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Summary

Background: In this paper, squat named by Au-
thors unconstrained because performed without
constrains related to feet position, speed, knee
maximum angle to be reached, was tested as mo-
tor task revealing differences in functional perfor-
mance after knee arthroplasty. It involves large
joints ranges of motion, does not compromise
joint safety and requires accurate control strate-
gies to maintain balance. 
Methods: Motion capture techniques were used to
study squat on a healthy control group (CTR) and
on three groups, each characterised by a specific
knee arthroplasty design: a Total Knee Arthro-
plasty (TKA), a Mobile Bearing and a Fixed Bear-
ing Unicompartmental Knee Arthroplasty (respec-
tively MBUA and FBUA). Squat was analysed dur-
ing descent, maintenance and ascent phase and
described by speed, angular kinematics of lower
and upper body, the Center of Pressure (CoP) tra-
jectory and muscle activation timing of quadri-
ceps and biceps femoris. 
Results: Compared to CTR, for TKA and MBUA
knee maximum flexion was lower, vertical speed

during descent and ascent reduced and the dura-
tion of whole movement was longer. CoP mean
distance was higher for all arthroplasty groups
during descent as higher was, CoP mean velocity
for MBUA and TKA during ascent and descent. 
Conclusions: Unconstrained squat is able to reveal
differences in the functional performance among
control and arthroplasty groups and between differ-
ent arthroplasty designs. Considering the similarity
index calculated for the variables showing statisti-
cally significance, FBUA performance appears to
be closest to that of the CTR group.
Level of evidence: III a.

KEY WORDS: angular kinematics, Center of pressure,
electromyography, unconstrained squat, unicompart-
mental knee arthroplasty, total knee arthroplasty. 

Introduction

Nowadays patients with knee arthroplasty do not re-
quire only pain relief and functional restoration but al-
so an improved and satisfactory quality of life1,2. In
fact, an increasing number of patients want to recover
a comfortable social life, including, for instance,
dance and sports activities1. The current outcome
evaluation procedures, such as gait analysis tests,
cannot be sufficient to assess the satisfaction of
these expectations. The assessment of “physical
function” in patients with osteoarthritis or with Total
Knee Arthroplasty (TKA) performed through the “per-
formance-based methods” appears to be an attempt
to relate the attained functional ability with user-ex-
pectation quality of life-related3. In the literature,
health status questionnaires are adopted to charac-
terise performance and provide numerical scores per-
formance-related4. Terwee et al.3 argued that TKA
patients could experience functional problems in ac-
tivities more demanding than just walking and there-
fore the adopted scores would be inadequate to rep-
resent the physical function.
Authors of this study consider the squat a demanding
task able to quantify functional performance because
it involves several joints in large movements without
the risk of joint damages and it requires suitable mo-
tor control strategies to maintain balance. 
Both Schoenfeld et al.5 and Rossi et al.6 stressed the
relevant role of squat in several activities of daily life.
For Schoenfeld et al.5, this movement can be consid-
ered as a complete exercise able to enhance the
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quality of life because of the high number of muscles
involved during its execution. Rossi et al.6 consider
squat useful for TKA patients if performed respective-
ly before the surgery to measure disability and after,
because it enhances hip extensors and quadriceps
stretching by contributing to the maintenance of bal-
ance and the control of the movement. Squat was
adopted for the functional evaluation of subjects af-
fected by patellofemoral pain syndrome7, treated with
TKA6,8, UKA9, or after anterior cruciate ligament
(ACL) surgery10. In the literature, execution modality
of squat was usually imposed by defining feet posi-
tion (narrow or wide stance) or knee flexion angles
(deep or half squat for instance)5,7,11,12. However, the
constraints on the stance have relevant implications
on the compressive and shear tibio-femoral forces
5,12,13. Moreover, high amplitudes of knee flexion
(greater than 90°) are considered a “common aggra-
vating position” for the subjects, with a great effort re-
quired for “the dynamic muscular control”, mainly due
to the compressive forces acting on the joint7.
With respect to the above-mentioned considerations,
the Authors’ hypothesis was to ask the subjects to
choose freely how to squat, without any constraints
related to feet position, knee flexion angle, speed or
upper body attitude. In fact, the Authors hypothesized
that each subject felt more confident during the task if
free to choose the best strategy. Authors named this
kind of motor task the unconstrained squat. 
Four groups were enrolled to perform the task: a
healthy control group (CTR) and three groups of pa-
tients, one with a Total Knee Arthroplasty (TKA), one
with a Fixed-Bearing and one with Mobile-Bearing
Unicompartmental Knee Arthroplasty (respectively
FBUA and MBUA). 
The purpose of the present study was to assess if
and how the unconstrained squat was able to reveal:
• different performances between a control popula-

tion and a knee arthroplasty group;
• different performances design-related among

arthroplasty groups.
In this context, performance was measured through the
whole body kinematics, CoP parameters and muscular
activation timing chosen to describe motor control.

