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Anthropomorphic Robotic Ankle Prosthesis with 
Programmable Materials

Challenge
To decouple the torque control 
of the ankle from the 
impedance modulation, and 
potentially add versatility to 
robotic ankle-foot prostheses

Scientific Impact
• To explore the adaptive dynamic behavior of 

the human ankle during gait in arbitrary 
directions

• To incorporate anthropomorphic 
considerations in real-time control of assistive 
robots

NRI: INT: COLLAB: Anthropomorphic Robotic Ankle Prosthesis with Programmable 
Materials/Award #1830460 (1921046, 2025797), 2018. Poster #xx

PI: Mo Rastgaar (Purdue), co-PI: Panagiotis Artemiadis (UD), Sub-Contr.: Conor Walsh (Harvard), Ken Kaufman (Mayo Clinic)

Solution
To consolidate the impedance 
control of the ankle robot to a 
mechanical module, capable of 
following the time-varying 2-D 
mechanical impedance of ankle

Broader Impact
• Improved well-being and activities of daily 

living for amputees
• Engaging k-12 to graduate students in 

research, education, and outreach
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2-DOF perturbation platform
• Subject can stand, walk straight, or turn
• Actuate the platform with PRBS or step 

perturbations

Measurements
• Track pose of force plate, foot, and shank with 

motion capture system

• Ground reaction force and moment

Post-Calculations
• Eliminate dynamics of the platform
• Ankle angle, 𝜃, and external torque around the 

ankle, 𝜏

Thrust 1: Estimate ankle impedance during the stance phase in different gait 
scenarios and implement in the design and control of a 2-DOF prosthesis.
PI: Mo Rastgaar, Purdue University



2022 NRI & FRR Principal Investigators' Meeting
April 19-22, 2022

Thrust 2: Equip an existing 2-D ankle-foot prosthesis with a controllable ankle 
impedance module built out of programmable material
Sub-contr. Conor Walsh (Harvard)

Ankle Impedance Module
Goals:
• Standalone 2 DOF impedance module that 

can operate in parallel to cable-based 
actuation of existing prosthesis

• Modulate impedance throughout the gait 
cycle to emulate the biological impedance 
of the ankle

• Leverage inherent compliance of soft 
actuators to reduce control complexity

First step:
• 1DOF impedance module with unfolding, 

textile-based inflatable actuators to 
validate design approach
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Thrust 3: Analyze the performance of the ankle-foot prosthesis with controllable 
impedance on scenarios that simulate real-world activities in dynamic environments
Co-PI: Panagiotis Artemiadis (University of Delaware)

Goals:
• Analyze and model muscle 

responses to walking surface 
transitions

• Investigate the effect of visual 
anticipation of transition to muscle 
and kinematics
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rehabilitation.
The rest of the paper is organized as follows: Section II

details the structure of the device along with its technical
specifications and provides characterization of the system.
Section III presents proof-of-concept experiments using the
VST with healthy subjects. Finally, section IV concludes the
paper with a brief discussion and summary of the contribution.
An appendix is included describing the development of the
governing equations of the VST.

II. METHODS

A. Design Characteristics
The VST achieves greater versatility and functionality than

other devices by combining a variety of components into one
unique system. The device is shown in Fig. 1. The major com-
ponents of the VST include a variable stiffness mechanism, a
linear track (Thomson Linear Inc), a force sensor mat, a split
belt treadmill, a DC treadmill motor (Anaheim Automation),
a counter-weight system, and a custom-built body weight
support (LiteGait) with two loadcells that measure the weight
of the subject being supported by the system. Each component
is important to the system for the overall function and proper
investigation of gait, and will be analyzed below.

B. Variable Stiffness Mechanism
The main novel feature of the VST is the ability to vary

the vertical stiffness of the walking surface (i.e. treadmill),
therefore controlling the force interaction between the walker
and the walking surface. The capability of the VST to achieve
a large range of controllable stiffness with high resolution
comes from a novel variable stiffness mechanism. In its most
simplified form, the variable stiffness mechanism is a spring-
loaded lever mounted on a translational track, as shown in
Fig. 2. The effective stiffness of the treadmill, located at a
distance x from the pivot joint, is dependent on the coefficient
of stiffness S of the linear spring and the moment arm r

through which it exerts a force [15]. By design, S and r remain
constant, therefore, the effective stiffness of the treadmill can
be controlled by changing the distance x.

