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Abstract: This research focused on designing and evaluating a bilateral semi-rigid hip exoskeleton. The exoskel-
eton assisted the hip joint, capitalizing on its proximity to the body's center of mass. Unlike rigid counterparts, the
semi-rigid design permitted greater freedom of movement. A temporal force-tracking controller allowed us to pre-
scribe torque profiles during walking. We ensured high accuracy by tuning control parameters and series elasticity.
The evaluation involved experiments with ten participants across ten force profile conditions with different end-
timings and peak magnitudes. Our findings revealed a trend of greater reductions in metabolic cost with assistance
provided at later timings in stride and at greater magnitudes. Compared to walking with the exoskeleton powered
off, the largest reduction in metabolic cost was 9.1% when providing assistance using an end-timing at 44.6% of
the stride cycle and a peak magnitude of 0.11 Nm kg-1. None of the tested conditions reduced the metabolic cost
compared to walking without the exoskeleton, highlighting the necessity for further enhancements, such as a lighter
and more form-fitting design. Interestingly, the optimal end-timing paralleled findings from a soft hip exosuit study,
suggesting a similar interaction with this prototype compared to entirely soft exosuit prototypes.

Keywords: Exosuit; Force-tracking; Metabolic cost; Actuation magnitude; Timing; Walking; Bio-
mechanics; Robotics; Biomedical Engineering

1. Introduction

While the primary focus in the development of exoskeletons targeting metabolic cost reduction has
been directed towards aiding the ankle joint [1-3], there is potential for greater reductions by assisting
other joints than the ankle. Research has shown that the hip joint contributes up to 45% of the mechan-
ical power during walking [4], leading to a growing interest in extending assistance to the hip joint [5—
7]. The distinctive muscle characteristics and less prominent presence of
efficient elastic tendons in hip joint muscles could cause the hip to con-
sume more energy compared to the ankle, which has more efficient en-
ergy storage and return from the Achilles tendon [4,8,9]. Despite this, reductions achieved by assisting
the hip joint still appear lower than those achieved with ankle exoskeletons [10-14]. More research is
needed to better understand the relationships between energetic benefits and assistance levels at the
hip [6,15-17].
Assisting at the hip has the added advantage of positioning the device closer to the body's center of
mass, thereby minimizing the added mass penalty [18]. Experimental studies and simulations also re-
veal that exoskeletons can assist muscles from multiple joints, even those they do not directly cover
[19]. For example, an ankle exoskeleton can indirectly assist the hip [20]. This capability to assist mul-
tiple joints offers an exciting opportunity to combine the advantages of minimizing the mass penalty and
providing assistance at the hip. Such a combination can be particularly beneficial in patient populations
prone to ulcer formation at the feet. Approximately 40% of the metabolic cost during level walking is
attributed to the hip muscles [21-23]. Thus, various groups have developed both rigid exoskeletons and
soft exosuits to assist the hip [6,9,24—26]. Soft exosuits, in particular, allow for greater freedom of move-
ment [6]. However, they often cannot apply the same torque magnitudes as rigid exoskeletons and must
rely on skin friction to remain anchored [25].



Both rigid and soft exoskeletons present their respective merits and challenges. While rigid exoskele-
tons enable the generation of controllable and accurate assistive torques, they are more complex and
heavier due to misalignment issues [27]. In contrast, soft exoskeletons can address this misalignment
problem because of their elasticity, yet still require skin friction for anchoring, potentially causing dis-
comfort [27]. Recently, there has been a shift towards developing semi-rigid exoskeletons that merge
the beneficial characteristics of both rigid and soft exoskeletons. Zhang et al. [27] introduced a semi-
rigid knee exoskeleton to minimize misalignment while retaining some aspects of both designs. Schmidt
et al. [28] developed a Myosuit to provide continuous assistance at the hip and knee joints when working
with and against gravity in activities of daily living. Lin et al. [29] also accomplished a compliant and
accurate model in their innovative soft-rigid hand exoskeleton. Developing semi-rigid exoskeletons to
become more mechanically efficient is an essential topic of ongoing research.

