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Supplementary Figures

Supplementary Fig. 1 | Sagittal and frontal view of the 3D CAD model of the SoftFoot Pro. Prototype tested and a magnified view
of a single chain of small bodies of the adaptive sole, showing the tendon routing in red, and the extremities of the elastic bands (in
blue) — not stretched and repeated along the chain, connecting each body to the following one - in the green oval.
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Supplementary Fig. 2 | Case study II: peaks (in the small circles) of the GRF components in the sagittal (vGRF, top row), frontal
(mIGRF, middle row), and transverse (apGRF, bottom row) planes, for level walking and obstacles negotiation (arch and
rectangle), used for evaluating the symmetry index. Mean values across 5 strides (n=5; 3 for level walking with the participant’s
prosthetic foot) for the prosthetic limb (blue solid line for the carbon fibre foot Triton, red solid line for the SoftFoot Pro), and the
contralateral limb when using the Triton (blue dotted line) or the SoftFoot Pro (red dotted line). The two peaks of each GRF component
(F; and F, in chronological order during the gait cycle) are shown: they are used for calculating the symmetry index (see results in
Supplementary Table 7). Data are displayed normalised to stride duration.
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Supplementary Fig. 3 | Case study I: contralateral sagittal ankle angle, torque, and power (from top to bottom) during level
walking and obstacles negotiation (arch and rectangle). Mean values across 6 strides (n=6) for the contralateral limb when using
the carbon foot Triton on the prosthetic side (light blue solid line). Grey-shaded areas correspond to reference data from unimpaired
individuals (+1SD). Data are normalized to stride duration, torque and power are normalized by participant's body mass.
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Supplementary Fig. 4 | Case study I: GRF components in the sagittal (vGRF, top row), frontal (mIGRF, middle row), and
transverse (apGRF, bottom row) planes, during level walking and obstacles negotiation (arch and rectangle). Mean values
across 6 strides (n=6) for the contralateral limb when using the carbon foot Triton on the prosthetic side (light blue solid line). Grey-
shaded areas correspond to reference data from unimpaired individuals (x1SD). Data are normalized to stride duration and shown as
a percentage of the participant’'s body weight (%BW).
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Supplementary Fig. 5 | Case study I: contralateral sagittal knee angle, torque, and power (from top to bottom) during level
walking and obstacles negotiation (arch and rectangle). Mean values across 6 strides (n=6) for the contralateral limb when using
the carbon foot Triton on the prosthetic side (light blue solid line). Grey-shaded areas correspond to reference data from unimpaired
individuals (+1SD). Data are normalized to stride duration, torque and power are normalized by participant's body mass.
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Supplementary Fig. 6 | Case study I: contralateral sagittal hip angle, torque, and power (from top to bottom) during level
walking and obstacles negotiation (arch and rectangle). Mean values across 6 strides (n=6) for the contralateral limb when using
the carbon foot Triton on the prosthetic side (light blue solid line). Grey-shaded areas correspond to reference data from unimpaired
individuals (x1SD). Data are normalized to stride duration, torque and power are normalized by participant's body mass.
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Supplementary Fig. 7 | Case study I: frontal hip angle (top) and torque (bottom) during level walking and obstacles negotiation
(arch and rectangle). Mean values across 6 strides (n=6) for the prosthetic limb (blue solid line for the carbon fibre foot Triton, red
solid line for the SoftFoot Pro), and the contralateral limb when using the Triton (light blue solid line). Contralateral data represent level
walking and the step on the obstacle. Grey-shaded areas correspond to reference data from unimpaired individuals (=1SD)". Data are

normalized to stride duration, with torque normalized by the participant's body mass.
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Supplementary Fig. 8 | Case study IlI: frontal hip angle (top) and torque (bottom) during level walking and obstacles negotiation
(arch and rectangle). Mean values across 5 strides (n=5; 3 for level walking with the participant’s prosthetic foot) for the prosthetic
limb (blue solid line for the carbon fibre foot Triton, red solid line for the SoftFoot Pro), and the contralateral limb (blue dotted line when
using the Triton, red dotted line for the SoftFoot Pro). Contralateral data show the stride on flat ground following the prosthetic limb’s
step on the obstacle. Grey-shaded areas correspond to reference data from unimpaired individuals (+1SD)'. Data are normalized to

