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ABSTRACT Assistive single-joint lower-limb exoskeletons have shown potential clinical benefits in
patients with gait deficiencies. Torque-controlled exoskeletons, unlike position-controlled exoskeletons,
do not restrict voluntary movements, allowing for safer interaction with the user. A torque-controlled hip
flexion/extension exoskeleton intended for individuals with cerebral palsy is presented in this paper. The
overarching research objective is to mitigate hip extension deficit and excessive hip flexion observed in
crouch gait and apparent equinus gait patterns, which may be achieved by providing an extension torque
during the stance phase. We expound on the design of an exoskeleton capable of performing this task,
including a detailed discussion of the design, torque control, and benchmarking of its actuators. The device
features series elastic actuators with a low output impedance and individualized orthotics designed using
algorithmic 3D modeling and manufactured using additive manufacturing technologies. The exoskeleton’s
mechanical structure, orthotics, control, user interface, and safety functions are presented. A performance
evaluation was conducted through a trial on an unimpaired participant (174 cm, 74.5 kg). Up to 35 Nm of
extension torque during stance could be achieved duringwalking on a treadmill with a stride time of 1.2 s. The
participant was asked to simulate a crouched gait and experienced a lifting sensation at approximately 16 Nm
of extension torque during stance, making it difficult to maintain the crouch.

INDEX TERMS Actuators, exoskeletons, rehabilitation robotics, torque control.

I. INTRODUCTION
Cerebral Palsy (CP) is a neurological condition caused by
a lesion in the developing brain of a child, permanently
affectingmotor function [1]. CP is estimated to occur in 1.5 to
3 in 1000 live births in Europe [2]. Although CP causes motor
function impairment, approximately 70% of CP children are
ambulatory [3]. According to Beckung et al. [4], 50% of CP
children can walk without assistance and a further 16% need
walking aids. The level ofmotor impairment varies amongCP
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patients, ranging frommild to severe. The GrossMotor Func-
tion Classification System (GMFCS) is a five-tier scale (I,
II,. . .V) [5] used to classify CP patients [6]. CP children clas-
sified as GMFCS I (walking without limitations), GMFCS
II (walking with limitations), and GMFCS III (walks using
a hand-held mobility device) could benefit from assistive
robotic technologies allowing voluntary movements, such as
torque- or force-controlled exoskeletons.

Children with CP can develop a pathological gait because
of spasticity, muscle weakness, and reduced neuromuscular
control [5]. The motion of multiple joints can deviate from
typical gait. Clinicians classify the gait into six patterns [3]:
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(1) genu recurvatum, (2) drop foot, (3) true equinus, (4) jump
gait, (5) apparent equinus, and (6) crouch gait. Apparent equi-
nus and crouch gait feature excessive hip and knee flexion
during stance. Hip extension deficit and continuous excessive
hip flexion are observed significantly more frequently in
GMFCS II and GMFCS III, with respect to GMFCS I [1].
Commercially available lower-limb exoskeletons have

been used for gait training of CP patients, such as the Hybrid
Assistive Limb (HAL®) by Cyberdyne Inc, which has been
tested extensively on CP patients [7], [8], [9], [10]. The HAL
contains four actuated degrees of freedom (DOFs), located at
the hip and knee to assist sagittal plane motions. A pediatric
version of the HAL (2SHAL) was recently developed [7].
Significant improvements were demonstrated in spatiotem-
poral gait parameters such as cadence, walking speed, single-
leg support phase, and hip angle during the swing phase [8].
However, these exoskeletons are usually position controlled,
which imposes the motion, restricts voluntary movements,
and may even result in injury, especially in CP, because of
muscle contractures and spasticity [11].
To overcome these position control limitations, researchers

have been developing compliant exoskeletons. Marsi Bion-
ics, a spin-off of the Centro de Automática y Robótica
(CAR), a joint center of the Universidad Politécnica de
Madrid (UPM), has developed the Atlas Pediatric Exo
2030, a pediatric active Trunk-Hip-Knee-Ankle-Foot Ortho-
sis (THKAFO) [12]. It has six actuated DOFs, 3 per
leg: hip and knee flexion/extension and ankle dorsiflex-
ion/plantarflexion. The actuators at the knee and hip are
variable stiffness actuators (VSA). The passive compliance of
the knee and ankle joint can be adjusted using a second motor
during operation. The hip joint is a regular rotary series elastic
actuator (SEA) with fixed compliance. Furthermore, the knee
joint features a locking mechanism, which can make this joint
into a passive mechanism on demand [13]. Other researchers
have designed exoskeletons that interact with a single joint,
e.g., the ankle joint [14], [15], the knee joint [16] and the hip
joint [17].

