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OPENSIM SIMULATION-GUIDED
SOFT EXOSUIT
DESIGN AND ENGINEERING

ABSTRACT

The exoskeleton is a wearable device whose main purpose is to enhance the function of the
human body and reduce the burden on the human body during exercise. The flexible exoskeleton
is a research hotspot in recent years. Compared with the traditional rigid exoskeleton, it is more
fitting to the human body and does not interfere with the normal movement of the human body, so
the wear experience is more comfortable.

In this project, a flexible exoskeleton was independently developed under the guidance of
OpenSim simulation. The exoskeleton design parameters and the best control method were
obtained through simulation calculation, and the mechanical structure, electrical structure, sensor
system, and control algorithm were independently designed. The design principle of this device is
lightweight, comfortable and easy to wear.

Structurally, the exoskeleton uses a motor to drive the spool and uses a wire drive to assist the
ankle. The design of the mechanical structure was analyzed using the finite element method and
modified to reduce unnecessary material to reduce the weight of the exoskeleton device. At the
same time, the flexible exoskeleton structure is subjected to force analysis, and it is proposed that
the stress in the tension band is used to assist the ankle and the knee at the same time to improve
the performance of the exoskeleton. The casing of the drive device was designed and
manufactured. The axial fan was used to dissipate the motor. The distributor board satisfies the
different voltage requirements of the system. The wearable drive device was fixed on a special
vest. Nylon thread is used for the driving line, and a quick release is provided at the ankle for ease
of wearing.

The sensor system uses the stm32f40, and the sensor's connection board is designed and
manufactured in Altium Designer. The sensor includes 7 IMUs and 8 plantar pressure sensors. The
sensor adopts a modular design and can add or remove sensor modules. The first-order
complementary filter is used to reduce the dimension of the accelerometer, and the
center-of-gravity method is used to reduce the dimension of the plantar pressure sensor. A data
filtering method is proposed for the sensory data of the plantar pressure using a fourth-order,
cut-off frequency 6 Hz Butterworth low-pass filter and Sigmoid function for data noise. The
control algorithm is implemented in the FreeRTOS operating system. An accelerometer-based
fixed-delay algorithm is proposed to control the external skeleton. Three threads are used for gait
recognition, motor control, and data feedback. Visualization of sensor data is implemented in
Unity.

The exoskeleton machine developed in this project weighs 1.05kg (its lithium battery 600g,
voltage 25.2V, capacity 5000mAnh), theoretical life time 1.5 hours, allowing users to continuously
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walk 6.5km, and reduce the metabolism of about %0.75 (motor At a torque of 1 Nm), it is ideally
possible to reduce metabolism by at least 3.26% (motor torque 4 Nm). And the simulation results
show that the use of a motor with a larger moment can only achieve a better metabolic reduction

when the sole is used for single-joint boosting, and can be reduced by up to 4.73%.and is active
only when it detects walking.

Key words: soft exoskeleton, exosuit, OpenSim, biomechanical simulation, attitude sensors,
plantar pressure sensors, wire drive
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BHZRS, NN TIE, @A, i IRERBEMRE L. SMERPLES A (Exoskeleton)
Je— KAl FEMHLEE N (Wearable Robots) , 1 AZS & /& 3X A KRG —FF
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1.1. SME LR AR

RN K 24 58 R o B L as N5 AR TFE 5236 % (Berkeley Robotics & Human
Engineering Laboratory) &% St /g BRI FERIS0K, R T — RISV EEFENL: BLEEX™,
ExoHiker™, eLEGS™, ExoClimber™, HULC™, Austin.