stride duration, with torque normalized by the participant's body massG.
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Supplementary Fig. 9 | Case study I: frontal knee angle and torque (from top to bottom) during level walking and obstacles
negotiation (arch and rectangle). Mean values across 6 strides (n=6) for the prosthetic limb (blue solid line for the carbon fibre foot
Triton, red solid line for the SoftFoot Pro), and the contralateral limb when using the Triton (light blue solid line). Contralateral data
represent level walking and the step on the obstacle. Grey-shaded areas correspond to reference data from unimpaired individuals
(£1SD)"; reference data for the knee angle are lacking in Bovi et al.'. Data are normalized to stride duration, with torque normalized by
the participant's body mass.
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Supplementary Fig. 10 | Case study I: frontal ankle angle and torque (from top to bottom) during level walking and obstacles
negotiation (arch and rectangle). Mean values across 6 strides (n=6) for the prosthetic limb (blue solid line for the carbon fibre foot
Triton, red solid line for the SoftFoot Pro), and the contralateral limb when using the Triton (light blue solid line). Contralateral data
represent level walking and the step on the obstacle. Reference data for the ankle joint in the frontal plane are lacking in Bovi et al.".
Data are normalized to stride duration, with torque normalized by the participant's body mass.
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Supplementary Fig. 11 | Case study II: frontal ankle angle (top) and torque (bottom) during level walking and obstacles
negotiation (arch and rectangle). Mean values across 5 strides (n=5; 3 for level walking with the participant’s prosthetic foot) for the
prosthetic limb (blue solid line for the carbon fibre foot Triton, red solid line for the SoftFoot Pro), and the contralateral limb (blue dotted
line when using the Triton, red dotted line for the SoftFoot Pro). Contralateral data show the stride on flat ground following the prosthetic
limb’s step on the obstacle. Reference data for the ankle joint are lacking in Bovi et al.!. Data are normalized to stride duration, with
torque normalized by the participant’s body mass.
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Supplementary Fig. 12 | Customised walking boots for preliminary testing of prosthetic feet with unimpaired subjects. Boots
were customised by incorporating prosthetic adapters screwed to the bottom of their soles to enable attachment of the prosthetic feet.
For plantar pressure mapping, sensorized insoles were placed into the shoes, under the prostheses.

Supplementary Fig. 13 | Change in shape of the human feet (first five rows) and the SoftFoot Pro (bottom row) on an arch-
shaped obstacle.



Supplementary Fig. 14 | Finite element analysis of the SoftFoot Pro. Finite element analysis was conducted according to the two
loading conditions defined by the ISO 10328 standard for a static proof test of an ankle-foot device, respectively the heel and the
forefoot loading. The loads considered correspond to an occasional severe event that does not affect the functionality of the prosthesis,
and they are those for the P5 loading level, i.e. prosthetic users’ body mass up to 100 kg. Given the design of the SoftFoot, the heel
loading defined in the standard (2240 N) is directly transmitted to the rear arch (a), just as the forefoot loading (2240 N) is primarily
transmitted to the frontal arch (b). For this reason, only the rear arch is tested under the heel loading condition (a), and the frontal arch
under the forefoot loading condition (b). The loadset defined by the standard is replicated in Creo 8 (PTC, Boston, MA, USA), and
results are shown in terms of Von Mises stresses (MPa) in the two foot components for the two loading conditions. In both cases, the
stresses measured do not reach the tensile yield strength (g,,) of the aluminium alloy (AISi10Mg) used for the rigid components, which
is o, = 240 MPa.

H a a=50mm
big arch % b =170 mm
. i a=30mm
big rectangle & b =100 mm

Supplementary Fig. 15 | Two differently-shaped obstacles. The participants of the two case studies were asked to step on them
during two different tasks.
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Supplementary Tables

Supplementary Table 1 | Ankle ROM (deg) over the gait cycle (GC) in the sagittal plane. In brackets values of maximum plantarflexion
(negative values) and dorsiflexion.

TASK
level A [
Case study I: ROM (deg) - GC
SoftFoot Pro 27.20 25.20 25.30
(-9.25/+17.95) (-4.85/+20.35) (-6.15/+19.15)
Triton 22.75 8.35 11.45
(-7.70/+15.05) (-1.31/+7.04) (-2.50/+8.95)
sound limb 27.51 29.20 21.36
(w/ Triton) (-23.58/+3.93) (-14.78/+14.42)  (-10.64/+10.72)
26.63 20.13 20.35
control

(-13.80/+12.82)  (-6.77/+13.36)-  (-7.33/+13.02)

Case study ll: ROM (deg) — GC

20.01 14.40 1579
il e (-5-58/+14.44)  (-3.61/+10.79)  (-3.23/12.56)
sound fimb 28.17 32.71 36.02
(w/ SoftFoot Pro) | (-22.18/+6.00)  (-26.44/+6.27)  (-30.73/+5.29)
Trion 19.57 10.80 10.38
(-5.17/+14.40)  (-1.72/+9.07)  (-0.96/+9.42)
sound fimb 41.01 42.92 4239
(w/ Triton) (-35.58/+5.43)  (-37.45/+547)  (-34.84/+7.55)

Supplementary Table 2 | Maximum plantarflexion and dorsiflexion angles (deg) during and before push-off respectively.

