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Abstract

Purpose: This study introduces a transferable alignment-free adaptive joint torque
measurement (AFAJTM) system designed to resolve inconsistencies in torque meas-
urements caused by misalignment between dynamometer and joint rotational axes,
improving accuracy and reliability in joint torque assessment.

Method: This study presents the design and control methodology of an alignment
free adaptive joint torque measurement system. An elbow joint torque measurement
device (EJTMD) was developed, and its torque consistency and repeatability were
evaluated at various misalignment positions using a joint simulation model. Clinical
experiments compared torque measurements between the EJTMD and a traditional
standard dynamometer during maximum voluntary contraction (MVC) tests at differ-
ent misalignment positions.

Result: The simulation test results demonstrate that the AFAJTM system can

achieve high-precision torqgue measurements, with measurement errors controlled
within+0.5 Nm at various misalignment positions. Clinical experiment data show
that the EJTMD exhibits high consistency in torque measurements compared

to the traditional standard dynamometer across five different misalignment positions,
with strong repeatability and reliability.

Conclusion: The AFAJTM system provides a novel solution for joint torque measure-
ment under human-machine axis misalignment conditions, a solution that eliminates
the need for axis alignment, effectively overcoming the limitations of traditional meas-
urement devices. This system can be widely applied in various devices that require
joint torque measurement, demonstrating excellent adaptability and high-precision
measurement capabilities.

Keywords: Human-machine, Misalignment, Alignment-free, Adaptability, Joint
torque, Measurement, Automatically, MVC test, Dynamometer, Rehabilitation

Introduction

Accurate assessment of the human musculoskeletal system performance has long been a
key goal for scientists and practitioners in the fields of physical medicine and rehabilita-
tion. In the field of rehabilitation, muscle strength measurement can quantify the extent
of injury [1, 2] and monitor patients’ recovery during the rehabilitation process [3-5]. In
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sports medicine, joint torque assessment provides a scientific basis for optimizing ath-
letic performance [6-8].

Joint torque measurement methods are typically classified into manual and automated
device-based techniques. Manual methods typically use handheld force measurement
devices with torque sensors to assess passive joint resistance during isometric move-
ments of the limbs [9, 10]. This method relies on the examiner’s experience and lacks
standardized procedures, making it difficult to cover a wide range of activities or high-
speed movements [11], and it is unreliable for measuring end range of motion and peak
torque angles [12], with measurement errors insufficient for individual-level assessments
[13]. In contrast, automated measurements collect joint forces and kinematic data, pro-
viding more objective and precise results [11, 14, 15]. Furthermore, automated systems
support various measurement modes (such as isometric, isotonic, isokinetic, active and
passive mode), which significantly address the limitations of manual measurements
[16-18].

The Cybex Norm (Cybex, Ronkonkoma, New York), Biodex System (Biodex, Shirley,
New York) and IsoMed (D&R Ferstl GmbH, Hemau, Germany) dynamometer is a com-
mercially available standard device widely used in rehabilitation and sports science for
assessing joint torque and muscle strength [19, 20]. Current automated measurement
devices typically require the rotational axis of the joint under test to be strictly aligned
with the drive axis of the equipment [11]. As a result, before each test, the tester must
carefully adjust the position of the participant relative to the dynamometer [8]. However,
due to the flexibility of the dynamometer components (such as the seat and connection
pads) and the deformation of human soft tissues, perfect alignment between the two
axes is impossible. Therefore, some measurement errors in joint torque are unavoidable
[8, 21]. Existing manual alignment methods not only increase preparation time but are
also prone to subjective influence, leading to inevitable alignment errors [11]. Any mis-
alignment between joint axis and the dynamometer axis can not only cause discomfort
but also result in damage to the joint or skin, and lead to biased torque measurements.
MajidiRad A H [21] found that the misalignment between the exoskeleton and the knee
joint leads to significant changes in muscle stress, which refers to variations in muscle
force caused by joint misalignment. For example, a 5 mm lateral offset from an anatomi-
cally healthy knee joint location resulted in a 4.3% increase in the force generated by the
Vastus lateralis muscle. Additionally, during circular shank trajectories supported by the
exoskeleton, muscle strain variations were observed in the Rectus femoris (44%), Biceps
femoris long head (32%), and Gastrocnemius muscles (31-33%). These alterations may
adversely affect user safety and rehabilitation outcomes. Houweling T A W [22] dem-
onstrated that misalignment of the knee joint relative to the Cybex Norm dynamom-
eter significantly affected the peak knee flexion torque, with errors ranging from 21 to
29%. Reimann [23] theoretically demonstrated that knee joint axis misalignment with
the dynamometer axis causes moment errors proportional to the percentage of displace-
ment, with a 10% axis shift relative to the segment length resulting in approximately a
10% maximum error in the moment. Arampatzis [24] found that the differences between
the actual knee joint moment and the moment measured by dynamometry during iso-
metric knee extension ranged from 0.33% to 17%, with an average difference of 7.3%.
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Some studies have theoretically explored the impact of the misalignment between the
knee joint axis and the dynamometer axis on joint torque measurement [9]. Numerous
researchers have proposed various design methods to compensate for joint misalign-
ment. For example, a novel neuro-exoskeleton robot for elbow joint rehabilitation in
stroke patients was proposed [25], which addresses the alignment issue by designing a
four-degree-of-freedom (DoF) passive mechanism for anatomical axis alignment. Li G
[26] introduced a new spatial self-aligning mechanism for knee exoskeletons to assist
stroke patients with both active and passive movements, enhancing user comfort dur-
ing wear. A planar mechanical four-bar linkage mechanism for exoskeleton devices was
presented [27], solving the decoupling problem of joint forces and torques in planar exo-
skeletons, applicable to force enhancement, endurance improvement, or rehabilitation.
However, its limitation lies in its inability to measure joint torque. In addition to these
methods of designing new structures, MajidiRad A H suggested that using external skin
markers combined with simple video or photonic systems to measure axial misalign-
ment could also improve the accuracy of joint torque measurements by correcting the
misalignment of the dynamometer axis [21]. But additional expensive equipment was
introduced. Although various studies have proposed methods to address misalignment
issues, only a limited number have quantitatively evaluated the impact of joint misalign-
ments in the literature.

