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Motor control of an insect leg during level and incline walking
Chris J. Dallmann1,2,*,‡, Volker Dürr1,2 and Josef Schmitz1,2,‡

ABSTRACT
During walking, the leg motor system must continually adjust to
changes in mechanical conditions, such as the inclination of the
ground. To understand the underlying control, it is important to
know how changes in leg muscle activity relate to leg kinematics
(movements) and leg dynamics (forces, torques). Here, we studied
these parameters in hindlegs of stick insects (Carausius morosus)
during level and uphill/downhill (±45 deg) walking, using a
combination of electromyography, 3D motion capture and ground
reaction force measurements. We find that some kinematic
parameters including leg joint angles and body height vary across
walking conditions. However, kinematics vary little compared with
dynamics: horizontal leg forces and torques at the thorax–coxa joint
(leg protraction/retraction) and femur–tibia joint (leg flexion/
extension) tend to be stronger during uphill walking and are
reversed in sign during downhill walking. At the thorax–coxa joint,
the different mechanical demands are met by adjustments in the
timing and magnitude of antagonistic muscle activity. Adjustments
occur primarily in the first half of stance after the touch-down of the
leg. When insects transition from level to incline walking, the
characteristic adjustments in muscle activity occur with the first step
of the leg on the incline, but not in anticipation. Together, these
findings indicate that stick insects adjust leg muscle activity on a step-
by-step basis so as to maintain a similar kinematic pattern under
different mechanical demands. The underlying control might rely
primarily on feedback from leg proprioceptors signaling leg position
and movement.

KEYWORDS: Insect walking, Slope, Electromyography, Kinematics,
Ground reaction force, Joint torque

INTRODUCTION
The ability to adjust legmuscle activity to changes in themechanical
demands acting on the body is critical for stable walking. During
walking, the mechanical demands can vary considerably from one
situation to the next. For example, while the gravitational force pulls
the body toward the surface during level walking, it pulls the body
backward during uphill walking and forward during downhill
walking. How is leg muscle activity adjusted to adequately propel
and stabilize (balance) the body in these situations?

From insects to mammals, leg muscle activity is thought to be
controlled via neural circuits in the central nervous system that
integrate descending inputs from the brain and afferent inputs from
the leg (Hooper and Büschges, 2017; Orlovsky et al., 1999; Pearson,
1995; Prochazka, 1996). One possibility is that descending inputs
mediate distinct motor programs for inclines, for example by
modifying muscle synergies (Janshen et al., 2017; Smith et al.,
1998). Another possibility is that afferent inputs from leg
proprioceptors adjust leg muscle activity on a step-by-step basis.
For example, if leg extensors are loaded more during uphill walking
and less during downhill walking, load feedback could reflexively
activate leg extensors more or less strongly and thereby
automatically account for changes in the inclination of the ground
(Donelan et al., 2009; Gregor et al., 2006).

To understand the potential contribution of descending and
afferent inputs to control, it is important to determine leg muscle
activity together with leg kinematics (movements) and leg dynamics
(forces, torques) during level and incline walking. These parameters
may indicate whether a distinct motor program is used on inclines
(Lay et al., 2006, 2007), or to what extent movement- and load-
related afferent inputs from the leg can account for adjustments in
muscle activity (Donelan et al., 2009; Gregor et al., 2006). Here, we
studied these parameters in a freely walking insect.

Because of their accessible nervous and musculoskeletal systems,
insects have served as important model systems for studying leg
motor control during walking (Ayali et al., 2015; Bidaye et al.,
2018; Büschges and Gruhn, 2007; Tuthill and Wilson, 2016; Zill
et al., 2004). Previous studies on insects have examined inclination-
dependent changes in leg muscle activity (cockroach: Larsen et al.,
1995; locust: Duch and Pflüger, 1995), leg kinematics (ant: Seidl
and Wehner, 2008; cockroach: Spirito and Mushrush, 1979; fruit
fly: Mendes et al., 2014) or leg forces (ant: Wöhrl et al., 2017;
cockroach: Goldman et al., 2006; stick insect: Cruse, 1976b).
However, no study has combined all measurements. As a
consequence, changes in parameters such as joint torques, which
are closely related to load feedback (Dallmann et al., 2017), remain
unknown. In addition, the different species, walking speeds and
inclinations investigated make it difficult to compare measurements
and draw conclusions about control.

Here, we approached this issue by combining electromyography
(EMG) with 3D motion capture and ground reaction force
measurements in stick insects walking freely on level ground and
up and down inclines (±45 deg). The sensorimotor control of stick
insect legs is comparatively well studied (Bässler, 1983; Büschges
and Gruhn, 2007; Dürr et al., 2018; Graham, 1985). Importantly, the
long and unspecialized legs of stick insects permit analysis of leg
kinematics (Theunissen and Dürr, 2013), leg dynamics (Dallmann
et al., 2016) and leg muscle activity (Dallmann et al., 2017) during
unrestrained locomotion. In this study, we focused on hindlegs,
which are critical to propel the body and stabilize it above ground
during level walking (Dallmann et al., 2016). To better understand
how the leg motor system copes with different mechanical demands,
we asked (1) whether stick insects use distinct kinematic patterns onReceived 13 July 2018; Accepted 4 March 2019
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inclines, (2) how walking on inclines affects the forces and torques
produced by the leg, and (3) how changes in kinematics and
dynamics relate to changes in leg muscle activity. Our results
suggest that stick insects do not use distinct, inclination-specific
motor programs but instead adjust leg muscle activity on a step-by-
step basis so as to minimize changes in kinematics under different
mechanical demands.

MATERIALS AND METHODS
Animals and experiment
We tested eight adult, female stick insects (Carausius morosus
Sinety 1901) reared in a laboratory colony (body mass: 0.9±0.1 g,
mean±s.d.; body length without antennae: ∼75 mm). Animals
walked freely along a walkway (40×500 mm) with five integrated
force plates (Fig. 1A). The walkway was either horizontal or
inclined at +45 deg (uphill) or −45 deg (downhill). Five animals
were equipped with motion-capture markers and an EMG backpack
for kinematic and electromyographic analyses (Figs 2, 4 and 5). To
maintain the same EMG signal quality within animals, all trials of a
given animal were recorded on a single day. To increase the number
of force plate measurements, three additional animals without an
EMG backpack were tested on multiple days. Because all force plate
measurements showed the same characteristics for a given walking
condition, data from all animals were used for dynamic analyses
(Fig. 3).

