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ABSTRACT

An ultrasound probe, a device transmitting ultrasound waves on the skin of a patient for
medical imaging, needs to be ergonomically designed. An ergonomically designed
ultrasound probe can improve convenience, muscular efficiency, performance, and
satisfaction, contributing to its usability and prevention of work-related musculoskeletal
disorders of sonographers. The present study was intended to develop a protocol which
identifies design factors of an ultrasound probe and evaluate an ultrasound probe design
using both objective and subjective methods for better usability. The proposed
ergonomic evaluation protocol of ultrasound probe design consists of four steps: (1)
analysis of usage characteristics, (2) analysis of design characteristics, (3)
experimentation for ergonomic evaluation, (4) analysis of experiment results. First, in
the usage characteristics analysis step the physical user interface (PUI) between an
ultrasound probe and a user is identified by analyzing ultrasound scanning tasks and

environments. Second, in the design characteristics analysis step the probe design



characteristics is identified by the following subsequent analysis steps: S1. Definition of
design dimensions such as length, breadth, thickness, angle, radius, and circumference,
S2. Classification of design dimensions into anthropometric factor, biomechanical factor,
and affective factor, S3. Importance assessment of design dimensions to determine which
dimensions need to be considered with priority in ergonomic design and evaluation, and
S4. Measurement of major design dimensions to benchmark the characteristics of probe
designs. Third, in the ergonomic evaluation step an ergonomic evaluation protocol is
established using objective and subjective evaluation methods and then usability testing
of ultrasound probe designs is conducted. Lastly, in the experiment result analysis step
the results of ergonomic evaluation results are analyzed and desirable design features of
an ultrasound probe are identified based on the results of design dimension measurement
and those of motion, EMG, grip posture, satisfaction, and/or debriefing. The proposed
ergonomic protocol of ultrasound probe design and evaluation was applied to linear array
probe in the present study. The design characteristics of linear array probe were
identified by conducting the usage characteristics analysis, design characteristics
analysis, and existing probe design benchmarking. Then, desirable design features of
linear array probe were identified by comprehensive evaluation of motion, EMG, grip
posture, and subjective satisfaction. The proposed ergonomic evaluation protocol of
ultrasound probe design can be utilized to design and evaluate a hand-held handle (e.g.,

vacuum cleaner handle) requiring intensive manipulation of the handle in grip.
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Table 1.1, 2532 q1 o] bae4 AA 9L H7F A 53 Fojx 54

Participants

Author (year) # subjects : . Work
Agf SD Height Sl experience Other conditions
Total Male Female (mean+ SD) (cm) (kg) (years)
Burnett&Campbell (2010) 7 3 4 38.0+NS. 173.7+123 783+125 103+ 5.7 Right handed
e u (Pg‘s-ti-re) (P'(;Is:tire) 425+93 167.0+62 643+70  134+89
Village et al. (2007) o 1 > Right handed
(Muscle load)  (Muscle load)  (Muscle load) 40.7 169.5 70.3 10.0
. Skilled
Vannetti et al. (2015) 1 - - - - - sonographer -
No
musculoskeletal
Paschoarellia et al. (2018) 10 5 5 22315 170.0 £ 0.6  67.7 £ 11.7 No Experience symptoms in the
upper limbs and
neck
Mazzola et al. (2016) 2 1 1 - 1649 £ 11.7 682+ 14.8 - Human model
Average 6.2 25 3.0 36.6 169.0 69.8 9.8
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Table 11.2. Z2&3H2hgle] Aaed A 2 37t AT Sk A9 2 8
Author (year) Ultrasound System type Probe type Scan type Scan duration Layout
= Thyroid
= Right abdominal
= | eft abdominal = Patient lies directly to the
Burnett & Campbell (2010) N.S. N.S. = Right deep venous N.S. right side of the sonographer
thrombosis facing him/her
= | eft deep venous
thrombosis
= Abdominal )
Village et al. (2007) N.S. N.S. - Egg’“d * 22.2 min (Posture) N.S.
= Obstetrical
= Vascular
« Convex (eTouch: 90's; = US height: 79 cm (from
. . . = Abdominal manual: 131 s) trackball to ground)
Vannetti et al. (2015) Portable US system . f_Air?ga()rnZ\I?:slzular) = Vascular = Abdominal = Height of chair: 44 cm
(eTouch: 114 s; = Height of exam table: 63 cm
manual: 148 s)
= Linear
- Commercial 1 = Breast
- = Ultrasound equipment - Commercial 2 - Longitudinal . -
Paschoarellia et al. (2018) simulator - Mock-up 1 - Transversal 12 min per set N.S.
- Mock-up2 - Rotational
- Mock-up 3
= Abdominal
= Vascular
B = Convex % Grip type ) = Virtual simulation
Mazzola et al. (2016) = Linear - Longitudinal environment
- Transversal
- Palmar
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Table 11.3.