In this study, we propose an alignment-free adaptive joint torque measurement sys-
tem (AFAJTM), which serves as a general, adaptable, and transplantable methodology
for joint torque measurement. The AFAJTM system incorporates an adjustable linkage
that seamlessly integrates with the limb as a unified structure, ensuring perpendicular-
ity to the measured limb and thereby eliminating additional force components caused
by alignment discrepancies. This system automatically calculates the joint’s axis of rota-
tion based on the geometric and motion constraints defined by the linkage’s kinematic
relationships, enabling adaptive measurement of joint flexion and extension torques
without requiring alignment of the human—machine axes. By fundamentally addressing
the human-machine axis misalignment issue in traditional joint torque measurements,
AFAJTM offers significant versatility for integration as an independent module into vari-
ous mechanisms or exoskeleton robots requiring torque measurement. As a demonstra-
tion of the AFAJTM system’s feasibility, we developed a specific implementation, the
Elbow Joint Torque Measurement Device (EJTMD), which utilizes the AFA]JTM meth-
odology to achieve accurate joint torque measurement. To validate its performance, we
conducted torque measurement consistency verification using a joint simulation model.
Additionally, a comparison experiment with the Biodex System in healthy subjects fur-
ther assessed the accuracy and reliability of the device.

Results

The Shapiro—Wilk test results indicate that all data follow a normal distribution
(P>0.05). The regression model shown in Fig. 1 demonstrates a regression coefficient
of 0.99 between the model torque and the EJTMD measured torque, indicating a strong
linear relationship (P <0.01) with statistical significance. The coefficient of determination
(R?) is 0.993, suggesting a high goodness of fit.
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Fig. 1 Regression analysis of EJTMD torque measurements. Blue " x " marks represent data points, and the
red line is the fitted regression line. The slope is 0.990, the intercept is 0.183, the goodness of fit R is 0.993,
and the P-value is O

Table 1 Torque comparison between EJTMD and simulation model across misalignment positions

Misalignment EJTMD torque Simulation model R t-test P-value
Position (mm) (Mean +SD, Nm) (Mean +SD, Nm)

- 50,0 1423 +£3.124 14.288+3.139 0.995 0.510

-300 14.646 +3.086 14.68+3.085 0.997 0.706

0,0 14.746 +2.904 14.781+2.908 0.997 0.236

30,0 14976 +3.106 15.002+3.03 0.997 0.236

50,0 1536+ 2.507 1536 +£2.496 0.998 0.236

Table 1 presents the measured torque values from the EJTMD at different misalign-
ment positions, the standard torque from the joint simulation model, the Pearson corre-
lation coefficients, and the P-values from the t-tests. The Pearson correlation coefficients
between the EJTMD and the simulation model at the five misalignment positions were
all greater than 0.99, indicating a very strong linear correlation. However, the t-test
p-values for the differences between the measured and simulated torques at each posi-
tion were all greater than 0.05, suggesting that there are no statistically significant differ-
ences between the two sets of values.

