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Electromechanical delay during functional electrical stimulation induced cycling is
a function of lower limb position

Brendon C. Allen (®, Kimberly J. Stubbs and Warren E. Dixon

Department of Mechanical and Aerospace Engineering, University of Florida, Gainesville, FL, USA

ABSTRACT

Introduction: Functional electrical stimulation (FES) induced cycling has been shown to be an effective
rehabilitation for those with lower limb movement disorders. However, a consequence of FES is an elec-
tromechanical delay (EMD) existing between the stimulation input and the onset of muscle force. The
objective of this study is to determine if the cycle crank angle has an effect on the EMD.

Methods: Experiments were performed on 10 participants, five healthy and five with neurological condi-
tions resulting in movement disorders. A motor fixed the crank arm of a FES-cycle in 10° increments and
at each angle stimulation was applied in a random sequence to a combination of the quadriceps femoris
and gluteal muscle groups. The EMD was examined by considering the contraction delay (CD) and the
residual delay (RD), where the CD (RD) is the time latency between the start (end) of stimulation and the
onset (cessation) of torque. Two different measurements were used to examine the CD and RD. Further,
two multiple linear regressions were performed on each measurement, one for the left and one for the
right muscle groups.

Results: The crank angle was determined to be statistically relevant for both the CD and RD.
Conclusions: Since the crank angle has a significant effect on both the CD and RD, the angle has a sig-
nificant effect on the EMD. Therefore, future efforts should consider the importance of the crank angle
when modelling or estimating the EMD to improve control designs and ultimately improve rehabilita-
tive treatments.
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» IMPLICATIONS FOR REHABILITATION

e New model predicts the delayed response of muscle torque production to electrical stimulation as a
function of limb position during FES cycling.

e The model can inform closed-loop electrical stimulation induced rehabilitative cycling.

Introduction residual delay (RD), where the CD (RD) is the time latency

A common rehabilitative exercise for individuals with neurological between the start (end) of stimulation and the onset (cessation)

conditions (NCs) is functional electrical stimulation (FES) induced
cycling [1-7], which has been shown to impart numerous health
benefits [8-10]. FES applies an electrical stimulus to elicit muscle
contractions; however, this complex electro-physiological energy
conversion process results in a time latency (i.e., an electromech-
anical delay (EMD)) between the application of the electrical input
and the corresponding muscle contraction [11-14].

The EMD presents a challenge for closed-loop control of a FES
system since the EMD can destabilize a control system. Therefore,
delay-compensation methods have been investigated in recent
years for FES systems [3-6,15-19]. An improved understanding of
the EMD can allow for improved closed-loop control designs or
estimates of the EMD; however, the EMD has previously only
been investigated during coordinated tasks (i.e., FES-cycling) in
Allen et al. [14], where the effect of fatigue on the EMD during
FES-cycling was characterized.

The objective of this study is to determine if lower limb pos-
ition, as measured by the crank angle, has an effect on the EMD
and to model the EMD as a function of the crank angle. Two
types of EMD are considered: the contraction delay (CD) and

of torque. Experiments were performed on 10 participants, five
with NCs resulting in movement disorders, and entailed the motor
fixing the crank at pre-set angles and stimulation being applied
to a combination of the quadriceps femoris and gluteal muscle
groups. Multiple linear regressions were performed to conclude
that the crank angle has a significant effect on the EMD.

Materials and methods
Subjects

Ten participants with the demographics shown in Table 1 partici-
pated in this study. Participants with a NC are referred to by the
letter “N” followed by a participant number and participants with-
out NCs are referred to by the letter “S” followed by a participant
number. Each participant provided written informed consent prior
to participation, as approved by the University of Florida
Institutional Review Board (IRB201901676).

CONTACT Brendon C. Allen @ brendoncallen@ufl.edu @ Department of Mechanical and Aerospace Engineering, University of Florida, Gainesville, FL, USA
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Table 1. Participant demographics.