e —
(a) BLEEX™(b) eLEGS™ (c) ExoClimber™ (d) HULC™ (e) Austin

K1 Berkeley Robotics & Human Engineering Laboratory FF & i) & 3515+ E 8%
Figl Exoskeleton developed by Berkeley Robotics & Human Engineering Laboratory
TN R Ao i B DT AL AT TG 20 7 R b, it AR A i gk A =],
TEA I Phoenix #hE % 58I B R ML AL o
LGN BEGERINITE R, R, TR RS A A4 e i ORI ERE BR A B 1E,
AP A RREAL, FEM AL PRI M 2 BTk, Dy 1 oIRGB o S &7 i 1) e,
AR, EANE E BRI SR VEA B B (Exosuit) HITH].
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B2 M RESER SRR
Fig2Harvard Pneumatic soft exoskeleton
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A

B3 R MR R R RIS BRCT BY S S B B
Fig3CMU cable-driven ankle-assist exoskeleton
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R 1
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B4 M RERMEI A #

Fig4Havard exosuit
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XM AT R H KB Bh 17 2P 4B 8 Autonomous Soft Exosuit[3], 13 F FAL £k Bk 5

(7 VEX KR 3EAT Bl 77, VB 77 300N . BN HE & 4.9kg (Ixzh4%E 3.1kg, FPESMTHE 0.4kg,

Rl 1.4kg) , fEH HIHLJy Maxon EC s FEATL, #c# EE Ty 51:1, FHLIBZS & 5200mAh (6 it

B AL BT AEL 6 SL L. B SRR HAE 200N B 0, AERE TR LA

$efit 5.7 %2 8.5 Z (AR & .

N Gait
<<<<<<<

S ML T I

FigbHavard multi-joint soft exosuit

WAl D 2 A1) 0 3K — R S PR A1 i [ K TR B R 9 A S35 it o i B 70 R 5 B 47 B
TR AR, TR A de BT E SR ERDE, MRS
FEAE, AR AN RE R R . 1% MRS BS 4 E 6.6kg, i FH AN URE R AL 1 Y
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FHEC T B A AT, JEPIRME DL 5l 7 7.34£5.0 %A1 14.246.1 %I A\ A AR
18,

E6 Jb+Z RGP SLKZTEN 5B
Fig6NCSU passive elastic ankle exoskeleton
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275Nm/rad x5 IEH AT E .
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Fig7Human lower-extremity joints power under various speeds
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Gait10dof18musc (41l 8a i) fRifLIBEALfS A 18 SR MLIAISKRATHU AR T I (1) 76 %M1
W, RAREE T 10 DNIREA 0 B BB, Mk T KEA DRI REE S0 Jd . B 8c.
2d. 2e FA/DMEMEEIE2, Gaitlodofl8musc 1 Gait2392 AL xTEL &, MR LLE B/ bRk
IAREE T X B e B S B E A R R AT UL BIER VLR b E f UL, At o] B0 P 360 71
P iEAiE B LA 4 e, (H T LD o A7 o A8 AH 0 20 A R 18 i ) |l EE 12
e

Gait2392 (41l 8b Fizn) HERMER T 92 &MU, ZBAIIL AR 23 MEHBE. BT
RN 2, 0B EAE, F i mas R Sehr, (@A Rt AR A AL, T
RMVIAREE 2, 3547 [R] B (5] (7] 55 07 BB TP KR g .

1 EALE F (R S SR 500E A Opensim 4 2 R 445 2, & —MFE S 7L 1.2 KA
FELEHE ML AT AE IS o 7 A FH 9 e 2R Do K] = B2 B0 L (R 25 8, 75 e i e f
AR EAT RS IR UE R S 5O R, 19 2IWD R, B fERG A8 AT AR AR A A
T 3

(c) (d) (e)
E8 Gait10dof18musc AL Gait2392 &R
Fig8Gait10dof18musc model and Gait2392 model

2 f sk Anatomy of the Human Body ,Henry Gray (1918) ,Bartleby.com: Gray's Anatomy, Plate 438
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Heel Strike Foot Flat Mid-Phase Push Off Toe Off

Swing Phase

Stance Phase

B9 —/MNEAKIPA AR
Fig9Standard gait cycle
NFDAT IR — AT 2~4Hz ih, WK 9 Fow, — ANBL 025 A 3w DARI 40 e

B, RIZ3AH (Stance Phase) 5#2z04H (Swing Phase) o — R A Ao A4 B8 78 7E 1% )
LSRRI, SCHEAMAMIED), S aTh, Bk NRrESEs B —MaEE a4k
paliib e
Forp SO AT R 53 5 AN Sy . R EREHL (Heel Strike) , &JEHL (Foot Flat)
HE]AH (Mid Phase) , FZ7mI#E (Push Off) FIfEIZe &1 (Toe Off) .