Figure 2 illustrates the absolute error distribution between the EJTMD and the Simu-
lation Model. The error distribution is approximately symmetric and centered around
zero, indicating that the EJTMD’s error is minimal. The red dashed line represents the
mean error (— 0.009 Nm), which is close to zero, further confirming the high accuracy of
the torque measurements obtained from EJTMD. We also analyzed the impact of force
sensor, limb length measurement, and angle measurement errors on the EJTMD torque
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Fig. 2 Distribution of absolute errors

Table 2 Clinical comparison of torque measurements from EJTMD and Biodex devices across
misalignment positions

Misalignment position (mm) EJTMD torque (Mean +SD, Nm) Biodex torque
(Mean +SD, Nm)
- 50,0 12.373+2.702 14.768 +5.140
-300 12477 +2.700 12.832+4.798
0,0 12.289+2.420 10.379+4.631
30,0 12.508 +2.695 15.690+5.063
50,0 1242042431 17.343+4.625

measurement. The contribution percentages of each error source are as follows: limb
length measurement (93.68%), force sensor (6.32%), and angle measurement (0.0013%).

In the repeated measures ANOVA for the EJTMD torque data, the results show an
F-value of 7.564 and a P-value of 0.983, indicating that the difference between positions
is not significant. The effect size (?) is 0.033, suggesting that the impact of position dif-
ferences on the measurement results is minimal. Additionally, the Mauchly’s test for
sphericity shows a P-value of 0.973, indicating that the data meets the assumption of
sphericity, making the repeated measures ANOVA appropriate for analysis.

Table 2 shows that the mean torque measurements for the EJTMD device ranged
from 12.289 to 12.508 Nm across different misalignment positions, with relatively small
standard deviations (2.420 to 2.700 Nm), indicating consistent measurements across
positions. In contrast, the Biodex system’s torque measurements ranged from 10.379
to 17.343 Nm, with higher standard deviations (4.625 to 5.140 Nm), indicating greater
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Fig. 3 Boxplot distribution of torque measurements. a EJTMD, b Biodex System

Table 3 Repeated measures ANOVA of the effect of position variations on measurement results by

device

Device F-value p-value 72 p-value
(Mauchly)

EJTMD 0.119 0.979 0.061 0.200

Biodex 46.071 0.001 0.837 0374

variability in measurements across different misalignment positions. In terms of data
dispersion, the coefficient of variation (CV) for the EJTMD ranged from 19.6% to 21.6%,
indicating relatively low variability. In contrast, the CV for the Biodex system ranged
from 33.4% to 42.4%, showing higher variability and suggesting less consistency in the
measurements across the misalignment positions.

Additionally, Fig. 3 visually presents the consistency of the EJTMD and Biodex sys-
tems’ measurements at different misalignment positions using box plots.

In this study, three repeated measurements were conducted for the EJTMD at each
position, and the intraclass correlation coefficients (ICC) were 0.992, 0.981, 0.973, 0.989,
and 0.934, indicating high measurement consistency at all misalignment positions.

As shown in Table 3, the Mauchly’s test results for both devices showed p-values
greater than 0.05, indicating no violation of the sphericity assumption, and therefore
no correction to the degrees of freedom was required. For the EJTMD, the repeated
measures ANOVA showed that position had no significant effect on the measurements
(F=0.119, P=0.979), with a small effect size (y> = 0.061). In contrast, for the Biodex
system, the results indicated that position had a significant effect on the measurements
(F=46.071, P <0.001), with a large effect size (> = 0.837).

Table 4 presents the pairwise comparisons of misalignment position effects on meas-
urement results for the EJTMD and Biodex devices. For the EJTMD device, the P-values
for all pairwise comparisons between misalignment positions were greater than 0.99,
with the Mean Differences close to zero, indicating no significant differences between
the positions. In contrast, for the Biodex device, several pairwise comparisons had p-val-
ues significantly lower than 0.05, and the Mean Differences showed large variations,
indicating significant differences between the misalignment positions. For example,
the comparison between (— 50,0) and (50,0) yielded a p-value of<0.001, with a Mean

Page 6 of 17
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Table 4 Pairwise comparisons of misalignment position effects on measurement results for EJTMD
and bio devices

() Position (J) Position Mean difference p-value
EJTMD Biodex EJTMD Biodex

-500 —300 —0.063 2.038 >0.99 0.009
- 50,0 0,0 0.013 3314 >0.99 0.003
-500 30,0 —0.004 — 1435 >0.99 0.151
- 50,0 50,0 —0.097 —3.106 >0.99 <0.001
—300 0,0 0.076 1.277 >0.99 0.229
—-300 30,0 0.059 — 3472 >0.99 0.005
—300 50,0 —0.034 —5.144 >0.99 <0.001
0,0 30,0 - 0017 — 4749 >0.99 <0.001
0,0 50,0 —-0.110 — 6420 >0.99 <0.001
30,0 50,0 0.093 —-1.672 >0.99 0.015

Difference of 3.106, indicating a significant difference. Overall, the EJTMD showed no
significant differences between the different misalignment positions, while the Biodex
system displayed significant differences across multiple misalignment position pairs.

