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accurate enough?

T. Kuhlgatz'*, T. Seel?, and L. Budde?

1 Leibniz University Hannover, Institute of Mechatronic Systems, Hanover, Germany
" Corresponding author, email: timo.kuhlgatz@imes.uni-hannover.de

Abstract: This review investigates accuracy requirements for IMU-based joint angle estimation in rehabilitation. While visual
gait assessment errors often exceed 20°, manual goniometry achieves a standard error of measurement (SEM) of 1.5°—6°.
However, clinical relevance is determined by minimal clinically important changes (MCIC), typically 6° (hip) to 8.5° (knee).
Consequently, IMU systems do not need to match goniometer precision. Our analysis concludes that keeping random and
systematic errors below these MCIC thresholds is sufficient for clinical utility. Thus, IMUs offer a viable solution for objective
long-term monitoring in rehabilitation, bridging the gap between subjective visual estimates and static manual measurements.
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l. Introduction

While the ultimate goal of rehabilitation according to the
WHO International Classification of Functioning,
Disability and Health is to restore activities and
participation, the assessment of body functions, specifically
joint angles (JA), remains a fundamental prerequisite.
Accurate JA monitoring enables the assessment of range of
motion (ROM), supports differential diagnostic decisions,
identifies functional limitations such as asymmetries, and
guides therapeutic interventions. The utilization of
wearable technology, i.e. inertial measurement units
(IMUs), enabling objective and continuous JA
measurement in everyday situations, offers particular
added value, as it can positively influence the course of
therapy and also enables ergonomic analyses in the
workplace environments.

Previous studies show high test-retest reliability of such
systems with regard to various gait parameters after
strokes [1]. Facilitating clinical application through plug-
and-play capabilities is actively researched [2]. However, it
is still unclear what accuracy requirements IMU-based
systems must meet in order to enable clinically useful JA
estimates. This paper summarizes the results of a structured
literature review and provides an overview of the accuracy
needed for clinical applications.

Il. Methods

To clarify the required accuracy, a systematic analysis was
conducted of how JA are currently assessed in
physiotherapy practice, covering both walking and isolated
functional examinations The analysis focused on literature
where medical specialists (physiotherapists) estimate JA
with methods currently used in clinical practice and was
strictly limited to joints of the extremities. The definition of
clinically relevant JA accuracy thresholds was based on
established literature and quality criteria such as the
standard error of measurement (SEM) and minimal
clinically important changes (MCIC). Since no truly
objective ground truth is available in many clinical settings,
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the inter-rater reliability of expert measurements is often
used as a practical approximation of the SEM. To provide
objective measurements and support long-term monitoring
in everyday life, an IMU-based system must at least
provide a level of precision achieved in current clinical
practice. For deterministic IMU estimation methods, SEM
corresponds to the standard deviation (SD) compared to a
validated ground truth.

lll. Results and discussion

Currently, visual estimation (rounded to 5° increments) is
considered the practical standard for assessing JA during
walking. However, this method has a low interrater
reliability [3]. The error varies greatly depending on
experience and task, reaching averages between 5° and over
20° when assessing knee or hip angles during walking, for
example. Table 1 lists the estimation errors for the JA of the
hip, knee and ankle, respectively. The estimation was done
by experts with varying experience and compared to the JA
obtained from video analysis.

Table 1: Joint angle estimation error from visual inspection by
experts during gait according to [3]. NI = Not investigated.

Gait phase Joint | Hip Knee Ankle
Initial Contact 11°£10° | 7°+5° 8°+6°
Loading Response NI 8°+6° NI
Terminal Stance Phase 11°48° | 10°+11° | 12°+8°
Swing Phase NI 20°+14° | NI
Pre-Swing NI NI 8°+6°

Isolated functional measurements are significantly more
precise, but they are more complex and require clinical
specialists. The SEM values summarized in Table 2 are
taken from studies in which experts examined the use of
standard instruments (goniometers and inclinometers)
under highly controlled conditions. These tests were
performed in standardized, often static poses in order to
isolate movement to the target joint. For example, defined
positions were adopted for hip rotation (e.g., 90° knee
flexion in the supine position) to enable isolated rotation
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and minimize compensatory pelvic movements. The
measurements generally represented the maximum active
or passive ROM at static endpoints.

The SEM for these measurements using goniometers and
inclinometers typically ranges from approximately 1.5° to
5.9¢° for the joints of the extremities (see Table 2). It can be
seen that the most precise values (SEM often below 3° for
flexion/extension) are achieved for joints whose
movements can best be approximated as hinge joints, such
as the knee and ankle. In contrast, multiaxial joints such as
the hip and shoulder exhibit higher and more variable errors
depending on the plane of motion and isolation method.

Table 2: Measurement inaccuracy of joint angle measurement by
experts using standard measurement methods in physical
therapy, i.e., goniometers and inclinometers. NI stands for not
investigated. * Internal and external rotation in the elbow
corresponds to pronation/supination.

Motion | Flexion/ Adduction/ Internal/
Extension Abduction external

. rotation
Joint
Ankle 2.8° [4] | NI NI
Knee 2.15° [5] | NI NI
Hip 3.94° [6] | 3.8° [7] 2.53°  [6]
Elbow 2.6° [8] | NI 3.1°* ][9]
Shoulder | 4.13° [8] | 2.26° [10] 5.1° [7]

Table 2 shows that isolated functional measurements allow
for much higher accuracy than visual assessments during
walking (see Table 1). Transferring such tests to home
environments without professional guidance therefore
places high demands on the precision of an automated
system. It should be noted that functional tests include both
passive and active ROM assessment. Passive ROM cannot
be transferred to home environments without clinical
supervision, while isolated movements required for active
ROM are not always feasible for patients with existing
pathologies. This makes it challenging to use IMU-based
JA estimation systems for this kind of applications.

