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Abstract — Introduction: Range of Motion (ROM) assessment is a critical baseline metric for diagnosis, treatment
monitoring, and rehabilitation goal setting. It significantly impacts patient well-being, aligning with Sustainable Devel-
opment Goal 3 (SDG 3). However, the universal goniometer (UG), presents limitations regarding accuracy and prac-
tical efficiency in clinical settings. Therefore, this study aimed to determine the concurrent validity of an electronic
goniometer named Goniwear compared to the UG for measuring elbow and knee angles. Methods: The validity of
Goniwear involved 40 healthy volunteers stratified by age (20-39 and 40-59 years) and sex. Simultaneous active
and passive ROM measurements were conducted three times using both UG and on flexion and extension of the elbow
and knee joints. Data were analyzed using the intraclass correlation coefficients (ICC), which were calculated using a
two-way random-effects model, and the Bland-Altman method was used to determine the limits of agreement (LoA)
between the UG and Goniwear. Results: Reliability between the two instruments ranged from poor to excellent,
depending on the joint and movement type. Elbow flexion and extension demonstrated consistently good to excellent
reliability in both active and passive conditions (ICC = 0.84-0.91), with minimal bias and relatively narrow LoA. Knee
flexion and extension showed poor to moderate reliability (ICC = 0.44-0.55), particularly for extension, accompanied
by a wide LoA. Conclusion: Agreement between the UG and Goniwear varies across joints and movement conditions.
While the instruments appear interchangeable for elbow movements, caution is warranted when interpreting knee ROM
due to greater measurement variability. Discussion: The Goniwear demonstrates high validity for single-axis joints with
fixed pivot points, suggesting strong potential for clinical application in specific contexts. Trial Registration: The Thai

Clinical Trials Registry is TCTR20251120001.

Introduction

Measurement of joint range of motion (ROM) is a funda-
mental component of musculoskeletal assessment and is widely
used for diagnostic purposes, treatment planning, and evalua-
tion of therapeutic outcomes. The universal goniometer (UG)
remains the most commonly utilized instrument for quantifying
joint motion in angular degrees. However, accurate ROM mea-
surement using a UG is highly dependent on the examiner’s
skill, experience, and proper identification of anatomical land-
marks. The gold standard for measuring ROM is radiography;
however, the harmful effects of radiography and the failure to
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repeat the test are also concerns [1]. Variability in instrument
alignment, angle interpretation, and data recording may intro-
duce examiner-related error, potentially compromising mea-
surement reliability and validity [2].

To address the limitations associated with the UG, several
studies have developed alternative devices for measuring joint
ROM, including sensor-based technologies. Correll et al.
(2018) developed a system that combined an accelerometer
and a magnetic sensor to quantify shoulder joint ROM and
compared its performance with that of a UG [3]. Their findings
demonstrated good intra-rater reliability and acceptable validity
[3]. Another study developed a three-dimensional global coor-
dinate system-based sensor to measure angular displacement
by comparing two spatial positions and comparing it with the
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UG [2]. The results demonstrated almost perfect reliability
across all directions of knee movement. Validity was found to
be very high for both active and passive knee flexion and high
to moderate for both active and passive knee extension [2].
However, individual body composition factors, such as muscle
mass, may influence the accuracy of angular measurements [4].
Moreover, despite these technological advancements, the
devices do not fully overcome certain limitations, such as the
inability to perform self-measurement independently. In addi-
tion, a smartphone with a real-time dynamic ROM might be
beneficial for investigating rhythms of dynamic movement.

In contrast, electro-goniometers address several limitations
of manual measurement by enabling continuous assessment of
dynamic movement, thereby providing more objective and
time-resolved data. In particular, inertial measurement units
(IMUs), as a more advanced technology, enable wireless
three-dimensional joint angle measurement without the need
for precise alignment of the rotational axis [5]. This characteris-
tic makes IMU-based systems especially suitable for capturing
complex movements in real-world environments outside the lab-
oratory setting [6]. However, traditional potentiometer-based
electro-goniometers remain limited by measurement inaccura-
cies associated with skin movement artifacts and the requirement
for accurate mechanical axis alignment [7, 8]. Similarly, IMU-
based systems are subject to signal drift and cumulative error
during prolonged continuous measurements, which may com-
promise long-term accuracy. Therefore, the study aimed to
develop an electro-goniometer, a dynamic wearable ROM mea-
suring device for the movement of the elbow and knee joints.

