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Background: Virtual reality (VR) programs based on motion capture camera are the most 
convenient and cost-effective approaches for remote rehabilitation. Assessment of physical 
function is critical for providing optimal VR rehabilitation training; however, direct muscle 
strength measurement using camera-based kinematic data is impracticable. Therefore, it is 
necessary to develop a method to indirectly estimate the muscle strength of users from the 
value obtained using a motion capture camera.

Objects: The purpose of this study was to determine whether the pedaling speed converted 
using the VR engine from the captured foot position data in the VR environment can be used 
as an indirect way to evaluate knee muscle strength, and to investigate the validity and reli-
ability of a camera-based VR program.

Methods: Thirty healthy adults were included in this study. Each subject performed a 15-sec-
ond maximum pedaling test in the VR and built-in speedometer modes. In the VR speedom-
eter mode, a motion capture camera was used to detect the position of the ankle joints and 
automatically calculate the pedaling speed. An isokinetic dynamometer was used to assess the 
isometric and isokinetic peak torques of knee flexion and extension.

Results: The pedaling speeds in VR and built-in speedometer modes revealed a significant-
ly high positive correlation (r = 0.922). In addition, the intra-rater reliability of the pedal-
ing speed in the VR speedometer mode was good (ICC [intraclass correlation coefficient] = 
0.685). The results of the Pearson correlation analysis revealed a significant moderate positive 
correlation between the pedaling speed of the VR speedometer and the peak torque of knee 
isokinetic flexion (r = 0.639) and extension (r = 0.598).

Conclusion: This study suggests the potential benefits of measuring the maximum pedal-
ing speed using 3D depth camera in a VR environment as an indirect assessment of muscle 
strength. However, technological improvements must be followed to obtain more accurate 
estimation of muscle strength from the VR cycling test.

INTRODUCTION

Virtual reality (VR) is the application of visual simulations 

created with a computer program that imitates the real world 

or imaginable environments, items, and experiences in real 

time, and it requires interactivity through ongoing movements 

of the user [1]. VR-based rehabilitation has emerged as a new 

treatment option in various aspects of modern rehabilita-

tion settings because it can optimize motor learning in a safe 

environment and help improve functional activities of daily 

living by replicating real-life scenarios [2]. VR rehabilitation 

also maximizes a sense of accomplishment and motivation for 

successive attempts, and these VR programs frequently include 

various exercise components, such as strength, stretching, en-

durance, and cardiorespiratory fitness, to improve the level of 

functional activities [3-5].

VR rehabilitation programs can be utilized for the remote re-

habilitation of patients with time and geographic restrictions. 

The importance of remote rehabilitation has been highlighted 

during the COVID pandemic. A VR-based remote rehabilitation 
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program equipped with an appropriate assessment function 

has the potential to provide an individualized and customized 

rehabilitation program without the need of a rehabilitation 

specialist. In addition, the therapist can remotely check the 

physical functions measured by the VR program at home and 

recommend a home exercise program. Motion capture systems 

traditionally used for rehabilitation consist of multiple sensors 

and need a large laboratory space. It is also expensive and 

not portable, so it is not appropriate for tele-rehabilitation 

or home-use rehabilitation programs [6]. Therefore, motion 

capture system-based VR programs using depth cameras such 

as Kinect (Microsoft, Redmond, WA, USA) are among the most 

convenient and cost-effective approaches for remote VR reha-

bilitation systems.

VR rehabilitation provides a gamified experience by creating 

assorted virtual environments during rehabilitation sessions 

for patients through monitors or VR tools [7]. To provide a 

proper level of challenge to individual users, the task difficulty 

of the VR game exercises must be modifiable to optimize mo-

tor learning according to the findings from assessments [3]. 

However, most of the currently developed VR games in re-

habilitation do not include individualized assessments of the 

function and health status of users within the VR program [8,9]. 