Motion capture and force measurements
Leg movements and single leg ground reaction forces (GRFs) were
measured and analyzed as described previously (Dallmann et al.,
2016; Theunissen and Dürr, 2013). Although the present study
focused on hindlegs, we recorded movements of all six legs by
attaching 18 small, lightweight motion-capture markers to the body
and leg segments (marker diameter: 1.5 mm; marker mass: 4 mg).
Three markers were glued to the metathorax, one to the mesothorax,
one to the prothorax, one to the head, and one to each of the femur
and tibia (Fig. 1A). Markers were tracked in 3D with a sampling rate
of 200 Hz using an eight-camera motion-capture system (Vicon
MX10 with T10 cameras, controlled by Nexus 1.8.5 software;
Vicon, Oxford, UK). Horizontal and vertical GRFs of the right
hindleg were measured with strain gauge-based force plates with a
sampling rate of 6 kHz (5×5 mm contact area; Fig. 1A; Dallmann
et al., 2016). Kinematic and GRF data were low-pass filtered with a
zero-lag, fourth-order Butterworth filter using cut-off frequencies of
20 and 10 Hz, respectively. Joint kinematics and joint torques were
calculated in Matlab (The MathWorks, Natick, MA, USA) using a
3D rigid link model of the leg (Dallmann et al., 2016). The three
main leg joints – the thorax–coxa (ThC) joint, the coxa–trochanter
(CTr) joint and the femur–tibia (FTi) joint –were modeled as hinges
with one degree of freedom each (Fig. 1B). Touch-down and lift-off
events of the hindleg were determined manually based on a
synchronized side view video of the walkway (Fig. 1A), which was
recorded with an additional digital video camera with a sampling
rate of 100 Hz (Basler A602fc, Ahrensburg, Germany).

Muscle recordings
We recorded EMGs from the protractor and retractor coxae muscles
of the right hindlegs (Fig. 1C). EMGs of each muscle were recorded
with a pair of steel wires (50 μm diameter, insulated except for the
tips). Wires were implanted through small holes in the metathorax
and held in place with dental glue. Correct electrode placement was
verified using standard criteria including resistance reflex responses
to imposed forward–backward movements of the leg around the

ThC joint. Animals carried a lightweight EMG backpack (50 mg;
Dallmann et al., 2017) to direct the EMG electrodes to the amplifiers
without impairing leg movements. To affect overall body dynamics
only minimally, the backpack was attached close to the body’s
center of mass (COM), which is located just behind the hindleg
coxae (rear end of the fused metathoracic and first abdominal
segment). Backpack attachment and electrode implantation had
only small effects on joint kinematics (Fig. S1). Compared with
control steps without an EMG backpack, average joint angles during
swing and stance differed by less than 6 deg (Table S1). EMG
signals were amplified and filtered with 50 Hz notch, 250 Hz high-
pass, and 7.5 kHz low-pass filters using a custom-built amplifier
(MA102, Electronics Workshop, Zoological Institute, Cologne,
Germany). Filtered signals were A/D converted and recorded in
parallel with Vicon Nexus and Spike2 (Cambridge Electronic
Design, Cambridge, UK) with sampling rates of 6 kHz and 25 kHz,
respectively. Vicon Nexus and Spike2 recordings were
synchronized via a custom-built external trigger box.

The protractor and retractor EMGs were multiunit recordings
(Fig. 4A). The protractor muscle is innervated by 6–9 excitatory
motor neurons; the retractor muscles are innervated by up to 17
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Fig. 1. Combining 3D motion capture, ground reaction force
measurements and electromyography in freely walking stick insects.
(A) Side view of a stick insect carrying a lightweight EMG backpack and
motion-capture markers (white circles) while stepping onto a force plate with its
right hindleg. The walkway was either level (as shown here) or inclined at
±45 deg. (B) Rigid link model of a right leg used for calculations of joint
kinematics and torques (Dallmann et al., 2016). The thorax–coxa (ThC), coxa–
trochanter (CTr) and femur–tibia (FTi) joints were modeled as hinges (dark
gray). The ThC joint is slanted relative to the vertical body axis (θ=30 deg).
The CTr joint is considered to be directly connected to the thorax. Leg
segments indicate the tibia and an artificial segment comprising the coxa
and the trochantero-femur (trochanter and femur are fused in stick insects).
Positive torques about the ThC joint supinate (Sup.) and protract (Pro.) the leg.
Positive torques about the CTr and FTi joint lift the coxa–trochantero-femur
(Lev.) and extend the tibia (Ext.) within the leg plane (dashed lines),
respectively. Leg forces (F) are shown in body-centered coordinates. Ant.,
anterior; Lat., lateral; Dors., dorsal. (C) EMGs were recorded from the
protractor coxae (Pro. cx) and retractor coxae (Ret. cx) muscles of the hindleg
in the metathorax. The protractor originates from the pleuron, inserts at the
anterior rim of the coxa, and can move the leg forward; the retractor originates
from the tergum, inserts at the posterior rim of the coxa, and can move the leg
backward. Schematic diagram based on 2D drawings in Graham (1985).
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excitatory motor neurons (Goldammer et al., 2012). With the
exception of large-amplitude protractor units (Fig. 4A,F), single
units generally could not be discriminated. Therefore, we compared
muscle activity across walking conditions based on rectified and
low-pass filtered EMG signals. We used a first-order low-pass filter
with a short time constant of 5 ms to accurately reflect the onset and
offset of muscle activity. Rectified and smoothed EMG signals were
divided into single step cycles (swing phase plus subsequent stance
phase) based on the manually determined touch-down and lift-off
events of the leg (see above). The minimum activity of each muscle
per step cycle was set to zero. Typically, protractor activity was
minimal during stance, whereas retractor activity was minimal
during swing (Fig. 4A). To compare the time courses of muscle
activity over the step cycle across walking conditions (Fig. 4B),
swing and stance phases were time normalized to 1000 data points
each and concatenated (see Fig. 2C for variability of stance and
swing phase durations). To indicate changes relative to level
walking, time courses from each animal were scaled to the mean
magnitude of the animal’s mean time course for level walking.
To compare the magnitude of muscle activity across walking
conditions (Fig. 4C,E), we took the integral of the EMG signal over
each swing and stance phase. To indicate changes relative to level
walking, the magnitude values from each animal were scaled to the
animal’s mean magnitude value for level walking. To better resolve
the timing of muscle activity, we additionally thresholded the
amplitude of the rectified and smoothed EMG signals for each step
(Fig. 4A, dots above EMG traces). Pooled across trials, the times of
muscle activity allowed us to calculate a likelihood of muscle
activity relative to a given event, such as the touch-down of the leg
(Fig. 4D). Careful inspection revealed that the retractor recording
was occasionally contaminated by cross-talk from large-amplitude
protractor potentials during swing. This cross-talk was edited out
manually for likelihood calculations.