Discussion

This study presents an Alignment-Free Adaptive Joint Torque Measurement System
(AFAJTM), which effectively addresses the alignment error issues inherent in traditional
joint torque measurement methods, especially in the presence of joint misalignment.
Unlike conventional methods that require precise alignment between the equipment’s
drive axis and the joint’s axis of rotation, the AFAJTM utilizes an adaptive mechanism
and adjustable linkage design to ensure that the measuring rod remains perpendicular
to the limb throughout the joint torque measurement process. This system corrects for
additional force components arising from alignment deviations automatically, enabling
joint torque measurements without the required for alignment. By integrating this sys-
tem into the EJTMD, experimental results validated that the system maintains high-pre-
cision torque measurements even at different misalignment positions.

In this study, the AFAJTM system estimates the position of the joint axis of rotation
and the limb length automatically by combining indirect measurement methods with
optimization algorithms, thereby avoiding the errors caused by visual alignment and
manual measurements inherent in traditional methods. This adaptive algorithm not
only improves measurement accuracy but also significantly reduces the requirement
for alignment adjustments during operation, making the system particularly suitable
for diverse joint measurement scenarios. Compared to previous systems that relied on
direct torque measurements and strict alignment requirements, the AFAJTM system,
with its alignment-free design and adaptive control mechanism, can provide accurate
joint torque measurements even under various misalignment conditions, demonstrating
strong adaptability and robustness. This system not only theoretically solves the align-
ment error problem inherent in traditional methods but also offers high modularity and
flexibility, enabling it to be integrated as a module into any robotic system requiring joint
torque measurement, further expanding its application scope.
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Model experimental results demonstrate that the EJTMD’s measurement accuracy and
consistency were validated across different misalignment positions. First, paired t-test
results (P-values ranging from 0.431 to 0.991) and regression analysis (regression coef-
ficient 1.011, R? = 0.993) indicate that there were no significant differences between the
EJTMD’s measurements and the standard values from the simulation model, and the
measurements exhibited a good linear relationship, proving the accuracy and reliabil-
ity of EJTMD as a joint torque measurement device. In the repeated measures ANOVA
results for different misalignment positions indicate that there are no significant differ-
ences in the torque data between the five positions. Further paired t-tests also indicated
no significant differences between the measurements at different misalignment positions
(P-values all greater than 0.05), verifying that the EJTMD maintains consistency under
different misalignment conditions. This suggests that the device and its underlying align-
ment-free adaptive model effectively counteract the impact of misalignment positions
on the measurement results. The absolute error distribution between the EJTMD and
the simulation model shown in Fig. 2 confirms the high accuracy of the torque meas-
urements obtained from the EJTMD. Although the fitted limb length contributes sig-
nificantly to the error, the overall error remains small, indicating that the measurement
error of the EJTMD is within an acceptable range, further validating its high precision
and reliability as a joint torque measurement device.

In the clinical experiments, the EJTMD showed high measurement consistency across
different misalignment positions, with mean torque values ranging from 12.289 to
12.508 Nm and relatively small standard deviations (2.420 to 2.700 Nm). The intraclass
correlation coefficients (ICCs) were all above 0.93, further confirming the high consist-
ency of measurements. In contrast, the Biodex system exhibited significant variability,
with torque measurements ranging from 10.379 to 17.343 Nm and larger standard devi-
ations (4.625 to 5.140 Nm). The repeated measures ANOVA for the EJTMD showed that
misalignment positions had no significant effect on measurements (F=0.119, P=0.979),
indicating that the device remained stable regardless of position. However, for the Bio-
dex system, misalignment positions significantly affected the measurements (F=46.071,
P <0.001), reflecting its sensitivity to changes in position. Pairwise comparisons further
revealed that the EJTMD showed no significant differences between misalignment posi-
tions, while the Biodex system displayed significant discrepancies in multiple compari-
sons. These results highlight the EJTMD’s ability to provide stable and consistent torque
measurements across a range of misalignment conditions, making it a reliable tool for
joint torque measurement, especially in dynamic or misaligned settings. In contrast, the
Biodex system showed significant misalignment sensitivity, which could introduce errors
and affect measurement precision.