Here, we detail the development of a bilateral semi-rigid hip exoskeleton end-effector to assist hip ex-
tension during walking. Our semi-rigid design allows for more freedom of movement than a traditional
hinged hip exoskeleton. The aim of our study was to optimize the mechanical components and the
controller settings to maximize force-tracking performance, hypothesizing that a specific series of elastic
stiffness and controller gain settings will maximize accuracy. We also investigated the effect of one
assistance timing and one assistance magnitude parameter on metabolic cost. We hypothesized the
timing of peak assistance would affect metabolic cost following a U-shaped trend versus timing. We
also hypothesized that increasing magnitudes of assistance would monotonically reduce metabolic cost

2. Materials and Methods

2.1. Hip Exoskeleton Design

We developed a semi-rigid hip exoskeleton end-effector intended to allow more freedom of movement
than a hinged hip exoskeleton while improving anchoring to the body segments (Figure 1). The waist-
belt and thigh segments are rigid but not connected via hinges. The hip exoskeleton is linked to a
commercially high-powered, off-board actuation system (HuMoTech, Pittsburgh, PA), applying forces
to the dorsal side of the hip to assist in hip extension. On the frontal side of the hip, a set of springs
provides passive hip flexion assistance. Safety features include a remote stop button, a software force
limit (software fuse) to stop the motor if load cell force exceeds 300 N, and a mechanical fuse consisting
of a thin piece of rope that disconnects if the tension exceeds its breaking strength.
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Figure 1. Exoskeleton Design. (a) Components of the semi-rigid hip exoskeleton. (b) Anchoring mechanism of
the semi-rigid exoskeleton. The exoskeleton anchors to the waist through a combination of compression forces
and a mechanism in which the waist belt becomes lodged when the actuation force attempts to rotate the waist
belt.

2.2. Exoskeleton Controller

We developed a high-level temporal controller that allows the independent application of sinusoidal
extension and flexion torque profiles to each leg as a function of the stride cycle percentage (Figure 2).
We measured the ground reaction forces of both legs at 1000 frames per second using a split-belt force
treadmill (Bertec, Columbus, OH) and estimated the percentage of stride time based on the most recent
heel contact time and a moving average of previous steps. The controller calculated the forces needed
to achieve a specific net torque during hip extension, given forces generated by the hip flexion springs
and a torque arm assumed to be 10 cm. The error between the actual forces, measured with the load



cell, and the desired forces was minimized using a low-level controller developed by HuMoTech, which
employs a closed-loop proportional-integral-derivative (PID) algorithm with configurable gains [30]. A
control station comprising an input-output interface (HuMoTech) and a real-time computer (SpeedGoat,
Liebefeld, Switzerland), runs the controller in Simulink (MathWorks).

We selected the general shape of the actuation profile based on a review of force profiles in the literature
[6,9,24—-26]. Considering the limits of the forces we could achieve, we chose to model the force profile
after the one used by Lee et al. [24], which resulted in a substantial 21% reduction in metabolic cost
with a relatively low peak moment of around 7.5 Nm. Inspired by the optimal torque profile in that study,
we set the desired onset of the extension torque at 90% of the stride with a peak extension torque timing
at 17% of the stride cycle. Under different conditions, we varied the end timing of the extension torque
and peak magnitude.

2.3. Exoskeleton Design and Control Optimization Protocol

We conducted several single-subject analyses, including optimization of the stiffness of the series elas-
tic element of the hip extension actuation and the gains of the PID controller, to determine the optimal
device and control parameters. Torque tracking was assessed by calculating the root-mean-square
error (RMSE) between the actual and desired torque. We measured how well the system tracked the
torque profiles within each stride by calculating the RMSE for each stride's actual and desired torque
time series. Additionally, we reported the RMSE of the average torque per step to gauge how well the
system tracked the average torque per stride [31,32]. We employed an oscillation-level metric proposed
by Zhang et al. (Zhang et al. 2017) to detect unwanted high-frequency oscillations. This metric is ob-
tained by high-pass filtering the error with a 10Hz cut-off frequency and then integrating the energy
spectral density. All analyses were performed in MATLAB (MathWorks, Natick, MA).
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Figure 2. Control Algorithm Overview. This figure illustrates the high-level control strategy, where the controller
sets desired torque profiles based on stride time. The profiles indicate the target torque that the controller aims to
provide, not the actual measured output torque of the hip joint. A low-level PID controller is then employed to adjust
the motor velocity, ensuring precise adherence of the actual torque measured by the load cell to these target
profiles throughout the stride.

