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The prosthetic leg (PL) is a typical human-machine system in which the dynamic
interaction between the human body and PL (machine) determines a high requirement of
ergonomics design for PL and consequently needs to consider an indicator of usability
indicating the performance of gait biomechanics. How to evaluate the indexes of usability
for PL products is critical to the design technology of PL based on ergonomics. The gait
symmetry of PL products, which is a core usability index, was experimentally analyzed by
using a specially designed testing device in this paper. The test results show that the swing
speed symmetry for intelligent prosthetic leg (IPL) is high up to 96.5%, which indicates a
high performance for gait tracking. Then, a comprehensive evaluation was made for the
usability of PL products with the analysis method of Grey Correlation Degree. Three types
of PL product, including ordinary PL, IPL and Gait-following IPL (GL-IPL), were used in
the evaluation. The evaluation results show that the GL-IPL product is the best in usability
while both of IPL and GF-IPL products based on ergonomics are obviously better than the
ordinary PL. The method of usability evaluation studied here is expected to help directing
the design of prosthetic leg products.
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Introduction

At present, the number of people with limb disdigi$i in China
has reached up to 24,000,000. How to rehabilite¢ed people with
disabilities has become an important and urgenliestge for the
government and society. In the terms of ergononiids, of great
significance to improve the life quality for thoseth disabilities
and help them go back to society by providing pgresés with high
usability, including safety, comfort, efficiencytce

The traditional prosthetic leg (PL) with a lockinigvice or a
load-bearing self-lock in the knee joint can naitsémulate the
body’s normal gait nor well adapt to complex enmireent due to
the difficulty in changing its states of motion thg walking. The
intelligent prosthetic leg (IPL) with microprocessoontrol can
approximately simulate body normal gait by autooaly adjusting
the damping of the knee (Kaufman et al., 2007; Waihal., 2007).
So IPL should have high usability, including usetisfaction,
effectiveness, safety and efficiency, etc. How tmlde IPL to
simulate a normal gait automatically and at fultéi and integrate
with the people with disabilities to form an effiot and
comfortable human-machine system so as to adaftetgatient’s
individual needs (such as adapting to changestiemigparameters,
step speed and environment, etc.), is now stiksearch direction
for advanced IPL (Hafner et al., 2007).

The prosthetic system designed based on ergonomiilcbe
able to improve the safety, comfort and efficierafyprostheses.
The gait phase symmetry based on intelligent cbito save the
energy consumption for the patients, and improeegarformance
of walking. These goals relevant to product usgbére all pursued
by the design methods based on ergonomics of mtistimbs. To
improve the personalization adaptation of prosthietyy design, we
need to improve the usability of prosthetic legducts under the
premise of ensuring products competitive advantagesst, quality
and so on. Therefore, how to evaluate the usahilitprosthetic
products is critical for artificial leg design bdsen ergonomics.
Here the gait symmetry, which is one of the corabildy indexes
of prosthetic leg, was tested through a dedicategergmental
evaluation device. Based on the above studiesGthg Correlation
Degree analysis was used to comprehensively eeathatusability
of prosthetic leg. The main objective of the paperto try to
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establish a method of evaluating the usabilitypiasthetic legs that
is expected to help directing the design or develeqt of prosthetic
leg products.

Nomenclature

E = theswing speed error of IPL, dimensionless
= thelength of theleg, m
= the extending torque at amputation side, N.m

L
M
P = theaxial forcein load direction, N
S = Gait symmetry index, dimensionless
T =thegaitcycletime, s

Z = theratio of gait cycletimein a support phase Nem
Greek Symbols

x = the offset distance of the knee instance center of rotation
to theload line, m

x(K) = initial values of factors for a scheme, dimensionless

X = vectors composed of x(k), dimensionless

y = acomponent of the distance between the knee center
and heel in the direction of load line, m

8 = angular velocity, rad

(k)= coefficients for GCD analysis, dimensionless

y = Grey Correlation Degree, dimensionless

Subscripts

ave =relativeto average

h = relativeto hip joint

k  =reativeto kneejoint

p = relativeto the peak value of swing angle

Ho = relative to angular maximum of the healthy leg

Determination of the Usability Indexes for PL products
Based on Ergonomics Design

A. Gait Symmetry

With regard to the usability concept, a lot of défons were
given, which the commonly used one was given byk&h@lin et
al., 1997): “Usability refers to the technical ceipa (in terms of
human features), i.e., it is easy and effectivedased by a specific
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range of users, to complete a specific range &btdgough specific
training and user support in a particular environiscenario.”
Usability contains various components, and actuzdly no uniform
specific indexes. In tradition, the usability ofoducts is most
closely related to the following five usability @itutes: learn-ability,
efficiency, convenience for memory, low error ratmd user
satisfaction. It can be seen from the above that ubkability of
product is actually used to evaluate the producis rheeting
comfort, efficiency and other demands from user$ictv are
consistent with the design goals of ergonomics.