Although this study highlights many advantages of the AFAJTM system, some limita-
tions remain. First, the study only conducted MVC experiments at specific angles, and
a broader range of angles and torque values has yet to be tested. Therefore, the system’s
performance at other joint angles and higher torque levels requires further verification.
Second, the sample size in this study was small, consisting of only ten healthy volun-
teers, and the sample diversity was limited. Future studies should aim to expand the
sample size to include more diverse groups across various age ranges, body types, and
health conditions. Additionally, the applicability of the AFAJTM system’s alignment-free
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measurement method in dynamic movements has not been fully validated, and future
research could consider testing the system’s performance in dynamic measurement
environments. While the system performed reliably in controlled conditions, its real-
world robustness requires further evaluation, as factors like environmental noise, sensor
drift, and movement variability may affect accuracy. Future research could investigate
the system’s stability under prolonged usage and in more variable operational settings to
enhance its practical applicability.

Conclusions

In modern clinical settings, objectively and consistently measuring joint torque remains
a complex and challenging task. Therefore, this study proposes an Alignment-Free
Adaptive Joint Torque Measurement System, on the basis of which the EJTMD was
developed. The device’s effectiveness and consistency were tested to assess its feasibility
for measuring joint torque under different misalignment conditions. The results demon-
strate that the EJTMD provides high stability and consistency in measurements across
various misalignment positions, with no significant impact from changes in misalign-
ment. Additionally, comparisons between the EJTMD, joint simulation models, and
clinical experiments validated its accuracy and repeatability. In contrast, the Biodex sys-
tem’s measurements were more sensitive to changes in misalignment positions, showing
significant fluctuations. Therefore, the Alignment-Free Adaptive Joint Torque Measure-
ment System offers a solution for joint torque measurement under misalignment condi-

tions, improving measurement accuracy.

Methods

Design of the alignment-free adaptive joint torque measurement system

To avoid misalignment errors inherent in conventional torque measurement methods,
torque can be indirectly calculated by measuring the force applied by the dynamome-
ter and the distance from the measurement point to the joint’s rotational axis, enabling
adaptive torque measurement. Based on this approach, this study proposes an AFAJTM
system, which is applicable to all joints that can be considered as rotating-hinge joints,
such as the knee and elbow joints [28, 29]. The following section details the torque meas-
urement system using the elbow joint as an example.

The schematic diagram of the AFAJTM structure is shown in the red portion of Fig. 4.
Point B is equipped with an angle sensor to monitor the angle B between the linkage
and the limb. Additionally, a force sensor is placed within the linkage AB to measure
the force F applied along the direction of the linkage in real-time. These sensors are not
limited to specific models and can be replaced with any suitable angle or force sensors.
For example, potentiometers, magnetic encoders, and photoelectric encoders can be
used to measure angles, while strain-based or piezoelectric force sensors are suitable for
measuring the tensile force in the linkage AB. This design demonstrates that point A
is designed to be flexible and adaptable, making it suitable for various types of torque-
measuring mechanisms or devices, including exoskeleton robots that may require such
measurements. The AFAJTM system thus provides a foundation for creating customiz-

able and transplantable torque-measuring solutions.
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|~

Proximal limb

Fig. 4 Schematic diagram of the AFAJTM structure. Point £ represents the joint axis of rotation to be
measured, BE represents the distal limb, and point B is the fixed connection between the linkage and the
distal limb. Both ends of the linkage AB are equipped with a hinge joint with a single degree of freedom,
where the axis of rotation for the rocker is O, and the slider is located on the rocker and connected to the
linkage through a hinge. The length of the distal limb is r, the angle between the linkage and the distal limb
is B, the joint flexion angle is 6, the rotation angle of the rocker is , and the displacement of the slider is s

Based on this model, the torque M at the joint is measured using the following

equation:
M=Fer-sinf+Jeb (1)

where r is the distance between point B and the joint’s rotational axis, i.e., the length of
the distal limb, J is the moment of inertia of the moving limb about the joint’s rotational
axis, and 6 is the angular acceleration of the joint. This equation is derived from applying
Newton’s second law to the rotational system, where the total torque is the sum of the
torques due to the applied force and the inertial resistance of the moving limb.

To evaluate the impact of measurement uncertainties on torque estimation, an
uncertainty propagation analysis was conducted. The total torque uncertainty was
computed as:

SM = \/ (rsinB8F)* + (FsinBsr)?> + (FrcosBsp)* + (551)2 + (]59')2 ()

where 8F, 8r, 88, 8/, and 80 represent the uncertainties in force measurement, limb
length, angle sensing, moment of inertia, and angular acceleration, respectively. The
contribution of each uncertainty source was quantified as:

inBSF)>
_ (rsin86F) p

_ (FsinBér)? b (FrcosB8p)> b (68))*
SM? N N

_(J86)?
sMZ P T T M2

sM2 0T sM2
3)

This analysis quantifies how uncertainties in force, limb length, angle measurement,

Pr

r

moment of inertia, and angular acceleration propagate through the model, enabling
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a systematic assessment of their impact on torque estimation accuracy and guiding
improvements in measurement precision.

