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Analysis of Knee Strength Measurements
Performed by a Hand-Held Multicomponent
Dynamometer and Optoelectronic System

Andrea Ancillao, Stefano Rossi, and Paolo Cappa

Abstract—The quantification of muscle weakness is useful
to evaluate the health status and performance of patients and
athletes. In this paper, we proposed a novel methodology to
investigate and to quantify the effects induced by inaccuracy
sources occurring when using a hand-held dynamometer (HHD)
for knee strength measurements. The validation methodology is
based on the comparison between the output of a one-component
commercial HHD and the outputs of a six-component load cell,
comparable in dimension and mass. An optoelectronic system
was used to measure HHD positioning angles and displacements.
The setup allowed to investigate the effects induced by: 1) the
operator’s ability to place and to hold still the HHD and 2) ignor-
ing the transversal components of the force exchanged. The main
finding was that the use of a single component HHD induced an
overall inaccuracy of 5% in the strength measurements if the
angular misplacements are kept within the values found in this
paper (<15°) and with a knee range of motion <22°. Extension
trials were the most critical due to the higher force exerted,
i.e.,, 249.4 + 27.3 versus 146.4 £ 23.9 N of knee flexion. The
most relevant source of inaccuracy was identified in the angular
displacement on the horizontal plane.

Index Terms— Hand-held dynamometer (HHD), knee strength,
load cell, lower limb, quality assurance, strength measurements.

I. INTRODUCTION

USCLE strength measurement that is the evaluation of

the maximum force produced by voluntary contraction
of muscles is useful in clinical decision making and for
the functional evaluation of patients and sportsmen. Strength
measurements are also widely applied to test the effectiveness
of training and rehabilitation programs [1]-[4]. For example,
strength measurements were involved in the assessment of
complex motor functions such as advanced features of gait [5]
and treadmill training [6]. The measurement of the maximum
exerted force allows the estimation of joint moment, which
in turn helps the assessment of the healthiness of tendons
and ligaments, and, consequently, the stability of the joint
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itself [7]. In a clinical perspective, some musculoskeletal
or genetic diseases are characterized by gait and muscular
disorders that are due to poor joint stability and muscle-tendon
weakness [7]-[9]. Strength assessment is performed over time
on the same subject in the pathologies affecting daily tasks,
such as raising from a chair or walking [10]. Considering the
inherent relation between muscle strength and muscle power,
strength assessment plays an important role for the study
of the previously cited pathologies and definition of clinical
treatments [10].

The previously cited applications show the strong impor-
tance of measurement of force in clinical environments. Thus,
a variety of quantitative methods, clinically feasible, were
developed to assess human volitional muscle strength in
cooperative patients. The earliest methods were based on
the indirect measurement of muscle force and fatigue as
the chair-stand test, but direct methods were generally to be
preferred [2], [11] and they consisted in gathering the strength
measurement via force sensors, often connected to ad hoc
designed mechanical systems.

Nowadays, the gold-standard and widespread direct method
is the isokinetic dynamometer, which is also commercially
available [12]-[15]. It allows the gathering of force—velocity
curves and the estimation of the maximum force exerted
by the patient during a specified exercise. The isokinetic
dynamometer showed high interrater and intrarater reliability
and reproducibility for the measurement of joint forces and
moments when it was applied to subjects of different ages,
both on lower and upper limbs [3], [12], [16]. The isokinetic
dynamometer was also used in combination with 3-D motion
capture to obtain accurate joint moment measurements [17].
The main drawbacks are that the system is expensive and cum-
bersome, not portable, and it requires long time to prepare the
subject. Thus, nowadays, a simpler and more clinically feasible
method was developed. It is based on the use of the hand-
held dynamometer (HHD) that is a small and portable single-
component load cell that can be held in hand by an operator
that applies it on defined anatomical landmarks [12], [16]. The
HHD is a low-cost device, portable, easy to handle, and it does
not require time-consuming procedures; for this reason, it is
widely used in today’s clinical practice.