Giovacchini et al. [18] designed an active pelvis orthosis
(APO), a hip flexion and extension exoskeleton intended
for gait assistance in the elderly. The authors showed that
torque-controlled SEAs can be successfully integrated into
a hip exoskeleton and can provide gait-synchronized torque
assistance. Gait synchronization was achieved through the
use of adaptive oscillators. The authors noted the need for
sufficiently stable orthotics. Recent research on powered
ankle-foot orthotics confirmed that individualized orthotics
reduce relativemotion between the body and the orthotics and
increase power transmission efficiency [19].
Kang et al. [20] designed a SEA-based bilateral hip

exoskeleton and investigated the effect of properly timed
assistive torques on the metabolic cost of walking in unim-
paired participants. A trapezoidal flexion torque setpoint
during the swing phase and a trapezoidal extension torque
setpoint during the stance phase were provided. Four assis-

tive torque magnitudes, relative to the biological peak joint
torques, were tested: 0%, 13%, 26%, and 40%. A U-
shaped trendwas observed between assistancemagnitude and
metabolic cost. Moreover, when optimized, a 6% average
reduction in metabolic cost was observed, showing that a
simple assistive torque scheme, when timed and scaled appro-
priately, can aid humans in expending less energy during
walking. Gait synchronization was achieved by recording
the time between heel strikes, using force-sensitive resistors
(FSRs), and employing the moving average of the five most
recent stride times to extrapolate the progression of the cur-
rent gait cycle. This method introduces a delay that can lead to
improperly timed assistance in case of inconsistent walking
speed.

Recently, Bishe et al. [17] designed a hip flexion and
extension exoskeleton with a user-adaptive high-level control
strategy. The authors performed a feasibility study on a single
adult with CP. The study showed reduced metabolic cost
(15%), hip flexion (14◦), hip flexor muscle activity (23%),
and extensor muscle activity (46%). FSRs incorporated into
the shoe soles were used for gait synchronization and hip
torque estimation. These sensors are known to have low
durability [21].
Our research aims to investigate the feasibility of

a torque-controlled hip flexion/extension exoskeleton to
achieve clinical benefits for patients with motor function
impairments such as CP. We hypothesize that providing
extension torque during one or more stance phases (loading
response, midstance, terminal stance) could reduce hip exten-
sion deficit and continuous excessive hip flexion in crouch
gait and apparent equinus CP gait patterns.

Our aim with this work was to develop a hip exoskeleton
that satisfies these requirements: (1) The actuators must be
capable of delivering sufficient torque. (2) Torque control
must possess adequate bandwidth and tracking precision. (3)
The orthotics must transmit torque to the body without caus-
ing any discomfort. (4) Hip abduction and adduction should
be feasible without causing excessive relative motion and
pressure between the orthotics and the body. (5) The detection
of gait phases must be dependable and real-time, without any
unnecessary delays. A recent review of mechanical design
principles of compliant exoskeletons reveals a lack of detailed
technical information regarding these devices [22]. There-
fore, a comprehensive description of our device is given.

The structure of this paper is as follows. First, the
system components are presented at a high level of
abstraction. Second, the design, torque control, and bench-
marking sections discuss the actuators in detail. The bench-
mark comprises the controlled system’s time and frequency
domain response and an output impedance characterization.
Third, the exoskeleton’s mechanical structure, orthotics, and
abduction/adduction mechanism are presented. Fourth, the
exoskeleton’s control, user interface, operation, and safety are
discussed. Fifth, a trial on an unimpaired participant is pre-
sented, wherein the performance of the transparent mode, the
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maximum torque capability, and the effect of extension torque
during stance on simulated crouch gait are investigated.
Finally, the main findings are summarized, and suggestions
for future work and improvements to the exoskeleton are
given.