Ex R

Z}

2y

gl AT A L Bk AT B

ot

7}

2

H

Author (year)

Measures

Motion

EMG

Force

Satisfaction

Burnett & Campbell-
Kyureghyan (2010)

Wrist flexion/extension
Wrist radial/ulnar deviation
Elbow flexion/extension
Forearm
pronation/supination
Shoulder abduction

Average peak push

force

Village & Trask
(2007)

Shoulder abduction
Shoulder outward rotation
Neck lateral
bending/twisting

Percent maximum
voluntary contraction

Vannetti et al. (2015)

Marker trajectory (first
metacarpal)

Root Mean Square EMG
Normalized EMG

Paschoarelli et al.
(2008)

Total

Wrist flexion/extension
Wrist ulnar/radial deviation
wrist supination/pronation

4

—

100 score
« Acceptability
¢ Discomfort

1A
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Table I11.1. %23} probe 715 913 Qztastd Hrp 715+

% a7
A7) 4478 Probe =717} stx|s}7]e] A3 J=
QA=A =9
e A Probe |7}t A3} 7]el] AFHe =
A A 3hd Probe AF-§ Al ARE ApAl7F A A=
7t Hd A Probe Zt&=7} 3hA] df7lel A4 =
A G 5 3 AE A Probe AH-& ] 3] Abgo] Ad3 A=
e b AdA Probe & THA BHS W ¥ EAte] A H=
Zz2 §o]A Probe AME Al Z%8l7] & F=
=5 A4 Probe %Eo] 3] 3}7]e] Ad3 A=
AR R ]
Ao pds Probe & ke wl & F3l= A=
ks B Probe & AM&3 w dntAow wHshs Fx

2 AFol A= linear array probee] <13 Hr7b 37 xS

S15ko] linear array probeE AF&a f AAL Aol A@A WA Felel we}

P
lo

g Wk 8], o) 58 bed, phantom frame, probe Z2=+3 monitoring
&), stoolo] WA F ATt 253 g4 2wk G| jU22 ultrasound system (Royal
Philips  Electronics  N.V.,,  Amsterdam,  Netherlands), = FA}-&  bed
(length * width * height = 1800 * 730 * 650 mm), ~L2] il stool (height range = 440 ~
580 mm)©] Figure 3.8} o] A=At HAE bed F1ol breast silicon
phantom (lengthxwidthxheight = 100x100x30 mm; GI-720, Gl Silicone, Taiwan)}
aluminum profileS A}F-8-3Fo] A== frame (right height = 190 mm, left height = 270

mm)el A ATk 4E el Azt
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Motion analysis camera
Silicon ‘
breast
phantom

Force monitoring device

A XA sto] probe AHE 2 Al AEH 3ol SAHEHAIL, Visual Basic 6.0
g-8sto] dE programs F3 A FAARrE AAztew HgH IS
Skl & UYEF screens FE FAN(Y AL S8 WY Ul A4, §&
Hel oA AANE ATt Probe F2FE monitoringS $13F laptopo] A ¥

Foiat Aol A =91, stoole] ol 4 A FejAtel Al A d s
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Figure 111.9. Force monitoring system
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adste] task ¥ Al SAS= AA Sz, AR, gA AAle] 24