[ 1left leg
O right lez
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Figure 1. Time proportion of support/swing phases during one gait cycle.

Prosthetic leg is a typical man-machine system. d@ymamic
interactivity between the human body and the psigthleg
(machines) brings about higher requirements foormogics design
of prosthetic leg, in particular, proposes a spegability indicator
of gait symmetry. However, currently it has not messtablished
uniform standards for ergonomics evaluation of tresc leg

function. According to the design mechanism of hareagineering
and prosthetic leg bionics, three major usabilitggexes, including
comfort, safety and efficiency are generally used drgonomics
design evaluation. Therefore, the same three irsdexesented in
Table 1 are employed as the core usability indekgsosthetic leg.
Among the core usability indexes, the index of Wemfort is
composed of two clas$-indexes called as Gait Symmetry (C1) and
Self-adaptability to Work modes (C2); the indexUsxfe Efficiency
is composed of two clas$-indexes called as Time for Fabrication
and Adjustment (E1) and Use Convenience (E2); aedirtdex of
Use Safety is composed of two clabsadexes called as Function
of Anti-stumble (S1) and Stability in Support Phg82). Each
Class-I index is composed of several mayor sub-indexeedabk
Classdl indexes showed in Table 1. We can basically etaltree
usability of PL products by comprehensively anaigzihe ClassH
indexes.

As an index of assessing walking function, the swtnyn
discussed here is generally used to evaluate thetslef abnormal
walking when wearing prosthesis. Gait symmetry inadan be
calculated by the following formula (Jin et al.,919:

S :(TZ/T)O‘S(Zr x0.62+M, x 0.38 (1
T, — the cycle time of normal gait;
T —— the gait cycle time;
z—— the right / left ratio of gait cycle time in a sugpphase;
M,—— the right / left ratio in a swing phase

Table 1. Characteristics of the different surfaces and basic experimental conditions.

Coreusability indexes | Class- I index

Class-II index

Gait symmetry (@

Gait symmetry of swing phase (¢

Use comfort (C)
Coreusability

Self-adaptability to work modes £C

Capability for level identification (&)

Capability for ramp identification ()

Capability for sitting down identification ¢g)

indexes of
prozthettlc leg Capability for stumble identification ¢g)
products

Time for fabrication and adjustmentjE

Fabrication time (&)

Use Efficiency (E) -
Use Convenience G

Convenience for operation {f£

Function of anti-stumble ¢p

Function anti-stumble function {§

Use Safety (S)

Stability in support phase {S

Stability in support phase {3

B. Self-adaptation to work modes

Healthy legs can automatically identify a variefywmrk modes
or road environments during walking, such as lexadking, standing,
sitting down, stumbling, descending ramp/stairs, &herefore, the

C. Stability of support phase

The stability of lower-limb prosthesis is closelglated to the
body's center of gravity, load line position; tHere, it is necessary to
pay attention to the alignment of load line in firecess of design,

capacity of self-adaptation to road conditionstfar prostheses is also fabrication, training and gait analysis for lowemlb prostheses

an important indicator determining its performante. design the
man-machine system of prosthetic leg, the intelégeof prosthetic
leg control should be taken fully into account, aodrdinated with
the body's own sensory systems (Fig. 2), so asttoretically output
the corresponding control signals to change thep@agnvalues of
prosthetic leg knee joint under all kinds of workdes.
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(Zhang et al., 1998)n Fig. 3, P is the axial force in load direction,
M; is the extending torque of hip joint at amputatside, M, is the
damping torque at the knee jointis a component of the distance
between the knee center and heel in the direcfitmad line.x is the
offset distance of the knee instance center ofiootdo the load line.
Then, we have the following Eq. (2) (Zhang etZ998).
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Figure 2. Control mode of human-machine system of the IPL adapted to EPL.
when walking, and is also the key factor affecting comfort of PL
M, =(L/y)(Px-M,) (2) wearing.