II. MOTION HIP EXOSKELETON
A. SYSTEM DESCRIPTION
The system architecture, shown in Fig. 1, consisted of
on-board and off-board components, as is indicated by the
dashed vertical line. The right leg components were omit-
ted because of symmetry. The control system consisted of
a laptop running MATLAB (MathWorks Inc.) and a user
interface designed in MATLAB App Designer. The real-time
software was designed using Simulink Real-time, and the
control tasks were executed at 1 kHz. The code was compiled
to run on a ‘‘Unit’’ Real-time target machine (Speedgoat
GmbH, Switzerland). The target was connected to the host
PC with the host link port, and the ETH1 port was configured
as EtherCAT master, which handled all I/O on the exoskele-
ton. The EtherCAT network consists of a remote I/O node
(EK1100 bus coupler, EL5042 2x BiSS-C encoder inputs,
EL3102 2x -10/+10V analog inputs, Beckhoff Automation
GmbH & Co. KG, Germany), two motor controllers (EPOS4
Compact 50/15 Ethercat’’ positioning controller, article No.
605299, maxon motor AG, Switzerland) and two IMUs (Mti-
1, Xsens Technologies BV, Netherlands, EtherCAT slave
board by Gable systems BVBA, Netherlands). The on-board
electronics also contain a custom PCB with the following
functions: 3 × 2 RJ45 connectors for EtherCAT patching,
a 24V-5V DC-DC converter (TSR 1-2450, TRACO Power)
to power the IMUs, voltage sensing using a voltage divider,
and current sensing utilizing a shunt resistor and an amplifier
(INA191, Texas instruments Incorporated). A safety circuit
was implemented in hardware using the Safe-Torque-Off
(STO) inputs on the motor controllers. An enabling switch
(XY2AU1, Schneider Electric), which has two contacts that
break when the operator releases or hard-presses the grip but-
ton, was connected to a safety relay (Pnoz s4+s7, Pilz GmbH
& Co. KG, Germany). Each motor controller has 2 STO
inputs and was wired to two safety relay contacts. The motor
controllers were powered by an AC/DC 24V 20A power sup-
ply (TRIO-PS/1AC/24DC/20, article No. 2866381, Phoenix
Contact). To prevent voltage spikes when energy is fed back
to the power supply, a shunt regulator set to 27 VDC was
placed in parallel with the power supply as an off-board
component (DSR50/5, article No. 309687, maxon motor AG,
Switzerland). A second AC/DC 24V power supply was used
to power the remote I/O to protect it from voltage spikes. The
SEA is described further in section II-B.

B. ACTUATOR DESIGN
A novel SEA was designed and is presented in Fig. 2.
In previous work [23], we presented the selection of a fea-
sible motor and reduction ratio combination (based on [24])

FIGURE 1. Exoskeleton system diagram.

and the spring stiffness, using numerical methods and gait
data, which reduced the risk of undersizing the actua-
tor [25]. The SEA consists of the following components:
(Fig. 2, A) a BLDC motor (EC60 flat-150W-24V, article
No. 625858, maxon motor AG, Switzerland) with a built-in
incremental encoder (Encoder MILE, 4096 counts per turn,
2-channel, with line driver, article No. 651168), (Fig. 2, B)
a harmonic drive (HD) (SHD20-80-2SH, Harmonic Drive
SE, Germany), requiring specialized grease (SK-1A), and
with a reduction ratio of 81, when the flex spline (FS) is
the velocity reference, (Fig. 2, C) deep groove ball bear-
ings of size 45 mm × 58 mm × 7 mm (6809ZZ, NSK
Ltd., Japan), (Fig. 2, D) a magnetic absolute single-turn
encoder (AKSIM-2, Renishaw PLC, England) consisting of
a magnetic ring (MRA053BC030DSE00) and a read head
(MB053DCC20BENT00), and (Fig. 2, E) a slotted optical
switch to signal zero-torque (EE-SX3162-P2, Omron Cor-
poration, Japan). Furthermore, the SEA contains a custom
machined spring (Fig. 2, F). The actuator’s mechanical con-
nection to the exoskeleton’s corset is referred to as the output
hub (Fig. 2, G), and the connection to the lever arm that
connects to the thigh cuff is referred to as the output shaft
(Fig. 2, H). Fig. 3 shows the four rigid bodies of the SEA.

• Body 1 is the rotor of the BLDCmotor, connected to the
wave generator (WG) of the HD.

• Body 2 is the stator of the BLDC motor, connected to
the FS of the HD, and the spring.

• Body 3 is the HD’s circular spline (CS), connected to the
actuator’s output shaft.