Materials and methods

Test population
The study sample population consisted in:
- 7 patients with total knee arthroplasty (GKS

PRIME CR-FLEX-Permedica, Italy) with PCL pre-
served (TKA group); 

- 7 patients with mobile-bearing unicompartmental
knee arthroplasty (OxfordTM III partial knee, Bio-
met, IN) (MBUA group); 

- 8 patients with fixed-bearing unicompartmental
knee arthroplasty (Accuris UNI Knee System,
Smith&Nephew, TN) (FBUA group); 

- 12 healthy subjects, without symptoms of os-
teoarthritis who made up the control group (CTR).

Table I reports the subject’ demographic data used
for this study.
The same experienced surgeon (CZ) performed diag-
nosis of knee arthritis for all the patients and implant-
ed the knee arthroplasty. All arthroplasties were ce-
mented and placed through tissue saving surgical in-
cision.
Patients had to be fully recovered from surgery: their
rate, for the International Knee Society Score, had to
be excellent (80-100) or good (70-79). To avoid pos-
sible effects of the arthritis at the other joints on the
performance, time after surgery had to be greater
than 1 year and lower than 3.
Residual osteoarthritis and implant loosening,
checked by the orthopaedic surgeon on recent radio-
graphs of the operated limb, impairment of the con-
tralateral knee and other joints, and/or use of a cane
were considered grounds for exclusion. 
The study was conducted ethically according to inter-
national standard14 and approved by the local ethics
committee. Each subject signed the informed consent
before beginning of the test.

Unconstrained squat description 
Subjects were asked to squat at their self-pace by bend-
ing their knees up to the maximum level they felt com-
fortable, starting by the upright standing and then by re-
turning to the initial position. Each subject freely chose
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Groups of  
subjects 

MBUA FBUA TKA CTR 

N° 7 8 7 12 

Gender (m/f) 2/5 3/5 1/6 9/3 

Age (year) 68 (64 - 72) 67 (61 - 71) 70 (69 - 71) 67 (63 - 72) 

Height (m) 1.62 (1.61-1.69) 1.66 (1.62-1.69) 1.60 (1.60-1.65) 1.73 (1.70-1.78) 

BMI (kg/m2) 28 (27 - 32) 28 (26 - 30) 29 (29 - 34) 27 (25 - 30) 

Time from surgery 
(months) 

23 (19 - 34) 20 (19 - 21) 19 (17 - 22)  

Table I. Anthropometrics of the sample populations. Data related to Age, Height, BMI and Time from surgery are ex-
pressed in terms of median value, Q1 and Q3.



the most comfortable position for the feet and arms.
Each subject performed some trials to become famil-
iar with the experimental set-up and at least three tri-
als were analyzed and then processed.

Data acquisition and processing
For each trial, Euler angles related to ankles, knees
and hips were calculated together with trunk inclina-
tion [defined, in the sagittal plane, by the angle β be-
tween the vertical axis and the line joining sacrum
(SA) and the spinous process of the 7th cervical ver-
tebrae (C7) (Fig. 1)]. Clusters of markers (stereopho-
togrammetric system ELITE, BTSEngineering, Milan,
Italy, acquisition frequency 100 Hz) were placed on
pelvis and on thigh, shank and foot of both legs as
described in15. An additional marker was placed on
C7. The trunk inclination and the anterior-posterior
distance between sacrum and the midpoint of the
heels (dSA-CA) were used to obtain information about
the displacement of the Center of Mass (CoM). Verti-
cal velocity of SA was considered as a measure of
subject speed during the task. It was calculated and
normalised by subject’s height to allow comparison
among subjects.
Because each subject freely chose his/her preferred
stance and feet orientation (externally or internally ro-
tated), Authors calculated the stance width (distance
between markers placed on the heels) and nor-
malised by the shoulder width (SQW%)10,12 and the
angle α between feet, described by the lines through