$98 AR @

curved, LC)®] probe 27412 AAE At 2 A3 taski Figure 3.129F o]
right breast phantom} left breast phantom3- o]/ ©. = tilt with narrow grip, tilt with
wide grip, rotation®] EZ*s TSt AoE AAH AT Typical physical
load®} high physical load Z71olA Al 23S H7sE7] 913519 typical

physical load AtAlE A3 FodxzRE 7Mga o]zt WA AZE right

ol

breast phantom2 tHAr o2 probeE F2Fsl=S 613 high physical load

A= Ao ez Ha Eol7t A A= left breast phantom=- T o =

(a) Small-flat (SF) probe (b) Large-curved (LC) probe
Figure I11.11. Linear array probe 37} o]/

39



A =% 5%

/ Right breast \ / = P \

[
Typical Tilt with ||I R
Ssical narrow grip {/
load _
;}IIIF.{'-‘-T—A
X Tilt with L
Left breast wide gl'lp Front </
~J
Extreme /, Froo
physical ik
load Rotation ' (@

\_ ~J

Figure I11.12. Linear array probe &7} thaF 2k

\_

probeE ZZ3FEE &l Tilt with narrow grip 52HS gripi-9 o45lHS

pinch gripstal &= 02 30° tiltste] 43 =] o}, Tilt with wide grip & 2F2
gript-©] S-S pinch gripstil AFFo = 30° tiltsle] 43 ¥ A}, Rotation
22 gripie] =WS pinch gripdtaz AA WO E 90° rotationd}o]
T At Task T3 AHE g &Y 3% ~ 4% 2 A=A} SF probe s}

LC probezt H7} =4 % task 218 =A]% randomization ¥ AT} Task <=3

A ZAYE A B, 2AE, 34X A B4 B9t % 289 A

Ao Abg BHe ;estel A4HJT. 4 Y RAE oA

40



flexion/extension, abduction/adduction, internal/external rotation, -9
flexion/extension, right/left bending, right/left rotation, &]2]2] flexion/extension,
right/left bending, right/left rotation, 35 %] 2] flexion/extension, “12]3l <=159]
flexion/extension, ulnar/radial deviation, internal/external rotation©. = 7 =] ¢l T},
A= Z4 H-9]= deltoid, pectoralis, infraspinatus, right sterno-cleido-mastoid
(SCM), left SCM, trapezius, quadratus lumborum, biceps, supinator, pronator, flexor

carpi ulnaris (FCU), flexor carpi radialis (FCR), extensor digitorum, flexor digitorum=
AAE AT 94 2AA 54 H-9+= thumbe] metacarpal adduction, extension,
proximal phalange extension, distal phalange extension} index/middle/ring/pinky
fingers©] proximal phalange abduction, flexion, middle phalange flexion, distal

phalange flexion ©. 2 17 ¥ $]t}.
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Figure 111.13. Linear array probe
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Figure I11.14. Linear array probe 7} 239 %
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=

AolE 743k o, reflective markers¢t EMG 54 d= 2 74 45 F4)
RES AY Fojzte] AlAd FHE}glth Reflective markerss A3 kol =}
Al A 2] 147 H-$1(front head, rear head, right acromion, left acromion, offset, lateral

epicondyle, medial epicondyle, right anterior superior iliac spine (ASIS), left ASIS,
sacrum, radius, ulna, 5th metacarpal, 2nd metacarpal)el] 2% %13, EMG 54
A= AE Folzx AAY 147 5-9](deltoid, pectoralis, infraspinatus, right
sterno-cleido-mastoid [SCM], left SCM, trapezius, quadratus lumborum, biceps,
supinator, pronator, flexor carpi ulnaris [FCU], flexor carpi radialis [FCR], extensor
digitorum, flexor digitorum)o] FZHAct =4, 2HAE =L Fz =A
kAol = right breast phantom} left breast phantom2- thA+© = tilt with narrow
grip, tilt with wide grip, rotationg Ztz} 23] WHESh= Fob Ad Foizle
TAEel AA s#o] FA SAEJG. AA, HA AA SAH DA =
A Hojxpe] @ <=9 237) reflective markers (5 fingertips, 1 interphalangeal [IP]
joint, 4 distal interphalangeal [DIP] joints, 4 proximal interphalangeal [PIP] joints, 5
metacarpophalangeal [MCP] joints, 1 carpometacarpal [CMC] joint, offset, ulna,
radius)E F-2sk % narrow gripa} wide grip Al & AHAI7F SAEH AT UA,
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4 54 daats FAY F R 090 B M AR5 89),

peak ¥4 Zt&=, ¥Heksh WM o]g A= (comfortable range of motion; CROM)