TASK

level y N [ ]

Case study I: angle peaks (deg) —
during/before PUSH-OFF

SoftFoot Pro 3.78/+17.95  -4.85/+2035  -6.15/+19.15
Triton +0.67/+1505  +1.40/+7.04 __ +1.05/+8.95
sound limb 2358393  -14.78/+11.22  -10.64/+4.52
(w/ Triton)

control -13.80/+12.82 -6.77/+13.36 -7.33/+13.02

Case study II: angle peaks (deg) —
during/before PUSH-OFF

SoftFoot Pro -3.70/+14.44 -3.61/+10.79 -3.23/+12.56
sound limb

(w/ SoftFoot -22.18/+6.00 -26.45/+6.27 -30.73/+5.29
Pro)

Triton -0.14/+14.40 +0.60/+9.07 +1.55/+9.42
sound limb

-35.58/+5.43 -37.45/+5.47 -34.84/7.55

(w/ Triton)
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Supplementary Table 3 | Ankle mean sagittal torque (Nm/kg) and power (W/kg) during the stance phase of walking. Torque and
power are normalized by participant’s body mass.

TASK
level S |l | o <«

MEAN torque (Nm/kg) - MEAN power (W/kg) -
Case study | STANCE STANCE
SoftFoot Pro 0.08 0.32 0.24 0.08 -0.05 0.03
Triton 0.36 0.40 0.43 -0.20 -0.06 -0.09
sound limb 084 070 067 | 024 019  0.11
(w/ Triton)
control 0.65 0.70 0.67 0.23 0.09 0.08

MEAN torque (Nm/kg) - MEAN power (W/kg) -
Case study Il STANCE STANCE
SoftFoot Pro 0.59 0.64 0.85 -0.02 -0.03 -0.04
sound limb
(w/ SoftFoot Pro) 0.55 0.70 0.70 0.20 0.18 0.26
Triton 0.56 0.61 0.54 -0.01 0.00 -0.02
sound limb
(w/ Triton) 0.52 0.63 0.64 0.35 0.42 0.47

Supplementary Table 4 | Ankle maximum sagittal torque (Nm/kg) and power (W/kg) over the gait cycle (GC). Torque and power
are normalized by participant’s body mass.

TASK

level < N level 4 HH
Case study | MAX torque (Nm/kg) - GC MAX power (W/kg) - GC
SoftFoot Pro 1.29 0.82 0.95 0.44 0.91 0.77
Triton 1.33 0.79 0.96 1.88 0.26 0.58
sound limb
(w/ Triton) 1.89 1.33 1.27 4.36 2.22 1.28
control 1.65 1.29 1.34 3.27 1.67 1.84
Case study Il MAX torque (Nm/kg) - GC MAX power (W/kg) - GC
SoftFoot Pro 1.70 1.27 1.37 0.54 0.42 0.61
sound limb
(w/ SoftFoot Pro) 1.53 1.59 1.60 2.45 3.04 3.09
Triton 1.44 1.02 0.94 1.65 0.51 0.43
sound limb 167  1.89 184 | 404 475 472
(w/ Triton)
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Supplementary Table 5 | Case study Il: peaks values (Fy, F,, %BW) of the three ground reaction force (GRF) components for the
prosthetic user, in the prosthetic and the contralateral sound limb when using the two prostheses (Triton and SoftFoot Pro),

and for able bodied subjects.

level
Triton SoftFoot control
prosthetic limb contralateral limb prosthetic limb contralateral limb -
F, F, F, F, F, F, F, F, F, F,
VGRF 104.67 | 101.41 | 137.29 | 11519 91.65 | 116.00 | 130.14 | 107.11 101.12 | 113.58
mIGRF 6.06 4.18 10.70 7.39 6.62 7.62 9.47 7.80 7.30 7.93
apGRF -9.05 2198 | -25.78 | 26.79 -6.04 11.00 | -13.32 | 19.62 -15.96 | 18.89
A
Triton SoftFoot control
prosthetic limb contralateral limb prosthetic limb contralateral limb -
F, F, F, F, F, F, F, F, F, F,
VvGRF 87.57 91.23 | 183.67 | 120.33 84.11 97.47 | 147.07 | 109.94 104.28 | 104.07
mIGRF 7.65 6.39 12.04 6.26 5.26 7.41 15.62 7.00 8.25 8.03
apGRF | -20.21 | 26.54 | -39.51 34.59 -6.93 18.80 | -22.88 | 21.34 -16.10 | 18.96
|
Triton SoftFoot control
prosthetic limb contralateral limb prosthetic limb contralateral limb -
F, F, F, F, F, F, F, F, F, F,
vGRF 90.82 92.06 | 172.86 | 121.22  90.17 93.12 | 143.53 | 112.18 100.33 | 106.02
mIGRF 7.84 7.04 13.00 6.63 6.84 7.03 14.53 7.23 7.78 8.50
apGRF | -13.87 | 2218 | -38.52 | 34.31 -1242 | 1919 | -17.76 | 2525 -1543 | 1948