the heels and the midpoint between first and fifth
metatarsal head (Fig. 1). 
The displacement of SA was also used to identify
three main phases of squat: in addition to descent
and ascent phase, usually studied in literature, in this
study was also recognised a phase, that Authors
called maintenance, during which subject remained
with the knees flexed, for a subject-specific time inter-
val before the ascent.
Center of pressure (CoP) trajectory (Fig. 1) was
recorded through a force plate (Bertec Corporation,
Columbus OH, acquisition frequency 500Hz). It was
analyzed to calculate some descriptors of subject
ability to maintain balance and to efficiently control
the CoM drop and rise16. Among the parameters usu-
ally adopted in static posture analysis16, the Authors
of this study will show and discuss two of them not
sensitive to feet position. They are the Mean Distance
(MDcop, i.e. the average distance from the mean of
CoP) and the Mean Velocity (MVcop, i.e. average ve-
locity of the CoP) and they are considered a measure
of the effectiveness of postural control and of amount
of regulatory activity respectively, needed to achieve
stability16 during standing. The MDcop will increase
with knee flexion and an effective motor control would
allow high knee flexion without risk of falling. There-
fore, MDcop will be higher for a large flexion, while
high value of MVcopN with reduced knee flexion, will
indicate a greater regulatory activity required to main-
tain balance. 
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Figure 1. Kinematics parameters related to body posture during squat. The angle β, between the vertical axis and the line
joining sacrum and the 7th cervical vertebrae, defines the trunk position. The angle α between the lines through the heels
and the midpoint between first and fifth metatarsal head, describes feet position. The stance width is defined as the distance
between markers placed on the heels and expressed in percentage of the shoulder width (SQW%). The dashed rectangle
under the feet is the force plate that measure ground reaction forces (blu vector) and the CoP trajectory. In the bottom of the
figure three phases of unconstrained squat were showed: descent, maintenance and ascent. All the phases are calculated
based on the vertical position of sacrum.



Surface electromyography (SEMG) of Rectus Femoris
(RF), Vastus Medialis (VM) and long head of Biceps
Femoris (BF) was also recorded from both legs (Pock-
etEMG-BTS, Milan, Italy, acquisition frequency 1 kHz).
The recommendations described in17 were followed for
sensors placement and SEMG recording. The muscular
activation timing was calculated through a time-fre-
quency analysis, as described in18.
CoP parameters, linear vertical speed and muscular
activation timing were calculated during descent and
ascent phase separately.

Statistical analysis
Kolmogorov-Smirnov test was applied to test normali-
ty of the data distribution. Not for all the examined
variables the hypothesis of normality distribution was
verified so Authors decided to calculate, for each
variable and for each subject, median, first and third
quartiles (Q1 and Q3) values as variability measure
and to adopt non-parametric methods to test signifi-
cant differences. 
Side-to-side comparison was performed with the use
of Wilcoxon signed rank test, while Kruskal-Wallis
analysis of variance test was used for inter-group
comparison. Pairwise differences for each statistically
significant Kruskal-Wallis test were also analysed. 
Differences were considered statistically significant
for p<0.05.

Results

All the subjects, comparable for age, BMI and height
(Tab. I) affirmed that were able to walk without re-
strictions for several hours and to climb and descend
stairs without the use of any support. Time after
surgery was comparable among arthroplasty groups
and lower than 3 years (Tab. I). Clinician present dur-
ing experimental session checked the radiographic
analysis to exclude possible misalignments of the
arthroplasty. No case was found. Outcome and func-
tional recovery were tested through KSS and Oxford
score (Tab. II).
Maximum flexion angles for each leg were compared
in each group and no statistically significant differ-

ences were found. As matter of fact, the median val-
ue of each peak of flexion was bilaterally calculated
and used to describe group behaviour. 
Subjects adopted a narrow stance, (CTR: 76%, TKA:
88%; MBUA:62%; FBUA:66%) comparable among
groups and not statistically different.
Cop mean velocity was normalised for linear vertical
speed because of the recognised high correlation be-
tween both parameters (Spearman correlation R=0.7,
p<0.02).
No statistically significant differences were found be-
tween groups for muscle activation timing. During the
descent phase, all the arthroplasty groups started
their muscular activation timing (Fig. 2) as the CTR
group, at about 25% of the descent (BF), followed at
27% by the VM and finally by RF at 38%. For all the
arthroplasty groups, muscle remained active from the
descent to the ascent phase while CTR stopped mus-
cles activity at 90% of the descent and started at the
beginning of the ascent.
During the ascent, the sequence of offset for CTR
was as follows: first RF (at about 60%), second VM
(at about 78%) and third BF (at about 88%). This se-
quence was also observed for both the UKA designs,
while TKA prolonged the RF activity up to 75% of the
ascent duration.