Material and methods

The study developed the electro-goniometer, named Goni-
wear. The Goniwear is a portable, skin-mounted, two-module
wearable system designed to estimate a human joint angle by
measuring the relative orientation of two body segments adja-
cent to the joint. Each module is placed on opposite sides of
the joint (e.g., proximal and distal segments) using double-sided
adhesive tape to provide consistent skin contact during motion.
During measurement, each module acquires raw inertial signals
(accelerometer and gyroscope) from an onboard IMU and trans-
mits the raw data to a mobile application via Bluetooth Low
Energy (BLE). The mobile application estimates roll and pitch
for each module and computes the joint angle by subtracting the
orientations of the two modules after an initial calibration step
that sets the relative angle difference to zero. The width, height,
and length are 2.4 cm, 3.6 cm, and 1.5 cm. The smartphone
application is operated by an Android application and displays
real-time movement, showing a record number and a graph
(Figure 1).

Each wearable module is implemented using an Arduino
Nano 33 BLE board, which integrates a 9-axis IMU and
BLE capability. In this study, only accelerometer signals are
used to estimate roll and pitch, while yaw is excluded from
the computation pipeline.

To measure a joint angle, Module A is attached to the seg-
ment on one side of the joint and Module B to the segment on
the other side.
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Mobile Application (Flutter/Android): Roll/Pitch Estima-
tion and Joint Angle Computation. The Flutter mobile app acts
as the central processing unit. It connects to both wearable mod-
ules over BLE, receives raw data streams, computes roll/pitch
for each module, and outputs the joint angle in real time. The
resulting relative angles are displayed in the mobile app as a
real-time time-series plot, updated continuously so the user
can observe joint movement dynamics immediately while the
motion is occurring.

We selected the elbow and knee joints for assessment based
on both biomechanical and sensor-technology considerations.
The movements of these joints, particularly flexion—extension,
occur predominantly within the sagittal plane, which is well sui-
ted for IMUs based angle detection. In addition, it can reliably
detect angular displacement primarily within the sagittal plane
through accelerometer and gyroscope data. Restricting mea-
surements to primarily single-plane motion minimizes cross-
axis interference and reduces computational complexity in sen-
sor data processing, thereby improving measurement accuracy
and validity. These joints are also commonly assessed in clini-
cal practice, further supporting their selection for device
validation.

To evaluate the validity of the UG and Goniwear, 40 partic-
ipants aged 20-59 years, both males and females with a normal
body mass index (BMI: 18.5-24.9 kg/m?) were included. Par-
ticipants presenting with open skin wounds, infected lesions, or
known hypersensitivity to transparent adhesive dressings were
excluded. A total of 40 participants were enrolled and stratified
by age into two groups: 20-39 years and 40—59 years. Each age
group included 20 participants and was further stratified by sex,
with equal representation of males and females. As this study
was designed solely to determine the validity of a prototype,
Goniwear in a volunteer population, the device was used to de-
tect joint ROM via embedded sensors and to convert the data
into numerical values and graphical outputs. Accordingly, the
sample size for this study was determined using Item Calibra-
tion and Pearson Correlation Estimates under the Rasch mea-
surement model to achieve a 95% confidence interval [9].
The circumference of the upper arm, forearm, thigh, and lower
leg was measured at the point of maximal girth on the dominant
side while the participant was in a standing position. Anatom-
ical reference points were established for joint angle measure-
ment using both the UG [10] and the Goniwear
(Supplementary Table 1).

Elbow and knee joint measurements were performed with
participants in the supine position. Elbow flexion and extension
were assessed with the shoulder maintained in a neutral posi-
tion. For knee joint assessment, participants remained supine
and were instructed to flex the hip and knee simultaneously
to achieve maximal knee flexion, followed by knee extension
to the neutral position. Joint ROM was assessed using a UG
concurrently with real-time angular data acquisition from the
Goniwear (Figure 2). Measurements from both instruments
were synchronized by recording values at the identical end
range of each movement.