Participant Age Sex Condition Time since diagnosis
S1 27 M None -

S2 28 M None -

S3 22 F None -

S4 21 M None -

S5 23 M None -

N1 26 M Spina bifida (L5-S1) 26 years
N2 57 F Multiple sclerosis 10 years
N3 42 F Cerebral palsy 42 years
N4 34 F Multiple sclerosis 5 years
N5 64 F Multiple sclerosis 23 years
Apparatus

The modified recumbent tricycle detailed in Cousin et al. [7] was
used as the experimental testbed in this study.

Experimental protocol

Electrodes were placed lateral-proximal and medial-distal over the
quadriceps femoris muscle group and distal and proximal over
the gluteal muscle group. The participant was seated in the cycle
and their legs were constrained using orthotic boots. A comfort
limit on the pulse width for each muscle group was determined
by using the motor to fix the crank at pre-set angles, creating iso-
metric conditions, and then applying transcutaneous electrical
stimulation. Throughout the experiments, the stimulation fre-
quency (60Hz) and current amplitude (70 mA for the gluteals and
90 mA for the quadriceps) were fixed' and the pulse width for a
given muscle was set to the participant’'s comfort threshold for
the particular muscle. In prior studies, often the gluteal muscle is
stimulated only when the quadriceps is being stimulated [2,7,14];
therefore, two muscle combinations are considered: quadriceps
only, and quadriceps and gluteal together.

During the experiment, the motor fixed the crank arm in 10°
increments (from 10° to 350°) while 0.25s of stimulation was pro-
vided at each angle in a random sequence to the right quadriceps
(RQ), left quadriceps (LQ), right quadriceps and gluteal (RQRG)
and left quadriceps and gluteal (LQLG) muscle groups. The pulse
width input and resulting output torque were recorded with a
500Hz sampling frequency. Two second rest periods were pro-
vided between each application of 0.25 s of stimulation.

Measurements

Before making any measurements, the torque data were forward
and reverse filtered, to reduce noise without introducing a delay,
using a 2nd order Butterworth IIR low-pass filter with a half power
frequency of 8Hz. The torque and pulse width data were separated
into segments that each contained 0.25s of stimulation and the cor-
responding torque response. The torque response had three distinct
regions within each segment: a pre-contraction region, a muscle con-
traction region and a post-contraction region. To remove the passive
inertial effects that result from the weight of the leg pushing on the
torque sensor, the torque data within each segment were shifted to
set the average torque of the pre-contraction region to 0.

During FES-cycling, generally stimulation is only applied when
the resulting muscle contraction yields efficient forward pedalling
of the cycle. Therefore, it was desired to only consider the data
that resulted in efficient forward pedalling, which was accom-
plished by measuring the peak (7. and average (T,,g) torques.
Define Tmax (Tavg) @s the maximum (average) value of the torque
that results from 0.25 s of stimulation. Torque measurements were
converted into a percent, for a given participant and muscle

combination, by dividing each T, (T.,g) Measurement by the
maximum T, measurement over the entire experiment and mul-
tiplying by 100. The percent torques were then plotted, and a
subset of angles over which it is efficient (i.e., the median
Tmax>40% for both muscle combinations) to stimulate the left
and right muscle groups was determined, and the data associated
with non-efficient stimulation were removed (e.g., all data associ-
ated with stimulation of a given muscle group at a non-efficient
angle for that muscle group). Two CD and two RD measurements
were made using the remaining data. Define CD25 (CD75) as the
difference in time between the instant stimulation began and the
instant the torque increased to 25% (75%) of T.,.x and define
RD25 (RD75) as the difference in time between the instant stimu-
lation ended and the instant the torque fell to 25% (75%) of Tinax
— 1, where 1 is the average value of the post-contraction region.