In the AFAJTM system, maintaining accurate force measurement is crucial. If the
angle between the linkage and the limb deviates from the perpendicular (i.e., 8 # 90°), a
force along the limb’s direction will be generated in the system, interfering with the force
sensor measurement and causing the force data to deviate from the actual value. This
effect, especially in precise force measurements, can significantly impact the accuracy of
the results. Therefore, ensuring the linkage remains perpendicular to the limb is key to
eliminating these unnecessary force components and improving measurement accuracy.
To achieve this, the control system adjusts the end position to bring the angle g to the
perpendicular state (i.e., 8 = 7/2), thereby enabling precise control of the mechanical
components. This adjustment process can be represented by: B.s = H(AB), where s
is the target angle, and H(Ap) is the control function used to adjust the angle, with AS
representing the difference between the actual and target angles. The actual angle can be
measured by the angle sensor at point B, and H is the controller’s function to adjust the
angle based on feedback. This adjustment is achieved using active devices with actua-
tors, which are integrated into the control system to ensure real-time adjustments based
on sensor feedback. Details about the control mechanism and actuator implementation
are provided in the following sections.

In Eq. (1), the parameter r, the length of the limb, is difficult to measure accurately for
any subject, as manual measurement typically involves significant errors. This study pro-
poses a method to estimate r based on the AFAJTM system.

Define {x,, y.} represent the coordinates of the joint’s axis of rotation, and {x,, y,} rep-
resent the coordinates of the module’s connection point to the external robotic struc-
ture. Based on the kinematic relationship of the module, the following equation can be
obtained:

Z%E = (% — %e)> + (ya - )’e)z =12+ r* — 2rlcosp (4)

By constructing an optimization function and combining sensor data, a high-precision
fitting of the coordinates of joint axis and limb length can be achieved. The state vector
s = [Xe» e, 717 is defined, based on Eq. (4), the optimization function f(u;) is defined
as follows:

F(e) = (g — %)* + (ya — ye)” — 12 — 1 + 2rlcosp ()

Firstly, an initial value of the state vector (o = [%¢,0, Ye,0, rol” is given, and a conver-
gence threshold € is set to control the accuracy of the algorithm. Using gradient descent,
the gradient of Eq. (5), Vf (ir) = [3f /0%xe, Of /0Ye, Bf/ar]T, is computed to update the
state vector at each iteration: psy1 = pur — aVf(e).

where « is the learning rate that adjusts the step size in each iteration. During
the iteration process, the change in the state vector is continuously checked. When
|[e+1 — el < €, the iteration process converges, and the optimal solution y, is obtained.

Through this iterative solution method, the system can fit the joint axis of rotation
{%e,¥e} and limb length r without misalignment errors. Additionally, to further improve
estimation accuracy, the system can use multiple measurements from the sensors for
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fitting and calibration, ensuring high-precision torque measurement throughout the
entire joint movement range. This kinematics-based adaptive fitting method simpli-
fies the alignment operation and meets the requirements for joint torque measurement
under misalignment conditions, thus improving measurement accuracy.

Adaptive motion trajectory control method based on AFAJTM
In the planar AFAJTM system, the kinematic analysis of the elbow joint and the linkage
can be modeled using the Denavit-Hartenberg (DH) parameter method.

Based on the modified D-H method30 and the D-H parameters listed in Table 5, a
corresponding homogeneous transformation matrix is established for each joint. T} rep-
resents the transformation from the base coordinate system to the elbow joint, and T}
represents the transformation from the elbow joint to the end of the link. Tg represents
the kinematic equation for the end of the link, which can be expressed as:

Tg =T, - T? (6)
The coordinates {x4, y,} of the end of the linkage are:

Xy = Xe + rcosd + lcos(6 + B)
Ya = Ye + rsind + lsin(6 + B) 7

The {x,, 4} coordinates are provided by the embedded end robot.

For any device integrated with the AFAJTM, a control method is proposed to drive the
limb along a predefined trajectory based on different force measurement modes. The
predefined motion trajectory of the limb is represented by 6y¢et, and the AFAJTM end
coordinates trajectory can be expressed as {x“,ya} = f (Otargets BsXes Ve, 7, 1), which is a
function of the input predefined trajectory 6, the angle 8, the joint axis coordinates
{xe, ye}, the linkage length [, and the limb length r.

Thus, the control of the limb’s motion trajectory is transformed into the control of the
device’s end-effector trajectory.