In this study, measurements were conducted by a single
examiner for the UG and a single examiner for the Goniwear.
The UG examiner had undergone validation by an expert phys-
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Figure 1. Goniwear.
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Figure 2. Measuring elbow and knee joints, both the electro-goniometer (Goniwear) and the universal goniometer.

ical therapist with more than 20 years of experience in muscu-
loskeletal conditions and demonstrated satisfactory test-retest
reliability prior to data collection. The examiner responsible
for reading and recording values from the UG was blinded to
the Goniowear output, which was not visible during data

collection, to minimize observer bias. Data obtained from both
instruments were kept confidential until the completion of the
experiment. Measurements were performed three times, and
the mean value was recorded. Both active and passive move-
ments were evaluated because passive measurements primarily



Table 1. Characteristic data of the participants.
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Characteristic Total Young adults Middle-aged adults
Sex

Male (%) 20 (51.28%) 10 (50.00%) 10 (52.63%)

Female (%) 19 (48.72%) 10 (50.00%) 9 (47.37%)
Age (years) 36.08 + 15.05 22.20 £ 1.58 50.68 + 6.03
Weight (km) 60.58 £ 9.05 61.08 = 10.22 60.05 = 7.90
Height (cm) 165.21 +9.16 167.90 + 9.31 162.37 + 8.32
Body mass index (kg/m?) 22.10 + 1.89 21.52 £2.00 22.70 £ 1.59
Circumference

Dominant forearm (cm) 23.40 £ 2.47 22.35+£3.13 24.50 £ .00

Dominant arm (cm) 26.99 + 3.32 26.48 £ 3.54 27.53 £3.08

Dominant thigh (cm) 46.27 £5.77 46.42 £ 7.02 46.11 £ 4.26

Dominant leg (cm) 34.89 + 3.07 35.18 +3.27 34.58 +2.89
Table 2. Agreement and reliability between the universal goniometer and Goniwear during active and passive movements.
Joint movement Active movement Passive movement

ICC (2,1) 95%ClI Mean diff LoA (°) ICC 95%CI Mean diff LoA (°)

Elbow Flexion 0.89 0.80 to 0.95 —0.43 —10.16 t0 9.29  0.89 0.78 to 0.94 0.96 —8.84 to 10.87
Elbow Extension 0.84 0.64 to 0.92 -2.97 —13.83t0 7.89 091 0.83 to 0.96 —1.71 —12.10 to 8.67
Knee Flexion 0.48 —0.18 to 0.81 -9.97 —19.30 to 0.63  0.55 —0.21 to 0.82 —7.05 —14.68 to 3.57
Knee Extension 0.44 —0.194 to 0.776 —11.16 —22.39t0 0.08 0.46 —0.229 to 0.776 —9.09 —20.74 to 2.55

ICC, intraclass correlation coefficient; CI, confidence interval. LoA, limits of agreement. Note: ICCs were calculated using a two-way random-
effects model with absolute agreement [ICC (2,1)]. ICC interpretation followed commonly accepted thresholds: poor (<0.50), moderate (0.50—

0.75), good (0.75-0.90), and excellent (>0.90).

reflect the intrinsic accuracy of the device, whereas active mea-
surements represent dynamic joint movement and functional
performance [10].

Participants then performed three repetitions of active
movement, followed by three repetitions of passive move-
ment, which was administered by the examiner. Movements
were assessed in the following sequence: elbow flexion,
elbow extension, knee flexion, and knee extension. To min-
imize the potential effects of muscular fatigue between trials,
a standardized rest interval of approximately 30 s was pro-
vided between successive joint movement assessments, in
accordance with established biomechanical and muscu-
loskeletal testing protocols.

The Bland-Altman method was used to determine the limits
of agreement (LoA) between the UG and Goniwear. The intra-
class correlation coefficients (ICC) were calculated using a two-
way random-effects model with absolute agreement to assess
consistency between the UG and the Goniwear. ICC less than
0.50 can be interpreted as poor, 0.50-0.75 is defined as moder-
ate, 0.75-0.90 is identified as good, and > 0.90 indicates excel-
lent agreement [11].

