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Flexible circuits for bionic limbs: a high
impedance multiplexing front-end for
myoelectric control
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Bionic limbs require reliable, low-noise and high-comfort interfaces between electrodes and the
prosthetic system. This work presents the first fully flexible, wearable myoelectric control system
compatible with both dry and wet electrodes. It features a low-noise front-end circuit on foil using
amorphous Indium-Gallium-Zinc-Oxide (a-IGZO) Thin-Film Transistors, optimized for multi-electrode
sensing. The design includes an autozeroed pre-charging buffer tominimize offset and 1/f noise while
maintaining high input impedance (841MΩ at 50 Hz). The front-end achieves 22 µVrms input
noise, <−90 dBc crosstalk, and a 4.6 mV input offset consuming 55.3 µW per channel. EMG signals
measured by this AFE were used to drive an elbow musculoskeletal model and predict the resulting
human elbow flexion-extension moments, which in turn were used to realize a closed-loop real-time
control in a simulated bionic elbow joint, using both dry and wet electrodes. Experiments done with a
series of movements show a 20°rms error in angular control.

Limb amputation is a common cause of disability worldwide, affecting
approximately 57.7 million individuals as of 20171. Motorized myoelectric
prostheses, or bionic arms, present a promising solution for restoring partial
limb functionality. These systems typically incorporate control methods
that interpret bioelectrical signals from the user, enabling intuitive pros-
thetic movement2,3.

Akeychallenge in state-of-the-artprosthetic control systems is to ensure
fully volitional and continuous bionic limb control during long-term use.
Human arm control requires coordinated, voluntary, neural control of force
across multiple muscles spanning a target joint, something challenging to
reproduce in an artificial limb4. For individuals with transhumeral amputa-
tions, inertial measurement units (IMUs) cannot be used to control the
prosthesis, as there is no residual forearm or elbow from which to capture
inertial data. Consequently, this work explores the use of surface electro-
myography (sEMG) signals as an alternative control modality. Although
sEMG signals represent a promising solution for interfacing with the human
neuro-muscular system, progress has been hampered by limits in the inter-
face between sEMG signals and the prosthesis5. These often arise from
motion artifacts, signal crosstalk and interference in the wired connections,
or, in the case of wireless solutions, due to the bulky footprint and limited
miniaturization. Using Silicon electronics alone would need long inter-
connects between the electrode and the Silicon chip, a solution that is sus-
ceptible to EMI and lowers the input impedance due to the added parasitic

capacitance, or necessitates complex interconnect schemes including
shielding andguarddrivers. Flexible electronics offers a promising solution to
these interface challenges by integrating electrodes and readout electronics on
a single substrate6. This enables the use of ultra-thin, conformable electrodes
that closely adhere to the skin, while also providing signal amplification or
buffering near the source. Additional possible benefits of the local electronics
on foil are the reduction of the signal crosstalk, increase of the input impe-
dance, the higher robustness to external interference and the lower motion
artifacts thanks to the intimate contact with the skin and the low mass.

Previous studies have demonstrated that sensing electrodes can be
developed using flexible electronics, and that they can even be integrated
with Thin-Film Transistor (TFT) multiplexing solutions to aggregate
multiple channels7,8. However, these solutions have two shortcomings. First
of all, the input impedance of the TFT readout electronics is relatively low
( < 25MΩ) and decreases with the number of aggregated channels, allowing
only the use of impractical wet electrodes. Second, in other designs, the
advantages provided byflexible electronics are only partially exploited as the
front-end electronics relies solely on active-matrix addressing circuits6, with
no local amplification, resulting in limited signal integrity. Despite flexible
electronic technologies based on TFTs have been available for more than
two decades, designing an active front-end for sEMG sensing is still con-
sidered a challenge due to the lownoise requirements and the comparatively
large low-frequency noise injected by the TFTs.
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To bridge this gap, in this work we propose an innovative multiplexed
front-end based on a-IGZO TFTs, which combines time-division multi-
plexing (TDM)withpre-chargingusing anautozeroedamplifier, addressing
input impedance limitations and enhancing the robustness against inter-
ference coupling. This solution provides EMG signals with a noise level that
enables for the first time a fully conformable and volitional prosthetic
control system based on flexible electronics. Besides, the flexible electronics
can be interfaced directly even with dry electrodes.

The front-end on foil is directly connected to a Silicon CMOS-based
systemdevelopedwithoff-the-shelf electronics, and both are integrated on a
flexible printed circuit board. This heterogeneous integration results in a
lightweight, conformable and wearable device optimized for prosthetic
sensing. The prototype is further coupled to a digitalmodel-based controller
to demonstrate its suitability for elbow prosthesis control (Fig. 1a).