Statistical analysis
To test for the effect of inclination on kinematics andmuscle activity
while controlling for inter-animal differences, repeated measures
and variations in walking speed, we used a linear mixed-effects
model approach. The analysis was performed in R (http://www.
R-project.org/) using the lme4 package (Bates et al., 2015).
Kinematics and muscle activity were continuous response
variables. We modeled each response variable as a function of the
inclination of the walkway. The inclination was set as a categorical
fixed effect with three levels (0, −45, +45 deg). We used dummy
coding, with 0 deg as the baseline. Animals had random intercepts
and random slopes for inclination and walking speed (mean speed
of the COM over the step cycle). This way, the prediction of the
response variable was allowed to differ for each animal, inclination
and walking speed. Models were fitted with the restricted maximum
likelihood method. Visual inspection of residual plots did not reveal
any obvious deviations from normality or homoscedasticity
(homogeneity of variance). To test for significance, we fitted each
model to 1000 resampled datasets using parametric bootstrapping
(bootMer function, lme4 package). This resulted in bootstrap
distributions of the model coefficients for inclinations of −45 and
+45 deg, for which we calculated the 95% confidence intervals (CI)
(boot.ci function, percentile interval, boot package, https://CRAN.
R-project.org/package=boot). If the CI of a model coefficient does
not include zero, the corresponding inclination has a significant
effect on the response variable at the 0.05 level. In Results, we report
the model coefficients for inclinations of −45 and +45 deg (which
indicate the difference from level walking), the corresponding

bootstrap CIs, and P-values obtained from the CIs as described by
Altman and Bland (2011).

RESULTS
Kinematics are similar on inclines
To test whether stick insects use distinct kinematic patterns on
inclines, we compared hindleg kinematics during level walking with
those during uphill (+45 deg) and downhill (−45 deg) walking.
Animals walked readily up and down the inclines. As in level
walking, the hindleg closely followed the middle leg on the same
side of the body, which in turn followed the front leg (Fig. 2B; see
also Cruse, 1979; Dean and Wendler, 1983; Theunissen et al.,
2014). Walking speeds ranged from 23 to 85 mm s−1 (∼0.3–
1.1 body lengths s−1; defined as the mean speed of the COM over
the step cycle). In all walking conditions, stance duration of the
hindleg decreased strongly with increasing walking speed, whereas
swing duration varied little (Fig. 2C). The dependence of stance
duration on walking speed was approximately hyperbolic as
suggested previously for level walking insects (e.g. Larsen et al.,
1995; Szczecinski et al., 2018; Wahl et al., 2015; Wendler, 1964).
Stance duration tended to be longer on inclines (Fig. 2C, side
boxplots). However, longer stance durations were correlated with
slower walking speeds (Fig. 2C, top boxplots). After controlling for
the effect of speed, inclination had no significant effect on stance or
swing duration (swing duration: −45 deg, −0.003 s [−0.022,
0.018 s], coefficient [95% bootstrap CI], P=0.76; +45 deg, 0.002 s
[−0.009, 0.013 s], P=0.78; stance duration: −45 deg, 0.013 s
[−0.035, 0.056 s], P=0.58; +45 deg, 0.016 s [−0.024, 0.054 s],
P=0.43). Accordingly, the hyperbolic fits of stance duration over
walking speed were practically identical in all conditions (Fig. 2C,
see legend for model fits).

Other kinematic parameters showed significant changes during
incline walking, but most of them were comparatively small
(Table 1). For example, the mean height of the COM tended to
increase with increasing inclination, but only from 9.8 to 12.0 mm
(Fig. 2D and Table 1;−45 deg, −1.6 mm [−3.0,−0.3 mm], P<0.05;
+45 deg, 0.6 mm [−0.8, 1.9 mm], P=0.42). Similarly, the mean
body pitch angle (angle between metathorax and walking surface)
tended to decrease with increasing inclination, but only from 5.6 to
2.7 deg (Fig. 2E and Table 1; −45 deg, 0.7 deg [−0.5, 1.9 deg],
P=0.25; +45 deg, −2.3 deg [−3.6, −1.3 deg], P<0.001). That is, the
body was kept at a similar height and almost parallel to the walking
surface in all conditions. Touch-down and lift-off positions of
the hindleg were shifted anteriorly with increasing inclination
(Fig. 2G, side boxplots; touch-down position: −45 deg, −1.1 mm
[−1.7, −0.5 mm], P<0.001; +45 deg, 3.2 mm [1.9, 4.7 mm],
P<0.001; lift-off position: −45 deg, −1.0 mm [−1.6, −0.5 mm],
P<0.001; +45 deg, 0.7 mm [0.0, 1.5 mm], P=0.06). The change was
largest for the touch-down position during uphill walking (3.4 mm
or 16% step length on average, Table 1 and Fig. 2G, arrowhead).
Accordingly, step length (distance between touch-down and lift-off
position) was slightly increased for uphill walking (12% on average,
Table 1 and Fig. 2F; −45 deg, −0.1 mm [−1.0, 0.8 mm], P=0.77;
+45 deg, 2.6 mm [1.6, 3.5 mm], P<0.001).

