future, we plan to verify the effectiveness of the proposed method through313

experiments with stroke patients and explore the relationship between walking speed and the ratio of Positive & Negative SVM.314

In addition, since impairments due to stroke can lead to a high variability in disability levels (and recovery patterns), we will315

develop an adaptive controller that smoothly changes the velocity-based patterns to dynamically adjust to user needs.316

While improving SLS on a split-belt treadmill has yielded clinically significant results, its high cost limits its accessibility in317

the clinical environment. In contrast, the proposed 1-DOF HC device-based SVM is inexpensive and can enhance proprioception318

and gait balance during overground walking. Therefore, we expect that robotic HC-based SVM could provide overground319

walking rehabilitation similar to a real environment, improving SLS and walking speed alongside a proprioceptive augmentation320

effect.321

Therefore, this study suggests a novel scheme for symmetry training by leveraging low-cost, portable hardware and an322

intuitive force interaction by SVM on overground walking. Suggested robotic HC with SVM provides somatosensory feedback323

(sensory signals), linked to specific gait phases (efferent signals) based on speed variation under overground. Since most stroke324

patients suffer from asymmetric gait, this approach may offer a more ecologically valid training experience, as patients are325

trained in an environment that more closely mimics their daily lives.326

Data Availability
All data analyzed during this study are included in the main text. However, data will be available upon formal request to the
corresponding author.
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