Figure 3. Analysis of the Load on stance phase in unit-axial knee joint.

If there is no damping device providing the momahtknee
joint, that is, in the case qtqh =0 when the stability is guaranteed

only by the moment of hip joint, the Eq. (3) becanighang et al.,
1998):

M, = PL(x/y) (3)

It can be seen from the above equation that stglbifiprosthetic
leg should take account of the eccentric positiewken the
rotation center and load line.

Referring to a lot of associated studies for thevakknee
prostheses (Hafner et al., 2007; Segal et al., 2B06kley et al.,
2006; Datta et al., 2005; Craig, 2003), the phasensetry of gait is
a core characteristic parameter among all functicrguirements of
PL. Therefore, we primarily focus on gait symmetgntrol. The
other requirements of functions, such as stabdftgupport phase,
self-adaptation to work modes, appearance verisidé, can be
easily met through intelligent control program atdicture design
of IPL.

According to many years of researches done by tb&thpetics
scholars (Chin et al., 2003; Datta et al., 1998lddest al., 2000;
Henrik et al., 2007), it is generally acknowledgit the Gait
Symmetry (C1), especially in the swing-phase, & ttost critical
index, for it is the main factor influencing theeegy consumption
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M easurement and Evaluation of Gait Symmetry for 1PL
Product

In order to evaluate the gait symmetry of IPL, mdation
testing device was specially designed for testind avaluating
the performance of a prosthetic leg following thegt @f healthy

leg (Fig. 4).

Figure 4. Simulation testing device for prosthetic leg.

A simulating leg simulating the healthy leg and pedal
connector for fitting the PL were designed on thstihg device.
Angular sensors were respectively mounted in treekimits of the
two simulating legs. With an IPL being fitted witihe testing
device, the gait symmetry between the healthy red) L during
swing phase can be tested by measuring and corgphenangular
speeds at the knees of two legs.

IPL is a kind of PL controlled with a microprocessehich can
better adapt to the human gait and work modes, nzattocally
distinguishing the terrain and coordinating the setry of walking
gait. Generally, an intelligent controller is uded fast learning and
following the walking speed through establishmehtcontrolling
relationship between the inputs and outputs of opigrcessor, so as
to change knee joint damping (resistance torquédnae for real-
time tracking of walking speed. The main IPL partarewere set
in Table 2.
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Table 2. Main IPL parameters.

Total mass of Mass of | Length of | Length of
e prosthesis and -
Description shank thigh shank
socket
m mp 1 l2
1

Unit kg kg m m

Value 3.72 2.85 0.435 0.412
With the stimulation evaluation system, the testing

experiments for the swing speed of a self-made WRke carried
out through setting the test data of healthy led apening values
of digital needle in damper acquired by computanslation (YU
et al., 2010). Rotation angle curves of knee jofrtiealthy leg and
IPL leg simulated through data acquisition micropomer are
shown in Fig. 5. It can be seen from the data ctimaethe time of
knee joint taken for completing a swing phase isuall2 sample
intervals, so the time of a swing phase is:

T, =12.0 x 50 = 600(ms) = 0.6(s)

"

2
.

Votage

20
number of sample intervals

Figure 5. Knee joint angle curve measured at the healthy leg side.

30 40 a0

The peak value of swing angle is about 1.50v, asiree
measuring range of precise potentiometer is + 5s@vjt can be
converted to the maximum swing angle:

g =19180 = 54.0
m 50

Hence, the average angular velocity of the hedkigyin a swing
cycle can be calculated as below:

—2x6h

G'n TWzlso.oc /s) =3.14(rad/:

ave

According to the dynamics modeling and control dation
curves of the IPL, damper needle opening obtainedhle knee
angular velocity is X = 0.42 mm. The needle valperming X of
IPL is set 0.42 mm for testing, and the knee joothation angle
curves of IPL measured by data detecting compuishown in
Fig. 6. We can see from the figure that the swiggle of IPL
knee is about 12 sampling period#at is, the swing cycle time is
as follows.

J. of the Braz. Soc. of Mech. Sci. & Eng.
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number of sample infervals

Figure 6. Knee joint angle curve of IPL measured at prosthetic leg side.
T,=2.0 x 50 = 600ts) = 0.66)

From Fig. 5, the swing angle peak of IPL knee isvah as
1.55v which can be converted to the angle value:

=155 18r =558
5.0

Pmax

Then, we can conduct the swing average angulacitglof IPL:
6'v,, =3.25(ad/s).