Two HHD-based measurement methodologies were devel-
oped [18]: 1) the “make” test in which the examiner holds the
dynamometer in a fixed position, while the subject exerts a
maximal force against it and 2) the “break” test in which the
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examiner holds the HHD in place overpowering the maximal
force exerted by the subject and then moving the participant’s
limb. The two methods were comparatively examined by
Bohannon [18] concluding that both are reliable and repeatable
if the examiner is able to promptly counteract the force exerted
by the patient, while Phillips er al. [19] concluded that in
the “break” test, some examiners could not complete the test
due to their weakness, and then the “make” test had to be
preferred. Due to its working principle, the use of HHD has
some potential issues that may affect its accuracy and repeata-
bility. Therefore, the study of metrological characteristics of
HHDs was object of some studies in recent years [14], [20].
Wuang et al. [20] focused the study on the strength mea-
surement of lower limb muscles in children with intellectual
disabilities. They concluded that the use of the HHD could be
considered practical and easy for clinicians, but it had some
critical issues related both to the operator’s training and to
the positioning of the dynamometer on the subject’s limb.
The influence of the operator was tested by Kim et al. [12]
by comparing three setups: 1) with the HHD fixed to the
distal tibia by a Velcro strap; 2) with the HHD held by the
operator; and 3) with an isokinetic dynamometer, assumed
as a reference. They found that fixed and nonfixed methods
showed good interrater reliability and the higher reliability was
reached in the fixed methods. Martin et al. [14] confirmed
that HHD offers a feasible, inexpensive, and portable test of
quadriceps muscle strength for use in healthy older people
even though it underestimates the absolute quadriceps strength
compared with the isokinetic dynamometer, particularly in
stronger participants.

From the literature survey, it emerges that the operator’s
skill to hold the HHD in the right position and orienta-
tion represents the main critical issue on the quality of the
strength data. Moreover, a further unaddressed limitation of
HHD-based measurement is related to the acquisition of a
single force component that is the force value projected on
the HHD sensitive axis, and consequently, the transversal
components of force and the moments are ignored.

Most of the previous studies were focused on the
comparative examination of the HHD versus the gold stan-
dard isokinetic dynamometer. To the best of the authors’
knowledge, no previous work proposed a methodology to
directly measure the sources of inaccuracies occurring when
an HHD is used to measure knee strength. Our work is
focused instead on the identification and quantification of
the main causes of uncertainties related to manual strength
measurements, which are normally neglected by the clinical
operators. In particular, we focused on the HHD wrong
positioning and limb/operator motion during the knee strength
measurement. Hence, the aim of this paper was the quantitative
evaluation of the sources of inaccuracies occurring when
a commercial HHD is used. Our validation methodology
estimated the effective position of the anatomical segments
and the relevance of the transversal force components that
are exerted by the subjects during strength measurements.
The quantification of sources of inaccuracies was estimated
by comparing the HHD outputs with an experimental setup
with better metrological performances. The setup consisted

Fig. 1.  Six-component load cell equipped with force transferring layers.
Marker identification and the local reference system are also reported.

of an optoelectronic system (OS) and a six-component
load cell.

II. MATERIALS AND METHODS
A. Subjects

Thirty healthy adult subjects were enrolled in the study:
18 males, 12 females, age 26.2 + 2.1 years, height
173.6 = 7.2 cm, and body mass 68.1 £ 8.7 kg. Subjects
must not have had any neurological or orthopedic disorders
and must not have had surgery to the lower limb joints. All
the subjects were evaluated by a physiatrist before the trials.
All the subjects were right handed even though this was not
an inclusion criterion.

The choice of adult healthy subjects represents a worst case
scenario, as high forces are exerted and the clinician must be
strong enough to oppose the force of the subject.

B. Study Approval

This study complied with the principles of the Declaration
of Helsinki, and it was approved by the Ethical Committee
of the Children’s Hospital “Bambino Gesl,” Rome. Subjects
were informed and signed consent before enrollment in the
study.

