Supplementary Materials

S1. Visuals of the Device Used in Different Positions

Figure S1. Visual of using the exoskeleton in standing position.

Figure S2. Visual of using the exoskeleton in sitting position.



Figure S3. Visual of using the exoskeleton in lying position.



S2. Modeled Connections in the FEM Model

Label

Mechanical connection

Constraint type

Mg N>

Face contact with the motor
Bolted connection to the motor
Contact with bolt heads
Contact with sliding sleeve
Contact with sliding sleeve

Compression only
Compression only
Compression only
Cylindrical support
Compression only

(a) Main view

©
©

(b) Detailed view

Figure S4. Constraints and loads applied to Body 1.

Label Mechanical connection Constraint type
A Contact with sliding sleeve Compression only
B Bolted connection to the motor | Cylindrical support
C Contact with sliding sleeve Compression only
D Contact with bolt heads Compression only
E Face contact with the motor Compression only

(a) Main view

(b) Detailed view

Figure S5. Constraints and loads applied to Body 2.




Label Mechanical connection Constraint type
A Contact with sliding sleeve Compression only
B Bolted connection to the motor | Cylindrical support

(a) Main view

Figure S6. Constraints and loads applied to Body 3.

Label Mechanical connection Constraint type
A Contact with bolt heads Compression only
B Contact with sliding sleeve Compression only
C Contact with sliding sleeve Compression only
D Bolted connection to the motor | Cylindrical support
E Face contact with the motor Compression only

(a) Main view (b) Detailed view

Figure S7. Constraints and loads applied to Body 4.

Label Mechanical connection Constraint type
A Contact with sliding sleeve Compression only
B Bolted connection to the motor | Cylindrical support

(a) Main view

Figure S8. Constraints and loads applied to Body 5.



S3. Parametrization

S3.1. Initial Parametric Optimization
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Figure S9. Parameters used for initial parametric optimization.



Table S1. Ranges of the parameters used for initial parametric optimization.

Number \ Initial Value [mm] \ Minimum [mm] \ Maximum [mm)]
Body 1
1 20.0 15.0 35.8
2 31.0 20.0 40.0
3 20.0 15.0 30.0
4 11.8 7.8 21.8
5 71.0 - -
Body 2
6 11.8 7.8 26.8
7 20.0 15.0 40.0
8 20.0 20.0 35.0
9 206.0 180.0 230.0
10 176.0 150.0 190.0
11 146.0 120.0 170.0
Body 3
12 11.8 7.8 21.8
13 5.0 4.0 10.0
14 7.9 5.0 10.0
15 7.9 5.0 10.0
16 20.0 15.0 30.0
17 22.0 15.0 30.0
18 10.0 8.0 15.0
19 22.0 16.0 30.0
20 58.0 - -
21 30.0 - -
22 20.0 15.0 30.0
Body 4
22 20.0 15.0 30.0
23 30.0 20.0 30.0
24 10.0 10.0 30.0
25 20.0 18.0 35.0
26 116.0 110.0 140.0
27 146.0 130.0 170.0
28 176.0 160.0 200.0
Body 5
29 10.0 8.0 15.0
30 22.0 15.0 30.0
31 58.0 - -
32 20.0 15.0 30.0
33 22.0 15.0 30.0
34 6.0 5.0 10.0




53.2. Final Parametric Optimization
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Figure S10. Parameters used in the final parametric optimization (part 3).



Table S2. Considered ranges of parameters used in the final parametric optimization.

Number | Initial Value [mm] | Lower range [mm] | Upper range [mm]
Body 1
1 20.0 10.0 40.0
2 15.0 10.0 40.0
3 15.0 10.0 20.0
4 1.0 0.2 2.0
5 10.0 0.2 24.0
Body 2
6 15.0 10.0 20.0
7 11.0 10.0 20.0
8 20.0 10.0 30.0
9 8.0 0.2 (P8 -6.0)
10 5.0 0.2 (P6 -4.0)
11 5.0 0.2 (P7-4.0)
Body 3
14 14. 11.0 14.0
15 18. 18.0 63.0
16 21.0 10.0 29.7
17 98.0 0.0 105.0
18 8.0 0.0 (P15-10.0)
19 6.0 0.0 (P16 -10.0)
20 5.0 3.0 (37.7-Pl16)/2
21 9.1 8.1 (42.8-P16)/2
22 5.0 0 (73.0-P15)/2
23 5.0 3.0 30.0
24 5.0 3.0 13.0
25 16.0 0.0 (P15 +2 - P22)
27 5.5 0.0 8.0
28 3.0 0.0 3.0
Body 4
29 20.0 15.0 30.0
30 20.0 15.0 30.0
31 20.0 14.0 30.0
32 20.0 14.0 30.0
33 78.0 22.0 98.0
34 4.0 3.0 (P29/2-2.0)
35 5.0 3.0 (P31/2-2.0)
36 80.0 45.0 100.0
37 5.0 3.0 (P31/2-2.0)
38 4.0 3.0 (P30/2-2.0)
39 80.0 40.0 100.0
40 5.0 3.0 (P32/2-2.0)
41 4.0 3.0 (P30/2-2.0)
42 100.0 30.0 150.0
43 180.0 170.0 200.0
Body 5
44 10.0 8.0 10.0
45 20.0 18.0 63.0
46 20.0 10.0 29.7
471 8.0 0.0 (P15-10.0)
47.2 6.0 0.0 (P16 -10.0)
47.3 7.0 6.0 8.0
48 6.0 5.0 7.0
49 5.0 5.0 8.0
50 55.0 0.0 65.0
51 20.0 (P45 + 2 - P49)/2 100.0
52 5.0 3.0 7.0