Time courses of joint angles were similar across walking
conditions (Fig. 2H). In all conditions, the leg protracted,
supinated, levated and flexed during swing, and retracted,
pronated, depressed and extended during stance. Compared with
their range during level walking, average joint angles during swing
and stance changed only a little on inclines (<17%; Table 1). With
increasing inclination, the hindleg was more protracted at the end of
swing (Fig. 2H, arrowhead; protraction at 100% swing: −45 deg,
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−2.0 deg [−3.8, −0.3 deg], P<0.05; +45 deg, 10.1 deg [6.6,
13.8 deg], P<0.001). This was consistent with the shift in touch-
down position. With increasing inclination, the hindleg tended
to be less levated at the beginning of stance, and it was less
extended at the end of stance (Fig. 2H, arrowheads; levation at 20%
stance: −45 deg, 7.0 deg [4.4, 9.6 deg], P<0.001; +45 deg,−1.9 deg

[−4.0, 0.2 deg], P=0.08; extension at 80% stance: −45 deg,
18.2 deg [12.6, 24.1 deg], P<0.001; +45 deg, −11.6 deg [−16.5,
−7.0 deg], P<0.001). The latter was consistent with the shift in
lift-off position. These changes also affected the average joint
angular velocity during swing and stance (Fig. 2I). For example, the
velocity of the ThC joint during swing was increased for uphill
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Fig. 2. Hindleg kinematics during level and incline walking. (A) Side-view schematic diagram of the rigid link model of the hindleg and metathorax.
(B) Example side-view trajectories of the tibia–tarsus joint of a right hindleg (RH) during downhill walking (blue), level walking (black) and uphill walking
(magenta). Dark gray and light gray lines show trajectories of the right middle leg (RM) and right front leg (RF), respectively. Walking direction is from left to right.
(C) Stance and swing durations of the hindleg as a function of walking speed for downhill walking (blue), level walking (black) and uphill walking (magenta).
Each data point corresponds to a swing or stance phase (−45 deg, 174 steps from 5 animals; 0 deg, 126 steps from 5 animals; +45 deg, 199 steps from 5 animals).
Lines show hyperbolic fits of stance duration over speed (a/speed; −45 deg, a=31.32,R2=0.83; 0 deg, a=30.27,R2=0.78; +45 deg, a=31.02,R2=0.89) and linear
fits of swing duration over speed (a×speed+b; −45 deg, a=−7×10−4, b=0.21, R2=0.03; 0 deg, a=−2×10−4, b=0.18, R2=0.01; +45 deg, a=7×10−6, b=0.18,
R2<0.01). Boxplots show pooled data. (D–F) Body height, body pitch and step length as a function of inclination, pooled across the steps shown in C. (G) Touch-
down (TD) and lift-off (LO) positions of the hindleg in body-centered coordinates. (0,0) marks the ThC joint. Contours indicate the 75th percentile ranges based on
2D kernel density estimates (Botev et al., 2010) of pooled steps. Boxplots also show pooled data. The arrowhead marks the maximal deviation in foot placement
from level walking. Sample numbers as in C. (H) Joint angles of the hindleg normalized to swing and stance duration (see Fig. 1B for angle conventions). Lines
and error bands show means and 95% confidence intervals of animal means (−45 deg, 5 animals, 19–45 steps per animal; 0 deg, 5 animals, 18–33 steps per
animal; +45 deg, 5 animals, 19–55 steps per animal). Arrowheadsmark themaximal angle deviations from level walking. (I) Angular velocities of the ThC, CTr and
FTi joints during swing (left) and stance (right). Note that the ThC velocity is the first derivative of the angle describing the rotation of the leg plane around the
slanted ThC joint axis (combined protraction and supination, see Fig. 1B). Sample numbers as in C.
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walking (Fig. 2I, arrowhead;−45 deg,−21.5 deg [−62.3, 20.8 deg],
P=0.32; +45 deg, 46.9 deg [18.7, 75.3 deg], P<0.01), consistent
with an increased protraction angle at the end of swing. Compared
with its range during level walking, however, average joint angular
velocity changed little on inclines (<13%; Table 1).
In summary, stick insects tended to walk slower on inclines with

some changes in kinematics. Overall, however, the kinematic
pattern was similar across walking conditions considering the range
of kinematic parameters during the step cycle and the substantial
changes in the inclination of the ground.

Leg forces and joint torques reveal substantial changes in
mechanical demands on inclines
Because animals kept their body almost parallel to the walking
surface, the orientation of the body with respect to gravity differed
substantially across walking conditions. To study the consequent
changes in the mechanical demand on the legs, we analyzed hindleg
forces and joint torques during level and incline walking (Fig. 3 and
Table 2). Forces and torques during level walking corresponded
well with our previous measurements on level ground (Dallmann
et al., 2016), but they differed substantially on inclines.
The hindleg pushed backward to accelerate the body during level

and uphill walking, but it pushed forward to decelerate the body
during downhill walking (Fig. 3B, Fx, arrowhead). The sign reversal
during downhill walking was evident in all steps recorded. It was
accompanied by a change in the medio-lateral direction, in which
the hindleg reversed from pushing outward during uphill walking to
pulling inward during downhill walking (Fig. 3B, Fy, arrowhead).
Vertical forces were smaller during downhill walking (Fig. 3B, Fz),
suggesting that the middle and front legs carried more body weight
in this situation.
Changes in the anterior–posterior and medio-lateral force were

primarily reflected in changes in torques at the ThC and FTi joints
(Fig. 3C and Table 2). Torques at the ThC joint were directed toward

retraction during level and uphill walking but toward protraction
during downhill walking (Fig. 3C, τThC, arrowhead). Similarly,
torques at the FTi joint were directed toward extension during uphill
walking but toward flexion during downhill walking (Fig. 3C, τFTi,
arrowhead). That is, torques at both joints were directed opposite to
joint movement during downhill walking, which suggests a
stabilizing function (Fig. 3D, gray shaded areas). Torques at the
CTr joint differed less across conditions (Fig. 3C, τCTr). Torques at
this joint generally reflected the vertical force of the leg and were
directed toward joint movement (Fig. 3D, middle).

In summary, the changes in hindleg forces and joint torques
reveal substantial changes in mechanical demands during incline
walking, particularly at the ThC and FTi joints. The changes in
dynamics are consistent with the animal’s need to counteract the
effects of gravity by accelerating the body more strongly during
uphill walking and decelerating it during downhill walking.