Supplementary Table 6 | Case study II: symmetry index (Sl, %) between the peaks (F;, F;) of the three GRF components in the
prosthetic and the contralateral limb when using the two prostheses (Triton and SoftFoot Pro). Lower values indicate greater gait

symmetry between limbs.

level ‘ -
Triton SoftFoot Triton SoftFoot Triton SoftFoot
F, F, F, F, F, F, F, F, F, F, F, F,
VvGRF 26.97 12.72 34.71 -7.96 70.86 27.52 54.48 12.02 62.22 27.35 45.66 18.56
mIGRF 55.37 55.47 35.46 2.34 44.63 -2.06 99.19 -5.68 49.58 -5.95 71.92 2.83
apGRF | 96.09 19.74 75.30 56.33 64.65 26.33 106.97 12.64 94.08 42.95 35.44 27.29
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Supplementary Table 7 | Knee mean sagittal angle (deg) until the onset of push-off, and in brackets sagittal ROM (deg) over
the gait cycle (GC).

TASK
level PN [
Case study I: MEAN angle (deg) — until push-off (ROM (deg) — GC)
3.55 3.30 3.30
olitFee e (63.82) (65.44) (65.49)
Triton 1.10 1.95 1.10
(68.29) (60.14) (64.52)
sound limb 10.90 16.90 15.30
(w/ Triton) (61.31) (59.85) (55.01)
control 7.43 12.27 11.49
(48.32) (48.52) (49.16)
Case study Il: MEAN angle (deg) — until push-off (ROM (deg) — GC)

26.10 32.16 29.75
i e (59.57) (61.10) (59.57)
sound limb 19.70 22.32 21.20
(w/ SoftFoot Pro) (62.48) (66.55) (65.42)
Triton 15.90 23.01 16.86
(67.71) (69.45) (70.60)

sound limb 23.90 28.80 29.59
(w/ Triton) (67.64) (68.83) (65.97)

Supplementary Table 8 | Knee mean sagittal torque (Nm/kg) and power (W/kg) during the stance phase of walking. Torque and
power are normalized by participant’s body mass.

TASK

level A Bl | v 4 N

MEAN torque (Nm/kg) - MEAN power (W/kg) -
Case study | STANCE STANCE
SoftFoot Pro 001 017 012 | 009 -023 _-0.20
Triton 018 032 030 | 010 020  -0.22
sound limb 0417 002 001 | 011 029 -0.21
(w/ Triton)
control 002 013 009 | -004 014 042

MEAN torque (Nm/kg) - MEAN power (W/kg) -
Case study |l STANCE STANCE
SoftFoot Pro 036 033 027 | 0.09 -002 _ -0.06
sound limb
T 040 053 048 | -018 031 -0.28
Triton 026 017 012 | 016 010 _ -0.10
sound limb 057 081 079 | -026 -046  -0.50
(w/ Triton)
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Supplementary Table 9 | Knee maximum flexor and extensor torque (Nm/kg) in the sagittal plane during the stance phase of
walking. Torques are normalized by participant’s body mass.

TASK

level A [

Case study I: MAX FLEXOR
torque (Nm/kg) - STANCE

SoftFoot Pro -0.28 -0.47 -0.43
Triton -0.46 -0.83 -0.63
sound limb

(w/ Triton) -0.44 -0.25 -0.28
control -0.31 -0.09 -0.18

Case study Il: MAX EXTENSOR
torque (Nm/kg) - STANCE

SoftFoot Pro 0.56 0.54 0.39
sound limb

(w/ SoftFoot 1.15 1.75 1.60
Pro)

Triton 0.51 0.37 0.26
sound limb

(w/ Triton) 1.65 2.82 2.64
control 0.41 0.44 0.48

Supplementary Table 10 | Hip ROM (deg) in the sagittal plane over the gait cycle (GC).

TASK

ovel 4

Case study I: ROM (deg) — GC

SoftFoot Pro 42.28 41.47 43.32
Triton 44.10 47.54 46.08
sound limb

(w/ Triton) 4419 41.74 42.44
control 41.08 42.55 43.68

Case study Il: ROM (deg) — GC

SoftFoot Pro 36.47 42.81 37.63
sound limb

(w/ SoftFoot Pro) 34.81 36.39 36.16
Triton 53.03 50.36 54.35
sound limb

(w/ Triton) 43.98 52.54 49.50
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Supplementary Table 11 | Hip mean sagittal torque (Nm/kg) and power (W/kg) during the stance phase of walking. Torque and
power are normalized by participant’s body mass.