Statistical analysis

A multiple linear regression was performed separately on the CD25,
CD75, RD25 and RD75 measurements to characterize the effect of
the crank angle on the EMD. However, since the left and right
muscle groups are effective over different sets of angles (e.g., 50° to
160° for the right muscle groups and 230° to 340° for the left
muscle groups), two regressions were performed for each measure-
ment: one for the left muscle groups and another for the right. To
allow for a comparison between the left and right muscle groups,
the angle was shifted before performing a regression. For the right
(left) angle data, the angle was subtracted by 50 (230). The regres-
sions used the following predictors: crank angle (angle; quantitative
predictor ranging from 0 to 110 for both muscle groups due to shift-
ing the data), the muscle combination (side; RQ or RQRG for the
right muscle groups and LQ or LQLG for the left muscle groups), the
individual being tested (subject; N1,..., N5, S1,..., S5), and the
quadratic term Angle®. The reference levels for the categorical predic-
tors were selected as N1 for subject and RQ (LQ) for the right (left)
muscle groups. Thus, the subsequent regressions do not include a
coefficient for N1, RQ or LQ since their effects are included in the
constant term of the regression table.

Interpretation

To determine if the crank angle (and hence lower limb position)
has a significant effect on the EMD, the statistical significance of
the Angle and Angle? predictor coefficients was used. The coeffi-
cients for categorical predictors represent vertical shifts, while the
coefficients for quantitative predictors represent slopes. The
regression over the right (left) muscle groups provides a result
that is effective over the crank angles 50° to 160° (230° to 340)°.
However, recall that the angles were shifted prior to performing
the regressions. Therefore, as an example, the CD25 regression for
the right muscle groups, for a given subject and side, would yield
a model with the following form:

CD25(q) = A+ B(q — 50) + C(q — 50)%,q € [50,160], (1)

where the coefficients A, B and C are scalars obtained from the
CD25 regression table for the right muscle groups.

Results

Plots of the percent torques are depicted in Figure 1 and plots of
the EMD measurements are shown in Figures 2 and 3.
Regressions were performed on each EMD measurement for both
the left and right muscle groups using the data depicted in
Figures 2 and 3, and the results are included in Tables 2-9. For
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Figure 1. Torque measurements for each muscle combination (ie, right quadriceps
(RQ), right quadriceps and gluteal (RQRG), left quadriceps (LQ) and left quadriceps and
gluteal (LQLG) muscle groups). The values show the median across all subjects and
the lower and upper error bar denote the 25th (Q1) and 75th (Q3) percentiles, respect-
ively. For a given muscle combination and participant, the peak (average) torque was
converted into a percent by dividing each peak (average) torque measurement by the
maximum peak torque measurement for the same participant and muscle combination
over the entire experiment and multiplying by 100. The 0° crank angle corresponds to
the crank being horizontal with the ground and the right leg extended. Consistent
with the findings in Bellman et al. [2], the peak and average torques vary in a sinus-
oidal manner with the crank angle. The torque measurements show that at some
angles there is negligible torque production, known as kinematic deadzones [2,7,20],
and other angles are more efficient for positive torque production.
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visual clarity, non-significant (p values > .05) regression coefficients
in each table are denoted by ns, and statistical significance is indi-
cated by *, ** and *** for p values less than or equal to .05, .01
and .001, respectively. Each regression model was validated by
generating normal probability plots of the residual errors and
visually confirming normality. Additionally, the adjusted R? was
between 67% and 76% (47% and 68%) for each CD (RD) regres-
sion, indicating a good fit [12]. Angle and/or Angle? were statistic-
ally significant predictors (p value<.05) for each CD and RD
regression, indicating the crank angle has a significant effect on
both the CD and the RD, and hence the EMD.