Timing and magnitude of muscle activity are adjusted
on inclines
The torques at the ThC and FTi joints indicated that muscle activity at
these joints is adjusted in an inclination-dependent manner. However,
as net torques represent the net magnitude and direction of all forces
acting at the joint, it is not clear how a given net torque relates to the
activity of any particular muscle. Therefore, we recorded EMGs of
the protractor and retractor coxae muscles, which rotate the leg
forward and backward around the ThC joint, respectively (Fig. 1C).

During swing, when the leg was mechanically uncoupled from
the ground, the pattern of muscle activity was similar across walking
conditions and reflected the forward movement of the leg. In all
conditions, the protractor was active throughout swing, whereas the
retractor was silent (Fig. 4A,B). Persisting protractor activity
throughout swing is to be expected even during downhill walking,
because the strong passive forces associated with the small mass of
insect legs prevents leg inertia from completing swing movements

Table 1. Kinematic parameters for level (0 deg) and incline (±45 deg) walking

Kinematic parameter −45 deg 0 deg +45 deg

Body height (mm) 9.8±1.0 [−173] 11.1±2.6 12.0±1.0 [134]
Body pitch (deg) 5.6±1.6 [55] 4.8±1.6 2.7±1.2 [−142]
Step length (mm) 21.4±1.8 [−1] 21.6±2.4 24.2±1.5 [12]
TD anterior–posterior (mm) −4.0±1.4 [−5] −3.0±1.4 0.4±0.8 [16]
TD medial–lateral (mm) −13.9±1.8 [−3] −13.2±1.5 −13.6±1.4 [−2]
LO anterior–posterior (mm) −25.3±1.3 [−4] −24.3±1.4 −23.6±1.4 [4]
LO medial–lateral (mm) −13.5±1.5 [−1] −13.2±1.0 −11.9±1.7 [6]
Pro. swing (deg) −41.7±3.8 [−7] −38.6±2.8 −33.0±2.4 [13]
Pro. stance (deg) −43.6±4.0 [−1] −42.9±3.8 −41.4±3.2 [4]
Sup. swing (deg) −0.9±5.0 [−3] −0.2±5.1 1.6±4.1 [7]
Sup. stance (deg) −0.2±5.2 [<1] −0.1±4.6 0.0±4.1 [<1]
Lev. swing (deg) 36.6±6.0 [16] 30.9±6.5 32.9±5.9 [6]
Lev. stance (deg) 26.3±2.5 [8] 23.6±3.7 24.2±5.1 [2]
Ext. swing (deg) 111.4±4.8 [1] 110.2±5.5 102.3±2.0 [−9]
Ext. stance (deg) 96.7±5.2 [11] 86.8±3.5 80.9±3.3 [−7]
ThC velocity swing (deg s−1) 282.7±55.0 [−10] 346.7±61.2 387.4±36.6 [6]
ThC velocity stance (deg s−1) 61.1±19.4 [−5] 93.3±32.4 93.7±28.3 [<1]
CTr velocity swing (deg s−1) 183.7±24.1 [2] 173.4±13.8 105.6±26.0 [−12]
CTr velocity stance (deg s−1) 39.9±4.4 [−1] 46.7±10.6 27.3±12.5 [−3]
FTi velocity swing (deg s−1) 526.9±63.0 [−2] 548.7±17.5 423.2±50.6 [−10]
FTi velocity stance (deg s−1) 111.8±13.0 [−2] 143.0±24.3 102.4±28.8 [−3]

Values aremeans±s.d. of animal means (−45 deg, 5 animals, 19–45 steps per animal; 0 deg, 5 animals, 18–33 steps per animal; +45 deg, 5 animals, 19–55 steps
per animal). Values in brackets indicate differences from level walking as a percentage of the range of the parameter (peak-to-peak amplitude of the parameter’s
mean time course) during the step cycle of level walking. In the case of step length and touch-down and lift-off positions, differences are expressed relative to the
mean step length for level walking. Body height and body pitch are net values averaged over the step cycle. Angles and angular velocities of the thorax–coxa
(ThC), coxa–trochanter (CTr) and femur–tibia (FTi) joints are net values averaged over each phase of the step cycle. TD, touch-down; LO, lift-off; Pro., protraction
angle; Sup., supination angle; Lev., levation angle; Ext., extension angle. See Fig. 1B for angle conventions.
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(Hooper et al., 2009). While the timing of protractor activity did not
change across conditions, the magnitude of protractor activity
tended to increase with increasing inclination (Fig. 4B,C, top;
−45 deg, −0.07 [−0.29, 0.17], P=0.58; +45 deg, 0.58 [0.25, 0.93],
P<0.001). The magnitude of muscle activity was only weakly
correlated with the velocity of the ThC joint in individual steps
(Fig. 4E, left, see legend for model fits). But faster joint velocities
were correlated with an increased likelihood of occurrence of
large-amplitude (putative fast) protractor units (Fig. 4F).
During stance, when the leg was mechanically coupled to the

ground, the pattern of muscle activity was strongly dependent on the
inclination of the walkway and did not directly reflect the backward
movement of the leg. The protractor was strongly active during
downhill walking, less active during level walking and essentially
silent during uphill walking (Fig. 4A,B, arrowheads top). The
magnitude of protractor activity tended to decrease with increasing
inclination (Fig. 4B,C, top; −45 deg, 0.28 [−0.08, 0.65], P=0.13;
+45 deg, −0.68 [−0.82, −0.54], P<0.001). Inclination-dependent
changes of protractor activity occurred primarily in the first 50% of

stance (Fig. 4B, top). Close inspection revealed that this activity was
not a continuation of the burst during swing, but a separate burst
starting with touch-down of the leg (Fig. 4A,D, top). Conversely to
protractor activity, retractor activity during stance generally
increased with increasing inclination (Fig. 4A,B, arrowheads
bottom, and Fig. 4C, bottom; −45 deg, −0.28 [−0.37, −0.19],
P<0.001; +45 deg, 0.27 [0.12, 0.41], P<0.001). The muscle
was strongly active during level and uphill walking, starting with
touch-down of the leg. During downhill walking, the retractor was
sometimes also briefly active with touch-down of the leg, but its
main activity was reduced and delayed in all steps (∼200 ms;
Fig. 4B,D, bottom). Similar to protractor activity, inclination-
dependent changes in retractor activity occurred primarily in the first
50% of stance (Fig. 4B, bottom).