Results
System overview
The proposed system architecture for prosthetic control is illustrated in Fig.
1a. The sensing elements consist of an array of four electrodes, with three

electrodes functioning as input channels for the prosthesis control, and one
serving as a reference. In this work, the sensing electrodes are placed on the
biceps, triceps, and brachialismuscles. The three signals from the electrodes
are directly connected to the a-IGZO Analog Front-End (AFE) through a
flexible PCB using Anisotropic Conductive Epoxy (ACE) bonding made
with IQ-BOND5976.TheflexiblePCBshown inFig. 1b−d is designed as an
adjustable band that securely wraps around the upper arm, maintaining
stability regardless of armmovement. Although the electrodes in this work
are not yet monolithically integrated, the a-IGZO TFT technology does
support such integration6. The AFE includes a multiplexer with pre-
charging to enhance input impedance. Autozeroing is used to reduce the 1/f
noise introduced by the pre-charging amplifier9. The a-IGZO AFE is fol-
lowed by an off-the-shelf Silicon voltage buffer (OPA2140) and an analog-
to-digital converter (ADC, PXI-9527), to digitize the signals. Additionally, a
microcontroller unit (MCU, ESP32-WROOM-32E) generates the required
clocksignals to synchronize the systemoperations.Theacquireddata is then
demultiplexed in the digital domain and used to drive, in real-time, a
musculoskeletal model of the human elbow joint, which estimates the
resulting human joint flexion-extension moments2. Concurrently, EMG-

Fig. 1 | System overview of the wearable prosthesis control system. a Diagram of
the full system used for prosthesis control. b Photograph of the flexible PCB
including the flexible AFE. Insets depict the dry electrodes used and a photo of the

flexible AFE. c, d Photographs of the full system attached to the subjects arm.
e Diagram of the system used to find the noise requirements of the AFE. f RMSE
error of the prothesis system as function of the digitally-added white noise.
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decoded jointmoments are fed to the low-level control logic of a virtual arm
prosthesis, thereby enabling volitional and continuous myoelectric control
of the prosthetic limb joint rotation (Fig. 1a). Moreover, the angle and
velocity of the lower arm are estimated using a Simulink prosthesis model
and compared to a reference, obtained by reading anoff-the-shelf gyroscope
(MPU-6050) attached to the hand with a glove.

The input signals are expected to reach frequencies of up to500Hz and
amplitudes ranging from 0.5 to 1.5mVrms, while both electrode DC offset
and motion artifacts can potentially reach up to hundreds of millivolts10.

The purpose of theAFE circuit is twofold: first, it enables the use of dry
electrodes and thus eases the usability of the system; second, it provides a
higher level of signal integrity, lowering the impedance of the interconnect
lines it drives. Moreover, the proposed AFE provides multiplexing of four
electrodes on a single output. In future applications requiring high-density
sEMG sensing, this will significantly reduce the number of interconnections
to the Silicon electronics, lowering footprint and costs of the Silicon chip.
Compared to theworkofGenco et al. 8, Time-DivisionMultiplexing (TDM)
is used, rather than Frequency-DivisionMultiplexing (FDM). TDMhas the
advantage that it can be implementedwith a single switchper channel, while
FDM requires individual optimization for each aggregated channel and the
use of multiple distinct clock frequencies, due to the varying bandwidth
requirements of each channel.

To determine the specifications for the analog front-end, sEMG data
are measured using a state-of-the-art measurement system, i.e., REFA
amplifiers11, to derive a reference dataset, as detailed in theMethods section.
The control of the prostheticmodel based on this reference dataset, achieves
an angular root-mean-square error (RMSE) of 12 degrees. To assess the
impact of the AFE noise on the control accuracy, the Signal-to-Noise Ratio
of the dataset signals has been decreased artificially by adding white noise
(Fig. 1e). The results shown in Fig. 1f indicate that the system can tolerate a
maximum input-referred noise of 50μVrms to keep an accuracy of 20-degree
RMSE. Therefore, considering that the expected artifacts have a maximum
amplitude of 150mV, a dynamic range of 61 dB is required. Furthermore,
an input impedance of at least 200MΩ is necessary to support the use of dry
or contactless electrodes12.

Proposed analog front-end
A schematic representation of the proposed analog front-end (AFE) is
shown inFig. 2a. In time-divisionmultiplexing (TDM), the switchesϕm;i are
employed to interleave in time the four channels indicated by “i” at the
Nyquist frequency (resulting in a 4 kHz multiplexer operation speed).
Typically, this requires the input to charge the loading capacitorCs (Fig. 2a),
which is the input capacitance of the electronics driven by the multiplexer,
plus the routing parasitics, every time a new channel is selected, detri-
mentally affecting the input impedance of the multiplexer.

If only switches would be used as multiplexer, directly connecting the
electrodes to the Si electronics, a stray capacitanceCs of at least 10 pFwould
be introduced by the routing lines on the PCB. For a sinusoidal signal
frequency at the upper end of the input spectrum, 500Hz, the input
impedance would be 32MΩ, causing a 17 dB signal (and SNR) loss if high
impedance (~200MΩ) electrodes12would be used. To alleviate this inherent
problem in the multiplexing, a possible solution is to drastically reduce the
load capacitance by adding e.g., a TFT-based voltage buffer between the
output of the multiplexer and the Silicon electronics. The major dis-
advantage of this solution is that the a-IGZO amplifier will introduce sig-
nificant noise to the system,due to the relatively large low-frequencynoise of
the TFTs compared to the Silicon counterpart, for the same power con-
sumption. Indeed, the lowest Noise Efficiency Factor (NEF) reported in
flexible electronics to date13 is 9.8, while Silicon amplifiers can reachNEFs of
1 or lower14. To address these shortcomings, we propose here a TFT AFE
solution that uses pre-charging to improve the input impedance of the
multiplexerwithout requiring an amplifier in the signal path. Pre-charging15