3.2.3. CMC & A
CMC (Computed Muscle Control) & OpenSim 2 fEf— /Mt Sdl, #id 7EL & %)

THENNEGEE S, i SRIUCEIEMERS) 2R, 2Ra A SR AEs) 1) —
AW H A .

l Diesired Accelerations i l
q”_ , , Static Optimization Forward Dyvnamics .
g -t y G*+T) Jq
exp e X ] ?
i g
Lera @) A} [ A

(
l
|

E10CMC FHEREE

Figl0 CMC computing process
CMC S AL B AR 2 3-1 s MR B8 Jo, Y vh 5] A7 41 i 1
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Fig24 Static structural simulation of pulley
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Fig29 Drawing and rendering of motor frame
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Fig30 Picture of Pulley and Assembled Motor Frame
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Fig31 Actuator unit case
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Fig32 Rendering of Actuation Unit

ALK 1mm SLLJE ek, REDGHT, AT LAg/> 525 1 EEE, i K% 429 77 490N

T IREN 2 BT — € I BIE, AR 22— SR AERA SN AT Bkt 2 ) T RE
DRl LA 2 Bl i — B AN S JR BT 1 — kA 5E, TR AREh M e .

HITBEE S A, WK IIasi 2 st s iiash, N T IRFLENIED), KLE
ANIREN %R B AP Fese A g o T AL TARFEBOR IR DL T, AR IR, B Ah5E P
LR T PSR, 0 HLEEAT R

ShSE DGR IR BRI B T, KERE R, R (EAFEAT i AR ISR 5T, 7R
SR G S R A P B i o AT v L A

31 T 360



VY FELAAY

*“g SHANGHAI JIAO TONG UNIVERSITY OpenSim ﬁETE‘E‘F E@i‘fﬁ&l\%%&ﬁﬁiiﬂ

TN

\.
\J

>~ e
N

B33z KB B S5
Fig33 Actuator unit case in assembling
YRR /(5 A FLE 24V, %55 5000mAh [f) 18650 £ FLitZH, PR HUEAE 25.2V &
16.2V, ZATHE AR ] AN B e ARSI 1.5 /NI, BB RIPAT IR
4 6480m.  FLIERTHR A R AT HEAIRZ) 15A BRI FLIR, B A2 600g.
T HJEPUE K 24V, RUEHEMH 12V, 6l RS FRHEE 5V, LED BIIFHRAE
JE 5V, HHLHRIRAUE B 24V, PIFEE Sy iRl DC-DC [ Hs S H kA7 FRLJE 1) 43 e M F
JERTIREE 43 AR IE ] Matec Systems 22 & 1) Mini Power Hub 73 BB, 1% 53 FEAR JR A 2 1t
VUJ R IC AN, AR CF, Arg s 5V 12V A B R R DU R 24V YR H I, ok
FraL s 20A, i 2 Al TR .

E345K 5 3% B i & LW B
Fig34 Picture of Actuation Unit
4, HAIFAME R IRE) RGE e A 515 O 4ghilE — &, o — Bk,
O EFY) 1509, HMEEZ) 6009, KFhEE HE 3009 (FEALEE 90g) , HLE 1050g. it
TN T HARP RSB B, B AT H ) — KA .