The changes in protractor and retractor activity during stance
generally reflected the changes in net torque at the ThC joint. That
is, the net protraction torque during downhill walking corresponded
to strong protractor and weak retractor activity, and the increasing
net retraction torque from level to uphill walking corresponded to
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Fig. 3. Hindleg forces and joint torques
during level and incline walking. (A) Side-view
schematic diagrams of the rigid link model of the
hindleg and metathorax, illustrating the average
posture, forces and torques of the leg at 50%
stance during downhill walking (blue), level
walking (black) and uphill walking (magenta).
Walking direction is from left to right. The center
of mass (COM) of the body is located just behind
the ThC joint. Note that the direction of forces
and torques indicates the action of the leg, which
is opposite to the direction of the ground reaction
force (GRF). (B,C) Hindleg forces (B) and joint
torques (C) normalized to the stance phase of
downhill walking (blue), level walking (black) and
uphill walking (magenta). Lines and error bands
show means and 95% confidence intervals of
animal means (−45 deg, 4 animals, 2–11 steps
per animal; 0 deg, 4 animals, 1–8 steps per
animal; +45 deg, 5 animals, 1–11 steps per
animal). Boxplots show net forces and torques
averaged over each stance phase, pooled
across animals (−45 deg, 20 steps from 4
animals; 0 deg, 15 steps from 4 animals;
+45 deg, 21 steps from 5 animals). Gray areas in
C highlight stabilizing phases (see D).
Arrowheads mark sign reversals for downhill
walking. Note that there is no one-to-one
correspondence between a given torque and
any one force component. (D) Joint angles as a
function of joint torques. Arrows indicate
movement or torque directions during stance.
Gray areas highlight stabilizing phases, in which
the net joint torque is directed opposite to the
movement of the joint. Arrowheads mark the
stabilizing torques during downhill walking. Note
that the ThC angle is the angle describing the
rotation of the leg plane around the slanted ThC
joint axis (combined protraction and supination,
see Fig. 1B). Sample numbers as in B and C.
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protractor potentials (right, truncated in protractor trace). (B) Average rectified and smoothed EMG traces of the protractor and retractor muscles normalized to the
swing and stance phase of downhill walking (blue), level walking (black) and uphill walking (magenta). The magnitude of muscle activity is scaled
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Sample numbers as in C. Protractor cross-talk during swing was edited out manually. (E) ThC velocity as a function of the magnitude of muscle activity. Each data
point corresponds to a swing or stance phase. Lines show linear fits of ThC velocity over protractor magnitude during swing (left; a×magnitude+b; −45 deg,
a=−33, b=307, R2=0.02; 0 deg, a=58, b=298, R2=0.05; +45 deg, a=42, b=333, R2=0.15), protractor magnitude during stance (middle; −45 deg, a=−9, b=118,
R2=0.05; 0 deg, a=6, b=100, R2<0.01; +45 deg, a=39, b=97, R2=0.04) and retractor magnitude during stance (right; −45 deg, a=−2, b=100, R2<0.01; 0 deg,
a=−7, b=113, R2<0.01; +45 deg, a=13, b=94, R2=0.02). Sample numbers as in C. (F) Histogram of the velocity of the ThC joint during swing pooled across all
steps (top) and likelihood of occurrence of large-amplitude (LA) protractor coxae muscle potentials as a function of the percentile range (bottom). Error bars show
Wilson score intervals. Sample numbers as in C.
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decreasing protractor and increasing retractor activity (see boxplots
in Figs 3C and 4C). In contrast, the changes in protractor and
retractor activity during stance did not directly reflect joint
kinematics; the magnitude of muscle activity was only weakly
correlated with the velocity of the ThC joint (Fig. 4E, middle and
right, see legend for model fits).
In summary, both the timing and magnitude of antagonistic

muscle activity at the ThC joint were adjusted to altered mechanical
demands during incline walking. The changes in muscle activity
during stance reflect changes in joint torques but not joint
kinematics.

Muscle activity changes with the first step of the leg
on the incline
Because the characteristic adjustments in muscle activity occurred
primarily in the first half of stance immediately after touch-down of
the leg, wewondered whether they are a reflexive response to altered

mechanical demands or whether they occur in anticipation of the
incline, as reported for mammals (Gottschall and Nichols, 2011). To
investigate this question, we recorded protractor and retractor
activity in a stick insect transitioning from level to either downhill
or uphill walking (Fig. 5). Fig. 5B shows that the characteristic
adjustments in muscle activity observed during steady-state incline
walking occurred as soon as the hindleg stepped on the incline. That
is, with the first step of the hindleg on the−45 deg incline, protractor
activity increased during early stance, whereas retractor activity was
delayed (Fig. 5B, arrowheads left). Conversely, with the first step of
the hindleg on the +45 deg incline, protractor activity decreased
during early stance, whereas retractor activity increased (Fig. 5B,
arrowheads right). These adjustments were not present in the steps
preceding the transition (Fig. 5B, black traces). First adjustments
occurred during the transition steps (Fig. 5B, gray traces). In these
steps, the body pitch angle (and with that, the mechanical demand
on the hindleg) was altered as the front and middle legs encountered
the incline. Together, these data suggest that muscle activity was
adjusted to the current mechanical demand on a step-by-step basis
rather than in anticipation of the incline.

DISCUSSION
To better understand how leg motor systems cope with different
mechanical demands during walking, we measured muscle activity,
kinematics and GRFs in stick insect hindlegs during level and incline
walking. Some kinematic parameters varied across walking
conditions (Fig. 2 and Table 1). However, kinematics changed
much less than leg forces and joint torques, which revealed substantial
changes in mechanical demands (Fig. 3 and Table 2). At the ThC
joint, the altered mechanical demands were met by characteristic
adjustments in the timing and magnitude of antagonistic muscle
activity, which occurred primarily in the first half of stance (Fig. 4)
and with the first step of the leg on the incline (Fig. 5).
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Fig. 5. Muscle activity at the transition from level to
inclinewalking. (A,B) Example transitions from level to
downhill walking (left) and level to uphill walking (right).
Lines in A show side-view trajectories of the COM and
the tibia–tarsus joint of the right hindleg (RH). EMG
traces in B show activity of the hindleg protractor coxae
and retractor coxae muscles. Dots above EMG traces
mark muscle potentials detected based on amplitude.
Protractor cross-talk during swing was edited out
manually. Light gray rectangles mark swing phases.
Transition (Trans.) steps, in which the body pitch angle
is adjusted as front and middle legs encounter the
incline, are dark gray. Steps before the transition are
black, steps after the transition are blue (downhill) or
magenta (uphill). Arrowheads mark characteristic,
inclination-dependent changes in muscle activity at the
beginning of stance.