is a multi-phase technique that provides part of the charge needed to fill the
stray capacitance Cs from the power supply instead of the signal input. Pre-
charging has shown to significantly increase the input impedance in a

chopper-stabilized amplifier15, here the same technique is used to increase
the input impedanceof amultiplexer.Theworkingprinciple is shown inFig.
2b−d. During the pre-charging phase (Fig. 2c, switch ϕp closed and ϕm
open), the input is conveyed to the load capacitor Cs through a buffer (A),
which allows the load capacitor to be charged via the supply rather than the
input. In themultiplexing phase (Fig. 2d, switchϕm closed andϕp open), the
input is connectedagain to the load capacitor (Cs)

15. This approach trades off
increase in input impedance with increase in noise: as the input sees the Cs
capacitor only during the multiplexing phase ϕm, the signal impedance is
increased choosing a shorter ϕm. On the other hand, the noise added by the
buffer is in principle overridden by the connection to the input duringϕm, if
this phase lasts long enough to effectively charge the capacitor Cs. In this
work we chose for equal duration of pre-charging and multiplexing phase.
While this discussion is valid for sinusoidal signals, the presence of slow-
changing input signals is also very important in determining the total cur-
rent required from the electrodes. Possible different DC offsets between
different electrodes are dealt with during the AFE pre-charging phase ϕp,
and thus have little effect on the current requested by the inputs, as shown in
Fig. 2b. As electrode offsets can be as large as ±150mV10, this is very
important in practice. Another contribution to the input current comes
from the difference between the voltageVout sampled onCs at the end of the
pre-charging phase, Fig. 2c, and the actual value of the electrode voltage,Ve,
during the multiplexing phase (shown as ΔV in Fig. 2b). Amplifiers
designed using TFTs are prone to considerable offset due to the transistor
mismatch8, large low-frequency noise, and buffer gain errors, due to the
limited gain of the base amplifier used in the buffer, leading to an increase of
this input current contribution. To suppress the correlated low-frequency
noise and offset, we take advantage of a technique we previously proposed
based on autozeroing9, to apply noise-cancellation to the AFE in combi-
nationwith the pre-charging, and achieve an ultra-low noise front-endwith
high input impedance. The autozeroing technique is also shown in Fig. 2a.
In the first phase, where ϕ1 is closed and ϕ2 is open, the amplifier A is
connected in a buffer configuration. Therefore, the top plate of Caz (con-
nected to the negative input ofA) is charged to the input voltage andnoise+
offset is added. The bottom plate of Caz is connected to the input voltage,
and thus the capacitor is charged to vn (the instantaneous noise + offset
voltage of A at the end of the first phase). In the second phase, where ϕ2 is
closed and ϕ1 is open, the feedback path of A causes the negative input to
stay at the input voltage plus the noise. The output voltage of the buffer is
thus equal to the input voltage without the correlated noise and the offset
stored at the end of phase 1. Because in this method the input voltage is not
switched, the input impedance is not affected by the autozeroing, resulting
in better noise performance without compromising the input impedance.
The autozeroing is applied at 8 kHz to allow for a full autozeroing cycle for
each time the multiplexer is switched.

The micrograph of the system on foil comprising a multiplexed
4-channelsAFE is shown inFig. 2e. Figure 2f shows the internal architecture
of the three-stage amplifier A. The first stage of the amplifier consists of a
cascoded input pair (M1-M4) to minimize the Miller effect and thus max-
imize input impedance, and a bootstrapped load16 (M5-M8, Cbs). The
bootstrapped load amplifier architecture was selected due to its ability to
provide sufficiently high open-loop gain around the autozeroing frequency,
which is essential for accurate closed-loop operation together with effective
offset and noise cancellation. Compared to alternatives such as diode-
connected load amplifiers or positive feedback configurations, the boot-
strapped design offers superior performance by delivering high gain at the
autozeroing frequency while maintaining low DC gain and offset, which
improves linearity and increases yield. The cascode is replica-biased by the
transistors M19-M22. The first stage (M1-M8) is biased in the sub-threshold
regime to maximize the efficiency of the amplifier. The second stage of the
amplifier consists of two source followers (M10-M13) used to correctly bias
the third stage of the amplifier (M14-M18). This third stage shows a gain
similar to a diode-connected load amplifier, having the gate of the loads
(M16-M17) biased by the voltage Vcmfb, which is generated by the common
mode biasing circuit (ACM, M23, M24). The common mode biasing is
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Fig. 2 | Overview of the proposed analog front-end. a Schematic representation of
the proposed a-IGZO analog front-end (AFE). bWorking signals of the pre-
charging. ϕp is the pre-charging phase, ϕm the multiplexing phase. c, d Schematic
representation of a single channel with an electrode model included during the (c)