2.4. Metabolic Cost and Biomechanics Evaluation Protocol

Ten healthy adults (4 males, 6 females, age: 27.6 £ 5.9 years, body mass: 65.3 £ 13.1 kg, height: 1.66
+ 0.08 m) participated in this study. The testing session started with a five-minute standing trial to meas-
ure the resting metabolic rate and was followed by a warm-up of approximately 20 minutes. During this
warm-up, we cycled through all the force profile conditions and adjusted the gain tuning settings for
individuals if needed. During the testing protocol, we maintained the onset and peak of the extension
torque constant while varying the end-timing and peak magnitude across ten different conditions. These
conditions included combinations of five distinct desired end-timings, ranging from 21% to 49%, and
two desired peak torque magnitudes, ranging from 0.06 to 0.12 Nm kg-1 (Figure 3). In addition to these
ten conditions, participants also walked in two reference conditions: one without actuation (Power-Off)
and another without wearing the exoskeleton (No-Exo). The entire protocol was split into three blocks
in which conditions were completed back-to-back. Each block had low and high magnitudes and differ-
ent timings presented in random order. The first and last condition of each block lasted 5 minutes. All
the other trials lasted 2 minutes. Between the blocks, participants rested for at least 10 minutes.
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Figure 3. Actuation profiles. The ten actuation profiles were used in the metabolic cost and biomechanics evalua-
tion protocol.

We measured oxygen consumption and carbon dioxide production using indirect calorimetry (K5, Cos-
med, Rome, Italy). By applying the Brockway equation [33], we converted the breath-by-breath meas-
urements to watts per kilogram (W kg'). We averaged the breath-by-breath data in the final two minutes
to estimate the steady-state metabolic rate of the resting trial and the conditions at the beginning of
each block. We estimated the steady-state metabolic rates for conditions that only lasted 2 minutes by
fitting the breath-by-breath data immediately after transitioning to each new condition until just before
the change to the next condition with an exponential function and estimating the asymptote [34,35]. We
calculated the net metabolic rate of walking by subtracting the metabolic rate of standing at rest from
the metabolic rate under each walking condition.

We also recorded 3D kinematics using motion capture (VICON Vero, Oxford Metrics, Yarnton, U.K.;
2000 Hz) from 23 reflective markers placed on anatomical landmarks on the skin, tight-fitting suit, or
the exterior of the shoes according to a modified Helen Hayes marker set [36]. Kinematic data were
tracked from each condition in Nexus software (Vicon Motion Systems Inc., Oxford, United Kingdom)
and exported as a Visual 3D file (Visual 3D, C-Motion, Germantown, MD) for further processing. We
filtered the ground reaction forces with a low-pass Butterworth filter with a 6 Hz cut-off and processed
motion capture data using OpenSim (version 4.0, SimTK, Santa Clara County, California; [37,38]) with
the model from Rajagopal et al., [37,39]. After scaling the model based on motion capture data from a
static pose with the "adjust model markers" and "preserve mass distribution" options, we adjusted the
calculated mass distribution to account for the exoskeleton's mass (5.77 kg). We used the inverse kin-
ematics tool to estimate joint kinematics from the marker data, restricting the ankle and knee motion to
one degree of freedom (flexion and extension) but utilizing all three degrees of freedom for the hip to
simulate walking's hip movement realistically. We applied the inverse dynamics tool with a 6 Hz cut-off
filter setting for marker coordinates to compute joint moments.

To calculate the exoskeleton's applied torque on the hip joint, we measured the force of each sensor
on the exoskeleton and multiplied this by the lever arm versus the hip. We assumed a fixed value (10
cm) for the lever arm. The multiplication of the force and lever arm yielded the applied torque on the hip
joint. To calculate the biological moment for the hip, we subtracted the exoskeletal torque from the total
moment while reporting the total external moments for the ankle and knee. In addition to investigating
the effects on the hip, knee, and ankle moments and powers, we also investigated the effects on the
total leg power based on the multiplication of center of mass velocity and ground reaction force using
the methods from Donelan and Kuo [40]. In this analysis, we looked at the effects of the different neg-
ative and positive work bursts that occur throughout the stride: collision, rebound, preload, and push-
off.