Elbow joint torque measurement device using AFAJTM

This study designs an elbow joint torque measurement device (EJTMD) based on
AFAJTM. As shown in Fig. 4, the end of the AFAJTM integrates an RP (Rotary and Pris-
matic) robotic arm, which is connected to the AFAJTM at point A. The core compo-
nents of the device include a rocker, a slider, and the AFAJTM. Specifically, as shown in
Fig. 5a and b, the rocker is driven by a belt drive system controlled by the state variable
a; the slider moves along a linear rail installed on the rocker, and the prismatic joint is
controlled by a servo motor via the belt drive system. The slider is equipped with a dis-
placement sensor to measure the displacement s.

Table 5 EJTMD Chain’s D-H parameters

i oj_q aj_1 d; 0;
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Fig. 5 Experimental setup of EJTMD: a Clinical experiment setup; b Model experiment setup. Key
components include: 1. Rocker, 2. Movable elbow support (X-direction: movement direction parallel to axis),
3. Slider, 4. Linkage, 5. Micro angle encoder, 6. Semicircular ring, 7. Velcro straps, 8. Pin, 9. Force sensor, 10.
Limb simulation model, 11. Torque sensor, 12. Angle encoder

The end of the AFAJTM’s linkage is hinged to the slider, while the other end is con-
nected to a semicircular padded metallic structure via a hinge, which is designed to
secure the subject’s limb. The structure is equipped with an angle encoder to monitor
the angle between the linkage and the limb in real-time. The semicircular ring fea-
tures a quick-release system, allowing for rapid detachment from the rod by removing
the pin. The ring is fixed to the limb using Velcro straps.

The force sensor (SBT641, 5 kg, 0.3%, SimBaTouch Electronic Technology Co., Ltd.)
and the micro angle encoder (PD1503, 0-360°, 17bit, Pudi Electronic Co., Ltd.) are
sampled at a frequency of 1 kHz on a 32-bit microprocessor (STM32F4, 168 MHz),
which is programmed using the STM32CubelDE environment. The microproces-
sor communicates with the servo motors (PM10025, 6 Nm, SteadyWin Equipment
Co., Ltd.) via CAN bus, utilizing a dedicated CAN communication library for data
exchange. Advanced control loops, data logging, and user communication are man-
aged by a Raspberry Pi 4B operating at 500 Hz, running a Raspbian OS.

The custom GUI for data monitoring and parameter selection is developed in
Python using PyQt for the graphical interface. This GUI communicates with the Rasp-
berry Pi via an Ethernet connection using a TCP/IP protocol, allowing real-time mon-
itoring of the system’s status and dynamic adjustment of experimental parameters.
The GUI also logs data locally for post-experiment analysis. The software includes
various configurations for initializing the system, such as setting the CAN bus param-
eters and SPI communication rates between the Raspberry Pi and the STM32F4.

To ensure test safety, three emergency stop mechanisms are designed. First, if the
force exceeds the preset range of + 120N, the software will automatically control the
delay of the two servo motors. Second, if the rotation angle exceeds the preset range,
the motor will stop automatically. Additionally, both the operator and the subject can
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press an emergency stop button at any time during the test, cutting off power to the
two servo motors to protect the subject’s joint.

Torque consistency evaluation of the EJTMD at misalignment positions (model
experiment)

To evaluate the torque measurement consistency and repeatability of the self-designed
EJTMD under different misalignment conditions in a controlled environment, a joint
simulation model was designed (as shown in Fig. 5b). The coordinate system used in the
simulation is defined with its origin at the axis of rotation of the rocker. The X-direction
is parallel to the movable elbow support, while the Y-direction is perpendicular to the
movable elbow support. The model is equipped with a torque sensor (JNNT-S) and an
angle encoder (PD1503, Pudi Electronic Co., Ltd.) at the joint to monitor the joint torque
and angle variations in real time. To simulate joint misalignments, the joint simulation
model is mounted on a movable elbow support, allowing the model joint to generate a
quantitative displacement in the X-direction.

The experiment is conducted out by setting the joint angle of the simulation model at
90° and locking it to the base. Subsequently, the misalignment of the joint axis is gradu-
ally adjusted to observe the influence of different misalignment positions on the torque
measurement. The origin of the system’s coordinate axis is set at the axis of rotation of
the rocker, and the misalignment positions in the XY plane are set as (— 50, 0), (— 30,
0), (0, 0), (0, 30), and (0, 50), as shown in Fig. 5b. The (0, 0) position indicates that the
misalignment coordinates of the model’s joint axis relative to the rocker’s axis of rotation
of EJTMD are (— 60, 40), with units in millimeters. The other four positions are moved
relative to the (0, 0) position.