C. Equipment

The force was measured by means of a commercial six-
component HHD, i.e., the gamma F/T sensor (ATI Industrial
Automation, USA). The load cell was equipped with an ad hoc
aluminum force-transferring layer and a foam layer on the side
that is in contact with the subject’s limb (Fig. 1). The total
thickness of the layers was 1.6 cm. Measurement full range
was equal to 400 N for the force on the z-axis (principal axis),
130 N for the force on the transversal axes, and 10 Nm for
the moment on each axis. Resolution was 1/20 N for the force
and 1/800 Nm for the moment. The mass of the load cell was
0.255 kg, diameter 75.4, and height 33.3 mm. Load cell signal
was amplified by means of the analog F/T controller, provided
by the manufacturer, and streamed to the analog port of the
Vicon system.
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The lower limb motion was recorded by a Vicon MX OS
(Oxford Metrics, U.K.), equipped with eight cameras. Data
collection and the first processing, i.e., marker reconstruction
and labeling, were conducted by the software Vicon Nexus 1.7
(200 Hz, Vicon Motion Systems, Oxford, U.K.). Static and
dynamic calibration tests, performed in accordance with the
manufacturer’s indications, were conducted before each par-
ticipant’s trial session, and they showed that the overall root-
mean-square error (RMSE) of marker coordinates in 3-D space
was less than 1 mm in a calibrated volume of about
2mx Il mx 2m.

Force and moment data were synchronized with kinematic
data recorded by the OS.

Ultimately, our setup allowed the identification of sources
of inaccuracies in HHD measurements in order to give relevant
information to the clinical personnel involved in the daily
strength measurements improving their ability to perform such
an evaluation. Specifically, the setup can quantify: 1) the actual
dynamometer orientation with respect to the anatomical plane
of the patient’s lower limb; 2) the undesired motion of the
limb that occurred during the strength measurements; 3) the
actual forces and moments exchanged between the patient and
the operator; and 4) the relevance of the transversal force
components measured by the six-component load cell.

D. Motion Capture Protocol

The six-component HHD was equipped with four passive
markers as shown in Fig. 1. Markers were placed on sticks
rigidly fixed to the HHD to avoid covering by the operator’s
hand. The central marker was placed in the midpoint of the
patient-interface area of the HHD needed to locate its center
with respect to the other markers that were used to build a local
reference system (Fig. 1). The central marker was removed in
the strength trials, and its position was reconstructed using a
localization procedure based on the three fixed markers.

Subjects were equipped with an ad hoc defined marker
protocol (Fig. 2) composed of 26 markers placed on the
subject’s skin surface. Landmarks were identified as follows:
posterior and anterior iliac spines (four markers), lateral thighs
(two markers), lateral and medial epicondyles (four markers),
lateral and medial malleoli (four markers), lateral shanks (two
markers), second metatarsal head (two markers), and calca-
neous (two markers). Finally, two clusters of three markers
(six markers) were applied on the thighs (in correspondence
of the quadriceps femoris).

Positions of knee and ankle centers were computed as the
midpoint between the two markers on epicondyles and on the
malleoli, respectively. Hip center was reconstructed solving
the plug-in-gait model, which is a modified version of the
Davis protocol [21] when the subject is in the upright position.
Instead, the position of hip center when the subject assumed
the seated position was reconstructed by means of an optimal
localization procedure since the markers on the pelvis were
not always visible to the OS cameras.

A static trial was recorded for each subject before the
trials for strength quantification. In the static trial, the subject
was asked to stand up still in the OS calibrated volume for
about 5 s. At the same time, HHD was kept still on the
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Fig. 2.
dots are the markers used with the OS. Red dots are the reconstructed joint
centers. Local reference system of the shank is shown in front view.

Marker protocol used for the subjects: front and rear views. White

laboratory floor in the OS calibrated volume while zero input
was applied. The static trial allowed evaluating: 1) the position
and the orientation of local reference systems (LRSs) of each
body segment and the HHD and 2) the offset signals gathered
by the HHD.

E. Strength Protocol

the
the

Testing was performed at
and Robotic Laboratory of
“Bambino Gesu.”