3 32 7L JL60



i

onG UnversTy Opensim {Jj KL & FHORAEAME B 550

>

) X A
HAIL JI

e/ SHANG

-

AD

B35 mALYE, KA 1—RGERE, 2—HH, 3—aHKR, 4—HBM, 5—R5H, 6—5
L
Fig35 Picture of final product

4.2. KEING

AREETRERNA TIMFRNES TR, ERBHEO, S, WKEhk, WakE
A . NI T IR, WHE T IXFE St W R AL s FRAEEE R B 7 v (1
TVEHOMUUAI I, AR E R BN T X B (SR, R 1 ik 5
Ko

Hk, VEAULI] T2k, NLRATIREN R B AN ST B 5, A e i Haa T B R
AL, FEI T ARG RS K

e, HliE 7 AME BRI FENL, AR T S i A R . mA L E BAE 10509
JeAT, Bt A 5000mAh, Big b n] Sl E ELEAMIATIE 1.5 /M, AT 6.5km [ ES

HIRIERAFAEE Z A L AL, Blin B LIRS R D, H ALK (e 0.66) 5
FEIKEARE I AR, RIS e B AT .

=

%5 33 Ui HL60



o 4 SHANGHAI JIAO TONG UNIVERSITY OpenSim /i B48 5 N IR MM B8 1T 5523

FLR HEBERSERS

o ARG E BRI 5 NAMRIAED 1228, WA D RTIIAEE . RIRIE 15555,
N IR BIANE B 2] 2R G AT AT AL SR O S s

5.1, fERBRABIRT

1B IR R GiR% 0K STM32F407 i85 7, T4 168MHz.

FRBUE IR, MEE A, KA GIERAN ™ 4 K& 1M FAS ] TR R R R
DRI AE AR IR AR R R B et 1 BRI R AR. (el 36 (o) ) RiER:, R B O H i
PR A R

o ML ME B, FRE TR, @1
FLERAR A A T B R dert, (8 S Al R AR
X} R B FNE S AT T AREE, B AN [ EE AR ) T
SRR RN E 7 o347 T R, LA
(XD N M G A N B G ER ik 7

(a) JEHMR A (b) 28 RRIEHER (c) B =R
BI36 1% B R Bt
Fig36 Customized Control Board
BT B BRI AT U B 37 o, AT 2 )27, PRACHUA . A1 458 i a0 el 42
B> BEATEAAR,  DASR i LR AR ) FE R R
HLER AR B2 7 &G AR SEIAN R DI RE, T I 70 R 40 R GEAE B 75 2R A% AR

=

34 71 460



OpenSim 1j FL4E T T HIRPESMT % B i 558

(=]

% 7 E
3 2
PHH w9
. SEe e e GHOO ® e]le » .
CANZ CANL - -~ .| Al SHAJ
o ] w2 SIG - o = o =4 e

N Yo
25N e

;'b'n';""'cn PERLL LA NER '-“'I':l
g SRiers) |G| Oty 2o B 62 "0 [0lgD - 58 BB dS e bR | eha 55
- [ | =
E ]

L]
= e 18 ‘
o 8SCLee || o) @A0S i *% gnesll o Ta ]38
r H !

A o k[l

A_R2A® U _feT e d4_UME

= 5_UML

(a) IETHAZE (b) AR
BI37 BmAHBRMAEZE (2 B0
Fig37 Final Pcb layout (2-layer board)
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Fig38 Inertial measurement units
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Fig45 Mass centre position during gait cycle
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6.3. fRRESFAYATILML

NT 5EE NI HAZH G H, f#H Unity3D & B Hs it 47 n ik .

AL SR [ Asset Store H Adam Character Pack. %% i Unity Demo 1BAJT %,
TRz IFINA Unity 518 1 EEE G Re /). 3

AIRRAL AT DUIE I S AR AT A BT A0 10 txe BEAT SR R, T DL 253 A S
BOR 8 LA B s . AR IR EUE A IER#S Datatable 287WA fry, 3G S B 1) A7
SICFEAET A, 73 B B RS BRSO SCA ST B e AT O

AIRALFE P I8 AT 2 1 75 BG4, TERIAG AT void Start (void) H 75 ZEff e 15 B 75 22
BHEIIER Sy, 14 GameObject f) find (O J59%: 3k SEEURS & EB A7 F 52 17