pre-charging phase and (d) multiplexing phase. Here, Ve is the myoelectric input
signal. e Micrograph of the proposed AFE. f Schematic representation of the
amplifier A of Fig. 2a. The biasing voltages Vb1, Vb2, and Vb3 are generated using
current mirrors and suitable reference currents.
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performed using a replica of the third stage and a common mode feedback
amplifier ACM, to keep the source of M23 (and thus of M16/M17) to the
common mode reference voltage. ACM is designed using a simple resistive
load amplifier. Miller compensation (CM and RM) is used to ensure the
stability of the amplifier in buffer configuration. The biasing voltages Vb1,
Vb2, and Vb3 are generated using current mirrors and suitable reference
currents that are provided off-chip. Implementing a differential to single-
ended conversion in unipolar flexible TFT technologies that operate with a
relatively large input voltage swing is extremely challenging due to the lack
of a complementary transistor. Therefore, in thiswork the signal is extracted
fromonlyoneoutputof the fully differential-amplifier (Fig. 2f), resulting in a
6 dB gain loss. This amplifier is designed to achieve a gain-bandwidth
product of at least 20 kHz to correctly operate while autozeroing at 8 kHz
(i.e., two times themultiplexing frequency). The input-referred noise level is
designed to be less than 25 μVrms. This is verified at design stage by using
suitable circuit simulations that utilize the TFT electricalmodel provided by
the foundry17 and its 1/f noise model extracted from dedicated device
characterization18. At design stage, the input impedance of the AFE was
simulated to be larger than 1GΩ over all the Process Design Kit Process
corners (with optimized biasing for each corner), for supply voltage varia-
tions of ±10% from the nominal value of 3.5 V and over the temperature
range (0–35 °C). Furthermore, a Monte Carlo simulation of the schematic
view at constant biasing and including mismatch has been performed,
resulting in amean input impedance of 590MΩ and a standard deviation of
370MΩ. Finally, the switches in the system are designed with two dummy
transistors to counteract charge injection13.

Electrical measurement results
The proposed AFE circuit is manufactured with a unipolar a-IGZO TFT
technology17 on a 30 μm-thick flexible substrate based on polyimide. The
circuit supports up to 4 electrodes, occupies a total area of 3.76mm2,
(0.88mm2/channel), and consumes a total power of 221 μW (55.3 μW/
channel) froma supply of 3.5 V.Themicrographof theAFE is shown inFig.
2e. The measured in-band transfer of the AFE is equal to one (within the
accuracy defined by the noise) due to the direct connection from input to
output during the multiplexing phase. The first characterization of the AFE
aims to determine the cross-talk between two successive channels. A 50Hz
input tone of 150mV peak is applied to channel 1 and the outputs of
channels 1 and 2 recorded. Themeasurement results shown in Fig. 3a reveal
that no spurs emerge from the noisefloor of channel 2. Therefore, the cross-
talk between two consecutive channels is <−90 dBc.

Next, the Input-Referred Noise voltage spectral density of the aggre-
gated AFEs output has been measured, while multiplexing at a 4 kHz fre-
quency and autozeroing at 8 kHz. The IRN of the four input channels has
then been derived from this measurement. The spectrum of the aggregated
signal (labeled as “mux output”) and the four demultiplexed channels are
shown in Fig. 3b. The output spectral density of the aggregated signal is
halved compared to the individual channels because the same total power is
distributedover awiderbandwidth (4 kHz compared to 1 kHzper channel).
Interestingly, even though autozeroing is used in the AFE, a clear 1/f noise
trend can be noticed at frequencies <50Hz. This can be caused either by the
1/f noise of the switches (as the multiplexer is not autozeroed) or by the
limited effectiveness of the autozeroing due to thefinitemidband gain of the
amplifier A, or leakage of the capacitor Caz. The total integrated IRN of the
front-end per channel ismeasured to be 22 μVrms over a 500 Hz bandwidth,
which is sufficiently low to obtain an angular control accuracybetter than 20
degrees RMSE in the target applications.With these results, the AFE attains
a Noise Efficiency Factor (NEF) of 150 and a Power Efficiency Factor (PEF)
of 7.9 ∙ 104. The IRN is furthermore evaluated for 8 different channels taken
from 2 separate multiplexers. One out of the 8 channels did not meet the
target specifications ( < 60μVrms) and therefore has not been included in the
distribution (Fig. 3d). The histogram of the results (Fig. 3d) reveals a mean
value of μn=26 μVrms and a standard deviation of σn = 5.4μVrms.

A low input offset is required to ensure the correct functionality of the
AFE circuit. As the offset strongly depends on the matching, which is

notably worse in a-IGZO TFTs than Silicon transistors, it is important to
characterize this parameter over a statistically meaningful sample popula-
tion. Therefore, 36 channels taken from 9 separate multiplexers have been
tested by supplying an input DC signal of 1.4 V (i.e. the input common-
mode). Out of the 36 samples, three channels did not perform according to
specifications and were therefore removed. The input offset was calculated
by subtracting the output voltage in the pre-charging phase from the output
voltage in the multiplexing phase (which is equal to the input voltage of the
AFE). The histogram of the results (Fig. 3c) reveals a mean value of only
μo = 203μV, proving that the AFE operates correctly, and a standard
deviation of σo‘=4.6mV, which is the best AFE input offset performance
reported in flexible electronics to date8.

The correct functionality of the AFE multiplexing is shown in Fig. 3e.
Here a sine wave of 50mVrms at 90Hz has been set as an input of one
channel, while the other input channels were grounded.