TASK

level y N Bl eve AR mEm

MEAN torque (Nm/kg) - MEAN power (W/kg)
Case study | STANCE STANCE
SoftFoot Pro 012 016 016 | 037 0.62 0.51
Triton 009 034 022 | 052 0.75 0.68
sound limb 007 013 014 | 030 0.38 0.29
(w/ Triton)
control 007 011 008 | 002 -005 _-001

MEAN torque (Nm/kg) - MEAN power (W/kg) -
Case study Il STANCE STANCE
SoftFoot Pro 002 006 004 | 015 017 _ 0.18
sound limb
] e e B 2007 -011 010 | 045 012 012
Triton 2019 000 -005 | 015 024 024
sound limb 016 011 -012 | 012 006 0413
(w/ Triton)

Supplementary Table 12 | Root Mean Square Error (RMSE) comparing mean plantar pressure distribution of the SoftFoot Pro
and a carbon fiber prosthetic foot (VariFlex by Ossur) against the human foot during level walking and rectangular obstacle
stepping. For level walking, mean pressure values represents an average of 8 strides; for obstacle stepping, values derive from a single
stride with the right foot on the obstacle.

RMSE RMSE RMSE
Condition Prosthesis on flat ground Prosthesis on obs Prosthesis on obs
vs. human on flat ground vs. human on obs  vs. human on flat ground
Control "
(human foot) 0 0 033
VariFlex 0.29 0.50 0.62
SoftFoot Pro 0.59 0.47 0.51

*RMSE between the human foot on obstacle and on flat ground.
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Supplementary Note 1 | Results of Statistical Analysis

Despite the limited sample size, an inferential statistical analysis was performed to compare the torques of the contralateral
joints in the participant of case study Il when using the Triton and the SoftFoot Pro on the two obstacles. Data were found to
be non-normally distributed according to the Kolmogorov-Smirnov test. Thus, a non-parametric paired two-tailed t-test was
performed (o = 0.05) using the open-source Statistical Parametric Mapping (SPM) SPM1d code (VM.0.4.12, www . spm1D. org)
in Matlab. The statistical non-parametric mapping SnPM{t} and the null hypothesis rejection threshold (¢*) at each point
of the gait cycle were generated and are reported in Supplementary Fig. Whenever the SnPM{t} crossed the critical
threshold, this indicated a statistically significant difference between the two torque patterns (p < 0.05).

Contralateral limb differences in ankle torque with the two prostheses were statistically significant during load acceptance
on the rectangular obstacle (p = 0.031). When stepping on the arched obstacle, the difference in contralateral limb knee
torques between the two prostheses at stance onset was statistically significant (p = 0.031), despite the small sample size.
The SnPM({t} was also near the rejection threshold around 15% - 20% of the gait cycle and during push-off, i.e. when the
two extensor peaks occurred. The SoftFoot significantly reduced the contralateral hip flexor torque during push-off on both
obstacles (p = 0.031).
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Supplementary Fig. 16: Case study |l: sagittal ankle, knee, and hip torque (from top to bottom) in the contralateral sound limb
when the prosthetic limb steps on the arch-shaped (left column) and the rectangular (right column) obstacles. Mean values
across 5 strides (n=5) are reported for the contralateral limb when using the Triton (blue dotted line, £1SD) or the SoftFoot
Pro (red dotted line, +1SD). A non-parametric paired two-tailed t-test (o« = 0.05) was performed to compare contralateral
torques: the generated SnPM{t} statistics (black solid line) and the critical threshold (¢*, horizontal red dotted line) are shown.
Where the SnPM(t} statistics exceed the critical threshold, the corresponding p-value is reported. Data are normalized to
stride duration, the torque by the participant’s body mass.
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Supplementary Note 2 | Heel Springs Sizing

The springs connecting the rearmost small rigid bodies of the sole to the rear arch through steel pins (Supplementary Fig.
[i7} Fig. 2 in the main text, Extended Data Fig. 1) were sized to prevent foot sole slapping at heel strike, ensuring a smooth
loading response phase while withstanding the load acting on the heel in that phase. Specifically, we considered a 2065 N
load acting at the heel, as defined by the ISO 10328 standard for static proof testing of ankle-foot devices and a P4 loading
level (body mass up to 80 kg). Based on the geometry of the links (Supplementary Fig. @ the force transmitted to the
springs was calculated using static equilibrium principles, and subsequently their required stiffness was determined.

Fp

REAR ARCH

y
Y
X
[7)
-
R, F.
N
) H /R, L of
/ ©) AL |
a L,
\

Supplementary Fig. 17: On the right, schematic of the SoftFoot Pro: the weight of the prosthetic user (Fp in blue), the spring
force (Fg in light blue, acting at an angle 8 with respect to the vertical), and the force acting on the heel (Fy in red, acting at
an angle « with respect to the vertical as defined by the ISO 10328) are shown. On the left, a magnified view shows the heel
(comprising the heel component and the 1% small body of each of the 5 parallel modules of the sole - they can be considered
as a single body, the heel, owing to their rigid connection) represented by a black segment. R, and Ry, are the constraint
forces at the joint connecting the rear arch to the heel.