• Body 4 is the output hub of the actuator, which is con-
nected to the other side of the spring.

The positions and velocities of rigid bodies 1, 2, and 3 are
related through the HD reduction ratio, N , by equation (1).

N =
θ1 − θ2

θ3 − θ2
= 81. (1)
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FIGURE 2. Series elastic actuator component overview: (a) side view and
(b) section view. Components: BLDC motor and encoder (A), Harmonic
Drive (B), ball bearings (C), output encoder (D), optical slotted switch (E),
series spring (F), output hub (G), and output shaft (H).

The angular position of body i about the actuator axis, relative
to an arbitrary fixed reference, is expressed as θi, and when all
angular positions are zero, the spring is unloaded (θ2 = θ4).
An essential physical quantity of an actuator is the apparent

moment of inertia, which should be minimized for a fast
dynamic response. For stiff actuators, the moment of inertia
of the motor’s rotor must be multiplied by N 2. However,
in our SEA in locked-output configuration, body 2 rotates
in the opposite direction of body 1, resulting in an apparent
moment of inertia Ieq at the output given by (2), wherein Ii is
the moment of inertia of body i (as defined in Fig. 3) about
the actuator axis.

Ieq = (N − 1)2I1 + I2. (2)

Using this counter-rotating setup, a reduction of the apparent
moment of inertia relative to a stiff actuator can be attained if:
I2/I1 < 2N − 1. The moments of inertia of the bodies about
the rotation axis were estimated using CAD software (Solid-
Works 2020), using the approximate geometry and material
density of the parts that make up these bodies. In the case
of this SEA, the apparent moment of inertia was reduced by
2.3% relative to a stiff actuator.

Another benefit of this setup is the possible lowering of the
motor torque feed-through to the net output torque, i.e., the
sum of the torques at the output hub and output shaft, during
the transient response. The feed-through can be eliminated by
tailoring themoments of inertia of bodies 1 and 2 to ensure the
net angular momentum of the internal actuator components
remains zero in the locked-output configuration if: I2/I1 =

N − 1.

C. ACTUATOR TORQUE CONTROL
Torque sensing is a prerequisite for closed-loop torque con-
trol. Since a SEA includes an elastic element by design,
the torque can be calculated by measuring the deflection of
this element and using the identified spring characteristic.
Two relative angular positions are measured using the motor
encoder (1θmot ) and the output encoder (1θout ). The motor
encoder is an incremental encoder and measures the rotor
(body 1) position of the BLDC motor relative to the stator

FIGURE 3. Series elastic actuator body diagram. The rigid bodies are
numbered 1 through 4.

(body 2). This measurement can be zeroed at an arbitrary
position.

1θmot = θ1 − θ2 (3)

The output encoder is an absolute, single-turn encoder and
measures the position of the actuator’s output shaft (body 3)
relative to the output hub (body 4). The reference position
θout,ref can be arbitrarily chosen.

1θout = θ3 − θ4 = θout − θout,ref (4)

For convenience in torque calculation, the motor encoder is
zeroed while the spring is unloaded. The absolute encoder
measurement in this state must be saved as the reference
position, θout,ref , in a procedure we named zero-torque
homing (ZTH). The unloaded spring state is detected using
the optical slotted switch, which signals if ZTH is allowed.
The relative output position is determined by subtracting
the reference from the measured position, using (4). The
spring is inserted between bodies 2 and 4. The relationship
between the spring torque τ and spring deflection ϕ is nearly
linear and is characterized by the spring rate K , which was
experimentally identified in Section II-D. The spring torque
is readily calculated using (5).

τ = Kϕ = K (θ4 − θ2) (5)

A formula expressing the spring deflection ϕ as a function of
the encoder measurements is needed. Inserting θ3 − θ3 and
(1) into (5) and rearranging yields:

ϕ = θ3 − θ2 − (θ3 − θ4) = 1θmot/N − 1θout (6)

The HD introduces a 1/60◦ backlash. Accounting for this
backlash and the encoder resolutions (motor: 12 bit, out-
put: 20 bit), the error interval of ϕ is estimated to be:√
(2π/(N212))2 + (2π/220)2 + ((π/180)(1/60))2 = 2.92 ·

10−4rad. The backlash dominates the error because it is
approximately 15 times larger than the next largest error on
1θmot .
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FIGURE 4. Torque controller block diagram.