Results

Participants were enrolled in two age groups: 20-39 years
and 40-59 years, with an equal number of male and female par-
ticipants in each group. However, due to technical errors during
data acquisition, some data were lost and subsequently
excluded from the analysis. As a result, a total of 39 participants
were included in the final analysis (see Table 1).

The results demonstrated moderate to good agreement
across all measured joint movements. The good agreement
was observed in elbow active and passive ROM, while slightly
lower ICC values were noted for knee flexion and knee exten-
sion. Agreement between the UG and Goniwear was evaluated
using ICC, mean differences, and Bland—Altman LoA for both
active and passive movements (Table 2, Figure 3).

Significant associations were observed between limb
anthropometric characteristics and joint ROM. The arm
circumference and forearm were significantly correlated with
elbow joint ROM, and lower limb circumference was signifi-
cantly correlated with knee joint ROM. In addition, BMI
demonstrated a significant relationship with both elbow and
knee joint angles. These findings indicate that larger limb girth
and higher BMI were associated with alterations in the mea-
sured ROM values (Table 3 and Supplementary Table 2).

Discussion

This study aimed to develop an electro goniometer, named
Goniwear, displaying joint ROM continuously and in real time
in both graphical and numerical formats via a mobile applica-
tion. The device also allows data storage and retrospective
review. The present study demonstrated that high agreement
was observed in elbow movements, whereas lower agreement
was found in knee movements.

The consistently high ICC values and narrow LoA observed
in elbow flexion—extension can be attributed to the biomechan-
ical simplicity of the elbow joint, which functions predominantly
as a hinge joint with a well-defined axis of rotation and relatively
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Figure 3. Bland-Altman plot of the range of motion of the elbow and knee joints.

limited soft-tissue artefact. These findings are consistent with
previous studies demonstrating that sensor-based kinematic sys-
tems show superior reliability in joints with constrained degrees
of freedom and clearly identifiable rotational axes [12—14].
Knee movements demonstrated lower ICC values and sys-
tematic negative mean differences, indicating that the Goniwear

tended to overestimate joint angles compared with the UG. The
knee is a complex joint with combined rolling and sliding
mechanics rather than a single fixed axis of rotation, which
increases susceptibility to alignment error during angle mea-
surement [15]. In addition, the soft-tissue artefact caused by
muscle bulk, adipose tissue, and skin displacement can alter
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Table 3. Correlation between circumference and joint movement.

Active movement

Knee active flexion Knee extension

Passive movement

Knee flexion Knee extension

r (p-value r (p-value r (p-value r (p-value
Thigh circumference —0.332 (.039) —0.389 (.012) —0.349 (.029) —0.243 (.136)
Leg circumference —0.622 (<.001) —0.629 (<.001) —0.667 (<.001) —0.529 (<.001)
Body mass index —0.487 (.002) —0.486 (.002) —0.464 (.003) —0.410 (.010)

Elbow flexion Elbow extension

Elbow flexion Elbow extension

r (p-value r (p-value r (p-value r (p-value
Arm circumference —0.420 (.008) —0.481 (.002) —0.449 (.004) —0.537 (<.001)
Forearm circumference —0.415 (.009) —0.305 (.059) —0.318 (.048) —0.496 (.001)
Body mass index —0.371 (.020) —0.466 (.003) —0.387 (.015) 0.419 (.008)

the relative motion between the sensor and the underlying bone
[13]. Ancillao et al. [16] found the effect of soft tissue artifact
on the knee movement. Consistent with the present study, leg
circumference was found to be significantly associated with
ROM. Changes in sensor orientation during large-range move-
ments further contribute to measurement variability in wearable
systems, particularly near end-range flexion and extension [12,
14]. Therefore, these factors likely explain the reduced agree-
ment. Collectively, these findings suggest that while the Goni-
wear provides valid and reliable measurements for certain joints
and movement planes, caution is warranted when interpreting
measurements from joints with complex kinematics or substan-
tial soft tissue motion. Further, the findings indicate that limb
circumference and anthropometric indices showed stronger
relationships with measurements obtained from the UG com-
pared with the electro-goniometer. Accordingly, clinicians
should consider body proportions when interpreting measure-
ments obtained using a UG.