Since the heel component is rigidly connected to the rearmost small rigid bodies of the sole via steel pins, these elements
can be treated as a single body, which will be referred to hereafter as heel. Point H represents the joint at which the rear
arch of the foot connects to the heel through a steel pin. The torque balance of the heel around H yields

(cos aLt —sina L(;,)

Fs=Fn (COSGLJ +sin9LR) '

Lv, Ly, Lg, Ly, 6 are design parameters of the considered small body of the sole (Supplementary Fig. @: Lt =27mm,
Ly = 32mm, Lg = 14mm, Lg = Tmm, 6§ = 45°. The angle « is defined in section 10.5.2 of the 1ISO 10328 standard
for testing on ankle-foot devices and foot units: a = 15°. Given Fg = 2065 N, the resulting magnitude of the spring
force is Fy; = 1682 N. Considering as initial and final spring lengths those allowed by the geometry of the design, i.e.
Lpringsn = 42mm and Lgpring, = 25 mm, a suitable stiffness constant for the heel spring is evaluated as

ktot = Fs/(Lspringﬁn - Lspringg) =989 N mmfl.

After evaluating commercially available springs, two coil springs in parallel were selected to achieve the total spring stiffness
ko, €ach having a spring constant of approximately 40 N mm ~! (music wire, T.100.200.0296.A by Vanel). They represent a
close enough approximation of the desired stiffness to allow the desired functionality (considering also the significant safety
factor in the 1SO standard loads), and are readily available from vendors.
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Supplementary Note 3 | Mathematical Model

Artificial feet with adaptive soles, such as the SoftFoot Pro, outperform both flat rigid and fully compliant sole designs
on unstructured terrains by maximizing the base of support while avoiding compensatory mechanisms at the ankle joint
(Supplementary Fig. 13).
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Supplementary Fig. 18: (a) On flat terrain, an artificial foot with a rigid flat sole enables a uniform pressure distribution across
the support length (S), which coincides with the entire foot length (L). The vertical projection of the center of mass (COM)
must fall within S to ensure stability. When negotiating obstacles, preserving balance requires either (b) having the COM
projection within the substantially reduced support length, or (c) applying a compensation at the ankle joint (o) to counteract
the foot rotation induced by the obstacle, mitigating the reduction of the support length. (d-e) Artificial feet with a compliant
flat sole (represented by springs - stiffness k - placed between the rigid foot part and the ground): the compliant sole allows
absorption of the small obstacles, without ankle compensations and support length decrease. However, tilting is introduced
both on flat ground and on the obstacle, which requires ankle compensation (see ankle torques T'gat¢ and Tops). (f) Artificial
foot with an adaptive sole that conforms to the ground profile, providing an extended support length, and avoiding both
tilting and ankle compensation in case of obstacles (g). Fp = body weight.

The mathematical model of the SoftFoot Pro describing its behaviour when statically balancing is derived below. We refer
to the rigid bodies defined in Supplementary Fig. 19}

The variable q = [q1 . . . ¢n42] € R™T2 collects the configuration of the foot sole and phalanges (n = 6, see also ¢;Vi €
{1,...,n+ 2} in Supplementary Fig.. Given the user’s weight F'p on the foot, and the three ground reaction forces Fq,
F5, F3, imposing the force and torque equilibria of the foot as a whole yields

Fp=F,+ F, + F3
aCa + bC,B + Lheelcl acoc + bO,B + Lheelcl + L7L+1C7L+1 + L'rH—QC'rH-Q
Ip = B+

Zh + LneetCh Zn + LheelCh

F (1)

where zy, is the horizontal distance between the Fp application point and the joint between link 1 and the rear arch; Lyce
denotes the part of L (i.e. the length of link 1) extending from the posterior extremity of the calcaneus (point of application
of force F1) to the joint between link 1 and the rear arch; L,, 1 and L,, ;o are the length of respectively the (n + l)th = 7th
and (n+ 2)th = 8" links; a, b are respectively the length of the frontal and rear arches; «, (3 are the angles between the two
arches and the ground (Supplementary Figs. and@; and Fp, F, F5, F5 € R. For the sake of compactness, C,, = cos(a),
C = cos(B), C1 = cos(q1), Cni1 = cos(X) " g5), Csa = cos(X7 77 g5).

By balancing the forces along z for the rigid bodies of the foot (Supplementary Fig.[20), we obtain

RvCo = —RE
Rf = RZ
R =RY, Vie{l,..n-—2}
T = R" — RyC,

n—1
Ry, = Riﬂ
R: ., =0 (2)
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Supplementary Fig. 19: Simplified schematic of the SoftFoot Pro showing its main components under static loading. a, b are
respectively the frontal and rear arches. Fp represents the user’s weight (the user’s prosthetic limb is rigidly connected to
the rear arch (b)). F1,Fa, F3 are the three considered contact forces. Links 7 — 8 represent the phalanxes. The plantar
fascia is implemented by a set of n = 6 links (links 1 — 6), and a tendon (in green) that runs from the calcaneus to the tip of
the toe. Links 1 — 8 are connected to each other through elastic bands of stiffness e;. The rear arch (b) and the 1 link are
connected through a spring of stiffness ¢.

