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Abstract. [Purpose] The aims of this study were to evaluate the type and extent of error in the measurement 
of range of motion and to evaluate the effect of evaluators’ proficiency level on measurement error. [Subjects and 
Methods] The participants were 45 university students, in different years of their physical therapy education, and 
21 physical therapists, with up to three years of clinical experience in a general hospital. Range of motion of right 
knee flexion was measured using a universal goniometer. An electrogoniometer attached to the right knee and hid-
den from the view of the participants was used as the criterion to evaluate error in measurement using the universal 
goniometer. The type and magnitude of error were evaluated using the Bland-Altman method. [Results] Measure-
ments with the universal goniometer were not influenced by systematic bias. The extent of random error in measure-
ment decreased as the level of proficiency and clinical experience increased. [Conclusion] Measurements of range 
of motion obtained using a universal goniometer are influenced by random errors, with the extent of error being a 
factor of proficiency. Therefore, increasing the amount of practice would be an effective strategy for improving the 
accuracy of range of motion measurements.
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INTRODUCTION

According to a survey conducted by the Japanese Physical Therapy Association of its 59,328 members, between Decem-
ber 20, 2009 to January 31, 2010, hemiplegia (13.6%), pain (13.2%), muscle weakness (13.0%), and limited range of motion 
(ROM; 10.6%) are the most common impairments treated in physical therapy1). Although improving ROM is a common 
therapeutic goal of physical therapy, effective treatment of ROM restrictions is often difficult. Application of evidence-based 
methods and reliable measurement of ROM are essential components of an effective therapeutic intervention to increase 
ROM.

The importance of measuring ROM has led to the development of several ROM measurement methods, including visual 
assessment scales2); the universal goniometer3); the electrogoniometer4); digital imaging5); three-dimensional motion analysis 
systems6); and, recently, the use of smartphone-based goniometers7). Each of these measurement techniques has advantages 
and drawbacks in particular applications in practice and research. In clinical practice, universal goniometers are most com-
monly used due to their high practicality. The information obtained from universal goniometers is used to quantify the extent 
of restriction in joint ROM, to inform intervention selection and application, to assess the effects of an intervention, and to 
confirm the progress of physical therapy treatment. Therefore, understanding the validity and reliability of measurements of 
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ROM obtained using a universal goniometer is highly relevant to physical therapy practice and has been investigated by a 
number of researchers.

Currier8) defines validity as “the degree to which an instrument measures what it is purported to measure” and, “the extent 
to which the measurement fulfills its purpose”. In other words, the validity of a measurement instrument refers to the degree 
to which it can reproduce the ‘true’ value of the variable it is designed to measure. Validity is broadly divided into four types: 
face validity, content validity, criterion-related validity, and construct validity. Previous studies have supported the face, con-
tent and criterion-related validity of ROM measurements using a universal goniometer9–11). Of these, criterion validity is of 
particular importance, establishing the measurement obtained against an accepted gold standard. Radiography is considered 
the gold standard for ROM measurement12–14). Gogia et al.12) evaluated measurements of knee joint positions, between 0° 
to 120° of 30 subjects, which were made by two physical therapists using a universal goniometer, and compared them with 
radiographs of the joint position obtained immediately after the measurement. The goniometric measurements correlated 
with the radiographic angles, with correlation coefficients of 0.97 and 0.98, respectively, for the two therapists. Based on their 
results, Goglia et al. considered knee ROM measurements to be valid. A similar comparison of knee ROM measures obtained 
using a universal goniometer and radiographs was completed by Enwemeka13). In Enwemeka’s experiment, a universal 
goniometer was used to position the right knee of 10 participants at angles of 0°, 15°, 30°, 45°, 60°, and 90°, and radiographs 
of the end-point position were obtained. For knee joint flexion angles between 30° and 90°, the difference between gonio-
metric and radiographic measurements ranged between 0.52° and 3.81°, a difference which was not significant. On the other 
hand, for knee joint flexion angles between 0° and 15°, the difference between goniometric and radiographic measurements 
increased to 4.59°, which was significant. Therefore, according to these results, the criterion validity of ROM obtained by 
universal goniometer varies depending on the ROM, with a high level of agreement between goniometric and radiographic 
measurements for knee joint angles between 30° and 90°, and low for angles ≤15°.