Therefore, we developed a camera-based VR rehabilitation 

program that is capable of both evaluating physical status and 

providing customized rehabilitation exercises for individuals 

with decreased physical function secondary to aging, neuro-

muscular diseases, and general deconditioning. The prototype 

VR program consisted of cycling, sitting, and standing balance 

exercises and a game for cognitive training.

Decreased muscle strength can significantly affect a person's 

functional capacity and the ability to perform activities of daily 

living, which decreases their independence and quality of life. 

In addition, loss of muscle strength in the elderly or patients 

is an important health indicator that is associated with many 

health conditions, such as mortality and risk of cardiovascular 

disease, causing rise to extensive societal costs [10]. Thus, the 

muscle strength test is the most critical element in the evalu-

ation of physical function. However, direct muscle strength 

measurement from camera-based kinematic data is imprac-

ticable. Therefore, we need to develop a method to indirectly 

measure muscle strength using camera-based kinematic data 

in VR rehabilitation programs. Previous study has reported that 

the maximum and average power in cyclists is highly corre-

lated with maximum muscle strength around the knee and hip 

joints [11]. In addition, another study demonstrated that the 

muscle thickness of the vastus lateralis, the major contributor 

to cycling ability, is the strongest predictor of maximum an-

aerobic power and is strongly correlated with the 30 seconds 

mean power and pedaling speed [12]. We devised a method to 

calculate the pedaling speed from motion data obtained while 

riding a stationary bike with full effort in a VR environment on 

the premise that the maximum speed of the bicycle can indi-

rectly estimate the muscle strength of the lower extremities.

The main purpose of this study was to determine whether 

the converted pedaling speed from joint position data captured 

by a motion camera via a VR application could be used as an 

indirect method to evaluate muscle strength. For this, the ped-

aling speed obtained from the VR program using a bike and 

the muscle torque measured by the Isokinetic equipment were 

compared. Second, the study aimed to compare the pedaling 

speed measured by a motion capture camera with the actual 

pedaling speed and to investigate the validity and reliability of 

the camera-based VR program.

MATERIALS AND METHODS

1. Participants

Thirty healthy adults (18 males and 12 females) without any 

known history of physical injury or illness affecting the study 

within the past 6 months were included. This study was ap-

proved by the Institutional Review Board at Yonsei University 

Mirae campus (IRB no. 1041849-202111-BM-197-03). The 

purpose and detailed procedure of this study were explained 

to the subjects, and they provided consent for voluntary par-

ticipation. The physical characteristics of the patients are pre-

sented in Table 1.

2. Instruments

A prototype VR rehabilitation system (RehaFit; JCMedilab, 

Chuncheon, Korea) was used in this experiment. This system 

Table 1.Table 1. General characteristics of the participants (N = 30)

Variable Male (n = 18) Female (n = 12)

Age (y) 26.61 ± 2.34 25.75 ± 3.61
Height (cm) 174.61 ± 6.91 160.0 ± 3.67
Weight (kg) 73.57 ± 8.62 52.64 ± 3.92
Body mass index (kg/m2) 24.09 ± 2.07 20.59 ± 1.71

Values are presented as mean ± standard deviation.
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was designed to evaluate and train individuals with decreased 

physical function secondary to aging, neuro-muscular diseas-

es, and general deconditioning. RehaFit comprises of a 3D VR 

environment in which avatars interact with virtual objects. The 

scenes were created using 3D Max (Autodesk Inc., San Rafael, 

CA, USA) and imported into Unity 3D (Unity 2021.1.16; Unity 

Technologies, San Francisco, CA, USA) to create applications 

for VR exercises as well as VR-based assessments of maximum 

pedaling speed, sitting and standing balance ability, and cog-

nitive function. In this experiment, a VR assessment program 

for maximum pedaling speed was selectively used. An avatar 

created in 3D Max ‘Cycle Game Man’ 3D model was animated 

according to the real time lower extremity joint positions cap-

tured by a motion camera. The avatar provides a third-person 

view of the user while cycling.