Strength of the knee flexors and knee extensors muscles
was measured by a protocol defined in a close cooperation
with the clinical partners of the neuromuscular disease group
within the MD-Paedigree project. This protocol consisted in a
“make test” method [14], [18], [20]. The HHD was held by a
trained clinician, and the trials were performed in accordance
with [22]: subjects were sitting on a bench, and lower legs
were hanging with hips and knees in flexion at about 90°.
During the trials, in order to impede the movements of both
the pelvis and the thigh, the subjects were stabilized by belts
connected to the bench. The knee was left free to move,
as flexion/extension was the measurement target. Hence, the
HHD was placed proximally to the ankle on the anterior or
posterior surface of the lower leg for the extension and flexion
trials, respectively. The operator had to counteract subject’s
force by maintaining the limb and the HHD as still as possible.

The participants were instructed to exert the maximal force
against the HHD for about 5 s while the operator counteracted
the force trying to keep the shank still. The participants
were also instructed to avoid explosive contraction, and they

Movement Analysis
Children’s Hospital
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Fig. 3. Reference configuration with local reference system and computed
parameters. Left: lateral view. Right: top view.

were instructed to increase force gradually from zero to the
maximum achievable value [20].

Participants were tested individually by a single operator.
Trials were repeated five times for both knee extension and
knee flexion with a resting time of about 30 s between trials to
avoid fatigue effects in both subject and operator. The session
for each participant lasted approximately 30 min.

F. Data Analysis

Data processing algorithms were implemented in MATLAB
(MathWorks, USA). Data processing consisted in: 1) the
identification, via the markers, of LRSs for each body segment
and HHD and 2) the evaluation of the selected kinematic and
kinetic indices.

Two LRSs have been defined: for the shank, LRSsy
[Figs. 2 and 3], and for the HHD, LRSyyp (Fig. 1). We
defined for the LRSsy: 1) ysy, the unit vector from ankle
center to knee center, directed upward; 2) xsy, the unit
vector perpendicular to the plane defined by the knee medial
and lateral epicondyles and the ankle center, and point-
ing forward; 3) zsy, the unit vector perpendicular to xsg
and ysy; and 4) the origin, located at the knee center.
As concerns LRSygp, we defined: 1) vmkr, the virtual marker
defined as the projection of HHD4 on the plane represented
by HHD1, HHD2, and HHD3; 2) xynp, the unit vector from
vmkr to HHD1; 3) zyup, the unit vector perpendicular to the
plane defined by HHD1, HHD2, and HHD3, pointing upward;
4) ygup, defined as cross product between zggp and XHuD;
and 5) origin, that is the virtual marker on the line between
vmkr and HHD4 with an offset from HHD4 of 2.7 cm, which
is the sum of thickness of the force coupling layers and the
marker’s radius.

G. Indices
In order to quantitatively study the quality of strength
measurements, we defined some indices that are computed
over the kinematic and kinetic data. The kinematic indices
were defined as follows.
1) Range of motion (RoM) of knee angle is defined as the
difference between the maximum and minimum of knee

angle measured throughout the trial. Specifically, the
knee angle was defined as the angle between the vector
from knee center to hip center and the vector from knee
center to ankle center [23]. RoM is an index to quantify
the quality of strength measurements (low values of
RoM represent higher adherence to the selected protocol,
and actually the limb had to ideally remain still during
the trial).

2) A1 and A, represent the angles between zygp and

ysg and between zypp and zsy, respectively (Fig. 3).
Aj and Ay were evaluated at the instant in which the
measurement of strength was gathered, that is, when
the maximal force was recorded. A; and Aj should be
ideally equal to 90°, and their deviations from this value,
0A1 and JAj, represent indices of incorrect positioning
of HHD.

The previously defined indices were computed for both
knee extension and knee flexion trials, and they were averaged
between the five repetitions of each subject.

RoM and angular displacements are indices widely used in
functional evaluation to quantify motion of limbs [23], [24].
In this paper, such indices were implemented to quan-
tify the misplacements and displacements of HHD during
measurements.

In order to assess repeatability of kinematic measurements,
we computed the coefficient of variation (CV) for each para-
meter, addressed as CVrom, CVsa1, and CVsaz. The CV was
defined as the % ratio between the standard deviation (SD) and
the mean value between the five repetitions for each subject.

As regards the kinetic data, we evaluated forces and
moments acting on the knee joint center and reported in
LRSsy (HF and SHM, respectively)

SHM — SHRHHD . HHDM + SHOHHD % HHDF )

where HTHDF and HHDM are the outputs of the HHD, SHRymp
is the rotational matrix that rotates vectors from coordinate
system LRSypp to LRSsy, and SHouup is the origin of
LRShup represented into LRSsy.