Arthroplasty groups versus CTR group
The feet position was comparable for both the UKAs
to CTR (α angle: FBUA:23.3°, MBUA:27.1°,
CTR:33.9°), while TKA group adopted a posture with
feet almost parallels (α =4.2), significantly different
from CTR (p=0.04).
Even if all subjects were able to squat without fall, the
performance obtained by each group was different re-
vealing for TKA:
- reduced knee ( 54.4° w.r.t. 84.9° of CTR, p=0.03)

and hip (41.1° w.r.t. 81.4° of CTR, p=0.03) flexion
(Fig. 3 a);

- slow normalised speed during descent (4.2 w.r.t.
19.5 of CTR, p<0.01) and ascent (4.5 w.r.t. 17 of
CTR, , p<0.01, Fig. 3 b);

- longer maintenance (2.5s w.r.t 0.1s of CTR,
p<0.01, Fig. 4 b) and descent time (2.9s w.r.t 1.7s
of CTR, p=0.0$, Fig. 4 a). The prolonged duration
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Groups of  subjects MBUA FBUA TKA CTR 

KSS, function score 
(max 100) 

90 (90 - 100) 100 (98 - 100)  90 (78 - 100) § 100 (99 - 100) 

KSS, knee score 
(max 100) 

92 (80 - 93) 90 (82 - 93)  80 (78 - 90) § 98 (96 - 100) 

Knee passive range 
of flexion (degree) 

119 (108 - 113) 116 (113 - 118) 98 (78 - 109) 121 (119 - 122) 

OKS 41 (36  45) § 44 (39 - 48) 45 (32  46)  47 (47  48) 

Table II. Results of KSS and OKS tests performed on the sample populations. For every parameter, median and
(Q1,Q3) are shown. §: significant differences between patients groups and CTR (p<0.05).



of the abovementioned phases produced obvious-
ly a significantly longer duration of the total move-
ment.

The long duration of maintenance phase, associated
with the prolonged muscle activity, from about 30% of
descent phase, up to 75% of the ascent phase, could
be due to a more cautious behaviour adopted by TKA
group. For this group, this lack of confidence was al-
so evident by trunk flexion and sacrum backward dis-
placement, that were smaller compared to CTR (57.6
mm w.r.t. 128 mm, Fig. 5). For TKA, low knee flexion
was associated with high value of MDcop during the

ascent (35.9 mm w.r.t. 31.2 mm of CTR), sign of a re-
duced motor control efficiency during this phase of
the movement (Fig. 6 a). Although the whole move-
ment was performed slowly, MVcopN in both the
phases (19.4 and 20.1 w.r.t. 8.1 and 7.8 of CTR,
p<0.01) was high sign that, for this group, a greater
regulatory action is required (Fig. 6 b).
With respect to CTR group, the TKA strategy appears
to be efficiently represented as a “central strategy”
with a reduced forward bending of the trunk and a re-
duced rearward displacement of the pelvis with re-
spect to the base of support (Fig. 5). 
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Figure 2. SEMG of rectus femoris (RF), vastus medialis (VAM) and biceps femoris (BF) for all the groups during descent
phase (A-B) and ascent phase (C-D). Start of each phase is labelled by 0% and the end by 100%. Data are the median val-
ue of electromyographic activity of both the legs (median value and Q1, Q3 black thick lines) for each group. Dashed rectan-
gles show duration of the downward (in descent) and the upward (in ascent) acceleration.

Figure 3 a, b. a) Maximum flexion of the hip (black bar) and knee (grey bar) for each group of subjects; b) Vertical speed
during the descent (black bar) and the ascent (grey bar) for each group of subjects. Statistically significant comparisons
(p<0.05) with CTR are labelled with *, while those between arthroplasty group (Post-hoc analysis) were labelled with hori-
zontal lines.