The pedaling speed assessment included a 3D motion cap-

ture camera (Astra Pro; Orbbec Co., Troy, MI, USA), 60-inch TV 

monitor, PC, and stationary bike (Moduta; Virchybike, Seoul, 

Korea) that automatically reports the pedaling speed using an 

embedded speedometer. The Orbbec astra pro camera used 

in this study is a 3D depth camera capable of depth tracking 

up to a range of 8 m. The camera has a resolution of 640*480 

(30 fps) and detects depth with infrared coded structured light. 

We created a program using the Unity engine to automatically 

calculate the pedaling speed by detecting the position of the 

ankle joints in the frontal plane using a camera while cycling. 

In this program, the number of pedal rotations was increased 

one by one each time the left ankle joint triggered the col-

lider, and the pedaling speed was calculated using the time per 

pedal rotation

An isokinetic dynamometer (Biodex Medical, Shirley, NY, 

USA) was used to assess the isometric and isokinetic peak 

torques of knee flexion and extension.

3. Procedures

The stationary bike was placed about approximately 2 m in 

front of the monitor using a motion capture camera. The sub-

jects were instructed to stare at the monitor in the front while 

sitting on the bike without bending or leaning forward their 

upper body against it (Figure 1).

Prior to the 15 seconds maximum cycling tests, they rode 

the bike for 1 minute to get used to the stationary bike within 

a VR environment. Each subject performed the 15 seconds 

maximum pedaling test under two different conditions: “VR 

speedometer mode” and “built-in speedometer mode.” The “VR 

speedometer mode” is a test condition to obtain the pedaling 

speed, calculated from the recognized position and movement 

path of the ankle joint detected by the motion capture camera 

(Figure 2). The “built-in speedometer mode” is the test condi-

tion for obtaining the pedaling speed provided by the embed-

ded speedometer of the stationary bike. After the start signal 

was given, the subjects pedaled at their maximum speed for 15 

seconds. To obtain the average value of the maximum pedal-

ing speed for 15 seconds, the subjects were asked to repeat 15 

seconds of riding three times per condition with a 2 to 5 min-

utes recovery period between trials. The order of the condition 

Figure 1.Figure 1. Stationary bike used in this study. Figure 2.Figure 2. Motion capture in virtual reality speedometer mode.
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was randomized to prevent order effects.

Then, the participant sat on the Biodex dynamometer chair, 

and their trunk, pelvis, and thighs were secured with straps to 

minimize compensatory movements. After aligning the dyna-

mometer axis to the participant’s knee joint axis, the calf was 

fixed using straps. The dynamometer was repeated three times 

in isometric and isokinetic modes. Isometric peak torque was 

measured separately three times for knee flexion and extension 

for 5 seconds while the knee angle was fixed at 60°. To mea-

sure isokinetic peak torque for knee flexion and extension, the 

subjects performed three continuous flexions and extensions 

reciprocally at an angular velocity of 90 °/s. The knee flexion 

and extension ranges of the isokinetic mode were set to the 

full range of motion of each participant.

4. Statistical Analysis

The collected data were statistically analyzed using Windows 

IBM SPSS Statistics 25.0 (IBM Co., Armonk, NY, USA). Intra-

rater reliability was determined using intraclass correlation 

coefficient (ICC) values for a single measure and the associ-

ated 95% confidence intervals (CI). Reliability was defined as 

poor (ICC < 0.4), fair (ICC: 0.4–0.6), good (ICC: 0.6–0.75), or 

excellent (ICC > 0.75). Pearson correlation analysis was used 

to examine the correlation between the pedaling speeds mea-

sured using a VR and a built-in speedometer, and between the 

pedaling speeds and knee flexion/extension peak torque. The 

statistical significance level was set at 0.05.

RESULTS

1. Validity of the VR Speedometer for Measuring 

Maximal Pedaling Speed

The average pedaling speed of the VR speedometer was 

6.75 ± 1.22 rpm and the average pedaling speed of built-in 

speedometer was 12.59 ± 2.23 rpm (Table 2). The results of 

the Pearson correlation analysis revealed a significantly high 

positive correlation between the maximum pedaling speed 

values of the VR and built-in speedometer (r = 0.922, p < 0.001) 

(Figure 3).