Finally, the AFE input impedance has been measured to be 841MΩ

while using an input tone at 50Hz (i.e., the typical frequency used to
characterize the input impedance of biomedical front-ends).With a similar
approach, the input impedance has been characterized over frequency (Fig.
3f). At relatively low frequencies, the recorded impedance level fluctuates
due to interference and noise in the measurement setup. For this reason, an
average value of ~720MΩ has been extracted for the input impedance
within the frequency range 1–50Hz.

Prosthesis control
After digitizing the sEMG signals, these data are post-processed and used as
input for the prosthesis control (see Fig. 1a). The flow of this process is
shown in Fig. 4a. First, the sEMG signals are converted into normalized
linear envelopes, by band-pass filtering (with a 40Hz–200Hz frequency
band), notch filtering (at 50Hz and its harmonics), full-wave rectifying and
low-pass filtering (with a 2Hz cut-off frequency). The resulting envelope is
normalized and further processed via a non-linear transfer function to yield
muscle activations. Next, these muscle activations are used as inputs for the
musculotendon model in order to estimate the force Fmt exerted by each
muscle-tendon unit m. Afterwards, these forces are used as inputs for the
musculoskeletal model, which predicts the torque of the elbow joint Tref
based on the forces and themoment arms of themusclesMAm. This torque
is considered as the reference for a torque-controlled prosthesis model. The
output torque induces a change in the angle θ between prosthesis and
imaginary extension of the lower arm as depicted in Fig. 4b. This angle is
used for feedback to the musculotendon and musculoskeletal models,
thereby adjusting muscle-tendon kinematics (i.e., length and
moment arm)19.

To obtain a value for the muscle activation, first the sEMG signals
measured at the biceps brachii, triceps brachii andbrachialis are individually
filtered using a band-pass and notch filters to eliminate out-of-band noise
and powerline interference. Next, linear envelopes are extracted from the
filtered signals, which are normalized with respect to the measured value at
maximum voluntary contraction (MVC). The normalized sEMG signals u
are transformed into muscle activations a using

a ¼ eAu � 1
eA � 1

ð1Þ

Where the scalar A is the nonlinearity factor, taking into account the non-
linearity between normalized EMG linear envelope amplitude and muscle
twitch response20. By adjusting A, the influence of low and high amplitude
sEMG signals can be altered, with A =−3 indicating highly non-linear
mapping and A approaching zero indicating linear mapping.

To convert muscle activation into the resultingmuscle-tendon force, a
Hill-type musculotendon-model with force-length-velocity relationships
expressed in closed-formequations (presented by Pau et al. 21) as depicted in
Fig. 4c is used. The total force FM generated by themuscle-element within a
muscle-tendon unit is expressed as the sum of the contractile force FCE , the
passive elastic force FPE , and the force of the dampening element FVE .
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Fig. 3 | Electrical measurement results of the proposed analog front-end.
aMeasurement of the cross-talk of two consecutive channels. bMeasurement of the
noise in all channels together, and separately. cHistogram of the measured output-
referred offset of 33 samples of the buffer in the AFE. dHistogram of the measured
input-referred integrated noise of 7 samples of the AFE. e Time-domain

measurement of theAFEwhere the channel 1 input is connected to a 90 Hz sinewave
and the other inputs are grounded (f) Measurement of the input impedance of the
AFE and a first-order R-Cfit of the data. gComparison table with the state-of-the-art
in flexible electronics for biopotential readout systems.
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The contractile force FCE is a function ofmuscle activation a, Eq. (1) as
well as normalized muscle active force-length fl and force-velocity rela-
tionship fv. The equation for FCE is given by

FCE ¼ a � f l � f v � FMax ð2Þ

where fl and fv are a function of normalized muscle length (lm) and
contraction velocity (vm) and are normalized by the muscle maximal
isometric force FMax. fl is calculated according to the Thelen model22 with
the equation

f l ¼ e�
lm

lmopt
�1

� �2

γ
ð3Þ

where lmopt is themuscle optimal fiber length used tonormalize lm and γ is a
shape factor. The Rosen model20 provides an equation for sigmoidal force-
velocity relationship:

f v ¼
0:1433

0:1074þ e�1:409 sinh 3:2vnþ1:6ð Þ ð4Þ

where vn is the normalized muscle fiber contraction velocity given by

vn ¼
vm

0:5 � vm max aþ 1ð Þ ð5Þ

The maximal muscle fiber contraction velocity vm max can be
approximated by 10 � lmopt=s modelling a fast-twitch muscle with
maximal velocity equal to ten optimal fiber length per second21. The
muscle parallel passive elastic force FPE is the resistive force counter-
acting the lengthening of the muscle fiber. A closed-form equation for
the passive elastic force is presented by Cavallaro et al. 20 which is given
by

FPE ¼ e
10�CPass

lm
lmopt

�1

� �
�5 � FMax

ð6Þ

where Cpass is a tuning variable to adjust the influence of the passive elastic
force. A parallel damping element FVE was added to themuscle force-length
relationship to avoid singularities in the model when the muscle operates
with zero activations:

FVE ¼ βm � vn � FMax ð7Þ

where βm is the damping coefficient of themuscle. The total force produced
by the muscle-tendon unit is given by

Fmt ¼ FCE þ FPE þ FVE

� � � cos αp

� �
ð8Þ

where αp expresses the orientation of the muscle element relative to the
tendon line of action, which in this studywas set to 0 rad to approximate the
fusiform arm musculature.