Reliability is defined as the consistency of measurements or of an individual’s performance in a test15, 16). Baumgarter17) 
further divided reliability into two types, relative reliability and absolute reliability. Relative reliability is defined as the 
degree to which individuals maintain their position in a sample with repeated measurements. This type of reliability is often 
evaluated using Pearson’s product-moment correlation coefficient or the intra-class correlation coefficient. Absolute reli-
ability is defined as the degree to which repeated measurements vary among individuals. This type of reliability is represented 
in actual units of measurement or as measurement ratios. Measurement error is quantified using repeated measures using 
absolute reliability indices, such as the Bland-Altman method18), standard error of measurement, and the minimum detectable 
change (MDC)19, 20). The Bland-Altman method is a useful method as it allows visualization and statistical evaluation of 
the presence or absence of systematic bias in measurements. Standard error of measurement represents the minimum level 
of change that demonstrates true improvement in a group, while the MDC represents the minimum level of change that 
represents true improvement for an individual21, 22). Previous studies evaluating the reliability of ROM measurements have 
mostly addressed relative reliability, with intra-tester reliability being higher than inter-tester reliability23, 24). However, very 
few studies have examined the absolute reliability of ROM measurements. Lenssen et al.25) used the Bland-Altman method 
and the MDC to evaluate the absolute reliability of knee ROM measurement of 30 hospitalized patients, on day 3 or 4 follow-
ing total knee arthroplasty, as measured by two physical therapists using a universal goniometer. They reported a fair level 
of agreement between testers, establishing differences in ROM of <8° as being indistinguishable from measurement error.

In clinical settings, physical therapists routinely use a change in ROM from pre- to post-intervention to assess the effects 
of the intervention. However, with limited evidence regarding the error in ROM measured using a universal goniometer, it is 
not known to what degree these measurements actually reflect a change in ROM due to the intervention. Also, although previ-
ous studies have examined the effects of factors such as age26), gender27), and body mass index28) on ROM measurement, 
there has been no investigation of the effects of the proficiency level of the tester on error in measurement of ROM using a 
universal goniometer. This issue is highly relevant when it is considered that ROM measures obtained by physical therapists 
with different levels of experience are used to evaluate change related to an intervention in practice. Therefore, the aim of this 
study was two-fold. The first was to use the Bland-Altman method to evaluate the type and extent of error in the measurement 
of ROM using a universal goniometer. The second was to evaluate the effect of the proficiency level on the magnitude of 
the measurement error. Understanding of the type and magnitude of measurement error using a universal goniometer will 
enable more accurate interpretation of measurements and improve the accuracy of clinical reasoning. Moreover, findings 
could assist educators in the implementation of strategies to improve students’ proficiency in ROM measurement techniques.

SUBJECTS AND METHODS

The participants were 45 physical therapy students recruited from a university, and 21 physical therapists recruited from 
a general hospital. Students were recruited from different years of study in a physical therapy program, with the distribution 
as follows: 15 second-year students, 15 third-year students, and 15 fourth-year students. At the university, the students learn 
ROM measurement within the first two months of their second year (April or May). Therefore, the lapse of time from learning 
the basic techniques of ROM measurement to participation in our study was approximately 9 months for second-year students, 
21 months for third-year students and 33 months for fourth-year students. The student group was further differentiated by 
their clinical experience, with only fourth year students having completed all their clinical education. Among the 21 physical 
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therapist recruited from the hospital, 7 were in their first year of clinical experience, 8 in their second year and 6 in their third 
year. Their training institution, university or vocational school, was not taken into account. Overall in our study group, the 
lapse of time from learning of basic techniques of ROM measurement ranged between 1 year, for second year students, to 
6 years, for physical therapists in their third year of clinical practice. All participants performed ROM measurements on the 
same volunteer, a healthy young male with no past history of orthopedic disorders of his right knee.