We selected the following kinetic indices to quantify the

information loss when the used HHD is a uniaxial load cell.

1) Fj; is defined as the maximum value of SHFy, which
represents the strength measurement.

2) Fr is the transverse component of the force exerted by
the subject. It allows the quantification of the intensity
of lateral force that cannot be acquired with the usual
clinical measurements conducted with a uniaxial load

cell
Fr = /SHFy2 + SHFZZ. 3)

3) My is defined as the maximum value of the knee
flexion—extension moment, that is, SHMZ, when the
strength measurement is conducted.

4) Mr is the transverse component of the knee moment.
It represents the moment components not assessable if a
uniaxial load cell was used to measure the knee moment

My = [SHMZ +SHM2. “4)



ANCILLAO et al.: ANALYSIS OF KNEE STRENGTH MEASUREMENTS

All the computed indices were referred to the time instant
when the maximum force was acquired, and they were aver-
aged between the five repetitions for each subject. Moreover,
each kinetic index was computed for both knee extension and
knee flexion trials.

In order to estimate the operator-dependent inaccuracy, we
also evaluated the nominal knee strength (}:" ) and the nominal
knee moment (M) as they are usually measured in clinical
routine. Specifically, we considered that clinicians evaluate
the force exerted by subjects with a uniaxial HHD and they
estimate knee moment multiplying F by the distance between
the HHD and the lateral malleolus usually determined with
a tape measure. Thus, we simulated a uniaxial HHD by
focusing only on the ##P F, force component. In addition,
we considered only SHouup that is the distance between the
knee epicondyle and the HHD positioning as the nominal lever
arm for the evaluation of knee moment

F =HHDp (5
~  sH A
M =">"oynp - F. (6)

The inaccuracies related to both the strength and the knee
moment were evaluated as the RMSE of the differences
between actual values (Fj; and Mj;) and the nominal ones
(F and M); RMSEs were also normalized at the maximum
values of F and M

2

N i [
N —F 100
RMSEF _ \/Zz-l ( M l) . _ [%]
N max; (F;)
N i )2
S (MY, — M; 100
RMSE,, = \/Z’—l (Myy —M)" —[%] (7)
N max; (M;)

where N is the number of repetitions of the trials. Thus,
RMSE values permitted the overall quantification of strength
inaccuracy in knee moment measurements performed in the
clinical routine.

To assess measurement repeatability, we also computed the
CV for F and M , addressed as CV 2 and CV e

Finally, to give an overall quantification of the quality of
strength measurement, we proposed a novel synthetic quality
index Qijndex.- It was defined to take into account both the
angular misplacements of HHD (JA; and JA,) expressed
as a percentage of 90° and the transverse component of
moment (M7) expressed as percentage of the maximum value
of the knee moment (Mjys). We considered the transverse
component of moment representative of the quality of the
measurement because it takes into account both the effects
induced by the HHD incorrect positioning and the transversal
force components

SA1\?2 5A>\?2 My \?
Qindex = 100 1‘J (9—0) *(9—0) *(—MM)
®)

An ideal strength measurement implies that A1, dA;, and
M7 equal to zero, that is, Qingex €quals to 100%. Thus, Qindex
values lower than 100 % indicate a worsening of the strength
measurements.
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TABLE I
KINEMATIC INDICES

Extension Flexion t-test

RoM [°] 21.7 (9.8) 15.5(6.4) 0.005 *
6A; [°] 5.7@3.4) 6.1 (3.8) 0.712
6A; [°] 9.3 (6.0) 15.1 (8.3) 0.014 *
CVizoum [%] 23.2(12.4) 23.5(11.0) 0.919
CVs41 [%] 5.03.7) 2.1(1.2) 0.002 *
CVs42 [%] 4.8 (2.4) 3.3(1.3) 0.013 *

Mean (SD) values for the kinematic indices measured for the knee extension
and flexion. * indicates a statistically significant difference between extension
and flexion (p<0.05). The p values are reported in the t-test column.