S4. Topology Optimization

54.1. Inclusion/Exclusion Regions

(a) Body 1 (b) Body 2

(c) Body 3.1 (d) Body 3.3

(e) Body 4 (f) Body 5.1

(g) Body 5.2

Figure S11. Exclusion (red) and inclusion (blue) regions for topology optimization.



54.2. Raw Geometrical Results
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Figure S12. Results of topology optimization for Body 1.

Figure S13. Results of topology optimization for Body 2.

(a) Main view (b) Secondary view

Figure S14. Results of topology optimization for Body 3.1.



(a) Main view (b) Secondary view

Figure S15. Results of topology optimization for Body 3.2.

(a) Main view (b) Secondary view

Figure S16. Results of topology optimization for Body 4.

(a) Main view (b) Secondary view

Figure S17. Results of topology optimization for Body 5.



S5. Results—Deformation and Stress Distribution

§5.1. Initial Strength Analysis

B: Static Structural
Total Deformation 3
Type: Total Deformation
Unit: rmm

Tirme: 1
06.03,2025 11:59

0,17419 Max
015488

013556

011624

0,006022
0,077604
0,058206
0,038068

0,01965
0,00033222 Min

(a) Initial deformation distribution

Figure S18. Results of static analysis for Body 1.

B: Static Structural
Total Deformation 2
Type: Total Defarmation
Unit: mm

Time: 1

03.03.2025 02:39

0,30468 Max
0,271

023732
020364

0,16996
013629
010281

0,088227
0,035249
0,0015699 Min

(a) Initial deformation distribution

Figure S19. Results of static analysis for Body 2.

B: Static Structural
Total Deformation
Type: Total Deformation
Uniit; rim

Tirne: 1
12.03.2025 11:20

0,36837 Max
032744
0,28651
0,24558
0,20465
016372
012279
0,08186
0,04003
0 Min

(a) Initial deformation distribution

Figure S20. Results of static analysis for Body 3.

B: Static Structural
Equivalent Stress &
Type: Equivalent fvon-Mises) Stress
Unit: bPa
Time: 1
28.02,2025 13:40

32,435 Max
26,832

75,228

71,624

18,02

14,416

10,812

7,208

3,6041
0,00015705 Min

(b) Initial reduced stress distribution

B: Static Structural

Equivalent Stress 2

Type: Equivalent (van-Mises) Stress
Unit: MPa
Time: 1
03.03.2025 02:20

22,702 Max
2018
17.658
15,136
12,614
10,002

757

5,048

2,526
0,0040651 Min

(b) Initial reduced stress distribution

B: Static Structural

Equivalent Stress 2

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

13.08.2025 11:19
57.537 Max
51,144
24,751
38,358
31,965
5,572
19,179
12,786
639
5.202e-6 Min

(b) Initial reduced stress distribution




B: Static Structural
Total Defarmation 2
Type: Total Deformation
Unit: rirn

Time: 1
04.03.2025 12:00

B: Static Structural
Equivalent Stress 3
Type: Equivalent (von-Mises) Stress
Unit: kP2
Time: 1
04.03.2025 11:38

0,36534 Max 31,143 Max
0,326 27,684
0,29666 24,225
0,24732 20766
020793 17,307
016364 13,848

01293 10388
0,089%56 6,9293
0050616 34702
0,011275 Min 2011056 Min

(a) Initial deformation distribution (b) Initial reduced stress distribution

Figure S21. Results of static analysis for Body 4.