Table 2. Dynamic parameters for level (0 deg) and incline (±45 deg)
walking

Dynamic parameter −45 deg 0 deg +45 deg

Fx (mN) 2.1±0.5 [129] −0.9±0.1 −2.3±0.3 [−61]
Fy (mN) 1.0±0.1 [123] 0.0±0.3 −0.3±0.2 [−39]
Fz (mN) −1.2±0.1 [38] −2.7±0.4 −2.9±0.4 [−5]
τThC (µN m) 16.5±2.7 [115] −9.9±2.3 −26.8±6.5 [−74]
τCTr (µN m) −33.6±2.7 [18] −46.4±10.3 −43.3±7.1 [4]
τFTi (µN m) −32.2±4.5 [−262] −5.9±5.0 5.6±2.8 [115]

Values are means±s.d. of animal means (−45 deg, 4 animals, 2–11 steps per
animal; 0 deg, 4 animals, 1–8 steps per animal; +45 deg, 5 animals, 1–11 steps
per animal). Values in brackets indicate differences from level walking as a
percentage of the average range of the parameter (peak-to-peak amplitude of
the parameter’s mean time course) during the stance phase of level walking.
Forces (F) and torques (τ) are net values averaged over the stance phase.
See Fig. 1B for force and torque conventions.
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Inclination-dependent changes in kinematics, dynamics and
muscle activity
Stick insects tended to walk slower on the ±45 deg inclines with
some changes in kinematics (Fig. 2). Overall, however, kinematic
parameters were similar across walking conditions considering their
range during the step cycle (Table 1) and the substantial changes in
the inclination of the ground. This is generally consistent with
previous observations in insects (Mendes et al., 2014; Seidl and
Wehner, 2008; Weihmann and Blickhan, 2009). For example, ants
walking on ±60 deg inclines do not adjust the touch-down and
lift-off positions of their legs (Seidl and Wehner, 2008). Similarly,
fruit flies walking vertically or upside-down show only minor
adjustments in leg placement (Mendes et al., 2014). The situation is
quite different in larger vertebrates. For example, cats and humans
require consistent and strong kinematic adjustments for stable
walking on inclines, including changes in body tilt, foot placement
and inter-joint coordination (Carlson-Kuhta et al., 1998; Gregor
et al., 2006; Lay et al., 2006; Leroux et al., 2002; Smith et al., 1998).
In contrast to kinematics, hindleg forces and joint torques varied

substantially across walking conditions (Fig. 3). The largest changes
concerned the anterior–posterior and medio-lateral directions, in
which the hindleg reversed from pushing backward and outward
during level and uphill walking to pushing forward and pulling
inward during downhill walking. This sign reversal is consistent
with the animal’s need to control the descent of the body during
downhill walking and was also described in ants (Wöhrl et al., 2017)
and larger vertebrates (Gregor et al., 2006; Lay et al., 2006). In stick
insects, the sign reversal was primarily reflected in changes in
torques at the ThC and FTi joints. At these joints, torques were
directed toward retraction and extension during uphill walking, but
toward protraction and flexion during downhill walking. This result
was not predicted from kinematics, because the leg was retracted
and extended similarly in all conditions. This indicates that the
ThC and FTi joints stabilized the leg during downhill walking,
supporting our previous hypothesis that these two leg joints may
serve a stabilizing function (Dallmann et al., 2016).
The inclination-dependent changes in antagonistic muscle

activity at the ThC joint corroborate this hypothesis (Fig. 4).
Strictly reciprocal activity of the protractor and retractor muscles
reflecting the swing and stance phases of the leg was only present
during uphill walking. In contrast, during level and downhill
walking, the protractor muscle was active during the first half of
stance. This resulted in periods of co-activation and probably
considerable co-contraction with the retractor muscle given the long
activation and deactivation time constants of insect muscle
(Guschlbauer et al., 2007; Hooper et al., 2007; Zakotnik et al.,
2006). The co-activation of antagonistic muscles indicates that the
ThC joint was actively stiffened to stabilize the leg depending
on the current mechanical demand. This finding extends earlier
observations in locusts and cockroaches reporting co-activation of
antagonistic muscles at the ThC and FTi joints in the early stance
phase of level walking (Duch and Pflüger, 1995; Krauthamer and
Fourtner, 1978; Larsen et al., 1995). Moreover, it is consistent
with the finding that antagonistic muscles at these joints show no
co-activation in tethered animals walking on a slippery surface
(Rosenbaum et al., 2010) – a situation in which legs do not have to
be stabilized against gravity-induced collapse.

Transformation of muscle activity into movement
How does leg muscle activity relate to leg kinematics and leg
dynamics during walking? In walking cockroaches, there is a linear
relationship between the firing frequency of slow motor neurons

innervating extensor muscles at the CTr and FTi joints and joint
angular velocity (Watson and Ritzmann, 1997; Watson et al.,
2002b). Our multiunit recordings of muscles at the ThC joint
prevented us from analyzing the firing frequency of identified motor
neurons. Only the largest amplitude (putative fast) protractor units
were individually identifiable (Fig. 4A, truncated). During swing,
when the leg was uncoupled from the ground, the recruitment of
these units was related to higher joint angular velocities (Fig. 4F).
However, during stance, when the leg was mechanically coupled to
the ground, muscle activity at the ThC joint did not directly reflect
joint kinematics. During stance, the magnitude of muscle activity
did not reflect joint angular velocity, but the net joint torque
(Figs 3C and 4C). This finding highlights that the transformation of
muscle activity into movement depends on the mechanical demands
placed on the leg joint, which are phase and context dependent
during walking. The transformation can be highly non-linear
(Sponberg et al., 2011) given the complex contraction properties of
insect muscle (Hooper and Weaver, 2000), passive forces of
muscles and skeletal structures (Ache and Matheson, 2013; Hooper
et al., 2009; Zakotnik et al., 2006), and mechanical coupling with
other leg segments (Zajac, 1993). In our experiments, for example,
the torque at the ThC joint reversed in sign during downhill walking,
but protractor and retractor activity did not completely reverse.
Rather, protractor activity occurred in the first half of stance and the
main retractor activity was delayed (Fig. 4).