H. Statistics

Descriptive statistic was computed for each index among the
subjects. All data were tested for normality by the Shapiro—
Wilk test. The significance level was set at 0.05 for all
statistical tests. The paired 7-test was then computed to check
differences of all parameters between the knee extension and
the knee flexion trials.

To study the influence of incorrect positioning of the
HHD on the measurements of strength and knee moment,
we computed the Pearson product-moment correlation coeffi-
cient between the kinematic indices (A, A, and RoM) and
the indices directly related to the inaccuracy of the strength
measurement (RMSEr, RMSEy,, Fr, and Mr). The coeffi-
cient r ranges from —1 to 1 (values close to 1 or —1 represent
a strong correlation between the variables). The following
categorization for the Pearson coefficient » was considered,
as suggested in [25]: |r| = 1: perfect; 0.7 < |r| < 0.9: strong;
0.4 < |r| < 0.6: moderate; 0.1 < |r| < 0.3: weak; and |r| = O:
Zero.

III. RESULTS

The results are reported in Tables I and II as means and
SDs among the subjects included in the study; p-values of
t-test are also reported. The Shapiro—Wilk test showed that
kinetic and kinematic indices had a normal distribution, and
therefore the selected statistical tests were applied.

The results of kinematic parameters are reported in Table I.
The observed RoM, i.e., the angular variation of the knee
flexion/extension angle across the trial, was never close to 0°
and was statistically higher for the extension movement than
the extension one. Moreover, the SD of RoM was higher for
knee extension.

Positioning error 0A; showed comparable values between
knee flexion and extension. Instead, dA, assumed higher
values for knee flexion. Values of A, were always higher than
0A for both flexion and extension. As regards the coefficients
of variation, no differences between flexion and extension were
observed for the CVgom. It showed higher values than the
coefficients of variation obtained for the positioning errors, i.e.,
CVs41 and CVgsa2. Both CVgsa1 and CVgar were found sta-
tistically different between flexion and extension. The results
of kinetic indices are reported in Table II.
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TABLE 11
KINETIC INDICES

TABLE III
CORRELATION COEFFICIENTS

Extension Flexion t-test Fr My RMSEr RMSEy
F [N] 2494 (27.3) 146.4(23.9) <<0.001 * K RoM -0.1 0.0 -0.1 0.1
M[Nm] 88.4(12.4)  49.9(83)  <<0.001 * e OAy 08%F 05% 0.7 %* 0.1
Fy[N] 2425(28.8) 145.1(264)  <<0.001 * 6A, 07 08*F 0.9 03
FrIN]  63.0(228) 37.5(141)  <<0.001 * e %ZM 8'(2) 8'8 8'2 :8'}
My, [Nm] 87.8 (12.5) 48.7 (9.5) << 0.001 * Flex 6A1 0 5 " 0 8.** 0 5 " 04' %
M7 [Nm] 14.6 (8.4) 9.4 (4.7) 0.018 * _2 - : = —— —
o Pearson correlation coefficients () between kinematic indices and kinetic
RMSEg [%] 3.0(2.6) 3.3(1.7) 0.613 indices for knee extension and knee flexion. * indicates a moderate correlation
RMSEy [%] 4.0 (1.7) 5.2(2.4) 0.035 * (0.4<)r|<0.6), ** a strong correlation (0.7<]r|<0.9).
CVgs [%] 8.1 (6.0) 5.9(3.2) 0.092
CVy [%] 8.2(5.9) 5.8(3.0) 0.068
Oindex [%0]  82.8(11.2) 75.3 (14.1) 0.069 a single-component HHD that does not collect both moments

Mean (SD) values for the kinetic indices measured for the knee extension
and flexion. RMSE values were evaluated between one-component and six-
component measurements. * indicates a statistically significant difference
between extension and flexion (p<0.05).

Force and moment parameters F s M , Fy, Fr, My, and
M7t were found significantly higher for knee extension than
the knee flexion. All RMSE values were less than 5% (except
for RMSE), of knee flexion that was slightly higher).