M T R R T R B BER EE EAT AT A, R 6 A Gameob ject B EATBURTY 1) 5 45K
BE, ZNERFAID . GnFRF TR

1. RightFoot = GameObject.Find("/Adam/Adam_Reference/Bip01/Bip01 Pelvis/Bip01 R Thigh/Bip01 R C
alf/Bip01 R Foot");

2. RightLeg = GameObject.Find("/Adam/Adam_Reference/Bip01/Bip01 Pelvis/Bip01 R Thigh/Bip01 R Ca
I);

w

RightUpLeg = GameObject.Find("/Adam/Adam_Reference/Bip01/Bip01 Pelvis/Bip01 R Thigh");

LeftFoot = GameObject.Find("/Adam/Adam_Reference/Bip01/Bip01 Pelvis/Bip01 L Thigh/Bip01 L Cal
f/Bip01 L Foot");

B

3 Adam %7115 Eok H https://unity3d.com/cn/pages/adam
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5. LeftLeg = GameObject.Find("/Adam/Adam_Reference/Bip01/Bip01 Pelvis/Bip01 L Thigh/Bip01 L Calf
");
6. LeftUpLeg = GameObject.Find("/Adam/Adam_Reference/Bip01/Bip01 Pelvis/Bip01 L Thigh");

I txt FRE, RS unity A&, txt SCEEIT SRR RN R AL AR R AT 6
M EAHE . BRI ESEERER AT L untiy 588, AT /& stm32F4 55 HL5E
B 4T AOIE A R LB AR b B R RN 115200Dit/s. G0 SR i unity SER, BEAMEK
B 3 HAINE S EOR 3 S PEARAE B, 3% 6 4> short BAUAR R, St 7 AMERSE, AT LA
He/FILTE 672bit HOKHE, PIBIEEZSI R 6ms 47, #il) 7 MERE 3T HdR 10 A
fetign, FEFFR/NEIALE 27ms 247, RS 4. SERHEstE o R, B L ar LUk ] 30
Wi, G0 EREIEAT, W R E AR KA, R B AR AT A, PR R
FEAME R /D T 2 BRI (S B 1 BhBEIROUE B, A & mT A b 2]
336bhit.

Fif B 5E U T DASRAS AR AR 1) 25 (RIS 25 Ay, AT 200 o 4 a8 5 A0 b 5 S PR A 2R 11
transform 771k, BB B SRR M. TR RS AL B I E R, AR
A ASFIFEFE ([ e B, DR AT 5 37 A T 5 R 33 4 1) i B3 J R SV E R T

LeftUpLeg.transform.localEulerAngles = initialangle[0] + new Vector3(0, 0, (angle[0] + 80));
LeftLeg.transform.localEulerAngles = initialangle[1] + new Vector3(0, 0, (angle[1] + 108));
LeftFoot.transform.localEulerAngles = initialangle[2] - new Vector3(0, 0, (angle[2] + 15));
RightUpLeg.transform.localEulerAngles = initialangle[3] + new Vector3(0, 0, (angle[3] +90));
RightLeg.transform.localEulerAngles = initialangle[4] + new Vector3(0, 0, (angle[4] + 110));

ok wdpE

RightFoot.transform.localEulerAngles = initialangle[5] - new Vector3(0, 0, (angle[5]+20));

REPAF TR S TR, G E A, ARCRUNIE 48 Frar, AT LASEIL N b
FERERY ISR B

(a) unity3d ¥ AT OB E (b) A/ AT AL AL S 1t
Bl48 Unity3D HSEBl KA1 RS AL T
Fig48 IMU Sensor Data Visualization using Unity3D engine
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7.2. EHEH

L FTSON PR il 52 £ 8 7 ity 2%
: i

m— o XOSUit I
30 - [==exosuit ||

force(N)