Therefore, the swing speed error of IPL in trackihg healthy
leg gait is:

|9'pave —gh

ave

E-= x100%= 3.50%.

h

ave

That is, the symmetry of gait speed in swing-pha$6.5%.

Obviously, after setting damper needle openingregekjoint
according to the theoretical analysis results (Xlale 2010), IPL
can well track the healthy leg swing speed, theultgsof
experiment and theoretical analysis are in a gambr@ance, the
symmetry of swing speed is high up to 96.5%, anid tgacking
results are satisfying.

Usability Evaluation of Prosthetic Leg Product Based on
Ergonomics

In order to make more comprehensive usability etan for
prosthetic leg product based on ergonomics, coauation indexes
of specific usability of IPL products are put fomdahere. The
important and representative secondary indexedeseemined on the
basis of primary core indexes. The usability of tyges of intelligent
prosthetic leg (gait following intelligent prostieteg (GF-IPL), and
ordinary intelligent prosthetic leg (IPL)) was ccened with that of
ordinary PL in Table 3. The difference betweentthe types of IPL
primarily lies in the input signals collected fasndrol, i.e., the input
signal of IPL is detected from the PL itself whileat of GL-IPL is
detected from the side of healthy leg.

July-September 2011, Vol. XXXIII, No. 3 / 369
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Values in Table 3 are the results of investigafion products experts from P&O organizations were investigated dealuating
performance by interviewing the experts from pres#s fabrication the values for each index which composes the pyirimatex value
centers. According to the different indexes in EaB| prosthetics of usability.

Table 3. Usability comparison of PL products based on ergonomics design.

Core Indexes of Usability

Ordinary
Prosthetic Leg
(PL)

General Intelligent
Prosthetic Leg
(IPL)

Gait-following Intelligent
Prosthetic Leg
(GF-IPL)

5.0 (symmetry

8.0 (symmetry

Gait Symmetry ¢ | Swing-phase gait control for a control for few 9.5 (_symmetry control for
symmetry Gy single speed) average speeds) full-time speeds)
Comfort C Identification of Level
Environmental walking G, descending | 0.0 (without this | 10.0 (with this . . .
self-adaptation £ | ramp G,, sitting down function)) function) 10.0 (with this function)
Cyz, stumblingCyy
Fabrication and 5.0 (long time 5.0 (long time for 9.5 (no need for
. . Fabrication time g : . " adjustments, with auto-
. adjustment time £ for adjustments )| adjustments) :
Efficiency E adaptation )
Convenience for | Operation convenience | 7.0 (easy 6.0 (difficult . .
. : 9.0 (easiest operation)
use B Ex; operation ) operation )
Ant|-§tumble Anti-stumble function § 0.0 (W'thom this | 10.0 .(W'th this 10.0 (with this function)
function § function ) function)
Stability of Stability of support 8.0 . 9.0 (meghanlcal %l 9.0 (mechanical or
support (mechanical automatic ;
phase & automatic control)
phase g control ) control )

Note: Values in the table are the results of investigation by interviewing the experts from
performance (the ideal value is 10.0)

prostheses fabrication centers based on the product

A Grey Correlation Degree (GCD) analysis method wused to x (1) x (2) x (n)
evaluate the three schemes here. GCD refers tataimcassociation X; = a ' v ®)
between things, or the uncertain association betwsgstem factors, Y x (k) Y x (k) > % (k)
or between the main acts and factors. GCD analysis important k=1 ! k=1 ! k=1 :

part of grey theory and the basic content of grgstesn (Deng,
2002). The basic task of GCD analysis is a macmygry
approach based on behavior, so as to analyze aedniiee the
influence degree between factors or the contrilbbutd important
factor to the main acts. The formula for calculgtthe correlation

coefficients {; (k) for GCD analysis is equation (4) (Deng, 2002):

(i=01,....p:k=1,2,...,n)

X,=(0.16% 0, 0, 0, 0, 0.167 0.233 0, 0.266 0.167)

X, =(0.093 0.116 0.116 0.116 0.116 0.058 0.07L
0.116 0.105 0.093

X;=1(0.098 0.103 0.103 0.103 0.103 0.098 0.093
0.103 0.093 0.103

min min[x, ()= () +& maxmaxx, k »x k)

iOm _ kOn

o () =% ()] + Emax mavfx, K % k)

iOm

Gk =

4)