Muscle flexibility and muscle thickness may also indirectly
affect IMU measurements through their influence on skin
movement artifacts. Variations in muscle tension and soft tissue
deformation during joint motion can cause relative displace-
ment between the skin-mounted sensor and the underlying
skeletal structure, leading to misalignment between the sensor
reference frame and the true joint axis [7, 13]. This phe-
nomenon, commonly referred to as soft tissue artifact, is partic-
ularly pronounced in individuals with greater muscle mass or
during movements approaching end-range joint positions
[17]. Consequently, these factors may contribute to inter-indivi-
dual variability and should be carefully considered when inter-
preting IMU-based joint kinematic data in both clinical and
research settings. Increased soft tissue mass surrounding the
elbow and knee joints may alter sensor positioning and stability,
leading to motion artifact and measurement error. In individuals
with larger limb girth, the sensor may not remain rigidly cou-
pled to the underlying bone during movement, resulting in rel-
ative motion between the skin and the skeletal segment (soft-
tissue artefact). This phenomenon is particularly pronounced
at the knee joint, where substantial muscle bulk and subcuta-
neous tissue can shift during flexion and extension, thereby
degrading signal fidelity and contributing to lower agreement
and wider LoA observed in this study. The findings indicate
that limb circumference and anthropometric indices showed
stronger relationships with measurements obtained from the

UG compared with the Goniwere. Accordingly, clinicians
should consider body proportions when interpreting measure-
ments obtained using a UG.

Additionally, higher BMI can impair the identification of
anatomical landmarks required for proper device alignment.
Misalignment between the Goniwear hinge axis and the true
joint rotation axis introduces systematic angular error, while
IMU sensors are susceptible to orientation drift and integration
error when the sensor reference frame is not consistently main-
tained. These factors may explain why the elbow joint demon-
strated higher reliability and agreement than the knee joint, as
the elbow has more prominent bony landmarks and less soft tis-
sue displacement during motion. Further, several biomechanical
and subject-specific factors may influence the accuracy of joint
angle measurements obtained from IMUs. Movement velocity
has been shown to affect IMU signal quality, as rapid or abrupt
movements can increase sensor noise, integration error, and sig-
nal drift, particularly when gyroscope data are integrated over
time [18, 19]. In contrast, slower and more controlled move-
ments generally result in more stable and reliable IMU-derived
kinematic data.

Some limitations of this study were not accounted for. Mea-
surements were conducted by a single examiner for the UG and
a single examiner for the Goniwear, although formal inter-rater
reliability was not assessed. Thus, the intra-rater reliability of
the examiners themselves could contribute to the variance
observed in the Bland—Altman plots. Future studies should
evaluate intra- and inter-rater reliability across multiple examin-
ers. The sample size was determined based on Rasch model
methods for scale development rather than power calculations
specific to biomechanical outcomes. Although a sample of 40
participants aligns with ranges commonly used in device valida-
tion studies, future research should consider biomechanically
driven sample size calculations to increase precision in agree-
ment estimates. The UG was used as the reference instrument
because it is widely applied in routine clinical assessment of
joint ROM. However, it should be acknowledged that the UG
is not considered a true gold standard; therefore, the present
study evaluates the level of agreement between the electro-
goniometer (i.e., Goniwear) and a commonly used clinical mea-
surement tool rather than absolute criterion validity. Further-
more, the findings are specific to the hardware and software
versions of the electronic device used and may not generalize
to all digital inclinometers or smartphone-based applications.
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Finally, this study included only healthy participants, which
limits generalizability to clinical populations; future research
will evaluate the device in patients with musculoskeletal or neu-
rological conditions.

Conclusion

The Goniwear demonstrates sufficient agreement for use in
distal limb joints. However, lower reliability, wider limits of
agreement, and significant systematic bias were observed in
knee measurements, indicating that traditional goniometry
remains the “gold standard” for these joints; thus, knee ROM
obtained with the Goniwear should be interpreted with caution.
In addition, anthropometric characteristics should be considered
a methodological factor influencing measurement validity rather
than solely a biological determinant of ROM.
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