1 12 14 1.6 1.8 2

time(s)
P55 i FEL AL 7% ) 2R

Fighb Desired motor force output curve
W R L4 th e an ] 49 B, S, BRI S fs B ORORfiAk 1 % FAL
. M2006 JohiloE LA & C610 FLAMEH, FHls C610 HLiHEL CAN HrHlHE
o C610 FELUREZhRHENT, FRoCENUHhAEy 0x200, FHEmih 8 A1, MiE Xl N RFT
N, 8 AMNEHEWEEF N A B IR ERNE S, BT RE BRI, e
WEE 1D N 1, DRt R 7 AR SO R AT e A 15 Rl

3 i A 2% HiH 1D
DATA[0] IV R =PAN A 1
DATA[1] P FEIRAR )\ AL 1

P A28 ) P e SCRLFLAZ A FELIRN-10A & 10A, iM% il &K/ -10000 % 10000,

IR PP s indn - AChS .

1.  if (CONTROL_FLAG==1){

2 current.c16=10000;

3 canbuf[0]=current.c8[1];

4. canbuf[1]=current.c8[0];

5. res=CAN1_Send_Msg(canbuf,8);}

6. elseif (CONTROL_FLAG==-1){

7 current.c16=-10000;

8 canbuf[0]=current.c8[1];

9. canbuf{1]=current.c8[0];

10. res=CAN1_Send_Msg(canbuf,8);}

11. else{

12. current.c16=0;

13. canbuf[0]=current.c8[1];
14. canbuf[1]=current.c8[0];

15. res=CAN1_Send Msg(canbuf,8);}
o current & —7 union A&, R —AN 16 AL c16 Fl—AN 8 S BT 5 AT
Bl W AL RIS SR, 2 T
1. union{short c16;unsigned char c8[2];} current;
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7.3. HEESEM

73.1. BIERS

5 8 B BCHR R A i (U SEIPEEER, - BLR R B BCRE I R S s Iz i A Fe (AT B 1

TEREF I THI A T 52 B #24E R 55 FreeRTOS.  FreeRTOS J& H Fi I e )iz (1 SERHR
XEBERG AT EML HLEAET SRR,

e T S B AT 2525 IR AL ) o T (RAETCRE o — S st

PE, 22 hRAE RGEATAR S R, FIRETT A RS2 R e, R EIES BRI, A
BB Y, $Rm T IR

R T AEFZ A LT FreeRTOS 1) LREFF T 8 =/ MT 55 2B—AMESS gait_dtc G 57 s 11

BLIURRI T, 25 M55 motor_ctr 45T LIRS S =AMESS data_rpt S ST AR IC R
R I%E . ARESUF Fs:

1
2
3
4.
S.
6
7
8
9

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

taskENTER_CRITICAL();
xTaskCreate((TaskFunction_t )gait_dtc,
(const char* )"gait_dtc",
(uintl6_t  )STK_SIZE_1,
(void* YNULL,
(UBaseType_t )TASK PRIO_2,
(TaskHandle_t* )&gait_dtc_tskhdl);
xTaskCreate((TaskFunction_t )motor_ctr,
(const char* )"motor_ctr",
(uintl6_t  )STK_SIZE_1,
(void* JNULL,
(UBaseType_t )TASK PRIO_3,
(TaskHandle_t* )&pmotor_ctr_tskhdl);
xTaskCreate((TaskFunction_t )data_rpt,
(const char* )"data_rpt",
(uintl6_t  )STK_SIZE_1,
(void* JNULL,
(UBaseType_t )TASK PRIO_3,
(TaskHandle_t* )&data_rpt_tskhdl);
vTaskDelete(Start_tskhdl);
taskEXIT_CRITICAL();
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N T PRAEREZ AR B A SRR, AR T ERAT R, £t
FEVEHUN AR BRI BIUE, 'S SE A ORI