Compared to CTR, both UKA groups seem to opt for
a halfway motion strategy between that of CRT and
of TKA (Fig. 5): increased trunk bending with respect
to TKA and CTR and a reduced posterior displace-
ment of sacrum with respect to CTR (76.4mm w.r.t
128mm).
MBUA spent a total time significantly longer than
CTR (7.2 s w.r.t 3.8 s p<0.01) to complete the whole
movement and the durations of descent and ascent
phase were 2 times longer with respect to the CTR
(p=0.04, Fig. 4a).
The normalised descent and ascent speeds were sig-
nificantly reduced w.r.t. CTR (19.5 and 17) for both
the UKAs: 10 and 8.5 for FBUA (p<0.01), 3 and 4 for
MBUA (p<0.01) (Fig. 3 b). MBUA group showed sig-
nificantly reduced hip and knee maximum flexion:
59.8° for the hip and 64.5° for the knee while for the
control group the angles were both slightly over 80°.
Considering the CoP parameters, MDcop was signifi-
cantly reduced both in descent (23.6 mm w.r.t. 30.8
mm p=0.03) and in ascent (24mm w.r.t 31.2mm for

CTR p<0.01) (Fig. 6 a). The MVcopN was significant-
ly higher (p≤0.01) during both phases for MBUA (de-
scent: 24.4 w.r.t. 8.1, p<0.01; ascent: 16.4 w.r.t. 7.8,
p<0.01, Fig. 6 b) showing that, even with lower joint
flexion, the regulatory action required to perform
squat was high.
No statistical differences were found between FBUA
e CTR in all the abovementioned parameters with the
exception of linear speed both in descent (10 w.r.t.
19.5 for CTR) and in ascent phase (8.5 w.r.t. 17 for
CTR, Fig. 3 b ) and MDcop in descent (24.2 mm w.r.t.
30.8 for CTR, p=0.03, Fig. 6 a).
To have an indication of the similarity between CTR
and arthroplasty groups, Authors calculated a similar-
ity index (SI%) for each arthroplasty group as the
mean of the percentage errors calculated for the vari-
ables showing significant differences in this study
(Tab. III). 
The SI% was then defined as: !"#$ % &'()* +,(- . /012,(-/01,(- 3455 !
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Figure 4 a, b. a) Temporal duration of the descent (black bar) and ascent phase (grey bar) for each group of subjects; b)
Temporal duration of the maintenance (circle) and total phase (square). Statistically significant comparisons (p<0.05) with
CTR are labelled with *, while those between arthroplasty group (Post-hoc analysis) were labelled with horizontal lines.

Figure 5. Modalities of execution of unconstrained squat relative to each group. Different position of the trunk and the Center
of mass, as measured by dSA-CA, can be recognised.



where J = TKA, MBUA, FBUA; Jvar is the variable cal-
culated for a given arthroplasty group and CTRvar is
the same variable calculated for the CTR group; i
ranged from 1 to 10.
The lower was the SI%, the higher was the similarity
of the behaviour. Results show that a similarity can
be recognisable between FBUA and CTR group while
TKA group seems to be more distant from the refer-
ence behaviour. 

Comparison among the arthroplasty groups
The unconstrained squat analysis performed in this
study provided some parameters able to describe dif-
ferences both between UKAs and TKA and between
FBUA and MBUA respectively.
In particular for TKA group, maintenance time was
statistically longer than MBUA (2.5s w.r.t 0.7s,
p>0.01) and FBUA (0.2s, p<0.01) (Fig. 4). Moreover
TKA group lowered and raised more slowly than
FBUA (speed in descent 4.2 w.r.t. 10, in ascent 4.5

w.r.t 8.5, p< 0.01, Fig. 3 b) reaching lower knee flex-
ion angles (54.4° w.r.t. 74.8°, Fig. 3 a). This last goal
was obtained by TKA with a greater regulatory activi-
ty than FBUA as described by MVcopN both in de-
scent (19.4 w.r.t. 11.5, p<0.01) and in ascent (20.1
w.r.t. 10, p<0.01, Fig. 6 b). 
MBUA group spent more time than FBUA during
maintenance (0.7s w.r.t. 0.2s, p<0.01) and ascent
phase (3.0s w.r.t. 2.3s, p=0.04, Fig. 4). Moreover
they descent (3, p<0.01) and ascent (4.1, p<0.01)
more slowly than FBUA (10 for descent, 8.5 for as-
cent, Fig. 3 b).