A couple of examples are presented to demonstrate the model
provided by the regression tables. The form of the model for the
CD25 regression for the right muscle groups is included in (1),
where coefficient A is obtained by adding the constant, subject
and side coefficients from Table 2 as applicable. Note that the sub-
ject and side coefficients are associated with a specific participant
or muscle combination and recall that Tables 2-9 do not include a
coefficient for N1, RQ or LQ since their effects are included in the
constant terms of the regression tables. Furthermore, coefficients B
and C are obtained from the Angle and Angle? coefficients in Table
2, respectively. For example, the model of CD25 for participant S1
and the RQ muscle is CD25(q) =84.94 — 0.29(q —50) +
0.0054(q — 50)*,q € [50,160]. Likewise, using Table 6, the model of
CD25 for participant S1 and the LQ muscle is CD25(q) =
92.27 — 0.12(q — 230)+ 0.0033(q — 230)?,q € [230, 340].

Discussion

Participants with and without NCs were recruited in this study.
Interestingly, both populations displayed similar trends, and

hence, the data for all participants were combined when
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Figure 2. Box plots of the contraction delay (CD) measurements for each muscle combination (i.e., right quadriceps (RQ), right quadriceps and gluteal (RQRG), left quadriceps
(LQ) and left quadriceps and gluteal (LQLG) muscle groups). The black dot within a white circle denotes the median, and the box edges denote the 25th (Q1) and 75th (Q3)
percentiles. The most extreme, non-outlier, data points are indicated by the whiskers and the outliers are indicated by circles. An outlier is a point above Q3 + 1.5(Q3-Q1) or
below Q1-1.5(Q3-Q1). The 0° crank angle corresponds to the crank being horizontal with the ground and the right leg extended. In each subplot, the CD appears to initially
be relatively flat and to then increase with the crank angle. In Muraoka et al., the delay was measured at multiple joint angles and it was determined that the delay is
dependent on the joint angle until the tendon slack is taken up, at which point the delay becomes constant for further joint angle changes [21]. Therefore, it is possible
that the crank angles where the CD was relatively constant correspond to the crank angles where the tendon slack is taken up.
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Figure 3. Box plots of the residual delay (RD) measurements for each muscle combination (i.e., right quadriceps (RQ), right quadriceps and gluteal (RQRG), left quadri-
ceps (LQ) and left quadriceps and gluteal (LQLG) muscle groups). The black dot within a white circle denotes the median, and the box edges denote the 25th (Q1)
and 75th (Q3) percentiles. The most extreme, non-outlier, data points are indicated by the whiskers and the outliers are indicated by circles. An outlier is a point
above Q3 + 1.5(Q3-Q1) or below Q1-1.5(Q3-Q1). The 0° crank angle corresponds to the crank being horizontal with the ground and the right leg extended. By visual
inspection of the RD subplots, the effect of the angle on the RD appears to be unclear.

Table 2. Regression on CD25 for the right muscle groups, where the angle
coefficients are multiplied by (g — 50) € [0,110], where q is the crank angle.

Table 3. Regression on CD75 for the right muscle groups where the angle coef-
ficients are multiplied by (g — 50) € [0,110], where q is the crank angle.

CD25 CD75
Term Coef. SE coef. p Value Sig.  Term Coef. SE coef. p Value Sig.
Constant 85.06 2.69 .000 *Hk - Constant 164.34 6.73 .000 ook
Angle -0.29 0.07 .000 *** - Angle -0.12 0.18 .507 ns
Ang|62 0.0054 0.0006 .000 ok Angle2 0.0073 0.0015 .000 Hokk
Side Side
RQRG 0.76 1.20 528 ns RQRG 0.38 3.01 .899 ns
Subject Subject
N2 -1.12 2.65 674 ns N2 -1.03 6.61 877 ns
N3 -13.58 431 .002 ok N3 -33.71 10.76 .002 ok
N4 -4.04 2.52 110 ns N4 -10.68 6.29 .091 ns
N5 -7.57 3.03 .013 * N5 -24.98 7.56 .001 HoHK
S1 -0.12 2.84 967 ns S1 -22.37 7.08 .002 ok
S2 5.42 249 .031 * S2 -10.30 6.23 .100 ns
S3 0.65 2.53 799 ns S3 -4.12 6.32 515 ns
S4 -12.24 2.51 .000 HEE S4 —-40.55 6.27 .000 HoHE
S5 -3.02 2.61 .250 ns S5 -11.93 6.53 .069 ns
R? adj 73.1% R? adj 67.5%