1.  xSemaphoreTake( xSemaphore, portMAX_DELAY );
2. for(i=0;i<7;i++){
3. imu_select(i);
4. MPU_Get_Accelerometer(&accx[i],&accy[i],&accz[i]);
5. MPU_Get_Gyroscope(&gyrox[i],&gyroz[i],&gyroz[i]);
6. }
7.  PEAK_FLAG=find_peak(accy[6]);
8.  angle[0]=1st_order_balancefilter(accz,accx,gyroy);
9.  angle[1]=1st_order_balancefilter(accz,accx,gyroy);
10. if(angle[0]<0 and angle[1]>0 and PEAK_FLAG)
11. CONTROL_FLAG=-1,
12. else if(angle[0]>0 and angle[1]<0 and PEAK_FLAG)
13. CONTROL_FLAG=1;
14.  walktime=new_walktime;
15. xSemaphoreGive(xSemaphore);
30
20 &

4 Y

TASK1 2 10 |
e |

’_OU‘ “f_’r A 1 12} 14 1.6
|; §' : time(s)
5 |° Ak
v 20 +

TASK2

current(A)
o

-20

] 56 T s P TH Y [ g SR VA IR R R R
Figh6 Fixed-delay Control method base on acceleration sensors
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Figh7 Motor control example
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7.4, KEBINGE
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OPENSIM SIMULATION-GUIDED
SOFT EXOSUIT
DESIGN AND ENGINEERING

The exoskeleton is a wearable device whose main purpose is to enhance the function of the
human body and reduce the burden on the human body during exercise. The flexible exoskeleton
is a research hotspot in recent years. Compared with the traditional rigid exoskeleton, it is more
fitting to the human body and does not interfere with the normal movement of the human body, so
the wear experience is more comfortable. The flexible exoskeleton assists by applying extra
moments at the joints of the human body, thereby enhancing the body's motor function or reducing
the body's energy consumption.

In this project, a flexible exoskeleton was independently developed under the guidance of
OpenSim simulation. The exoskeleton design parameters and the best control method were
obtained through simulation calculation, and the mechanical structure, electrical structure, sensor
system, and control algorithm were independently designed. The design principle of this device is
lightweight, comfortable and easy to wear. In order to determine the power assisted joints and
compare the power of the various human joints at different speeds, the power of the ankle joints at
low speeds is 40%, and finally the assisted force is determined at the ankle joints.

In order to guide the design process, the open-source software Opensim was used for
biomechanical simulation, and the Opensim model of the ankle-assisted exoskeleton was
established. The CMC was used to track the kinematics goals and the statically optimized muscle
activation level was obtained. Since the introduction of the exoskeleton will affect the
optimization process to a certain extent, in order to obtain the optimal exoskeleton control
parameters, ie, the control curve that can minimize the total body metabolism, the maximum
output force of the exoskeleton driver is increased by far more than the human muscle. The power
to make the activation level of the exoskeleton driver far below the activation level of the human
muscle to offset the change of the optimization objective function caused by the introduction of
the exoskeleton. The simulations were performed on the gaitl0dofl8musc and gait2392 models.
They were divided into three groups of unrestrained outputs, 400N saturated output and 50N
saturated output, corresponding to the actual output power of different drivers, without limiting
the total real-time human metabolism in the case of assisting force. The power was reduced by
4.73%, and the total real-time metabolic power of the human body decreased by 3.26% when the
power of 400N was limited, while the total real-time metabolic power of the human body was
reduced by only 0.75% when the power of 50N limited the power. Simultaneously the simulation
also obtained the power speed and power parameters of the driver, which can be used for the
selection of the motor and the design of the drive device.