(i=0,1,...p:k=1,2,..,n) Set the reference initial value as:

Where X(K) is initial values of factors for a scheme (herais Xo=(01 01 01 01 01 01 01 0.1 01 01)

product) to be compared. In order to calculate @@D of each Then we can calculate the maximum and minimum wiffees of
product, the initial value (K) are listed in Table 4 on the basis ofinitial values between each product:

Table 3. To equalize the weights for the data ahescheme or 1)A, (min)= 0.067,A2(min):O.OOS,AS(min): 0.002
product, we can use a formula (Deng, 2002) Al(min)= 0.002

(2) A (max)= 0.1, A, (max)=0.042, A, (max)= 0.007

=0.1
Then, we can get the new initial values for eaabdpct with A(max)

formula (5) as follows

370 / Vol. XXXIII, No. 3, July-September 2011 ABCM
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Table 4. Initial Values of x; (k).

X(K) CSiy | CSa | CSsz | CSss | CSas | CEzx | CEsw | SEm | SE1z | SEax
Xi (xi (1)) (xi (2)) (xi (3)) (xi (4)) (xi (5)) (xi (6)) (xi (7)) (xi (8)) (xi (9)) (xi (10))
PL(xa(k)) 5.0 0 0 0 0 5.0 7.0 0 8.0 5.0
IPL(x2(K)) 8.0 100 | 100 | 10.0 | 10.0 5.0 6.0 10.0 9.0 8.0
GF-
PLOG(K) 9.5 100 | 100 | 10.0 | 10.0 9.5 9.0 10.0 9.0 10.0

Hereto the correlation coefficierd{ (k) can be calculated with
formula (6):

0.052

6
|%(K) —x (k)| +0.05 ©

Gi(k)=

Respectively, correlation coefficients of the thkéeds of products
of PL, IPL and GF-IPL are:

kinds of prosthetic legs was comprehensively maide the method
of GCD analysis. The following major conclusions dz obtained
from the above analysis:

(1) The testing results obtained with the specidégigned testing
device show that the swing speed symmetry is hmtow6.5% for
IPL, which is well consistent with theoretical aysi6 and indicates
a high performance in gait tracking as well asdahility.

(2) The excellent core usability of prosthetic [g@duct can be
achieved through ensuring the index of gait symynett bio-

Zl(k) = (0.830, 0.570, 0.570, 0.570, 0.570, 0.830, 0.44@nechanics on the basis of ergonomics. In partic@&rIPL product

0.570, 0.363, 0.830)

(,(K) = (7.503, 3.244, 3.244, 3.244, 3.244, 1.292, 1.843,

3.244,11.230, 7.503)

can best track the swing speed of healthy leg coegpaith the PL
and IPL products.

(3) IPL products which are designed on basis obrewgiics have
obvious advantages in usability. The method of ilisalevaluation

{4(K) = (25.270, 16.863, 16.863, 16.863, 16.863, 25.27Giudied here is useful for directing the design pobsthetic leg

7.256, 16.863, 7.256, 16.863)

Thus, with the formula for calculating the corraat
l 10
==X (k) *
¥i=15 ;Z.( )

Grey Correlation Degree of the three products,IPL,and GF-
IPL, are obtained as follows:

1 10
=X k)=0.614
V=1 kZzill()
1 L .
Y, = =% ,(k)=4.599
10 =3

1 10
Ys =% Y L,(k)=16.62¢
10 i3

It can be seen from the results of GCD analysistii®usability
of gait-following intelligent prosthetic leg (GFI) is the best, for
the usability can be determined by the GCD caledlahere.
Moreover, existing intelligent prosthetic leg (IPLis also
significantly better in usability than the ordingosthetic leg (PL).

Conclusion

The usability evaluation method of prosthetic 184X products
based on ergonomics was studied in this paper. @nbasis of
establishing usability evaluation system based mor®mmics of
prosthetic leg, a testing device was speciallygiesi and made to
test the gait symmetry of prosthetic legs whiclone of the most
critical indexes of usability. Then, the usabildyaluation for three

J. of the Braz. Soc. of Mech. Sci. & Eng.
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products, and can also be used as a referencefectivafly help
improve other similar products with requirementpefsonalization.
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