B: Static Structural
Equivalent Stress (listwa bez zebow)
Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 15

21.01.2025 23112

23,792 Max
18753
13,714
8,6748
3,6356

3,043

2,4504
18578
1,2652
0,01385 Min

(a) Initial reduced stress distribution

Figure S22. Results of static analysis for Body 5.

55.2. Initial Parametric Optimization

B: Static Structural
Equivalent Stress 5
Type: Equivalent fvon-hises) Stress
Unit: MPa
Tirne: 1
28.02.202513:39

B: Static Structural
Total Deformation 4
Type: Total Deformation
Unit: mm

Tirme: 1

06.03.2025 11:54

39,398 Max
077811 Max s
0.69171 e
o 26,266
0.51889 oop
043248 e
0,34608 /
0,25967 13,133
017326 87553
0.096855 43777
0,00044727 Min 0,00012694 Min
(a) Deformation distribution (b) Reduced stress distribution

Figure S23. Results after initial parametric optimization of Body 1.



B: Static Structural
Total Deformation 2
Type: Total Deformation
Unit: mm

Tirme: 1

03.03.2025 09:32

0.26509 Max
0,25363

0,223

0,1909

0,1505

012811
0,096708
0,065311
0,033914
00025169 Min

(a) Deformation distribution

B: Static Structural

Equivalent Stress 5

Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1
03.02.2025 00:32

22,571 Max
20,063
17,555
15,048

12,54

10,032
7.5246
5,0169
2,5002
0,0015525 Min

(b) Reduced stress distribution

Figure S24. Results after initial parametric optimization of Body 2.

B: Static Structural
Total Deformation 2
Type: Tatal Deformation
Unit: ram
Time: 1
13.03.2025 12:25

04754 Max
042258
0,36076
031694
026811
01129
015847
0,10565
0052823

0 Min

(a) Deformation distribution

B: Static Structural
Equivalent Stress 2
Type: Equivalent fvon-Mises) Stress
Unit: MPa
Time: 1
13.03,2025 12:24

31,035 Max
27,386

24,138

20,69

17,242

13,703

10,45

68967

3,4484
0,00010268 Min

(b) Reduced stress distribution

Figure S25. Results after initial parametric optimization of Body 3.

B: Static Structural
Total Deformation 2
Type: Total Deformation
Unit: mm

Time: 1

04.03.2025 12:34

2,8261 Max
25121

2,181

1,8841

1,5701

1,2561

0.84215

062817

0,31418
0,00019565 Min

(a) Deformation distribution

B: Static Structural

Equivalent Stress 2

Type: Equivalent (van-Mises) Stress
Unit: MPa

Time: 1

04.08,2025 12:32

52,383 Max
26,563

a0,744

34,024

29,104

23,284

17,465

11,645

5,8253
0,0055532 Min

(b) Reduced stress distribution

Figure S26. Results after initial parametric optimization of Body 4.

B: Static Structural
Total Deformation 2
Type: Total Deformation
Unit: mem

Time: 1

31,03.2025 13:29

0,059027 Max
0,052469
0,04591
0,039351
0,032793
0,026234
0,019676
0013117
0,0065556
1,2478e-8 Min

(a) Deformation distribution

B: Static Structural
Equivalent Stress 3
Type: Equivalent fvon-Mises) Stress
Units MPs
Time: 1
31.03.2025 13:28

20,473 Max
16,198

15,923

13,648

11,37

50983

68242

4,545

2,278
8,0824e-5 Min

(b) Reduced stress distribution

Figure S27. Results after initial parametric optimization of Body 5.



55.3. Topology Optimization

B: Static Structural
Total Deformation 3
Type: Total Deformation
Unitz mirm

Tirne: 1
07.03.2025 16:30

1,8271 Max
1,6246

1,422

1,2195

1,0169

091437

061193

040028

0,20674
0,0041925 Min

(a) Deformation distribution

B: Static Structural

Equivalent Stress 2

Type: Equivalent {von-Mises) Stress
Unit: bPa
Tirme: 1
07.03.2025 16:28

86,044 Max
76,486
66,929
57,371
47,814
38,256
28,609
19,141
05836
0,02608 Min

(b) Reduced stress distribution

Figure S28. Validation of topology optimization resultant geometry of Body 1.

B: Static Structural
Total Deformation 2
Type: Total Deformation
Unit: mm

Time: 1

07.03.2025 16:42
069159 Max
0,6153
0530
046271
038641
031012
0.23382
0,15753
0,081231
0,0049351 Min

(a) Deformation distribution

B: Static Structural
Equivalent Stress 3

Type: Equivalent {von-Mises) Stress
Unit: MPa

Time: 1
07.03.2025 1652
36,962 Max
32,856
7
24,644
20,538
162432
12,326
82197
41137
0,0077228 Min

(b) Reduced stress distribution

Figure S29. Validation of topology optimization resultant geometry of Body 2.