The methods and procedures for our study were approved by the Mejiro University Institutional Review Board (approval 
number: 15-013). All participants, and the volunteer, received a full explanation of the study and provided their informed 
consent.

Prior to conducting the full study, we completed a pilot study to confirm the accuracy of knee ROM measurements 
obtained using an electrogoniometer (SG150, Biometrics Ltd., UK), which was used as the criterion value for the evaluation 
of the measurement error of the universal goniometer. A standardized procedure was used to position the electrogoniometer 
for the recording of knee joint ROM positions. The electrogoniometer was attached to the right leg using double-sided 
tape, with the knee flexed to 60°. The proximal point of attachment was localized 1 cm from the lateral epicondyle of the 
femur, along a line connecting the greater trochanter and the lateral epicondyle of the femur. The distal point of attachment 
was localized 1 cm from the head of the fibula, along a line connecting the head of the fibula and the lateral malleolus. The 
bony landmarks used as a reference for the localization of the electrogoniometer were identified by palpation and marked. 
A thin string was attached with tape between both pairs of landmarks (i.e., greater trochanter and lateral epicondyle of the 
femur; head of the fibula and lateral malleolus). The thin string was used as a guide to attach the electrogoniometer. Once 
the electrogoniometer was placed and secured, an elastic wrap was used to prevent slipping of the electrogoniometer during 
measurements, as well as to hide its position from the participants performing measurements using a universal goniometer. 
Reflective markers were then placed over the bony landmarks, namely the greater trochanter, lateral epicondyle of the femur, 
head of the fibula, and lateral malleolus to visualize their positions on digital images captured obtained by a two-camera 
system (B-CAM, DKH, Japan). Passive knee ROM was measured by one experimenter, from full extension to maximum 
flexion, with the experimenter taking care to maintain the knee motion in the sagittal plane, avoiding adduction/abduction and 
internal/external rotation motions of the hip as much as possible. The measurement was recorded by the two-camera system 
with the signals between the cameras and the electrogoniometer synchronized using a trigger switch. The knee joint position 
data obtained from the electrogoniometer and the imaging data captured by the cameras were analyzed using a motion analy-
sis system (Frame-DIAS V, DKH, Japan). For the imaging data, the knee joint angle was defined as the angle formed by the 
line connecting the greater trochanter and the lateral epicondyle and the line connecting the head of the fibula and the lateral 
malleolus. Agreement between the imaging and electrogoniometer data was evaluated by simple linear regression, using 
the imaging data as the dependent variable and the electrogoniometer data as the independent variable. The level of agree-
ment between the electrogoniometer and imaging data was high at knee flexion angles of 20° to 90° (y=0.960x, R2=0.998, 
p<0.001). Therefore, we used this range of knee motion for the main experiment. Statistical analyses were performed with 
IBM SPSS Statistics software (ver. 23).

For the main experiment, each participant performed two consecutive measurements of passive knee flexion ROM, and 
the limb was returned to its original position between measurements. For all measurements, the electrogoniometer was 
attached by one experimenter, using the standardized procedures, with its position hidden from participants by the elastic 
wrap. The electrogoniometer was connected to a data logger (PH-7010, DKH, Japan), providing a real time display of 
measurements to the experimenter, with signals saved at a sampling frequency of 100 Hz for off-line analysis. Audio feed-
back of threshold knee positions of 60° and 75° was provided to the volunteer through stereo earphones. An audio signal 
was provided when knee ROM exceeded 60° and disappeared when the ROM exceeded 75°. The volunteer used the audio 
feedback to simulate knee flexion restrictions. On the first measurement trial, upon hearing the audio feedback (i.e., 60° of 
knee flexion), the volunteer would say that ‘the knee will not bend any further” and resist the force being applied to flex the 
knee by the participant. In the second measurement trial, the volunteer would say the same and resist motion at the cessation 
of the audio feedback (i.e., 75° of knee flexion). These scenarios were used to simulate a pre- to post-intervention change in 
ROM, as might be found in practice.