generating the plots and performing the regressions. Similarly, in
Allen et al., it was observed that although variability may exist
between participants with and without NCs, the overall trends
were consistent across the different populations [14].

By inspection of Figures 2 and 3, the CD and RD appear to
behave differently. This is consistent with the findings in Allen
et al. [14], where it was concluded that the CD and the RD are dif-
ferent. The crank angle appears to have a smaller, although still
significant, effect on the RD compared to the CD. Furthermore,
from the regression results in Tables 2-9, it was determined that
the crank angle and the muscle combination have a significant
effect on the EMD during FES-cycling. Since the lower limb

position is a function of the crank angle, it could be concluded
that the EMD is a function of the lower limb position during
FES-cycling.

The results in this work could lead to an improved dynamic
model of the FES-cycle system, which could result in improved
closed-loop FES control. For example, the dynamic model should
allow for the EMD to be different for each muscle combination,
the CD, and the RD. Furthermore, when developing an estimator
of the EMD, it should allow for the EMD to be a function of the
crank angle. Additionally, closed-loop controllers often use
bounds on the EMD to account for inter-subject variability and to
determine when stimulation should or should not be applied to



Table 4. Regression on RD25 for the right muscle groups, where the angle
coefficients are multiplied by (g — 50) € [0,110], where q is the crank angle.
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Table 7. Regression on CD75 for the left muscle groups, where the angle coeffi-
cients are multiplied by (g —230) € [0,110], where q is the crank angle.

RD25 CD75
Term Coef. SE coef. p Value Sig.  Term Coef. SE coef. p Value Sig.
Constant 171.02 6.83 .000 *kk - Constant 134.66 5.56 .000 ok
Angle -0.26 0.18 141 ns Angle -0.29 0.165 .083 ns
Angle? 0.0041 0.0015 .008 *% Angle? 0.0084 0.0014 .000 ok
Side Side
RQRG 6.39 3.05 .038 * LQLG 5.80 2.85 .043 *
Subject Subject
N2 28.42 6.72 .000 HoEK N2 23.29 6.15 .000 HoHK
N3 16.42 10.92 134 ns N3 -9.18 7.37 214 ns
N4 47.27 6.38 .000 HoEK N4 15.16 574 .009 K
N5 31.56 7.67 .000 *EE N5 26.25 5.95 .000 HoHx
S1 -17.39 7.19 .017 * S1 27.21 6.34 .000 HoHK
S2 12.31 6.32 .053 ns S2 25.67 6.02 .000 *HE
S3 7.92 6.41 218 ns S3 2.19 5.88 710 ns
S4 6.27 6.36 325 ns S4 58.28 6.76 .000 HoHx
S5 44.05 6.62 .000 HoEE S5 7.05 5.81 227 ns
R? adj 49.9% R? adj 68.9%

Table 5. Regression on RD75 for the right muscle groups, where the angle
coefficients are multiplied by (g — 50) € [0,110], where q is the crank angle.

Table 8. Regression on RD25 for the left muscle groups, where the angle coeffi-

cients are multiplied by (g — 230) € [0, 110], where g is the crank angle.