Discussion 

Nowadays, patient requirements after knee arthro-
plasty are focused not only on the functional restora-
tion and on pain relief but also on the recovery of a
satisfying life style5,19. As a measure of this, an in-
creased number of patients would like to practice
sports at recreational level or hobbies, such as
dance. In this context, an indication of the complete
functional recovery and of a satisfactory quality of life
after knee arthroplasty could derive from the possibili-
ty for the patients to perform demanding task, requir-
ing high level of coordination, in a safe and efficient
manner.
In this study a demanding task as the squat, was pro-
posed and analyzed to assess functional perfor-
mance after knee arthroplasty both with respect to
both a control group and arthroplasty design. Squat is
generally described analyzing, for instance, descent
or ascent phase, or forcing subjects to adopt a partic-
ular body attitude related to feet, trunk or knee posi-
tion5,6,11,12. In this study, Authors asked the subjects
to perform squat without constraints related to feet
position, knee maximum flexion or speed of move-
ment. Authors named this task unconstrained squat
and considered descriptors of performance, parame-
ters such as knee maximum flexion, duration of the
different movement phases and two CoP parameters
associated to the ability of motor control ability to
maintain balance20. 
Authors assumed that the different arthroplasty de-
signs, each characterised by different surgical proce-
dure, mechanical and physiological characteristics,
should induce in the patients different motor be-
haviours. As the Authors known, no studies ad-
dressed this topic and when the knee arthritis is lo-
calised at only one knee compartment, the surgical
choice is generally driven by the orthopaedic surgeon
experience. Results of Bersini21, that showed as the
anterior fibres of ACL become inactive after 60° of
knee flexion in conjunction with posterior cruciate lig-
ament anterior bundle activation were deemed for the
present study, relevant to suppose different strate-
gies of squatting between TKA and UKA due to the
different knee physiology, arthroplasty-related. 
Our results showed that all subjects avoided deep
squat preferring a half squat with knee flexion angles
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Figure 6 a, b. a) Mean distance, MDcop, parameter in mm
during the descent (black bar) and ascent phase (grey bar)
for each group of subjects; b) Normalised mean CoP Mean
Velocity MVcopN during the descent (black bar) and the
ascent phase (grey bar). Statistically significant compar-
isons (p<0.05) with CTR are labelled with *, while those be-
tween arthroplasty group (Post-hoc analysis) were labelled
with horizontal lines.



which ranged from 54.5° (TKA) to 81.4 (CTR). Proba-
bly due to the closed chain nature of the exercise12,
statistical differences in joints kinematics between
limbs, in all the groups were not found. CoP trajectory
was positioned between feet and did not reveal possi-
ble asymmetry in the body weight load. This differs
from Rossi et al.6 results for which, individuals with
TKA at two months after surgery, placed more body
weight over the uninvolved side for three weight bear-
ing position (standing, 30° and 60° knee flexion). The
difference with Rossi work was probably due to the
long period after surgery considered in this study,
that reduced possible asymmetries observed by
Rossi, just after the surgery.
Authors are not aware of studies where subjects were
asked to choose the maximum knee flexion to be
attained during squat. In studies, such as6,11,12, knee
flexion was imposed and considered only with
respect shear and compressive forces. The Authors’
point of view in this paper is that the knee flexion is a
parameter relevant to evaluate the subject level of
confidence with respect to his/her functional ability in
managing a demanding task. In this study, besides
the descent and the ascent, often described in rela-

tion to squat6,11,20,22, a third phase, the maintenance
was identified. Its duration, particularly long for TKA
group suggests that this kind of patients held the
knee flexed probably to stabilize the balance before
to start the ascent. Authors explained this behavior
as an indication of a careful control needed to avoid
loss of balance and falls. The persistent activation of
knee muscles for all patients groups during this
phase, is also a sign of this stabilization phase.
The muscle activity observed both during descent
and ascent revealed that all the subjects tried to mini-
mize stress to the ACL as described in12. In fact co-
contractions of quadriceps and biceps femoris were
present from about the 25% of the descent up to 75%
of the ascent. This result and the activation sequence
are confirmed in some papers11,12 and reveal that
squat can be an effective exercise for the quadriceps
and hamstring development.
Regardless of the prosthesis design, patients as well
as CTR choose the narrow stance and a limited
external rotation of the foot (α angle). This self-
selected modality to perform squat, seems to be
aimed to contain tibio-femoral compressive forces
that increase during the drop phase and are higher
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total 132 89 24 
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ascent 74 76 50 
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knee 33 21 8 
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MDCOP (mm) 27 24 22 