Finally, we analyzed the processed data in MATLAB (MathWorks, Natick, MA). We segmented all data
into strides that began at the ipsilateral heel strike and ended with the next ipsilateral heel strike based
on foot contact detection from ground reaction force data. Outliers were detected by examining how
well signals remained within a band defined by the median plus-minus 1.5 times the interquartile range
and removed outlying strides [41].



2.5. Statistical Analyses

All metabolic cost and biomechanical variables were analyzed by reporting means and standard error
across participants for each condition. We conducted a linear mixed-effects model analysis to examine
the effects and interactions of the timing and magnitude of torque profiles on the metabolic rate and
biomechanical variables (Equation 1). In this analysis, the participants were considered to be the ran-
dom factor. Since there were only two magnitude settings, we evaluated only a linear effect of magni-
tude in the equation. We considered a second-order effect for timing, hypothesizing a U-shaped trend
in metabolic cost versus timing. We also multiplied both timing terms by magnitude because the effect
of timing could not exist without actuation magnitude. Additionally, we included a constant offset term,
resulting in the following regression equation:

Mag % (c1 x Tim?2 + c2 x Tim) + ¢z x Mag + c4

In this equation, 'Tim' and 'Mag' symbolize the desired end-timing and peak torque magnitude. We
started with this initial model and removed non-significant terms stepwise until only significant terms
remained. To compare the differences between the Power-On conditions versus the Power-Off and No-
Exo conditions, we conducted paired t-tests. We performed all statistical analyses in MATLAB (Math-
Works, Natick, MA, USA) and set the significance threshold at 0.05.

3. Results

3.1. Device Optimization Results

It is known that series elasticity can influence actuator control performance, with high stiffness offering
quicker response times but possibly more noise and low stiffness potentially enhancing force tracking
but causing a delay [42—44]. To find the optimal stiffness for the spring in series with the hip extension
actuation, we tested nine different springs ranging from 892 to 30'000 Nm-'. We examined the effects
on within-stride RMSE, between-stride RMSE, and oscillation level, using effective stiffness measured
by plotting force change against length change as an independent parameter. The results did not reveal
a clear single trend, possibly due to varying spring designs from different suppliers. Nevertheless, a
stiffness of 4438 Nm-' was generally found to strike the best balance between the difference error met-
rics, and this value was used in subsequent tests.
Next, we performed a series of experiments to investigate the optimal settings for the three force-track-
ing parameters: the proportional gain (Kp), which modifies the actuator control signal in relation to the
error; the integral gain (Ki), which adjusts the control signal based on the accumulated integral of the
error, and the derivative gain (Kd), which adjusts the control signal based on the derivative for the error.
First, we varied Kp from 10 to 110, holding Ki and Kd at 0. Based on this experiment, we identified the
optimal Kp to be at 95 (Figure 5). Next, we changed Ki from 0 to 0.025, keeping Kp at its optimized
setting and Kd at 0. Based on this second sweep, we identified that the optimal Ki was at 0 (Figure 4).
Finally, we evaluated the effect of changing Kd from 0 to 0.2 while keeping Kp at 95 and Ki at zero. This
test did not show a clear effect of Kd; hence, we kept Kd at zero for future tests. It could be possible
that the fact that Kd and Ki did not have a clear effect is due to the fact that the optimized spring already
improves the force tracking.

The optimized settings produced a within-stride RMSE of 1.06 Nm, a between-stride RMSE of 0.008
Nm, and an oscillation level of 0.014. In the further metabolic cost and biomechanical parameter eval-
uations, we only slightly adjusted Kp depending on the participant but kept Ki and Kd at zero.