Exoskeletons have time-varying load-side dynamics and
are subject to unknown disturbances of a human interacting
with the device. Various controller architectures have been
used for closed-loop torque control of SEAs [26]. A fre-
quently used robust control tool is the disturbance observer
(DOB), which rejects disturbances and handles model param-
eter uncertainty by subtracting an estimated lumped distur-
bance d̂ from the system input [27]. The selected low-level
torque control architecture for our SEA, shown in Fig. 4,
consists of a PD compensator with feedforward, and a DOB
on the outer loop. Paine et al. proposed this controller for
the decentralized torque control of SEAs in the NASA-JSC
Valkyrie Humanoid Robot [28], [29]. The nominal controlled
plant, Pc,nom, contains the SEA plant (P) in the locked-output
configuration Pnom, in which the SEA can be approximated
as a second-order mass-spring-damper system given by (7).

Pnom(s) =
K N

I s2 + B s+ K
(7)

The formula for the PD compensator is denoted in (8).

PD(s) = kp +
Fd kd s
Fd + s

(8)

The derivative term is first-order lowpass filtered, with a
cutoff pulsatance of Fd , to attenuate high-frequency noise.
The solution of the Pc,nom block diagram is denoted in (9).

Pc,nom(s) =

K + K N
(
kp +

Fd kd s
Fd+s

)
K N

(
kp +

Fd kd s
Fd+s

)
+ I s2 + B s+ K

(9)

Equation (10) denotes the transfer function of a second-order
Butterworth filter, with cutoff pulsatance Fb.

Q(s) =
Fb2

Fb2 +
√
2Fb s+ s2

(10)

Inverting (9) and performing multiplication with (10) yields
the DOB transfer function. In the theoretical analysis by
Paine, the lowpass filter on the derivative term was omitted,
and the proportional gain (kp) and derivative gain (kd ) were
determined by placing the poles of the resulting closed-loop,
second-order system. All systems were considered linear
time-invariant, and nonlinear effects in real systems, such
as motor saturation and transport delay, were ignored in

TABLE 1. Used controller parameters.

this analysis. (Recently, Lin et al. [30] have developed a con-
troller that models some nonlinear effects, such as the gravity
of a load-side pendulum and Coulomb friction, by estimat-
ing multiple model parameters, including the disturbance.)
Section II-D discusses the issues attributed to nonlinearity
and the added setpoint smoothing to mitigate the adverse
effects. The formulas for gain setting [29], reliant on pole
placement, did not produce a satisfactory response in our
system. The gains were tuned by modeling the system in
Simulink using both continuous and discrete-time blocks
(hybrid model). The autotune feature of the Simulink PID
block was then employed to find good values for kp and kd .
The used controller parameters are denoted in Table 1.
Laplace transform methods are the most prevalent way

of designing continuous-time controllers for continuous-time
plants. A controller designed this way must be discretized for
execution on a digital computer. A discrete-time equivalent
that behaves similarly to the continuous-time system at the
sample instances must be constructed. The control engineer
has several options to perform this discretization. For exam-
ple, the hold logic of the D/A converter can be accounted for
using the step invariant method (zero-order holdD/A logic) or
the ramp invariant method (first-order hold D/A logic). Other
methods approximate the differentiation by substituting the
Laplace variable s with a rational function of z, such as the
forward difference, backward difference, and Tustin method.
Recently, other s-to-z domain mappings that ameliorate oscil-
lations due to sudden input changes, sudden disturbances,
and non-zero initial values are being researched [31]. The
Tustin method provides a good frequency response match
and retains stability between the continuous and discrete-time
domains, although frequency warping occurs [32]. These
discretization methods differ in mathematical complexity.
The step invariant and impulse invariant methods require
partial fraction expansion and calculation or lookup of inverse
Laplace transforms and Z-transforms. Although there is a
MATLAB function for these discretization methods, the c2d
function, the Speedgoat real-time target does not support it.
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This hinders tuning efforts because the DOB needs to be
re-discretized when the controller gains are changed. A sym-
bolic form of the discrete-time transfer function is the most
convenient. The Tustin method involves a substitution of the
Laplace variable s by s′ = (2/T )·(z−1)/(z+1). This substitu-
tion was performed on all system components that run on the
real-time controller: PD(s), Q(s) and P−1