Xn

where R? is the horizontal reaction force exerted on the (i + 1)*" link by the ()" link. RE and Ry;C,, are the horizontal
reaction forces due to the interaction with the main structure of the foot. Some algebraic manipulations allow to transform
(2) in

Rg = —RMCa
R =—RyC, Yie{l,...,n—1}
R:=R% , =0. (3)

Similarly, the force balance along y leads to

RmSy — Fy — Fy — F3 = RY
RY = F\ + Ry = RS, — F» — F3
R!=R!, Vie{l,...,n—2}
RY | = RY + RyS, — F,
R%:RZJA
RY | =—F;3 (4)

where RY is the vertical reaction force exerted on the (i + 1)" link by the i*" link; RY and Ry S, are the vertical reaction
forces due to the interaction with the structure; S, = sin(«). By solving it, it yields

R§ = RmSo — F1 — Fy — F3
RY =RySo—F>o—F; Yie{l,...,n—1}
RY=RY  =—F; (5)

n
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Supplementary Fig. 20: Free body diagrams for the (a) frontal arch, (b) the rear arch, (c)-(g) the n = 6 sole bodies in-
cluded between the heel and the metatarsophalangeal joints, and (h)-(i) the two toe phalanxes of the SoftFoot Pro. For each
one of those components, reaction forces (Ry1, Ro, RiVi € {1,...,n — 1}, Ry, Ryy1, Ruy2), moments (Mg, M; Vi €
{1,...,n— 1}, My, My 11, My, 2), and external forces (F1, Fa, F3, Fp) are shown. a and b represent the length of the
two arches, L; — Lg the length of the 8 sole bodies from the heel to the tip of the toes, and ¢; — ¢s the angle of each link
relative to the previous one, with g; measured relative to the ground.

Balancing the torque for the sole bodies (links 1 — 8) leads to

mo —my + RY (L1 — Lhee1)S1 — RY(L1 — Liee1)C1 — F1 LpeatC1 = 0
m; —miy1 + R Lig1Sig1 — R} Lig1Cipn =0 Vie{l,...,n—2}
Mp—1 — My, + Ry _1L,S, — Rg_anC'" =0
Mp — Mp41 + R£+1Ln+15n+1 - Rz+1Ln+lcn+1 =0
Mpy1 = —F3Ln12C0 12 (6)

where m; is the torque exerted on the (i 4 1)** link; S; = sin(q1); Sit1 = sin(Zi:rl gj) and Cij1q = cos(2 ’f“l q;);
S, = sin(327 ¢;) and Oy, = cos(327 ¢5); S = sin(327 " g) and Crpr = cos(37 7" ¢5); Crga = cos(37 2 q5); Liga
- L,, represent the length of the sole bodies included between the heel and the metatarsophalangeal joints, L,, 11 and L, 2
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the length of the phalanxes of the toe (links 7 and 8 in Supplementary Fig.[19). By replacing (3) and (5) in (6), we obtain

mo —my1 = RmCo (L1 — Liee1)S1 + (RmSa — Fo — F3)(L1 — Licet)C1 + Fi Lieet C1
m; — M1 = RMCaLi+1Si+1 + (RMSQ — Fy — Fg)Li+1CZ'+1 Vi € {1, e, n — 1}

My — Mpy1 = *F3L71,+1Cn+1
M1 = —F3L5 12002, (7)
which can be expressed in matrix form as
M, om+ A* 4+ AY =0 (8)
where m € R"*2 collects the terms m;. M,, ;o € R™*™ A® ¢ R"*2 and AY € R"*2 are defined as
1T -1 0 -+ 0
0 1 -1
Mn+2 = : .. .. .. 0 ’
o --- 0 1 -1
o --- 0 0 1
-_RMOa(Ll - Lheel)Sl_ __(RMSa - F2 - F3)(L1 - Lheel)cl - Ftheelcl_
—RMCo LSy —(RmSa — Fo — F3)LoCy
AT = : . AY= : (9)
_RMCaLnSn _(RMSa - F2 - FB)LnCn
0 FBLn+ICn+1
L 0 i L FSLn+20n+2 h
The torque m is due to elastic effects and tendon coupling, and can be explicitly evaluated to be Vi € {1,...,n+ 1}
mo = —eo(q1 — B) +roT, m; = —e;qip1 +riT (10)

where e is the stiffness of the spring connecting link 1 to the rear arch; e; and r; are respectively the elastic constant of the
elastic bands and the transmission ratio (i.e., the pulley radius) acting on the i*” joint; T is the tendon tension; /3 represents
the pretension of the first spring. Equation can be expressed in matrix form as

m = —Eq+eEﬁ+pTT (11)
Whereeg = [eg 0 - O]T € R™*2 maps the effect of the spring connecting link 1 to the rear arch, E € R t2xn+2
collects all the elastic terms (e of the aforementioned spring and e; of the elastic bands), p = [ro e rnﬂ] € RIxn+2

collects the transmission ratio.
The reaction force Ry from the torque balance in the rear arch can be expressed as