103 MVCOPN 137 199 40 
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 MDCOP (mm) 15 23 5 

103 MVCOPN 156 109 28 

SI (%) 310.4 125.6 34.9 

Table III. Similarity index calculated as the mean of the percentage errors calculated for the variables showing sta-
tistically significant differences among groups.



when the knee flexion was significant (as for deep
squat)5,12 at disadvantage, probably, of shear forces5.
The reduced amplitude of angle between feet (α) is
also a relevant parameter to infer a strategy more
preservative for the knee. In fact, it was noticed5 that
it should preferable to avoid large external rotations
of feet because the extreme rotation of the tibia can
change normal patella tracking and cause undesir-
able varus/valgus knee moments.
Patients involved in this study were considered clini-
cally recovered, however, results suggest different
outcomes among arthroplasty groups enrolled. Re-
sults of this study do not allow assigning a ranking of
the performance because of the reduced number of
subjects. However, considering the similarity index
calculated with respect to the variables showing sta-
tistically significant differences, FBUA performance
appears nearer to that of control group than to TKA.
Kinematic parameters during the unconstrained
squat, such as knee maximum flexion, speed and
time during descent and ascent phase allowed to
highlight differences between TKA and UKA but,
overall between two UKA designs. Tasks, such as
stair climbing or kneeling, proposed to differentiate
the functional characteristics among different knee
arthroplasty designs23,24 did not provide consistent in-
dications about difference in performance and some
previous studies deemed FBUA and MBUA designs
functionally comparable25,26 . 
Cop parameters such as MDcop and MVcopN are
considered in this study as descriptors of motor con-
trol effectiveness and of the regulatory activity re-
quired to maintain balance. As the Authors known
this interpretation is new in the squat context. In Ta-
larico et al.27, CoP speed was evaluated during single
leg squat in single and dual task. The reduction ob-
tained for this parameters during dual task was con-
sidered in27 as a measure of the challenging of the
dual task. 
Results of this study showed, for control group, high
hip and knee flexion values associated to an efficient
control strategy characterised by MDcop high values.
For CTR group, as a proof of the low regulatory activ-
ity required to maintain balance (efficient motor con-
trol), the low value of MVcopN is associated with high
vertical speeds of CoM both in descent and in ascent
phase and with a prompt change of movement direc-
tion, i.e. with a very short maintenance duration. The
presence of arthroplasty modifies these strategies in-
ducing especially those with TKA and MBUA, to
adopt more cautious modality of squat.

Conclusion

In this study it was demonstrated how a simple and
quite reproducible motor task as the unconstrained
squat could be defined as a possible movement able
to highlight differences in the performance of a pa-
tient with knee arthroplasty. Even if this is a prelimi-
nary study and further analyses are currently running
in the field, this study could lead to possible improve-

ment in the managing of the patient follow-up and in
his rehabilitation integrating the unconstrained squat
in the clinical practice of patient management. In par-
ticular, the presence of the aforementioned differ-
ences could be taken into account in the planning of
the rehabilitation process, choosing different treat-
ments also on the basis of the different physical per-
formances highlighted in this study, particularly for
TKA treated patients.
Moreover results reported in the present study could
be useful in clinical contexts, supporting the surgeon
in the choice of the type of arthroplasty to be implant-
ed, due the clear inter-group differences in TKA,
MBUA and FBUA subjects. 
It seems worth to mention that some of such indica-
tors, as speed, maintenance time and joint angles,
can be appreciated even by visual observation of the
subject during squat. Therefore, the surgeon could
consider such indicators for a preliminary clinical ob-
servation and decide for a deeper analysis. A deeper
study of the motor control strategies, at present sim-
ply highlighted in this paper, should be the aim of fu-
ture studies also involving larger sample population.
In this study, orthopaedist present during experimen-
tal session, analysed patients radiography to exclude
possible recognisable anomalies. However, a mea-
sure of arthroplasty positioning was not provided
even if Authors know that an arthroplasty misalign-
ment can produce alterations on dynamics and kine-
matics both for TKA8,14,28,29 and for UKA30.
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