In order to get our desired range of stiffness, we built
the variable stiffness mechanism (Fig. 2) with two extension
springs of stiffness k = 5122N/m, rest length l0 = 12.7 cm
and outside diameter OD = 2.54 cm (LE 135J 06 M, Lee
Spring Co.). The two springs are combined in parallel, and are
attached to the lever arm at a distance of 7.5 cm from the pivot
point. The spring stiffness was chosen to meet our specification
for the range of effective treadmill stiffness, which is analyzed
below.

This entire assembly sits on the carriage of a high-capacity
linear track (Thomson Linear, Part Number: 2RE16-150537)
which is controlled by a high-precision drive (Kollmorgen,
Part Number: AKD-P00606-NAEC-0000) and has a transla-
tional resolution of 0.01mm. This results in a high resolution
for the adjustment of effective stiffness, which is discussed
below.

In addition to achieving the desired range and resolution
of stiffness with the variable stiffness mechanism, we can

Fig. 1: The VST setup. Actual platform (top) and conceptual
diagram (bottom). Subsystems shown include: A) Variable
stiffness mechanism, B) Linear Track, C) Force sensor mat,
D) Split treadmill, E) Treadmill motor, F) Counter-weight
system, G) Custom-made harness-based body-weight support,
H) BWS Loadcells, I) Rotary encoder for treadmill inclination
measurement, J) Loadcell for walker foot force measurement.

also vary the treadmill stiffness actively throughout the gait
cycle. In the most extreme scenario of going from a rigid
surface, i.e. treadmill stiffness of kt = 1, to the minimum
achievable stiffness, the linear track will have to move across
its entire range (0 to 40 cm). Considering that the linear
track can move as fast as 3m/s, the system could make
this extreme change in stiffness in 0.13 s. Assuming that the
subject is walking at a normal pace of 1.4m/s [16], [17],
with a stride length (the distance between consecutive points of
initial contact by the same foot) of 1.4m [18], the stance phase
would last approximately 0.5 s. This means that the variable
stiffness mechanism can make this extreme change in stiffness
three times during the stance phase. Therefore, it can easily
change stiffness many times throughout the gait cycle when the
desired change in stiffness is smaller than the two extremes.

The Variable Stiffness Treadmill (VST): a tool of investigation 
of gait under walking surface stiffness perturbations
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Fig. 2: The variable stiffness mechanism. Conceptual diagram
(top) and actual setup (bottom).

Fig. 3: Block diagram of the open loop system.

The ability to change stiffness at a high rate throughout the
stance phase of the gait cycle adds to the unique capabilities
of the VST.

C. Open Loop System Characterization
The relationship between a desired stiffness and the actual

effective stiffness of the treadmill is described by the open loop
system. The system is displayed in block diagram form in Fig.
3 where the desired treadmill stiffness (kdt ) is the reference
signal, the desired linear track position (xd

track) is the control
input, the angular deflection of the treadmill (✓1) under an
applied load is the result of the track movement, and the
actual measured stiffness (kt) is the final output. The open loop
transfer functions (G1, G2) are relationships between variables
of the system and are determined by the governing equations.
The plant is the combination of the dynamics of the linear
actuator and the treadmill platform. The governing equations
and dynamics of the system are discussed separately below.

1) Governing equations: Both of the transfer functions of
the system mentioned above are solutions to the governing
equations and are used to relate inputs and outputs of the
system. The transfer function G1 was found by performing a
kinematic and kinetic analysis of the VST in order to create
a mathematical model relating the desired treadmill stiffness
k
d
t and the foot position xf to the desired track position

x
d
track. A detailed description of this analysis is included in the

appendix. The main result is that by measuring the position of

Fig. 4: Experimental vs theoretical values of treadmill effective
stiffness.

the foot xf , we can calculate, and then control, the position of
the linear track x

d
track to make the effective treadmill stiffness

at the location of the subject’s foot reflect the value of the
desired stiffness k

d
t .