c,nom(s)Q(s), using a
sample time (T ) of 0.001 s. The resulting discrete-time trans-
fer functions are rational, and the numerator and denominator
can be grouped according to the powers of z, yielding a set
of coefficients expressed as functions of the system param-
eters of the continuous-time system. To avoid error-prone
manual calculations, symbolic math software (e.g., MAT-
LAB Symbolic Math Toolbox) is recommended for this step.
The resulting transfer functions’ numerator and denominator
polynomial coefficients are recalculated in real-time and fed
into a Simulink discrete tranfer fcn block. Alternatively, the
functions can be transformed into executable difference equa-
tions, for implementation in other programming languages,
by rewriting the transfer functions in terms of zn with n <

0 and using Z-transform pair znX (z) ↔ x(k + n). It should
be noted that converting Q(s) to the discrete domain, Q(z),
using the Tustin method, makes the transfer function direct
feed-through and introduces an algebraic loop that was elim-
inated by adding a unit delay block, z−1.

D. ACTUATOR BENCHMARK
This section elaborates on the performance benchmarking
experiments performed on the actuators. The bode plots
presented in this section were generated from experimental
data using the MATLAB Signal Processing toolbox function
tfestimate. The signals were windowed using hamming win-
dows with 50% overlap, and the window length varied across
experiments, depending on the lowest frequency contained in
the chirp excitation signal.

The spring stiffness was the first parameter to be iden-
tified. A test setup (Fig. 5) was built, featuring the SEA
(Fig. 5, A), a 200 mm lever arm (Fig. 5, B), and an S-beam
loadcell (Fig. 5, C) rated for 250 N. The loadcell (SSMF,
Interface, Inc., United States) was connected to the Ether-
CAT network (EL3356-0010, Beckhoff Automation GmbH
& Co. KG, Germany). A maximum torque (τmax) of approx-
imately 20 Nm was targeted for this experiment because of
the continuous torque limit of the motor. A complete loading
cycle, +τmax to −τmax and back to +τmax , was performed
to capture the hysteresis. A positive deflection causes the
helix to wind up. A negative deflection causes the helix to
unwind. The spring deflection ϕ was calculated using the
built-in encoder measurements. The torque τ was measured
by multiplying the load cell force by the lever arm’s length
(0.2 m). Consistent fit results were obtained across iterations,
withR2 values greater than 0.9995, and a value of 200Nm/rad
was adopted. Hereafter, all torque measurements are calcu-
lated by multiplying the measured spring deflection with this
identified spring stiffness. Thus, they are subject to inaccura-

FIGURE 5. Spring stiffness identification (a) test setup,
(b) measurements, and (c) residuals of the fit.

cies caused by the encoder system, backlash in the HD, and
hysteresis.

Subsequent experiments were carried out using the
mechanical output configurations, shown in Fig. 6. The
locked-output configuration was used to identify an approxi-
mate second-order system necessary for the DOB and simu-
lation purposes. A logarithmic chirp signal with a frequency
ranging from 1 Hz to 500 Hz and with an amplitude of
0.15 Nm was commanded to the motor. Fig. 10 shows the
bode plot of this experiment. By fitting the data to (7) using
the MATLAB System Identification Toolbox and setting the
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FIGURE 6. Mechanical output configurations: (a) pendulum,
(b) locked-output, and (c) servo.

transport delay to themeasured value of 5ms, these numerical
results were obtained: N = 73.51, K = 200Nm/rad, B =

6.982Nm · s/rad, I = 0.5818kg · m2. The normalized rms
error (NRMSE) based goodness-of-fit was 80%. The RL gain
is less than the reduction ratio of the gearbox due to losses in
the HD. For control purposes, we used the theoretical value:
N = 81. Frequency response experiments were performed
in the locked-output configuration on the controlled SEA
system Pc without DOB, and the excitation was applied to
τr . Step response experiments were performed on Pc with
DOB. Nonlinearities such as motor saturation and transport
delay in the control loop produce resonance in the closed-
loop response, as well as excessive overshoot and ringing in
the step response, relatively increasing with step size. These
detrimental effects were attenuated by first-order lowpass
filtering (LPFIL) and rate limiting (RLIM), respectively. The
controlled bandwidth of the SEA in locked output was deter-
mined using a 1-100 Hz logarithmic chirp torque setpoint
with 5 Nm, 10 Nm, 15 Nm, and 20 Nm amplitudes. Step
response experiments with step sizes 5 Nm and 15 Nm were
performed 20 times in 4 conditions: (1) regular step, (2)
RLIM, (3) LPFIL, and (4) both RLIM and LPFIL, which
represents the final implemented smoothing of the setpoint.
A paired t-test with unequal variance and significance fac-
tor of 5% was used to test for changes in overshoot, rise
time, and 2% settle time. The bandwidth at 5 Nm, 10 Nm,
15 Nm, and 20 Nm was found to be 13.8 Hz, 8.5 Hz, 7.0 Hz,