Structurally, the exoskeleton uses a motor to drive the bobbin, and uses a wire drive to assist
the ankle. The use of a wire drive is due to the requirement of flexibility. At the same time, the
drive device can be placed on the back to reduce the increase in the inertia of the lower extremity
caused by the increase in the mass of the distal end. Extra energy consumption during exercise.
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The motor uses DJI M2006 brushless gear motor, continuous torque 1Nm, spool diameter 40mm,
the maximum continuous output force of the drive device is 50N. The drive device uses
1.2mm304 stainless steel plate made by laser cutting and sheet metal processing. In order to
reduce the weight of the device, the finite element method is used to analyze the design of the
mechanical structure, and purposely reduce unnecessary materials in the low stress area to reduce
the exoskeleton The weight of the device. The flexible main body is composed of a vest, a tension
belt, a driving line, a driving device and a shoe. The nylon reinforcing fabric is sewn along the
tension transmission path in the vest so that the pulling force can be transmitted upwards along the
nylon belt and the strength of the vest is increased to ensure the pulling force of the motor. And the
device itself will not stretch and fall under the influence of gravity, and the reinforced braid on the
vest spreads the force to the shoulder of the human body. The drive line is used to transmit the
force of the motor to the ankle, and the main function of the tension band is to resist the reaction
force generated by the drive line sleeve tending to straighten under the action of the drive line, so
as to prevent the force from acting on the strap and causing it to move. The flexible exoskeleton
structure was subjected to force analysis, and it was proposed that stress in the tension band was
used to assist the ankle and knee at the same time to improve the performance of the exoskeleton.
The casing of the drive device was designed and manufactured. The axial fan was used to dissipate
the motor. The distributor board satisfies the different voltage requirements of the system. The
wearable drive device was fixed on a special vest. Nylon thread is used for the driving line, and a
quick release is provided at the ankle for ease of wearing.

The sensor system uses the stm32f407 as the master, and the sensor's connection board is
designed and manufactured in Altium Designer. The sensor includes 7 posture sensors and 8
plantar pressure sensors. The sensor adopts a modular design and can add or remove sensor
modules. . The first-order complementary filter is used to reduce the dimension of the
accelerometer, and the center-of-gravity method is used to reduce the dimension of the foot
pressure sensor. Sensor data enables the visualization of sensor data in Unity. A data filtering
method is proposed for the sensory data of the plantar pressure using a fourth-order, cut-off
frequency 6 Hz Butterworth low-pass filter and Sigmoid function for data noise. The control
algorithm is implemented in the FreeRTOS operating system. An accelerometer-based fixed-delay
algorithm is proposed to control the external skeleton. Three threads are used for gait recognition,
motor control, and data feedback. Analyze the gait judgment using the plantar pressure and
acceleration information separately. The final gait recognition thread mainly judges by the
acceleration information.

The final result: The overall exoskeleton weight of this project is 1.05kg (its lithium battery
600g, voltage 25.2V, capacity 5000mAh), and the theoretical life time is 1.5 hours, allowing users
to continuously walk 6.5km, and reduce about %0.75 Metabolism (at a motor torque of 1 Nm) can
ideally reduce metabolism by at least 3.26% (motor torque 4 Nm). And the simulation results
show that the use of a motor with a larger moment can only achieve a better metabolic reduction
when the sole is used for single-joint boosting, and can be reduced by up to 4.73%.
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<PathActuator name="Exosuit 1">
<isDisabled>false</isDisabled>
<min control>0.0</min control>
<max_control>1.0</max control>
<GeometryPath>
<PathPointSet>
<objects>
<PathPoint name="exo_1-P1">
<location> -0.004 -0.1 -0.01</location>
<body>tibia_ 1</body>
</PathPoint>
<PathPoint name="exo_ 1-P2">
<location> 0 0.0318395 0.00544352</location>
<body>calecn_1</body>
</PathPoint>
</objects>
<groups />
</PathPointSet>
<PathWrapSet>
<objects />
<groups />
</PathWrapSet>
<VisibleObject name="display">
<GeometrySet>
<objects />
<groups />
</GeometrySet>
<scale factors> 0.1 0.1 0.1l</scale factors>
<transform> -0 0 -0 0 0 O</transform>
<show_ axes>false</show axes>

<display preference>1l</display preference>

</VisibleObject>
</GeometryPath>
<!--The maximum force this actuator can produce.-->

<optimal force>1000.0</optimal force>
</PathActuator>