At each misalignment position, the EJTMD randomly applies a tensile force of 10
to 20 Nm, conducting 30 MVC experiments, each lasting 4 s. During the experiment,
torque data is recorded when the simulation model and the EJTMD reach a stable stage.
Specifically, when the torque fluctuation is within+0.5 Nm and remains stable, the
torque data for that stage is recorded (as shown in Fig. 6), and the average value is calcu-
lated, denoted as 1,04 and teyTaip, respectively.

Comparison of torque measurements between EJTMD and Biodex system at misalignment

positions (clinical experiment)

The purpose of this experiment was to evaluate the consistency of joint torque measure-
ments between the EJTMD and the standard dynamometer (Biodex system) at different
misalignment positions, by comparing the isometric maximum voluntary contraction
(MVC) results.

A total of 10 healthy volunteers (age: 26.35+3.7 years, height: 172.6 +7.50 cm,
weight: 66.9+8.85 kg, including 3 females, 7 males, 2 left-handed, and 8 right-
handed) were recruited for the experiment. Each participant performed three con-
secutive MVC tests at five different misalignment positions using both the EJTMD
and the Biodex system. Participants performed isometric contractions (static force
exertion) with the elbow fixed at 90° flexion (0°=full extension), following standard-
ized instructions: ‘Push as hard as possible against the device for 4 s. Each test lasted
for 4 s, and the average torque value during the stable phase was recorded. The three
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Fig. 6 A sample of EJTMD torque waveform. Red dashed box: The target torque was chosen for the analysis

trials at each position were performed sequentially, with a 30 s rest period was pro-
vided between each test to avoid muscle fatigue. To minimize learning effects, partici-
pants completed 3 submaximal practice trials (50% effort) at the neutral position (0,0)
before formal testing. To ensure the reliability of the results, a rotating testing pro-
cedure was used, where different volunteers tested at random assigned starting mis-
alignment positions and were allowed sufficient rest if feeling fatigued. The order of
testing devices (EJTMD/Biodex) and misalignment positions was randomized across
participants.

For the EJTMD testing, the participants sat on the seat, with their upper arm placed
on the elbow support, and the elbow joint was set to 90°, as shown in Fig. 5a. The
trunk was stabilized with a chest strap to prevent compensatory movements. Five dif-
ferent misalignment positions were simulated in the XY plane relative to the humeral
lateral epicondyle with coordinates: (— 50, 0), (— 30, 0), (0, 0), (0, 30), and (0, 50) mm.
The setup of these five positions was the same as in the joint simulation model. The
upper arm was secured to the elbow support with Velcro straps, as close as possible
to the rotation axis of the rocker, and kept parallel to the forearm plate. The elbow
joint axis of rotation did not need to align with the rocker axis. The forearm and wrist
were connected to the EJTMD via Velcro straps.

For the Biodex system, the upper body of the participants was secured at the chest
to minimize interference from other body parts. The elbow joint was positioned at
90° for the standardized MVC test. The alignment of the dynamometer’s probe with
the lateral epicondyle of the humerus indicates alignment between the rotation axis
of the dynamometer and the joint axis of rotation, labeled as position (0, 0), and the
lever arm pad was positioned within 2 cm of the wrist joint. Real-time visual feed-
back of torque was displayed on a monitor to guide maximal effort. The misalignment
positions in the XY plane were consistent with those in the EJTMD testing: (— 50, 0),
(- 30, 0), (0, 0), (0, 30), and (0, 50) mm.
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Torque signals from both devices were filtered offline using a 4th-order Butterworth
low-pass filter (cutoff frequency: 10 Hz).

Statistical analysis

All measurement data were continuous variables and were described using mean and
variance. Normality was tested using the Shapiro—Wilk test. For the simulation experi-
ment data, regression analysis was first used to investigate the effect of applied force on
the EJTMD measurement results, examining the correlation between applied force and
measured torque. Then, we selected five specific positions and used correlation analysis
and independent samples t-test to evaluate the differences between the EJTMD meas-
urements (tgr7mp) and the standard values from the joint simulation model (T,0401)-
The absolute error distribution between the EJTMD and the Simulation Model was ana-
lyzed, and the contributions of force sensor, limb length, and angle measurement errors
were quantified. The measurement consistency of the EJTMD system at each misalign-
ment position was assessed using the intraclass correlation coefficient (ICC). A repeated
measures analysis of variance (RM-ANOVA) was performed for both devices to assess
the effect of misalignment position on torque measurements. Mauchly’s test was used to
check sphericity, and when violated (P <0.05), degrees of freedom were adjusted using
the Greenhouse—Geisser or Huynh—Feldt corrections. Post hoc Bonferroni-corrected
pairwise comparisons were conducted to assess differences between positions. Data
analysis was conducted using SPSS 22 (IBM, USA).
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