The results obtained from the mathematical model were
compared to experimental data for validation. The apparent
stiffness of the treadmill for 1 cm interval displacements of the
linear track was found by placing a known mass (3.9 kg) at an
arbitrary distance (0.66m) along the treadmill and measuring
the angular displacement of the treadmill. This process resulted
in a plot of stiffness vs the track position. The resulting curve
was compared to the theoretical model where the foot position
xf was defined as 0.66m to match the experimental setup. The
results are shown in Fig. 4.

It can be observed that both models achieve the same type
of inverse square power profile and converge at low stiffness.
The slightly higher stiffness values from the experimental data
in parts of the domain may reflect the fact that friction is
not accounted for in the theoretical model. Friction would
cause a decrease in deflection for a given force resulting in
higher stiffness values than a frictionless model. However, our
theoretical model matched the experimental data very well,
proving the validity of our system. This plot also gives an
indication of the range of achievable stiffness as a function of
the linear track position.

The range of the control of the track position defines the
range of the treadmill effective stiffness that we can achieve.
For xtrack = 0, the treadmill stiffness is practically infinite,
since the treadmill cannot be deflected. For the maximum
displacement of the track of 40 cm, the computed treadmill
stiffness, assuming that the foot of the subject is approximately
in the middle of the treadmill (i.e. during mid-stance), is
585.5N/m. At the end of the treadmill (i.e. at toe-off phase),
the minimum achievable stiffness is 61.7N/m.

The resolution of achievable displacement of the linear track
is 0.01mm. Since the relationship between the linear track
position and the treadmill effective stiffness in non-linear, the
resolution of achievable treadmill stiffness is dependent on
the linear track position. By solving the equations contained
in the appendix and using the given linear track resolution, we
can compute the resolution for stiffness for any given linear
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Thrust 3: Analyze the performance of the ankle-foot prosthesis with controllable 
impedance on scenarios that simulate real-world activities in dynamic environments
Co-PI: Panagiotis Artemiadis (University of Delaware)
Main results:
• Increased TA activity for VO and VP conditions from 63-75% 
• Increased TA activity is also present during the encounter of the visual sand patch from 105-125% for VO and VP 

conditions when the subject begins foot contact in the VR environment
• Delayed GA muscle activation for the VO condition compared to normal walking  

Fig. 5. Mean normalized activation for the left Tibialis Anterior (TA) muscle in the studied conditions. Horizontal sequence of colored dots (appearing
as horizontal segmented lines) on the top part of the figure corresponds to regions of statistical significance between the two conditions tested.

Fig. 6. Mean normalized activation for the left Gastrocnemius (GA) muscle in the studied conditions. Horizontal sequence of colored dots (appearing as
horizontal segmented lines) on the top part of the figure corresponds to regions of statistical significance between the two conditions tested.

B. Effect on leg muscle activation

The processed EMG signal from the TA muscle of a
representative subject is shown in Fig. 5. Figure 5 shows an
increase in left leg TA muscle activity during the initiation
of the swing phase when the subject is presented with an
upcoming sand patch. Specifically, there is increased TA
activity for VO and VP conditions from 63-75%, where both
conditions are statistically significantly different to normal
rigid surface walking. This increased TA activity at initiation
of the swing phase correlates as the cause of the ankle
dorsiflexion acceleration presented in Fig. 4 (top). Increased
TA activity is also present during the encounter of the visual
sand patch from 105-125% for VO and VP conditions when
the subject begins foot contact in the VR environment.

Moreover, in Fig. 5 there is lower TA activity when the
subject encounters an unexpected change in surface stiffness.
This lower TA activity is present for the PO condition from
105-130% and has statistical significance when compared to
all other conditions. Because this lower TA activity is unique
to the PO condition, where there are no visual cues, it implies
that unexpected changes in surface stiffness evoke lower TA
muscle activation.

The processed EMG signal from the GA and SOL muscles
of a representative subject are shown in Fig. 6 and Fig. 7,
respectively. Figure 6 and Figure 7 both show a delayed
muscle activation for the VO condition compared to normal
walking. In Fig. 6, during the second gait cycle for rigid
surface normal walking, the GA begins to activate around