However, the required accuracy for IMU-based systems is
primarily dictated by clinical relevance, not just technical
precision. Although goniometers enable precise JA
estimation, such accuracy is often unnecessary, as MCIC
values are typically less accurate. Studies report a self-
perception threshold of about 8.5° for the knee [11] and 6°
for hip [12] flexion/extension, consistent with clinical
impressions. Thus, IMU-based estimates do not need to
match goniometer precision to provide clinically useful
information on motion behavior. Therefore, accuracy
requirements must be evaluated depending on the context.

The SEM values in Table 2 reflect random error resulting
from the limited reliability of manual methods, yet this
represents only a baseline requirement. An automated IMU
system must reduce both random and systematic error,
meaning that the standard deviation of the estimation error
and its mean bias must fall below relevant clinical
thresholds (e. g. MCIC). However, estimating isolated joint
movements is typically less complex for most algorithms,
as the reduced movement variability enables additional
assumptions and more stable kinematic constraints.

IV. Conclusions

This paper presents, to the best of the authors’ knowledge,
the first systematic overview that directly compares the
achievable measurement accuracy in clinical practice
(SEM) with the required clinical relevance (MCIC) for
IMU-based JA estimation. The required accuracy is context-
dependent and primarily defined by clinical relevance rather
than technical precision. The key finding is that IMU-based
JA estimation can provide clinically valuable information
even when absolute precision is below that of standard
goniometry, as the MCIC often exceeds the technical
measurement error (e.g., 6° and 8.5° for knee and hip ROM).
The critical requirement is that both random (SD) and
systematic (bias) errors remain below these clinically
relevant thresholds dependent on the application. When
integrated into everyday life, IMU systems offer the
potential to enhance objectivity and enable continuous long-
term monitoring, thus representing a meaningful
complement to traditional visual and manual assessment.

AUTHOR’S STATEMENT

Research funding: We acknowledge support by the German Federal
Ministry of Research, Technology and Space (BMFTR) under Grant No.
13GW0771B. Conflict of interest: Authors state no conflict of interest.

REFERENCES
[1] Felius, R. A. W. et al.: “Reliability of IMU-Based Gait Assessment

in Clinical Stroke Rehabilitation,” Sensors, vol. 22, no. 3, Feb. 2022,
doi: 10.3390/s22030908.

[2] Kuhlgatz, T. et al.: “A Plug-and-Play Inertial Motion Tracking
Method for Magnetometer-free Orientation Estimation of Arbitrary
Joints,” EMBC, 2025. doi: 10.1109/EMBC58623.2025.11254925

[3] Matsuzaka, D. et al.: “Reliability and Validity of Observational Gait
Analysis by Physical Therapists: Possibility of Verifying Accuracy
and Improving Technology in Visual Measurement of Joint Angles,”
Phys Ther Res, 2025, doi: 10.1298/ptr.e10342.

[4] Powden, C. J. et al.: “Reliability and minimal detectable change of
the weight-bearing lunge test: A systematic review,” Aug. 01, 2015,
Churchill Livingstone. doi: 10.1016/j.math.2015.01.004.

[S] Nedovi¢, N. et al.: “Agreement in Knee Flexion and Hip Extension
Range of Motion Assessment between Digital Goniometer and
Video-based Motion Tracking Technology,” MJSSM, 2024, doi:
10.26773/MJSSM.240908.

[6] Nussbaumer, S. et al.: “Validity and test-retest reliability of manual
goniometers for measuring passive hip range of motion in
femoroacetabular ~ impingement  patients,” 2010. doi:
https://doi.org/10.1186/1471-2474-11-194

[71 Schlager, A et al.: “Inter- and intra-rater reliability for measurement
of range of motion in joints included in three hypermobility
assessment methods,” BMC Musculoskelet Disord, 2018, doi:
10.1186/s12891-018-2290-5.

[8] Spigelman, T. et al.: “Reliability Analysis of In-person and Virtual
Goniometric Measurements of the Upper Extremity,” Int J Sports
Phys Ther, 2023, doi: 10.26603/001¢.81065.

[9] Hanks, J. and Myers, B.: “Validity, Reliability, and Efficiency of a
Standard Goniometer, Medical Inclinometer, and Builder’s

Inclinometer,” IJSPT, 2023, doi: 10.26603/001c.83944.

[10] Kolber, M. J. et al.: “The reliability and minimal detectable change
of shoulder mobility measurements using a digital inclinometer,”
Physiotherapy Theory Practice, 2011, doi:
10.3109/09593985.2010.481011.

[11] Guzik, A. et al.: “Estimating minimal clinically important
differences for knee range of motion after stroke,” J Clin Med, 2020,
doi: 10.3390/jcm9103305.

[12] Guzik, A. et al.: “Establishing the Minimal Clinically Important
Differences for Sagittal Hip Range of Motion in Chronic Stroke
Patients,” Front Neurol, 2021, doi: 10.3389/fneur.2021.700190.



	T. Kuhlgatz1*, T. Seel1, and L. Budde1
	1 Leibniz University Hannover, Institute of Mechatronic Systems, Hanover, Germany
	* Corresponding author, email: timo.kuhlgatz@imes.uni-hannover.de

	I. Introduction
	II. Methods
	III. Results and discussion
	IV. Conclusions
	Author’s statement
	Research funding: We acknowledge support by the German Federal Ministry of Research, Technology and Space (BMFTR) under Grant No. 13GW0771B. Conflict of interest: Authors state no conflict of interest.
	References