2. Intra-rater Reliability of Pedaling Speed

Table 3 shows the intra-rater reliability of the three repeated 

measures with ICC (2,1) values. The VR speedometer had good 

intra-rater reliability (ICC = 0.685), and the built-in speedom-

eter had an excellent level of reliability (ICC = 0.935).

3.  Correlation Between Pedaling Speed and Knee 

Flexion/Extension Peak Torque

The knee flexion/extension peak torque in both isometric 

and isokinetic modes are shown in Table 3.

The results of the Pearson correlation analysis revealed a 

significant moderate positive correlation between the pedal-

ing speed of the VR speedometer, and the peak torque of knee 

isometric flexion (r = 0.419, p = 0.021) and extension (r = 0.478, 

p = 0.008). The pedaling speed of the VR speedometer also 

had a moderately significant positive correlation with the peak 

torques of knee isokinetic flexion (r = 0.639, p < 0.001) and ex-

tension (r = 0.598, p < 0.001) (Table 4).

The pedaling speed of the built-in speedometer also re-

vealed a significant moderate positive correlation with the 

Table 2.Table 2. Pedaling speed in maximum cycling test

VR 
speedometer

Built-in 
speedometer

Validity 
(r)

Pedaling speed (rpm)a 6.75 ± 1.22 12.59 ± 2.23 0.922

Values are presented as mean ± standard deviation. VR, virtual reality. 
aAverage pedaling speed during 15 seconds maximum cycling test.
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Figure 3.Figure 3. Scatter plot of the correlation between the VR speedometer and 
the built-in speedometer. VR, virtual reality.

Table 3.Table 3. Intra-rater reliability of pedaling speed

ICC (95% CI) p-value

VR speedometer 0.685 (0.511–0.821) < 0.001
Built-in speedometer 0.935 (0.884–0.958) < 0.001

ICC, intraclass correlation coefficient; CI, confidence interval; VR, virtual 
reality.
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peak torque of isometric knee flexion (r = 0.444, p = 0.014) 

and extension (r = 0.424, p = 0.019). The pedaling speed of the 

built-in speedometer revealed a significant moderate positive 

correlation with the peak torque of knee isokinetic flexion (r = 

0.652, p < 0.001) and extension (r = 0.558, p = 0.001) (Table 4).

DISCUSSION

The primary purpose of this study was to determine whether 

the converted pedaling speed from the ankle joint position 

data captured by a motion camera via a VR application can be 

used as an indirect way to assess muscle strength. The second 

purpose was to examine the validity and reliability of the con-

verted pedaling speed from the joint position data captured 

by a motion camera via a VR application compared to the 

pedaling speed provided by the imbedded speedometer of the 

stationary bike. Thirty healthy young subjects without muscu-

loskeletal disorders participated in the study.

First, we found that the validity of the 15 seconds maximum 

cycling test using VR speedometer compared to the value using 

the built-in speedometer was significantly high (r = 0.922, p < 

0.001). The reliability and validity of the Orbbec camera have 

not been reported. However, the validity of the kinematic value 

measured using a depth sense camera, such as Kinect series, 

and the Vicon (Vicon Motion System, Oxford, UK) measured 

value, i.e., the gold standard of 3D motion analysis, is reported 

to be relatively high for various movements [13]. A previous 

study tested the validity of measured gait using Kinect v2 and 

evaluated the validity of the camera measurement compared to 

the gold standard Vicon; the correlation is very high (r = 0.970), 

and the camera-based measurement method has been proven 

to be effective [13,14]. High-end 3D motion analysis equip-

ment with multiple optical cameras, such as Vicon and Quali-

sys (Qualisys, Göteborg, Sweden), provides accurate kinematic 

data during movement in laboratory environments; however, 

this equipment is expensive, and requires a long setup time 

and a specialist for operation and analysis. Conversely, low-

cost depth cameras do not require sensors to be attached to 

the body. Therefore, it is more convenient to use camera-

based evaluations for future entry-level VR rehabilitation pro-

grams [15].