B: Static Structural
Total Deformation &
Type: Total Defarmation
Unit: mm

Time: 1

17.03.2025 0742

0,95014 Max
0,88457
0,730

0,63343
0,52786
042220
031671
0,21114
010557
0Min

(a) Deformation distribution

B: Static Structural
Equivalent Stress &
Type: Equivalent {won-Mises) Stress
Unit: bPa
Time: 1
17.03.2025 07:42

107,55 Max
05,603

83,652

7,702

50,752

47,801

35,851

23,301

11,95
2,7982e-5 Min

(b) Reduced stress distribution

Figure S30. Validation of topology optimization resultant geometry of Body 3.




B: Static Structural
Total Deformation 3
Type: Total Defarmation
Unit: ram

B: Static Structural
Equivalent Stress 3
Type: Equivalent {von-Mises) Stress

Unit: MPa
Tirme: 1 Time: 1
18.03.2023 12:34 18.03.2025 12:33
1,9014 Max 28,787 Max
1,7702 25,50
1,349 22,392
1,3277 19,105
1,1065 15,007
0,88524 128
0,66401 96024
04277 64040
0,22153 3,2074
0,00028788 Min 0,0099124 Min
(a) Deformation distribution (b) Reduced stress distribution

Figure S31. Validation of topology optimization resultant geometry of Body 4.

B: Static Structural
Total Deformation
Type: Total Deformation

B: Static Structural
Equivalent Stress

Units mm Ty'p.ez Equivalent fvon-hises) Stress
Unit: MPa

Tirne: 1 T
ime: 1

14.03,2025 14:41 14.03.2025 14:40

0,15519 Max 21,181
013795 2,181
012071

010346 17,267 Max
0086212 13,238
0,063975 10,59
0051731 7,28
0,034483 5,2052
QM7244 2,6476

6,8692e-8 Min 9,0733e-6 Min

(a) Deformation distribution (b) Reduced stress distribution
Figure S32. Validation of topology optimization resultant geometry of Body 5.

55.4. Final Parametric Optimization

B: Static Structural
Total Deformation 2
Type: Total Deformation

B: Static Structural
Equivalent Stress 2
Type: Equivalent fvon-Mises) Stress

Unit: mm Unit: MPa

Tirne: 1 Tirne: 1

31,03.2025 10:15 31.03.2025 10:13
1,1986 Max 70,601 Max
1,0665 62,750
095441 54,017
03003 47,07
067018 39,233
53806 31,351
040555 23,549
027383 15,707
014172 78647
0,0095999 Min 0.022601 Min

(a) Deformation distribution (b) Reduced stress distribution

Figure S33. Results after final parametric optimization of Body 1.



B: Static Structural
Total Defarmation 3
Type: Total Deformation
Unit: mra

Tirne: 1

25.03.2025 08:30

0,50231 Max
052678
046125
0,39572
0,330

0,26467
019914
0,13362
0,068007
0,002564 Min

(a) Deformation distribution

B: Static Structural

Equivalent Stress 3

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

25.03.2025 08:50

49,676 Max
2,157

38,630

33,119

76

22,081

16,561

11,042

55232
0,0040351 Min

(b) Reduced stress distribution

Figure S34. Results after final parametric optimization of Body 2.

B: Static Structural
Total Deformation 5
Type: Total Deformation
Unit: ram

Tirne: 1

22.02.2025 07:31

2,2647 Max
2,031
1,7614
1,5008
1,282
1,0065
0,75491
050327
0,25164
0 Min

(a) Deformation distribution

B: Static Structural
Equivalent Stress 5
Type: Equivalent (von-hises) Stress
Unit: MPa
Time: 1
22,03.2025 07:30

111,06 Max
9877

06,377

74,038

61,698

49,358

37,019

24,679

12,34

9,5504e- 7 Min

(b) Reduced stress distribution

Figure S35. Results after final parametric optimization of Body 3.

B: Static Structural
Total Deformation 3
Type: Total Deformation
Unit: mrm

Time: 1

25.03.2025 13:33

2,5395 Max
22574

1,0753

1,6032

14111

1128

084666

0,56474

0,29263
0,00051303 Min

(a) Deformation distribution

B: Static Structural

Equivalent Stress 2

Type: Equivalent (von-Mises) Stress
Unit: MPa

Tire: 1

25.03.2025 13:34

63,983 Max
56,787

40,601

2,505

35,400

26,403

21,307

14,211

71146
0,018519 Min

(b) Reduced stress distribution

Figure S36. Results after final parametric optimization of Body 4.