Motor control of level and incline walking
We found that muscle activity at the ThC joint is reliably adjusted to
meet different mechanical demands during walking. What could be
the underlying control? Previous studies on insects suggest that
descending inputs from the brain mediate distinct kinematic patterns
for turning (Gruhn et al., 2016; Martin et al., 2015) and obstacle
climbing (Schütz and Dürr, 2011; Watson et al., 2002a,b). In our
experiments, stick insects used a similar kinematic pattern across
walking conditions (Fig. 2). In addition, protractor and retractor
activity were adjusted primarily during the first half of stance after
touch-down of the leg (Fig. 4), and with the first step of the leg on
the incline (Fig. 5). Together, these findings could indicate that stick
insects did not use distinct, inclination-specific motor programs, but
instead adjusted leg muscle activity on a step-by-step basis using
afferent inputs from leg proprioceptors.

One possibility is that muscle activity was adjusted based on load
feedback from leg campaniform sensilla (Burrows and Pflüger,
1988; Pearson, 1972; Zill et al., 2012). These mechanoreceptors are
located close to the leg joints and detect load as strain in the cuticle
(Pringle, 1938; Zill et al., 2004). Our torque calculations show that
the mechanical loads acting at the ThC and FTi joints differed
substantially across walking conditions, suggesting that inputs from
campaniform sensilla on the trochanter (Hofmann and Bässler,
1982; Schmitz, 1993) and tibia (Zill et al., 2011) differed too. For
example, the resisted retraction torques during level and uphill
walking should initially excite campaniform sensilla on the anterior
side of the trochanter, whereas the resisted protraction torques
during downhill walking should initially excite campaniform
sensilla on the posterior side (Schmitz, 1993). In part, the muscle
activity patterns observed in the present study could be explained
assuming that the anterior group provides positive feedback to the
retractor (resulting in retractor activity during the stance phase of
level and uphill walking), whereas the posterior group provides
positive feedback to the protractor (resulting in protractor activity
during the stance phase of downhill walking). Load feedback from
both groups of campaniform sensilla is known to affect muscle
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activity at the ThC joint (Akay et al., 2004, 2007; Schmitz, 1993).
However, the involvement of these groups in positive feedback
pathways, as is known for campaniform sensilla on the dorsal
trochanter (Zill et al., 2012), remains to be determined. In addition,
load feedback cannot directly account for altered recruitment of
protractor units during swing (Fig. 4F). This is because
campaniform sensilla are only excited during stance, when leg
muscle contractions are resisted (Zill et al., 2012). Therefore, it
seems unlikely that simple load reflexes are sufficient to account
for the adaptive changes in muscle activity observed in the
present study.
Another possibility is that muscle activity was adjusted based on

leg proprioceptors signaling leg position and movement. The
finding that kinematics changed comparatively little across walking
conditions might suggest that kinematic parameters are controlled.
In a kinematic control scheme, muscle activity could depend on the
mismatch between the actual and a desired, referent kinematic
pattern. Any mismatch due to altered mechanical conditions could
be determined based on signals from leg proprioceptors. For
example, hair plates at proximal leg joints monitor the movement
ranges of insect legs (Cruse et al., 1984; Markl, 1962; Schmitz,
1986; Wendler, 1964; Wong and Pearson, 1976), and chordotonal
organs monitor the current position and movement of individual leg
segments (Burns, 1974; Field and Matheson, 1998; Hofmann et al.,
1985; Mamiya et al., 2018; Zill, 1985). Signals from these
proprioceptors are critical for the spatial coordination of the leg
(Bässler, 1977; Couzin-Fuchs et al., 2015; Mendes et al., 2013;
Theunissen et al., 2014). The few changes in kinematics observed in
the present study, such as the magnitude of the extension angle
(Fig. 2H), do not contradict the idea of a kinematic control scheme.
They could reflect that local control of joint angles does not always
succeed completely, for example because of mechanical coupling
with other legs. They could also indicate that a higher-level
kinematic parameter is controlled. This conclusion is supported by
previous studies showing that walking stick insects control walking
speed (Cruse, 1985) and compensate for perturbations of body
height and body tilt (Cruse, 1976a; Cruse et al., 1993; Diederich
et al., 2002). Adjustments in muscle activity in response to
altered mechanical demands might thus rely not only on local
proprioceptive signals but also on proprioceptive signals from
other legs (Ayali et al., 2015; Borgmann and Büschges, 2015).
The transition from level to inclinewalking is an interesting scenario
in this context. In the future, it might permit studying whether
changes in muscle activity in one leg (hindleg) occur in response
to changes in mechanical demands on another leg (front or
middle leg).
In summary, we suggest that stick insects do not use distinct,

inclination-specific motor programs during walking, but instead
adjust leg muscle activity on a step-by-step basis so as to minimize
changes in kinematics under different mechanical demands. Future
work extending our measurements to other muscles, legs and more
extreme inclinations will help to further probe this idea. For
example, based on our torque calculations, we expect antagonistic
muscle activity at the FTi joint to be adjusted similarly to that at the
ThC joint. In addition, the reliable, characteristic changes in muscle
activity described here might be suitable to evaluate the effects of
sensory manipulations and determine which leg proprioceptors
provide the critical sensory information for control.
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Hooper, S. L. and Büschges, A. (2017). Neurobiology of Motor Control:
Fundamental Concepts and New Directions. Wiley.

Hooper, S. L. andWeaver, A. L. (2000). Motor neuron activity is often insufficient to
predict motor response. Curr. Opin. Neurobiol. 10, 676-682.

Hooper, S. L., Guschlbauer, C., von Uckermann, G. and Büschges, A. (2007).
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