Second, the intra-rater reliability of the VR speedometer 

mode was good (ICC = 0.685); however, this value was lower 

than that of the built-in speedometer mode (ICC = 0.935). 

These results suggest the feasibility of VR stationary cycling 

speed measurement using a low-cost depth camera. However, 

it also suggests the need for improvement and elaboration of 

the algorithm for estimating pedaling speed by recognizing the 

camera-sensed ankle joint and calculating the number of revo-

lutions using the unity engine. A possible explanation for the 

lower reliability of the VR speedometer mode is that the cam-

era perceives the effects of various environmental factors on 

the joint position. According to Grigg et al. [16], virtual marker 

tracking was affected by the subject's clothing color, lighting, 

and the contrasting colors of the bike and shoes, especially 

when wearing uni-colored clothing, and the standard deviation 

from marker recognition of the elbow was found to increase.

In this study, we also assessed the correlation between ped-

aling speed measured using the VR and built-in speedometer 

and peak torque value measured using Biodex, the gold stan-

dard for muscle torque measurement. We found that the ped-

aling speeds of both the VR and built-in speedometers were 

moderately correlated with the peak torque of isometric and 

isokinetic knee flexion/extension. It has been known that there 

is high correlation between gait speed and muscle strength 

[17-19]. Furthermore, Peñailillo et al. [20] found a correlation 

between maximum leg extension strength and sprinting per-

formance in youth soccer players. As such, movements that 

used the lower extremity muscles as a whole were highly cor-

related with maximum muscle strength. In addition, previous 

study has shown that maximum and average power in cyclists 

is highly correlated with maximum muscle strength around the 

knee and hip joints [11]. Along with earlier research showing 

that the power and motion speed are highly correlated with 

Table 4.Table 4. Knee flexion and extension peak torque measured using Biodex (Shirley) dynamometer

Isometric (Nm) Isokinetic (Nm)

Flexion Extension Flexion Extension

VR speedometer 0.419 (0.021*) 0.478 (0.008**) 0.639 (0.000***) 0.598 (0.000***)
Built-in speedometer 0.444 (0.014*) 0.424 (0.019*) 0.652 (0.000***) 0.558 (0.001**)

Values are presented as Pearson correlation coefficient [r] (p-value). *p < 0.05, **p < 0.01, ***p < 0.001.



267www.ptkorea.org

Correlation Between Muscle Strength and Maximal Cycling Speed in VR

maximum muscle strength the findings of our study support 

the idea that pedaling speed can be used as an evaluation 

method that indirectly reflects actual muscle strength. In ad-

dition, we found that the correlation coefficients were higher 

in isokinetic mode than in isometric mode. These results are 

because the repeated alternating flexion and extension of the 

lower extremity joints during cycling are more similar to the 

isokinetic mode, which requires alternating knee flexion and 

extension than the static isometric mode in Biodex.

This study had several limitations. First, because the subjects 

were all young and healthy people, it is difficult to general-

ize the correlation between the measured pedaling speed and 

muscle strength in different age groups. Therefore, future 

studies should collect data from subjects of different ages to 

confirm the correlation between pedaling speed and muscle 

strength. Second, a regression study is needed to predict mus-

cle strength based on pedaling speed as well as other physical 

and demographic characteristics of individuals, such as, gen-

der, age, height, weight, health, and disability status.

CONCLUSIONS

There was a high correlation between the pedaling speed 

measured by the camera in the VR environment and the ac-

tual pedaling speed. Pedaling speed and muscle peak torque 

showed moderate correlations. This study suggests the poten-

tial and benefits of measuring maximum pedaling speed using 

a 3D depth camera in a VR environment as an indirect as-

sessment of lower extremity strength. However, technological 

improvements must be followed for the accurate estimation of 

muscle strength from the VR cycling test.
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