All measurements were performed using a metal universal goniometer. This goniometer had a handle 30 cm in length 
and angle marks with 1° increments. The measurement landmarks were the greater trochanter, the lateral epicondyle of the 
femur, the head of the fibula, and the lateral malleolus. The angle formed by the line connecting the greater trochanter and 
the lateral epicondyle of the femur and the line connecting the head of the fibula and the lateral malleolus was measured by 
the participants in 1° increments. Measurements were performed using participants’ usual technique, with no instructions 
provided regarding confirmation of localization of landmarks by palpation, the technique for passively flexing the knee, or 
the method used to position the goniometer on the leg. As soon as the participants completed their measurement, they were 
instructed to announce “done” and to report the measurement to the experimenter. The experimenter marked the end of the 
trial using an external ‘event’ trigger (IS3, DKH, Japan) input into the data logger. This event marker was used to synchronize 
the signal from the electrogoniometer with the end-position measured using the universal goniometer. The angle provided 
by the electrogoniometer was used as the criterion reference value, with the measurement error of the universal goniometer 
quantified as the difference between the measure stated by the participant and the reference value recorded using the elect-
rogoniometer. The time required to complete the measurement was the time from the start of the trial, including palpation of 
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bony landmarks, to the time when the participant announced “done”.
The following variables were used in the analysis: level of proficiency, defined as the number of years since receiving 

basic instruction in goniometry measurement; measurement error; and measurement time. The means and standard deviations 
(SD) of the measurement error and measurement time were calculated for the proficiency level (1–6 years). Reproducibility 
of the end-point of knee ROM by the volunteer was evaluated for the first (60°) and second (75°) trials by calculating the 
mean and SD of the values recorded by the electrogoniometer. The absolute measurement error was calculated as the differ-
ence between the ROM measure of the electrogoniometer and the measure reported by the participants. The mean, SD and 
95% confidence interval (CI) of the absolute error was calculated for each proficiency level. Split-plot analysis of variance 
(ANOVA) was used to evaluate the effect of proficiency level on the absolute measurement error and measurement time as 
dependent variables. A Bland-Altman analysis was performed to evaluate the presence or absence of systematic bias in the 
ROM measurements obtained using a universal goniometer. The differences between the measurements obtained with the 
electrogoniometer and the universal goniometer were plotted along the y-axis, with the mean of both measurements plotted 
along the x-axis. The mean difference (md), SD of the md (SDdif), and 95% CI of the md were calculated to identify systematic 
(fixed) errors. A simple linear regression analysis was performed to identify possible proportional bias. The magnitude of the 
random error in measurement was evaluated by calculating the MDC at the 95% CI level (MDC95) as follows: MDC95=1.96 
SDdif. All statistical analyses were performed using IBM SPSS Statistics software (ver. 23).

RESULTS

The mean  ± SD measurement values and measurement times, as a function of proficiency level, are reported in Table 1. 
The mean  ± SD of the first and second reference positions measured by the electrogoniometer were 63.4 ± 6.1° and 84.3 
± 5.8°, respectively, indicative of a good reproducibility of the reference angles across trials. The mean, SD and 95%CI of 
the difference between the criterion value of the electrogoniometer and the measurement using the universal goniometers 
are reported, as a function of proficiency level, in Table 2. Overall, both absolute error and variability in measurement 
decreased as the proficiency level increased. Split-plot ANOVA, with absolute measurement error used as the dependent 
variable and proficiency level (1–6) and measurement order (first or second measurement) as factors, identified a main 

Table 1. Means and standard deviations of measurement values and measurement times of the electrogoniometer and the 
universal goniometer by proficiency level