RD75 RD25
Term Coef. SE coef. p Value Sig.  Term Coef. SE coef. p Value Sig.
Constant 102.40 439 .000 *k - Constant 175.69 6.59 .000 ok
Angle -0.05 0.11 653 ns Angle -0.39 0.196 .048 *
Angle? 0.0020 0.0010 043 *  Angle? 0.0044 0.0017 .009 o
Side Side
RQRG 0.61 1.96 754 ns LQLG 7.54 3.38 .027 *
Subject Subject
N2 18.50 432 .000 ook N2 49.10 7.29 .000 ok
N3 6.83 7.02 332 ns N3 84.37 8.73 .000 HAK
N4 33.60 4.1 .000 HoHK N4 28.70 6.81 .000 HoE
N5 14.08 493 .005 ** N5 26.85 7.06 .000 ok
S1 -7.95 4.62 .087 ns S1 12.66 7.52 094 ns
S2 6.53 4.07 110 ns S2 10.46 7.14 145 ns
S3 1.75 4.13 673 ns S3 -16.34 6.97 .020 *
S4 418 4.09 .309 ns S4 53.23 8.02 .000 *EE
S5 8.62 4.26 .045 * S5 8.23 6.89 234 ns
R? adj 47.1% R? adj 54.3%

Table 6. Regression on CD25 for the left muscle groups, where the angle coeffi-

cients are multiplied by (g — 230) € [0,110], where g is the crank angle.

Table 9. Regression on RD75 for the left muscle groups, where the angle coeffi-

cients are multiplied by (g — 230) € [0, 110], where g is the crank angle.

CD25 RD75
Term Coef. SE coef. p Value Sig.  Term Coef. SE coef. p Value Sig.
Constant 67.33 229 .000 *Hk - Constant 94.22 3.13 .000 ook
Angle -0.12 0.07 .092 ns Angle -0.16 0.09 .078 ns
Angle2 0.0033 0.0006 .000 ok Angle2 0.0022 0.0008 .007 ok
Side Side
LQLG 0.56 1.18 .643 ns LQLG 2.51 1.61 120 ns
Subject Subject
N2 21.98 2.53 .000 ok N2 42.17 3.47 .000 ok
N3 -0.59 3.04 .846 ns N3 39.29 4.15 .000 ok
N4 18.72 2.37 .000 ook N4 31.75 3.24 .000 ok
N5 20.61 245 .000 ok N5 28.22 335 .000 otk
S1 24.94 2.61 .000 ok S1 16.28 3.57 .000 ok
S2 12.51 248 .000 ok S2 5.63 3.39 .099 ns
S3 2.40 2.42 3237 ns S3 -2.38 3.31 474 ns
S4 35.59 2.79 .000 ok S4 40.42 3.81 .000 ok
S5 15.05 2.39 .000 ok S5 14.75 3.27 .000 Hokk
R? adj 75.3% R? adj 67.8%

yield muscle contractions in regions of the crank cycle that result
in efficient forward pedalling of the cycle [3-6]. Tables 2-9 could
be used to establish bounds on the EMD across a range of partici-
pants at each crank angle or across all crank angles to further
enable the development of closed-loop FES-cycling controllers.
Although the EMD measurements in Tables 2-9 could vary if

different stimulation patterns were provided or if the cycle seat
was adjusted differently (future studies would be required to
determine the exact effect of these variations), the largest vari-
ation in the EMD is likely between subjects, which motivated
including data from a range of participants in Tables 2-9.
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In conclusion, the regression results in Tables 2-9 establish
models of the EMD as a function of the cycle crank angle.
Further, it was concluded that the EMD during FES-cycling is a
function of lower limb position. The finding that the EMD is a
function of the lower limb position is true, in general, and is
agnostic to the specific exercise being performed. However, differ-
ent exercises may result in a different combination of muscle
groups being active at a given time, which would impact the
model. Future studies would be required to establish specific
models of the EMD for these other activities. The conclusions of
this paper provide EMD and dynamic model insights, which could
lead to improved closed-loop FES controllers or improved estima-
tors of the EMD that ultimately may improve rehabilita-
tive treatments.

Note

1. The selection of the amplitudes and frequency were based on
prior literature [2].
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