(1)
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Figure 4. Gain tuning results. (a), (b), and (c) Effects of tuning proportional gain (Kp) on within-stride RSME,
between-stride RMSE, and oscillation level. (d), (e), and (f) Effects of tuning integral gain (Ki) on within-stride
RSME, between-stride RMSE, and oscillation level. Based on these tests, in further experiments, Kp and Ki were

set to 95 and 0, respectively.

3.2. Metabolic Cost and Biomechanics Evaluation Protocol Results

The programmed desired actuation profile conditions resulted in actual end-timings ranging from 24.8
+ 1.3 % of the stride (mean £ S.D. of all early conditions) in the earliest condition to 49.6 £ 1.1 % in the
latest condition. The peak magnitudes ranged from 0.0479 + 0.0084 Nm kg~ in the low magnitude con-
ditions to 0.1102 £ 0.0163 Nm kg in the high magnitude conditions.

According to the following equation, we observed a significant effect of timing and magnitude on the
change in metabolic rate versus the no-assist condition (Figure 5).

Change in metabolic rate (%) ~ -1.68 x Mag (Nm kg') x Tim (%) (2)

The interaction term p was the only one required to fit the data (p-value of interaction term: pmagxtim =
9x10) significantly. The other terms from the initial model (Equation 1) were insignificant and removed
during the stepwise elimination. The trend shows that conditions with greater peak torques and later
end-timing produced a greater reduction in metabolic rate. The largest decrease in metabolic rate was
9.1+£12.5% (mean = S.D., p = 0.047, paired t-test between Power-On and Power-Off conditions). This
reduction occurred in the highest assistance magnitude and the second latest end-timing. None of the
conditions reduced metabolic rate compared to the No-Exo condition. The metabolic rate in the No-Exo
condition was 4.8% lower than in the best assistance condition.
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We also observed significant interactions of timing and magnitude on the mean biological hip extension
moment, preload work rate, and push-off work rate:

Mean biological hip extension moment (Nm kg-') ~
-0.011 x Mag (Nm kg-") x Tim (%) + 0.361
(pMangim = 0.006 and Pintercept = 3"10'37)

Preload work rate (W kg') ~
0.001 x Mag (Nm kg') x Tim? (%) — 1.759
(pMag><Tim2 =0.045 and Pintercept = 2x10'24)

Push-off work rate (W kg') ~
-0.114 x Mag (Nm kg') x Tim (%) + 3.470x Mag (Nm kg') + 1.873
(PMagxTim = 3%104, pmag = 0.013 and pintercept = 2x10-31)

For each of these three biomechanical variables, the trends were such that later end-timings and greater
assistance magnitude resulted in smaller peak torques and powers. There were no other significant
effects on ankle or knee torques and powers.
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Figure 6. Effect of timing and magnitude on biomechanical parameters. (a) Biological hip moment. Positive values
represent extension moments, and colored lines in the left figure represent the different timings with low assistance
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timing and magnitude on the mean positive biological hip extension moment from panel a. (c) Leg power calculated
using the individual limb method. Arrows indicate the different work bursts that showed significant effects in panels
d and E. (d) Preload work rate from panel c. (e) Push-off work rate from panel c.

4. Discussion

Our study describes the design and evaluation of a semi-rigid hip exoskeleton. In the first part of the
manuscript, we explain how optimizing the proportional gain reduced the within-stride RMSE to about
1 Nm. In the second part, we describe how human experiments with the optimized exoskeleton show
that, compared to the Power-Off condition, the greatest reduction of 9.1% was found in the condition
with the greatest peak torque and the second-latest end-timing. We found an interaction of magnitude
but no isolated effects of timing or magnitude. Furthermore, none of the conditions reduced metabolic
rate compared to the No-Exo condition.

It was surprising that we did not find a clear trend showing optimal stiffness or derivative gain's effect
with this exoskeleton. This contrasts with experiments involving other types of wearable robots, such
as ankle exoskeletons or a robotic waist tether, which show the presence of an optimal series elastic
stiffness that improves force tracking [32,45]. Regarding the investigation of the effect of stiffness, it is
important to note that we used a range of coil springs with different dimensions and masses to cover
the sweep range (McMaster-Carr, ElImhurst, IL, USA). These diverse material properties may affect the
RMSE in various ways; for instance, springs with a heavier mass might oscillate differently. This varia-
bility could have contributed to the inability to observe a clear trend.