RyiCobSp + RySabCp = Fpay +mo = Fpay —eo(qn — 5) =

1 — 1
Ry = Fp™ _eo(q1 — B)

b Sars b St (12)

where Sy 3 = sin(a+ ) = SoCs + CoSp. By including the constraints imposed by the ground structure Z?H L;S; =96
and by the tendon pq = o, where § is the terrain height, L; is the length of the i*”* sole body, S; = sin(Zi ¢;), and o is the
tendon length, we can collect (1), (8), and @) in
0=M(—Eq+egB+pTT)+ A+ AY
IFp=F +F+F;
aCy + bC3 + LieerC1 aCq 4+ bCs + LneetC1 + Lyn41Cnis1 + Ly12Chio

Fp = Fs + F.
i Zh + LneeCh 2 Zh + Lheel C1 ’
n+2
S LiSi=4
1
pq =o0. (13)
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This is a set of n + 6 (n = 6 in the SoftFoot Pro) nonlinear equations, in the n + 6 unknowns q € R"2 F, Fy, F3 € R,
and T' € R. By introducing the hypothesis of small angles, i.e. ¢; ~ 0 Vi € {1,...,n + 2}, the set of equations can be
linearized. Specifically, the small angles hypothesis leads to

Si:qu, Ci~1l, a~a [x~pF, T~O0. (14)
1

By applying these assumptions, it yields

Fpry + eof3
Ry~ ————,
bSs45
Ly 0 -+ - 0
na2 Ly Lo, 0 --- 0
Y LiSi~Cq with C=1,L 1lyp=[1---1"eR"™ L=|: -~ -~ - |,
1 L7 L7 s L7 0
Ls Lg --- Lg Lg
Ll_Lllfheel 0 e 0
Aﬂf ~ _RMCa O In—lxn—l O Lq,
: oT S
0 oT 0 O
_Ll _ Lh 1- __Lheel Ll - Lheel Ll - Lheel_
Lo : L, Ly
. . . . F1
AY ~ —er Ry +erF with er = Sy L ,ep = : : : JF = | F2
o : Le Le 13
0 0 0 L~
- - | 0 0 Ls |
(15)
Consequently, the linear form of equation follows
-B [PT d] q mg
& o LB "
C F 1)
where
d =M, ,er,
Ly —Llllheel 0 e 0
_ Fpay + €08)Cs
B=k+ML,| O o 0 L%’
: oT S atp
0 o7 0 0
_ Fpay, + eof8 =
mg = nizeR%_Oﬂ —egf. (17)
a+p

The set of equations in describes the relationship between the foot configuration q, the ground-contact forces F,
and the tendon tension T, as a result of the external forces acting on the foot (Fp, appearing in B and in mg), and the
constructive parameters of the SoftFoot Pro (geometry a, b, o, 3, L;, elastic terms eg and E, and pulley radii p).

This set of equations enabled us to optimize the design parameters for maximum contact area across shapes and forces
typical of daily-life activities:
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The sole bodies’ length, L1 = 60mm, Ly = L3 = Ly = Lg = Ly = 2Tmm, Ly = 29mm, Lg = 23mm,
Lheel = 25mm.

The arches’ length, a = 135mm and b = 75 mm.
The orientation of the two arches with respect to the ground, @ = 30° and 3 = 60°.

The linear stiffness of the elastic bands (natural rubber, radius r;, = 1.25 mm, length L, = 10 mm, nominal stiffness
of 35 ShA) is evaluated first by applying the Gent's relation for Shore A hardness to evaluate the Young's module, and

then by considering their geometry: ko, = Eop ”LT% = 684.77 N m~!, with E4, = 1.395 M Pa. The corresponding
joint stiffness (e;) is then estimated by considering the two elastic bands acting in parallel at each joint and their
torsional stiffness: ¢; = 2keblj276b = 2 x 0.0335 Nmrad—! = 0.067 Nmrad~', where l;_q, = 7mm is the

perpendicular distance from the joint’s axis of rotation to the line of action of the elastic band force.

The total stiffness of the two springs connecting link L; to the rear arch b, kio: = 80 N mm !, as defined in Supple-
mentary Note 2, corresponds to the torsional stiffness eg = kot L3 = 80 N mm =1 (32mm)? = 81.92 Nmrad~!
(see Lj in Supplementary Note 2).

The pulley radii, 7o = 0mmand r; =4mm Vi € {1,....,n+1}.
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