A statistical significant difference was observed for
RMSE), of knee flexion that was higher than knee extension.
RMSEFr was lower than RMSEy,, and no significant differ-
ences were observed between the two rotations. Considering
the coefficients of variation, CV I and CVM were always
lower than 10%. Both CVs were higher for knee extension;
anyway, no significant differences were observed. Average
Qindex Was relatively high for both extension and flexion.
It was slightly lower for knee flexion. The difference was close
to significance.

The results of correlation analysis between the misplace-
ment parameters (0JA; and JdA;) and RoM, and the ones
directly related to the inaccuracy of the strength measurement
(RMSEFr, RMSEy;, Fr, and M7) are reported in Table III.
No correlation was observed between RoM and the kinetic
parameters for both extension and flexion. For the knee
extension, a strong correlation was observed between dA» and
Fr, M7, and RMSEF parameters. Correlation was also strong
between 0A; and Fr and RMSEfr, while it was moderate
between 0A; and My. Low correlations with RMSE,, were
observed for each misplacement parameter. As concerns the
knee flexion, significant correlations were observed only for
the 0A;. Specifically, the correlation was strong with Mr,
while it was moderate with the other parameters.

IV. DISCUSSION

The main aim of this paper was to quantify the quality of
the knee strength measurements by analyzing the inaccuracies
relating to the operator and to the measurement system. More
precisely, we analyzed the effects induced on the strength
measurement by: 1) the therapist ability both in positioning the
HHD and in keeping it still in place and 2) the current use of

and transversal components of force. Moreover, we studied the
sources of inaccuracy occurring in the strength measurements
by analysing their dependence with the kinematic parameters
of HHD misplacement. Healthy adult subjects were enrolled
in the study because they represent the most aversive case for
the operator due to the relatively high force they can exert.

A. Dependency of the Strength Measurements
on the Operator’s Ability

In order to test the operator-dependent inaccuracies, when
performing a strength measurement as a “make test” method,
we measured the knee RoM that should be ideally close to 0°,
as the subject’s limb should remain still across the trial.

Analyzing the RoMs and the CVRepm, values higher than 0°
were measured for both extension and flexion. Moreover, knee
RoM was statistically higher for extension trials, in which the
force exerted was higher, than flexion ones (Table II), indicat-
ing that the operator was not able to completely counteract the
participant’s force, and therefore he was not able to hold the
limb completely still with poor repeatability across the trials.

Considering the errors in the HHD placement, positioning
error 0A| showed comparable values between knee flexion and
extension, implying the same difficulty level for the operator
in correctly positioning the HHD on the sagittal plane during
the two types of trials. The index variability was relatively
low, indicating a good repeatability in the angular positioning
of HHD on the sagittal plane. dA; was found higher than
0A1 and was statistically higher for knee flexion, indicating
that the most relevant source of inaccuracy was the HHD
misplacement on the horizontal plane, especially in the case of
knee flexion. This may be due to the uncomfortable position
that the operator had to assume to hold the HHD behind
subject’s ankle in knee flexion trials. It follows that the
operator has to pay a special attention to avoid the rotation
of the HHD on the horizontal plane.

Considering the coefficients of variation CV of the outputs
of the strength measurements (CV and CV ), a low level
of variability was observed (<5%) showing a good intra-
subject repeatability of measurements for both knee flexion
and knee extension trials, in agreement with the literature
outcomes [12], [14], [19]. Moreover, CV and CV I of knee
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flexion were lower than knee extension, indicating that knee
extension trials had more inherent critical issues with respect
to knee flexion ones. This finding can be interpreted by
observing that the force F and the moment M values exerted
by the subjects involved in this paper were higher during the
extension trial than the flexion one implying a greater difficulty
for the operator to maintain still the participant’s limb. This
finding is in agreement with the results in [26] that showed
higher quality of the trials achieved by fixing the HHD in
contrast to HHD freely held by the operator.

In conclusion, even though the operator was not able to
keep the limb of the subject perfectly still and the HHD
actual orientation was different from the desired one, the
measurement outputs were reliable and accurate enough for
both knee flexion and extension.