Proficiency level
First measurement Second measurement

EG (deg) UG (deg) MT (s) EG (deg) UG (deg) MT (s)
Students

1 (n=15) 64.5 ± 5.1 67.1 ± 6.9 51.7 ± 22.7 85.3 ± 4.6 87.5 ± 5.9 34.3 ± 9.3
2 (n=15) 61.2 ± 6.7 62.1 ± 11.0 57.3 ± 24.7 88.3 ± 5.4 86.6 ± 6.7 42.8 ± 14.6
3 (n=15) 63.7 ± 8.2 65.0 ± 9.8 54.1 ± 22.9 84.5 ± 6.3 83.9 ± 6.7 41.5 ± 16.9

Physical therapists
4 (n=7) 63.1 ± 4.9 62.7 ± 3.9 51.6 ± 25.8 82.7 ± 4.5 80.9 ± 3.0 40.6 ± 15.7
5 (n=8) 64.1 ± 4.9 64.8 ± 5.2 43.7 ± 12.8 78.7 ± 2.6 77.4 ± 3.9 33.6 ± 13.5
6 (n=6) 65.3 ± 4.2 64.5 ± 5.5 48.3 ± 16.8 81.0 ± 5.1 81.3 ± 4.9 37.0 ± 22.3

Values are reported as the mean  ± SD; EG: electrogoniometer; UG: universal goniometer; MT: measurement time

Table 2. Mean, standard deviation and 95% CI of the absolute measurement error (deg)

Proficiency level
First measurement Second measurement Average

Mean ± SD 95% CI Mean ± SD 95% CI Mean ± SD 95% CI
Students

1 (n=15) 6.8 ± 4.3 4.4–9.2 6.7 ± 3.5 4.7–8.7 6.8 ± 3.9 5.5–8.0
2 (n=15) 5.6 ± 3.4 3.7–7.5 4.9 ± 4.1 2.6–7.1 5.3 ± 3.8 4.0–6.5
3 (n=15) 4.2 ± 2.3 2.9–5.5 4.1 ± 2.0 3.0–5.2 4.2 ± 2.1 2.9–5.4

Physical therapists
4 (n=7) 4.3 ± 1.1 3.3–5.3 3.3 ± 2.1 1.4–5.3 3.8 ± 2.4 2.1–5.6
5 (n=8) 2.0 ± 1.5 0.7–3.2 2.6 ± 1.7 1.2–3.9 2.3 ± 1.0 0.6–3.9
6 (n=6) 2.2 ± 1.5 0.6–3.7 1.1 ± 0.7 0.3–1.8 1.6 ± 1.3 0.0–3.5

95% CI: 95% confidence interval
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effect of proficiency level (F5,60=6.517, p<0.001, ηp
2=0.352) on measurement error, with no significant effect of order of 

measurement (F1,60=0.756, p=0.388, ηp
2=0.012) or proficiency level × measurement order interaction (F5,60=0.256, p=0.935, 

ηp
2=0.021). Multiple comparisons for proficiency levels, using the Bonferroni method, identified significant differences in 

ROM measurements between the following proficiency levels: 1 and 5 years (p=0.001); 1 and 6 years (p<0.001); and 2 and 
6 years (p=0.033).

Split-plot ANOVA, with measurement time used as the dependent variable and proficiency level (1–6) and measurement 
order (first or second measurement) as factors, identified a significant main effect of measurement order (F1,60=29.735, 
p<0.001, ηp

2=0.331) on measurement time, with no significant effect of proficiency level (F5,60=0.651, p=0.662, ηp
2=0.051) 

or proficiency level ×measurement order interaction (F5,60=0.267, p=0.929, ηp
2=0.022).

The Bland-Altman plot used to evaluate systematic bias is shown in Fig. 1. The mean absolute difference in measurement 
was low at 0.4° (95% CI, 1.7° to −1.0°) and, therefore, there was no evidence of fixed error in ROM measurements. Simple 
linear regression analysis also showed there was no evidence of proportional bias in measurement, with a regression coef-
ficient of nearly zero, and the regression line was not significant: y=0.018x − 0.94; r=0.037; p=0.67.