In this paper, the commonly usedmusculoskeletal model presented by
Pau et al. 21 is expanded by including the brachialis muscle. With this
addition, theflexion force is dividedover twodifferentmoment arms,which
results in amore accurate prediction of the total moment of the elbow joint.
The moment caused by a specific muscle group Mm is given by

Mm ¼ Kmt �MAm � Fmt ð9Þ

where Km is a tuning variable to scale the influence of the corresponding
muscle group, MAm is the variable moment arm of the corresponding
muscle group calculated from the trigonometry as shown in Fig. 4b, and Fm
is the total force of a specific muscle group calculated with the
Musculotendon model.

Similar to the musculotendon model, the musculoskeletal model
contains a viscous component that dampens change in joint angle θ. This
viscous moment is given by

MP ¼ �β � _θ ð10Þ

where β is the damping coefficient of the elbow. The total moment MTot
about the elbow calculated according to the improved model is given by

MTot ¼ MBi þMBra �MTri þMP �Mg þ O ð11Þ

whereMg is themoment caused by gravity andO is an offset that is used as a
tuning variable. Suffixes Bi, Bra, and Tri are used to indicate the moments
caused by the biceps, brachialis, and triceps respectively.

The combination of the musculotendon model and Musculoskeletal
model provides a description of the kinematics of the elbow joint based on
physiological constants and tuning variables. The tuning variables are
chosen by minimizing the RMSE of the predicted angle based on data
obtained with the golden standard measurement setup further described in
the methods section.

The dynamics of the elbow prosthesis is simulated using a Simulink
model. This prosthesis model consists of a mechanical joint model and a

Fig. 4 | Schematic overview of the prosthesis control. a Schematic of the complete elbow joint model. b Schematic of the improved elbow musculoskeletal model.
c Schematic representation of a Hill-type musculotendon model.
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prosthesis dynamic model. The mechanical joint is simulated using the
Compliant Joint Toolbox23. This toolbox contains options to simulate dis-
tortions like various forms of friction and torque ripple. These options are
used to create a realistic representation of an elbow prosthesis. The output
torque Tout can be used to calculate the angular acceleration €θ of the digital
prosthesis using

€θ ¼ Tout

I
ð12Þ

where I is themoment of inertia. By integrating this angular acceleration, the
angular velocity and joint angle of the virtual prosthesis can be obtained.
This conversion from torque to joint angle and angular velocity is referred to
as the prosthesis dynamics model in Fig. 4a. The moment of inertia con-
sidered in this model is an estimation of the moment of inertia of an elbow
prosthesis about the elbow pivot.

The output of the musculoskeletal modelMtot is used as the reference
torque TREF for a torque-controlled prosthesis. This prosthesis is controlled
using a passivity-based controller based on the structure presented byAlbu-
Schäffer et al. 24. The joint angle θ that is resultant from the torque applied by
the prostheses Tout acts as a feedback for the musculotendon and muscu-
loskeletal models as depicted in Fig. 4a.

In-vivo system validation
Aprototype of the full system has been implemented as shown in Fig. 1b–d.
The electrodes are attached to an informed and consenting able-bodied
participant (age: 25, weight: 72 kg, sex: male) with no history of muscu-
loskeletal injuries, specifically at the biceps, triceps, brachialis, and epi-
condyle. The electrode at the epicondyle was used as a reference. The
proposed flexible PCB integrates all the electronic components and allows
the system to bewrapped around the upper arm like a band. The participant
was then asked to perform two sets of tasks. The first task is to move the
lower arm at the frequency of a metronome, and the second task is to move
the arm in a slow and fast manner repeatedly. The details of the tasks are
explained later in the section.

Tovalidate the systemcompatibilitywithbothwet anddry electrodes, a
series of tensing and relaxing exercises of the biceps are conducted, guided
by a metronome set at 30 beats per minute (BPM). The experiments utilize
both a wet electrode and a BQEL1 ringtrode dry electrode25. The power
spectral density analysis (Fig. 5a) reveals similar signal-to-noise ratios for
both the dry and wet electrodes. Additionally, the time domain signals (Fig.
5b) reveal that with both electrodes, the movement of the lower arm can be
tracked. Note that the signal waveforms are not the same due to the two
measurements being performed at different instances in time. To bench-
mark the performance of our system,we have used aREFAamplifier, which
exclusively works with low-impedance electrodes, to record the reference
dataset. Therefore, to provide a fair comparison, all the subsequent mea-
surements are performed using wet electrodes.