B. Comparison Between Six-Component and
One-Component HHD

The inaccuracy associated with uniaxial HHD in compar-
ison with the values collected via a six-component HHD
could be quantified by Fr, My, RMSEfr, and RMSEy,.
The first two indices represented the lateral components of
the force and moment that are commonly neglected when a
uniaxial HHD is used. RMSEr and RMSE,,, instead, allowed
us to quantify the accuracy of strength and knee moment
measurements performed with the uniaxial HHD in the clinical
routine comparing them with the actual ones obtained by a
six-component HHD and the OS.

Focusing on Fr and My values, the highest values were
obtained during the extension trials confirming the above-
reported findings on the higher complexity of extension trials.
RMSEr and RMSE,; were relatively low, always <5.2%,
for both knee flexion and knee extension. We can therefore
speculate that the uniaxial HHD is reliable and accurate
enough for use in clinical contexts, according to the data set
acquired in this paper.

In order to synthetically describe the quality of a strength
measurement, according to the previously discussed para-
meters, we computed a synthetic quality index Qindex- The
average of Qindex Vvalue was high for both knee extension
and knee flexion, without statistical difference. This finding
supported the conclusions that the inaccuracies due to both
the positioning of the HHD and the lateral force and moment
components can be considered negligible. The Qingex is also
useful “on the field” applications, as it provides an overall
quantification of the quality of a single trial and may help the
clinician to identify trials to be discarded.

C. Correlation Between Operator’s Ability and
Strength Measurement Accuracy

Correlation between kinematic and kinetic parameters was
analyzed to investigate the influence of the HHD misplace-
ment and the accuracy of the uniaxial HHD in the strength
measurements.

For the knee extension, a strong correlation was found
between the misplacement indices 0A, and dA| and Fr, Mr,
and RMSEr, while the correlation was low with RMSE,.
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It can be stated that the angular misplacements had effect on
the lateral undesired components of force and moment, while
the error on the actual moment was not affected by an incorrect
orientation of HHD. The misplacements influenced in a greater
extent the force measurement than the moment one. The RoM
had no influence on the lateral components of force/moment or
effect on the RMSEs. This means that the range of motion, if
it is maintained within the values observed in this paper, does
not affect the measurements in terms of lost information due
to lateral components, which are not measured by commercial
HHDs in clinical practice.

Concerning knee flexion trials that are characterized by a
lower exerted force, correlations were observed only between
0Aj and all the parameters. Specifically, the correlation was
strong only versus M7, while it was moderate toward the other
parameters. The strong correlation between dA, and Mr, also
observed for the extension trial, demonstrated that the main
misplacement of the HHD is on the horizontal plane and an
increase in A, could drastically affect the quality of strength
measurements performed with a uniaxial HHD. In fact, it had
effect mainly on the lateral components of moment and it is
therefore a critical positioning parameter to pay attention while
gathering data. Conversely, the absence of correlation for 0A
and RoM may be connected to the lower forces and moments
exerted in the case of knee flexion. As in the knee extension,
the RoM of knee flexion does not affect the lateral components
of force and moment if it is maintained within the values found
in this paper.

In conclusion, the HHD misplacement quantified via the
0Aj index appears to be the main critical parameter for the
quality assessment of a strength measurement.

V. CONCLUSION

This paper investigated the effects of sources of inaccu-
racies occurring when using a single-component HHD. The
validation methodology is based on the concurrent use of a
six-component HHD and an OS. This paper showed that the
limb of subjects did not remain perfectly still during knee
strength measurements and it represents a nonnegligible source
of inaccuracy. From our measurements, we concluded that the
use of uniaxial HHDs can be assumed as reliable and accurate
enough for both knee flexion and extension, if lower limb
displacements and HHD misplacement are kept within the
values found in this paper (see Table I). The more critical
measurements are in the knee extension, where the most
affecting index was the HHD angular incorrect positioning on
the horizontal plane.

According to the data collected for this paper, the use of a
uniaxial HHD for the strength measurement, in place of a six-
component one, can be considered a reliable method when
a maximum value of inaccuracy equal to 6% is considered
acceptable.

The results here discussed may lead to a better under-
standing of HHD measurements and provide directions to the
clinicians for the proper use of the instrument. Further steps
may involve analysis of inaccuracies associated with differ-
ent anatomical districts and the quality analysis of strength
measurements conducted on patients with pathology.
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