The Bland-Altman analysis performed as a function of proficiency level confirmed the absence of systematic bias on mea-
surements obtained using the universal goniometer, regardless of proficiency level (Table 3). The MDC95 values, however, 
did decrease as proficiency level increased, indicating a lowering in the random error of measurement as the proficiency level 
increased.

Fig. 1.  Bland-Altman plot of the measurement values of the electrogoniometer (EG) and the uni-
versal goniometer (UG) 

 The solid line shows the mean difference between the 2 measurement methods and the 2 
dotted lines indicate the  ± 1.96 standard deviation; x-axis, mean angle of both measure-
ment instruments (UG and EG); y-axis, the difference between the angle as measured by 
UG and as measured by EG.

Table 3.  Bland-Altman analysis of measurement error

Proficiency level md ± SDdif (deg)
Fixed error (deg) Proportional bias

MDC95 (deg)
95%CI regression coefficient

Students
1 (n=15) 2.4 ± 7.5 −0.4–5.2 0.037 14.7
2 (n=15) −0.4 ± 6.5 −2.8–2.1 0.046 12.8
3 (n=15) 0.3 ± 4.7 −1.5–2.1 −0.020 9.3

Physical therapists
4 (n=7) −1.1 ± 4.2 −3.5–1.3 −0.28 8.3
5 (n=8) −0.3 ± 2.8 −1.7–1.1 −0.20 5.5
6 (n=6) −0.2 ± 2.1 −1.5–1.1 0.37 4.1

md: mean difference; SDdif: standard deviation of the mean difference; 95% CI: 95% confidence interval; 
MDC95: minimal detectable change at the 95% confidence level
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DISCUSSION

In this study, the Bland-Altman method was used to quantitatively determine the type and magnitude of error in ROM 
measurements made using a universal goniometer and to evaluate the effects of learning on identified measurement error. 
While systematic error was not found in the measurements, the magnitude of the random error did decrease with increasing 
level of proficiency.

The validity of our methodology was robust. The accuracy of the electrogoniometer measurements used as criterion values 
was first established, and it showed that electrogoniometer measurements were reliable for the ROM of knee flexion be-
tween 20° and 90°. Piriyaprasarth et al.29) previously reported the standard error of measurement with an electrogoniometer, 
placed by the same tester across repeated trials, to be <1.7°. Kettelkamp et al.30) proposed that errors in electrogoniometer 
measurements resulted from misalignment of the electrogoniometer with the anatomical axis of the knee joint and/or due 
to slippage during operation. Therefore, in the preset study, all measurements were performed on a single healthy young 
adult, with the electrogoniometer positioned and secured by a single experimenter. In order to minimize any misalignment 
of the electrogoniometer with the anatomical axis of the knee joint, reference lines connecting the greater trochanter and the 
lateral epicondyle of the femur was used, as well as the head of the fibula and the lateral malleolus, to guide the experimenter 
to reproducibly attach the electrogoniometer to the right lower limb. In order to prevent slippage of the electrogoniometer 
during flexion motions of the knee, the electrogoniometer was attached to the skin with double-sided tape, and then fixed 
with surgical tape and an elastic wrap. Any errors due to positioning and slippage would have manifested as systematic 
bias in measurement. No evidence of such systematic bias was found (Fig. 1, Table 3). Therefore, we are confident that 
differences between measurements obtained using the universal goniometer and the criterion reference, obtained using an 
electrogoniometer, were ‘true’ errors.