B: Static Structural
Tatal Deformation
Type: Total Deformation
Unit: rarn

Tirne: 1
22.03.2025 0703

0,3742 Max
0,33262
0,29105
0,24%47
0,20782
0,16631
0,12473
0,083156
0,041578

0 Min

(a) Deformation distribution

B: Static Structural

Equivalent Stress
Type: Equivalent fvon-hises) Stress
Unit: MPa
Time: 1
22.09.2025 07:02
37,409 Max
93,254
29,008
24,942
20786
16,631
12,475
8,3191
4,1633
0,007535 Min

(b) Reduced stress distribution

Figure S37. Results after final parametric optimization of Body 5.



S6. Optimization Stages Summary for Each Body

Table S3. Summary of Body 1.

Parameter INITIAL | PO1 TO PO 2
Mass [kg] 0.998 0.572 | 0.469 | 0.402
Max. Deformation [mm] 0.17 0.78 1.82 1.19
Avg. Deformation [mm] 0.09 0.39 0.94 0.52
Max. Stress [MPa] 32.43 39.40 | 86.04 | 70.60
Avg. Stress [MPa] 1.25 2.90 6.78 8.37
Max. Strain [ %o ] 0.4635 0.6097 | 2.529 | 1.462
Avg. Strain [ %o] 0.0181 0.0418 | 0.1102 | 0.126
Min. Safety Factor 7.44 5.24 2.67 3.25
Table S4. Summary of Body 2.
Parameter INITIAL | PO1 TO PO 2
Mass [kg] 0.786 0.523 | 0443 | 0472
Max. Deformation [mm] 0.30 0.29 0.69 0.59
Avg. Deformation [mm] 0.13 0.13 0.28 0.26
Max. Stress [MPa] 22.70 22.57 | 3696 | 49.68
Avg. Stress [MPa] 1.77 1.86 3.69 2.93
Max. Strain [ %o ] 0.3527 0.3543 | 0.5303 | 0.801
Avg. Strain [ %o] 0.02591 | 0.0271 | 0.0540 | 0.0433
Min. Safety Factor 11.48 1148 | 6.22 5.03
Table S5. Summary of Body 3.
Parameter INITIAL | PO1 TO PO 2
Mass [kg] 0.808 0.740 | 0.552 | 0.465
Max. Deformation [mm] 0.36 0.48 0.95 2.62
Avg. Deformation [mm] 0.12 0.18 0.39 1.03
Max. Stress [MPa] 57.54 31.04 | 107.55 | 111.06
Avg. Stress [MPa] 1.66 1.75 3.67 5.65
Max. Strain [ %o ] 0.8339 0.4833 | 1.8078 | 1.881
Avg. Strain [ %o] 0.02439 | 0.0261 | 0.0554 | 0.0851
Min. Safety Factor 4.50 8.35 2.60 2.52
Table S6. Summary of Body 4.
Parameter INITIAL | PO1 TO PO 2
Mass [kg] 0.879 0.420 | 0.483 | 0.451
Max. Deformation [mm] 0.36 2.82 1.99 2.54
Avg. Deformation [mm] 0.23 0.55 0.70 1.00
Max. Stress [MPa] 31.14 52.38 | 28.78 | 63.88
Avg. Stress [MPa] 1.79 6.20 4.52 5.61
Max. Strain [ %o ] 0.5146 0.7724 | 0.4113 | 0.942
Avg. Strain [ %o] 0.02639 | 0.0911 | 0.0655 | 0.0850
Min. Safety Factor 12.9 4.94 7.98 3.60




Table S7. Summary of Body 5.

Parameter INITIAL | PO1 TO PO 2
Mass [kg] 0.436 0.393 | 0.252 | 0.200
Max. Deformation [mm] 0.018 0.06 0.15 0.37
Avg. Deformation [mm] 0.007 0.02 0.07 0.15

Max. Stress [MPa] 23.79 2047 | 17.27 | 37.41
Avg. Stress [MPa] 0.97 0.85 0.70 1.78
Max. Strain [ %] 0.65 0.2998 | 0.2502 | 0.535
Avg. Strain [%o] 0.01782 | 0.0134 | 0.0113 | 0.026
Min. Safety Factor 6.17 11.24 15.0 6.68
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Figure S38. Comparison of initial design (left) and post-optimization cycle design (right) of the
exoskeleton.