The ability of the total system to drive a prosthesis with a periodically
changing angle is shown by the test subject flexing and extending his arm
guided by a metronome. The sEMG signals sensed from the biceps and
recorded at the output of the AFE circuit and its envelope for a 60 BPM
metronome are shown in Fig. 5c. The intensity of the envelope signal is
digitally processed using Eq. (1)-(12) to give an indication of the reference
torque to be applied, which is shown in Fig. 5d. The low-level controller
enables the prosthesis to track this reference torque with an RMSE of
0.22 Nm. Finally, the angle and velocity of the prosthesis are shown in Fig.
5e, f respectively. Thismeasurement has been repeated for BPMs of 30 to 90
with steps of 15 BPM. The histogram showing the time between measured
beats is shown in Fig. 5g. The average error for all BPMs except 75 BPM,
which suffered from multiple outliers, is 2ms with a standard deviation of
16ms, showing good correlation between the prothesis output and the
movement of the test subject.

The main performance indicator of the system is the accuracy of the
angle prediction. For this measurement, a gyroscope is used to the test

subject’s lower arm to measure the input angle θ (Fig. 4b). The subject was
then asked to perform a series of movements as shown in Fig. 6a. In a time-
span of 60 s, the subject was asked to perform two fast extension and flexion
movements and two slow extension and flexion movements. The resulting
angles are shown inFig. 6b. Furthermore, a video showing themeasurement
protocol and the resultingmovement of the prosthesis model is provided in
the SupplementaryMaterials.AREFAamplifier (TMSi11) is used as a golden
standard to provide a comparison (Fig. 6c). The results from the flexible
measurement setup do show an increased RMSE of 20.8 degrees compared
to the REFA amplifier, which achieves an RMSE of 11.5 degrees. This is due
to the lower noise of the REFA amplifier, which is made possible at the cost
of higher power consumption. The REFA amplifier, however, is not por-
table, while the proposed wearable setup is. By including an extra electrode
located on the brachialis muscle the RMSE is decreased by approximately
30% compared to the model presented by Pau et al. 21 implemented on the
same dataset.

Discussion
In Fig. 3f, the performance of the proposed AFE circuit is compared with
relevant state-of-the-art in flexible electronics. Compared to existing fron-
tends for EMG signals, our AFE achieves the lowest noise floor and power
consumption, and the highest input impedance. TFT-based frontends for
different biosignal sensing applications have also been reported in literature
byMoy et al. 26, Zulqarnain et al. 27 andVanOosterhout et al. 13. Theseworks
achieve better noise floor, however, they exhibit 4-5x less bandwidth,
making them incompatible with EMG signal sensing. Furthermore, none of
these works achieve an input impedance larger than 25MΩ around 50Hz,
which is about 30x smaller than what reported here, and insufficient to
enable the use of dry electrodes.

The performance of the proposed AFE enabled the construction, for
the first time in literature, of a wearable device for sEMG-based prosthesis
control based on flexible electronics. The accuracy of the predicted angle is
compared tootherworks (Koo et al. 28, Pau et al. 21, Pang et al. 29, Han et al. 30,
and Li et al.31) using sEMGdrivenmodel-based elbow joint angle predictors
in Fig. 6d.None of theseworks, however,make use of a lightweightwearable
device for the sEMG sensing part of the system: they rather rely on Silicon-
based rigid solutions. Due to the realisticmodeling employed in our system,
we expect similar performance when transitioning from the virtual pros-
thesis used in this study to a physical device.

Finally, increasing the number of channels can substantially enhance
the capabilities of flexible electronics in prosthetic control applications. In
ourdesign, each channeloccupies 0.88mm²,which sets theupper bound for
electrode density when electrodes are monolithically integrated directly on
top of the electronics on the flexible substrate8. Importantly, even high-
density EMG systems typically employ inter-electrode pitches ranging from
1mm to 8mm. As a result, the compact footprint of the AFE per channel
does not impose a constraint, even when paired with such dense electrode
arrays.However, in the technology used for thiswork, themaximumarea of
the flexible circuit that the foundry provides is 4.62 cm2. Assuming to
assemble an array of flexible AFEs with a larger patch containing the elec-
trodes, the areaneeded toconnect theAFE input to the electrodepatchusing
a pad and our ACE process is at least 0.25mm2. This would result in an
absolutemaximumnumber of channels of 408. This estimation neglects the
connectionpads for theoutputs, supplies and clocks, aswell as the area taken
up by routing the channels.

To conclude, this work demonstrates for the first time a wearable
device for sEMG sensing, suitable for prosthesis control and built using
integrating flexible electronics. The wearable patch embeds a multiplexed
analog front-end designed with a-IGZO TFTs that combines pre-charging
with autozeroing techniques to reduce low-frequency noise and offset,
without detrimentally affecting the input impedance. Thanks to these circuit
innovations, the proposed a-IGZOAFE enables the use of dry electrodes for
sEMGsensing, which has the potential to improve the comfort andusability
of the solution significantly. A prototype built using this wearable patch has
been complemented with a simple musculoskeletal model. This system can
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Fig. 5 | In vivo measurement results of the prosthesis control system.
a Normalized measured spectral density of the filtered signals at 30BPM with wet
and dry electrodes. bNormalizedmeasured envelope of the time domain signal for a
30BPM motion with wet and dry electrodes. Note that the two measurements were

performed at two different instances in time. c Measured filtered sEMG signal.
d Measured prosthesis torque. e Measured prosthesis angle. f Measured prosthesis
velocity. g Histogram of measurements of the period distribution between peak
angles for different metronome frequencies.
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track flexion and extension movements performed by a test subject fol-
lowing a metronome ranging from 30 to 90 BPM, using both wet and dry
electrodes. The tracking accuracy time is within tens of milliseconds. The
rms angle error measured in a series of movements is approximately 20
degrees. This work lays a foundation for future ultra-thin, fully integrated
prosthetics, offering the potential for seamless, and conformable interfaces
to the human body.