ANOVA identified a significant main effect of proficiency level on absolute measurement error, with error decreasing as a 
function of increased proficiency. The proficiency level was defined the number of years since receiving basic instruction in 
goniometry measurement. Therefore, participants with a higher proficiency level were inferred to have performed goniomet-
ric measures a greater number of times. From the results, it can be inferred that practice significantly improves the accuracy 
of ROM measurements. Previous studies of skill acquisition have demonstrated that the amount of practice is an important 
factor in skill acquisition, both for accuracy and consistency in performance31, 32). Although decrease in performance time 
is also an important indicator of skill acquisition, an effect of proficiency level on measurement time was not found. We 
postulate that this finding can be explained within the previously described phenomenon of a speed-accuracy trade-off33). In 
the present study, ‘speed’ would be the measurement time and ‘accuracy’ would be the measurement error. Participants in the 
present study were not given any instructions regarding the measurement time, therefore, it is likely that participants focused 
on being as accurate as possible. We recognize that the physical therapists recruited from the general hospital for this study 
only had a maximum of three years of clinical experience. It is possible that with more years of clinical experience, physical 
therapists may become better at measuring ROM accurately, without sacrificing time.

Our Bland-Altman analysis did not identify evidence of systematic bias in measurements using the universal goniometer, 
with no fixed or proportional error detected. Therefore, measures of ROM using a universal goniometer were only influenced 
by random errors. MDC95 was calculated as an index of absolute reliability, which represents the minimum change that 
demonstrates a ‘true’ improvement. Change in ROM less than the MDC95 cannot be differentiated from random error in 
measurement. Therefore, in practice, it is impossible to determine whether pre- to post-physical therapy intervention changes 
in ROM that are within the MDC95 range represent a ‘true’ improvement in ROM. MDC95 was found to be influenced by the 
level of proficiency, with the MDC95 value of 14.7° at 1 year decreasing to 4.1° after three years of clinical experience. At 
an MDC95 level of 14.7°, changes in ROM <15° cannot be differentiated from measurement error, thus making it impossible 
to identify small, but possibly relevant, changes in ROM. In contrast, the MDC95 value of 4.1° of the more experienced 
therapists indicates that changes ≥5° can be interpreted as ‘true’ changes in ROM, which would increase the sensitivity of 
ROM measurements to the effects of physical therapy intervention.

The effect of random error in ROM measures obtained by a novice therapist can be reduced by using the mean value of 
multiple measurements, an approach that has been reported in previous studies to improve the reliability of ROM measure-
ments34, 35). For the measurement of knee and elbow ROM, Rothstein et al.34) reported that inter-tester reliability obtained 
from the mean of two measurements was slightly better than inter-tester reliability obtained from a single measurement. 
Thus, if the only type of error involved in ROM measurements is random in nature, then averaging the means of multiple 
measurements can cancel out random error and consequently yield more accurate values. This is a strategy that might benefit 
novice therapists and learners and improve the reliability of the interpretations of their measurements in practice, with the 
number of measurements reducing as the magnitude of random error decreases. Moreover, increasing the amount of practice 
(i.e., the number of measurements performed) could be an effective teaching strategy for improving the accuracy of ROM 
measurements using a universal goniometer, with high repetition enhancing motor learning and skill acquisition36, 37).

Feedback of results is an important factor in motor learning. However, during practice of ROM measurement, there is 
no effective feedback provided to the learning regarding the accuracy of measurement. We speculate that development of a 
feedback device based on electrogoniometry might promote better acquisition of ROM measurement skill. Therefore, going 
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forward, we would like to focus on developing such feedback devices and evaluate their usefulness in learning and practice.
The limitations of the present study need to be acknowledged in the interpretation of results. Foremost, the results are only 

valid within the context of ROM measurement of right knee flexion using a metal universal goniometer. Although evaluation 
was limited to the joint that is most commonly evaluated in practice, it is important to note that previous studies have reported 
the reliability of ROM measurements to be influenced by the joint being measured23, 24) and the device used38, 39). In addition, 
the participants in the present study were limited to students from a single university and physical therapists working at a 
single general hospital, Therefore, caution should be exercised when generalizing the results to other groups of students and 
therapists. In order to overcome these limitations and enable more accurate interpretation of measurements, a variety of joints 
must be examined and participants in future studies must include students from other universities and physical therapists 
working at other institutions.
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