ALY
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Hit 07°+£23°2 FA| k& o2 HoHrh o & E0°], SFprobe AHE Al

o17]l abduction/adduction =™ olA #d 7}5 ZFE=F LC probe UiH]
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w5 Al tilt with narrow grip 2}l A 2.3° £ 2.7°, tilt with wide grip &2}l A

0.2° £ 1.4° rotation 5=}l Al 0.1° £ 1.4° Y= Ao = EFST(Figure 3.17

(

#x). A A4S F3e 23 SFprobet LC probe AFE Al E2F ST A
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grip A <% internal/external rotation =Tl A 2.2° (t[11] = 2.47, p = 0.031), tilt
with wide grip A] trunk right/left bending =W ol A 1.87° (t[11] = 2.83, p = 0.016),
rotation A] = right/left bending =l 4] 1.30° (t[11] = 4.30, p = 0.001)

FroletAl 5 o= eyt

342 &ME

SHAE =F datax A8 & 24 H99 EMG RMS, %MVC 59

H7} measureE AFE3ste] EAHET BEAE LHE dataS probed = H]

=

H7}slaL, probe AAlC] WE ZHE 2Folo] FoAE Feldty] sl =

1= [e)
T':}‘\j]'é‘

g

)

2 AFl A probe A8 Al S %¥ EMG 4%+ bandpass filter (lower
cut-off frequency: 10 Hz; upper cut-off frequency: 400 Hz)E A}-&3} noise”}
AAE RN HE F2S 915)] rectification T root mean square (time window:

400 ms)E AF-&3Fe] smoothing = 1t} LC probe AF-8 A€ EMG RMS UH]

o]
SF probe A& Ale] EMG RMS H] S Ea 2% A8 AL v

=]
Run

(e}
"
B7F = A A zpelE #skr] f18ke] paired-t test7} o]

i, el

ru
m

0.05 =l A == A RMSEMG H| 1l 37} Z 3} LC probe tHH] SF probe

ARG AL o, E el M bR o T AR ARV 2 AoR
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LC probe TtHH] SF probe2] RMS EMG H| &

(n=12)

SF/LC(%) Task
Tilt with narrow grip Tilt with wide grip Rotation

120%

Typical  110%
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load

111%

90%
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Posture
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physical 100% ---- mEE-----------
load
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Figure 111.18. Linear array probe *% %= 4] Z 3} pectoralis o A]

glety At} o & 591, pectoralisll A LC probe tH] SFprobe A8 A]2] RMS
EMG H|&2 HfHo= 1054% + 83%S ZHoz UYewth =S
B53ke] #2938k ZA 3} pectoralisol] 4 LC probe tHH] SF probe AF-& A 2] RMS
EMG W& Al =7 7/ Al typical physical load AFAJol A1 107.6% =+ 2.9%,
high physical load Z}A|ell Al 124.2% + 25.1%<%1 Ao = YElsta, 2 =7
5 Al tiltwith narrow grip 52l A1 102.7% + 6.3%, tilt with wide grip 5 2ol 4]
129.5% =+ 26.7%, rotation & Z}oll Al 115.5% + 14.9%%1 A o2 e UH(Figure
3.18 #=x). B4 A Z3}, SF probe}t LC probe A8 Al ZH %= SFHH A

Toldk a7k = o H-97F derE i & =91, high physical load
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Z}AM ol 4] rotation 52} A] LC probe TIH] SF probe®] RMS EMG H|&-2 right
SCMel| A 124.5% (t[10] = 2.36, p = 0.040), bicepsol Al 135.9% (t[11] = 2.89, p =

0.015)= froJghk 2po]E Kt

3.4.3. IX| X}A|

S A EA daat FA ¥ RH ¥l Bd AEs

Hlasto] EATETh A E 914 Z}A] datas probe’E = B ul ¥ 7}S}aL, probe
AAle] w2 g4 A Apele] felds #lsky] gkl A EAE
T