Methods
The research performed in thismanuscript has been approved by the Ethics
Review Board of Eindhoven University of Technology under ERB number:
ERB2024EE1. The human participant involved provided informed consent
prior to participation.

Golden standard measurements using the REFA amplifier
To obtain measurements with a state-of-the-art golden standard sys-
tem, the REFA amplifier by TMSi is used to acquire the EMG signals.
The electrodes used and their placement are identical to the tests done
with the flexible system. The test subject is asked to perform the
prosthesis angle accuracy movements depicted in Fig. 6b. The data
obtained by the REFA amplifier are processed by the prosthesis control
system, generating a prosthesis angle that can be compared to the
angles predicted by the flexible-based system in the same experiment.
All model parameters in these experiments are identical for the REFA
amplifier and the flexible-based system except for the parameters
contributing to the transformation from sEMG signal to muscle
activation a.

Fig. 6 | In vivo results of the prosthesis angle accuracymeasurements. a Schematic
representation of the movements done by the subject for prosthesis angle accuracy
measurements. b, c Prosthesis angle and angular velocity alternating between fast

and slow movements using the improved musculoskeletal model ((b) wearable
setup, (c) REFA golden-standard setup). d Comparison table with the state-of-the-
art in sEMG driven model-based elbow joint angle predictors.
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Anisotropic conductive epoxy bonding
To connect the flexible electronics front-end to the flexible PCB, the IQ-
BOND 5976 anisotropic conductive epoxy (ACE) is used. A flip-chip
machine is used for the bonding process, heating the ACE to 110 degrees
Celsius for 25min.Using this process, the 51 pads of theAFE are connected
to the flexible PCB. This connection acts as a strong adhesive while still
allowing mechanical flexibility.

Flexible printed circuit
To integrate theAFE into awearable setup, aflexible printed circuit (FPC) is
developed, as shown in Fig. 1b. The components are mounted on a seg-
mented band that can wrap around the subjects upper arm. Electrodes are
connected to this band using serpentine arms that enablemultiple electrode
placements. The off-the-shelf components on this FPC include adjustable
low-dropout regulators (LDOs,TPS715) for the generationof bias points for
theAFE, anMCU(ESP32-WROOM-32E) for clock signal generation, and a
buffer to drive the PXI ADC (see Electrical characterization setup). The
output signals of this buffer are digitized to be used for prosthesis control. By
integrating the AFE into the wearable setup new noise sources are intro-
duced that increase the total input-referred noise of the electronics to
56μVRMS. One likely additional source of noise is that the PCB design did
not include separate ground planes for the AFE and the microcontroller.
This can increase the interference caused by switching in the micro-
controller towards the sensitive AFE.

Electrical characterization setup
The AFE electrical measurements were performed using a PXI-9527 ADC
(at 24-bits with a sampling speed of 200 kHz) connected to the output of the
multiplexer. The crosstalk is measured by exciting one channel of the
multiplexer with a 150mV peak sine wave with a frequency of 50Hz, as is
the standard in the field. Afterwards, the output was digitally demultiplexed
and the FFT of the different channels were averaged over 50 samples of
1 second. The noise was calculated by setting all input channels to the
reference common mode of 1.4 V and measuring the output channel
through the PXI, averaging 50 samples of 1 second, and sampling at 4 kHz.
To obtain the noise of the separated channels, the channels were digitally
demultiplexed. The total integrated noise was then calculated over the
bandwidth of 500Hz. To measure the offset, a 1.4 V input was set to 36
different channels. The offset was then measured as the difference between
the output in the switch phase (ϕm) and the pre-charging phase (ϕp). For
three channels, the buffer did not perform within the set specifications
( < 60μVrms noise), and therefore, these three channels were not taken into
account for the statistics. Finally, to characterize the AFE input impedance,
the voltage drop ismeasured over a 100 kΩ resistor connected in serieswith
the input of the AFE. This voltage is sensed using an instrumentation
amplifier (INA217) and aDynamic SignalAnalyzer (Keysight 35665A), and
converted to the corresponding input impedance.

Human research participants
A single healthy volunteer (age: 25, weight: 72 kg, sex: male) participated in
the EMG recordings. Prior to the experiment, the participant was provided
with comprehensive information regarding the study, including its objec-
tives, procedures, potential risks, and benefits. The participant reviewed
relevant background materials and demonstrated a clear understanding of
the study’s scope. Informed consent was obtained, with explicit acknowl-
edgment that participation was voluntary and could be withdrawn at any
time without consequence. The participant also consented to the publica-
tion of anonymized data in a scientific journal. Ethical approval for this
study was granted by the Ethics Review Board of Eindhoven University of
Technology (ERB number: ERB2024EE1), ensuring compliance with
standards for research involving human subjects.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Code availability
The code that support the findings of this study are available from the
corresponding author upon reasonable request.
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