The achieved optimal RMSE was approximately 1 Nm, constituting around 35.5% of the peak torque
in magnitude conditions and 15.2% in high-magnitude conditions. This substantial variability is likely
attributed to the inherent challenges associated with a semi-rigid design, such as the movement of
components on the participant. This variability may explain the relatively large fluctuations observed in
metabolic effects. Our metabolic cost and biomechanical evaluation protocol identified a trend indicating
a greater reduction with later end-timing and increased assistance magnitude. Other biomechanical



parameters exhibiting significant trends in relation to timing and magnitude help elucidate why later
timing and magnitude contributed to a reduction in metabolic cost. As anticipated, we observed that the
timing and magnitude that reduced metabolic cost also decreased the biological component of the hip
extension moment. The greater reduction observed with increased magnitude and later end-timing is
likely due to the exoskeleton torque more effectively covering a larger portion of the extension burst in
the total hip moment.

More surprising were the reductions in leg power during the preload and push-off phases, where the
push-off phase primarily relies on ankle push-off from the center-of-mass power. It is established that
walking with a more intensive hip extension diminishes the need for push-offs and vice versa [46].
Hence, the hip exoskeleton's greater magnitude and later-end timing may increase total hip extension
and reduce the push-off requirement. The finding that later end-timing reduces metabolic rate aligns
with results from studies on other hip assistance devices. Ding et al. utilized a human-in-the-loop ap-
proach to optimize peak timing and end-timing, discovering that optimal conditions often featured an
end-timing close to the maximal range set for the experiment [47]. In both our study and theirs, the
optimal end-timing was later than when the biological hip extension moment ended. This highlights that
the optimal assistance pattern does not necessarily mirror physical kinetics [48].

Limitations of the study include the relatively high variability in the actual actuation patterns and their
effects on metabolic cost. Due to this variability, no conditions were found to significantly reduce the
metabolic rate compared to walking without the exoskeleton. In the No-Exo condition, the metabolic
cost was approximately 4.8% lower than in the best assistance condition. Considering that the exoskel-
eton mass of 5.77 kg is primarily situated around the waist, and each additional kilogram results in
roughly a 1% increase in metabolic cost [18], theoretically reducing the exoskeleton mass could bring
the cost of the best assistance condition close to walking without the exoskeleton. It is possible that the
exoskeleton would work better in populations who have a more impaired gait; however, this is unknown
at this point, and it is also possible that the exoskeleton would be less effective in such populations. To
achieve greater reductions in metabolic cost, it will likely be necessary further to enhance the fit and
comfort of the exoskeleton design and optimize other parameters of the actuation pattern (e.g., onset
time, peak time, peak magnitude), as studies have shown that these parameters all impact metabolic
cost [49]. Optimizing multiple parameters simultaneously could be achieved through human-in-the-loop
optimization. Our group is currently working developing lighter and simpler passive-elastic exoskeletons
to address this limitation. Additionally, as highlighted in previous research, users' adaptation to the ex-
oskeleton is crucial for optimizing its effectiveness [50]. In the present study, participants only walked
for approximately 4 minutes in each condition. It is possible that longer habituation, potentially involving
multiple sessions, could have influenced the results..

5. Conclusion

The present study demonstrates the effects of a semi-rigid design in assisting walking, making progress
compared to previous efforts with semi-rigid designs that predominantly focused on static activities,
such as sit-to-stand transitions. Our findings revealed a trend of greater reductions in metabolic cost
with later timings and greater magnitudes. In comparison to walking with the exoskeleton powered off,
the largest reduction, 9.1%, was observed with an end-timing at 44.6% of the stride cycle and a peak
magnitude of 0.11 Nm kg'. None of the tested conditions reduced the metabolic cost below that of
walking without the exoskeleton. To achieve more substantial reductions in metabolic cost, further re-
finement of the exoskeleton design and optimization of other aspects of the actuation pattern will be
necessary.

Supplementary Materials: The following supporting information can be downloaded at: ..., Data D1: MATLAB
source data of Metabolic cost and Biomechanics evaluation protocol.
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