2 AFNAE probe TA] Ao Erbe #d 4w 4% Fd LC
probe<} SF probe7} Blul sF7E QAL o} dk wpA] AAl Aol S EelsY]
f13te] paired-t test7t f-2l5= 0.05 FEoA FAHJT. Evher Bl A
Hlnl H7} A3} LC probe ThH] SF probe A A] tHAl A EhEtol A o] W
#Hd 4w i & AoE YeHt dE 59, middle finger® middle
flexion Z}%=+= LCprobe tH] SFprobe 3}%] A] narrow gripoll A+ 15.8° +11.4°,
wide gripoll 4+ 6.3° + 215° & Ao & ety 4 24 A3} SF probeot
LC probe 3}#] Ale] upA] Al SWolA Folgh zpeol7h Sl &b B A
2171 gketE Sl ol & E91, narrow grip AFA| el 4] LC probe tiH] SF probe
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Figure 111.19. Linear array probe 3}#] 2}A| 221 4 3} middle fingere] proximal

interphalangeal joint flexion o A]

gz Al £=71 B 2= index fingere] distal flexion®] 7.5°(t[7] = 2.78, p =

rJ

0.027), middle finger2] middle flexion®©] 15.8°(t[8] = 4.17, p = 0.003) <] 3|7
A FERSEIL, wide grip AFA| ol A1 index finger2] proximal flexion©] 10.7°(t[7] =
3.21, p = 0.015), ring finger2] proximal abduction®] 2.3°(t[6] = 3.49, p = 0.013)
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= Aol 267H4 @ell diste] kA v et A
245 F3 LC probe9}t SF probe7} ®lal B7hEar, 23 94 vEw
ZFol& &helstr] flste] paired-t test7l ol 0.05 oA FHH AT
FHA wE% 37k A7, LC probe tH] SF probe] F#HA THvf
Ao 2o Fog FAFATE o E E9], SFprobed] gript-+ 7] &

IH S HAHoR 057 £ 1138 FUh A 24 A SF probet

LC probee] F=¢4 wkHi SwolA 23 2pe]7} 9l

rir
oot

Fao] sjobEgle),

¢

dE E°l, LC probe tHH] SF probe®| griptti= A5 UH] 2 HA SHA
1.0% + 1.9%(t[11] = 2.25, p = 0.046), 4 T HAAH =SdolA 074 +
097 (t[11]=2.60,p=0.025), Hth 7 A A4 SHelA 085 £ 11 (t[11]=
228, p = 0.043), HAx T4 AH BEAY JFE AP SHAA 078 +

0.9%(t[11] = 2.60, p=0.025) fro3tAl =2 AS 2 YEIRT
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Author (year) Reporting Presence of symptoms (%0) Prevalence of
pain (%) . WMSDs (%)
Neck Shoulder  Upper back Lower back Hand/Wrist Elbow
Coffin (2014) - - - - - - - 90
Burnett&Campbell (2010) 86 86 71 71 71 43 29 -
Evans et al. (2009) - - - - - - - 48
Morton & Deft (2008) - - - - - - - 79
Kim (2007) - - - - - - - 89
Friesen et al. (2006) 81 81 81 72 64 64 57 -
Horkey and King (2004) 90 56 56 15 47 48 12 -
Muir et al. (2004) 91 71 78 61 40 52 5 48
Russo et al. (2002) 91 83 84 77 58 61 40 -
McCulloch et al. (2002) 82 48 29 25 36 37 23 -
Habes and Baron (2000) 83 - - - - - - -
Schoenfeld et al. (1999) 65 - - - - - - -
Magnavita et al. (1999) 80 - - - - - - -
Smith et al. (1997) 80 - - - - - - -
Pike et al. (1997) 81 61 61 49 53 53 28 -
Wihlidal and Kumar (1997) 89 43 47 48 33 33 21 -
Vanderpool et al. (1993) 86 - - - - - - -
Average 83.5 66.1 63.4 52.3 50.3 48.9 21.3 70.8
Min. 65 43 29 15 33 33 5 48
Max. 91 86 84 77 71 64 57 90
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