FIGURE 7. Bode plot of spring torque setpoint to measured spring torque
at various chirp amplitudes.

and 6.2 Hz, respectively (Fig. 7). The step response exper-
iments (Fig. 8) showed significant (p<0.05) improvements
in response metrics by using setpoint smoothing, consisting
of 300 Nm/s rate limiting to prevent saturation and 10 Hz
lowpass filtering to attenuate the closed-loop resonance.
With 5 Nm steps, overshoot decreased from 47.5% ± 1.07%
(mean±s.d.) to 20.7%± 0.78%. The rise time increased from
14.9 ms ± 0.3 ms to 16.1 ms ± 0.3 ms, and the 2% settle
time increased from 151 ms ± 0.8 ms to 163 ms ± 10 ms.
With 15 Nm steps, the overshoot decreased dramatically,
from 91.6% ± 1.1% to 1.80% ± 0.13%. While the rate-
limiting (ramp function) causes an evident increase in rise
time, 25.6 ms ± 0.5 ms to 37.9 ms ± 0.2 ms, the 2% settle
time is decreased from 411 ms ± 20 ms to 103 ms ± 5 ms,
resulting in the system reaching steady-state faster, without
ringing.

To ensure stability when the output is not locked, i.e., when
the actuator interacts with a human during gait, the controller
should be verified in the worst-case condition, i.e., minimal
output moment of inertia. The exoskeleton user’s minimum
legmoment of inertia about the hip flexion/extension axis was
estimated in 60◦ knee flexion, using regression formulas for
inertial parameters of human body parts by Patel et al. [5].
A pendulum with evenly spaced holes and configurable
moment of inertia was configured with 1 kg weight. The
position and amount of weights that produced a moment of
inertia that closely matched the approximated leg inertia were
determined by an optimization.

In the experiment shown in Fig. 9, the spring torque
setpoint is 0 Nm, and the 2.2 kg · m2 pendulum is moved
vigorously by hand during the first 3 seconds of this plot.

96212 VOLUME 11, 2023



S. De Groof et al.: Design and Control of an Individualized Hip Exoskeleton Capable

FIGURE 8. Step response to a 15 Nm step, with (a) no smoothing, (b) rate limiting 300Nm/s, (c) lowpass filtering 10 Hz, (d) rate
limiting and lowpass filtering.

The peak and rms errors are approximately 0.57 Nm and
0.25 Nm, respectively. The system remained stable with the
cut-off frequency of the lowpass filter Q set to 10 Hz.

The output impedance of the SEA is a useful measure to
quantify the resistance felt by the human interacting with
the exoskeleton. Mechanical impedance Z is defined as the
ratio between force/torque (F ,M ) through a mechanical sys-
tem and the (rotational) velocity difference (ω,v) across the
system. In Laplace form, for rotational mechanical systems,
the equation for impedance is M (s) = Z (s)ω(s). Giovacchini
et al. characterized the output impedance of their APO by
manually applying a disturbance to the output position in a
quasi-sinusoidal way [18]. This leads to an ill-defined fre-
quency spectrum, making the estimated frequency response
less accurate. In our test setup, the output impedance was
characterized by using a servo (Fig. 6c) to apply three log-
arithmic chirp velocity signals with upper frequency bounds
of 5, 7, and 10 Hz and velocity amplitudes of 1.2337, 1,
and 0.5 rad/s, respectively, to the output shaft of the SEA,
which was set to track a constant torque of 5 Nm to pre-
vent torque reversal and thus backlash in the servo-to-SEA
coupling. The lowering of the velocity amplitude at higher
frequencies prevented saturation of the motor and assured
good tracking of the velocity setpoint. Fig. 11 shows the
result of the experiments. The amplification between themea-
sured impedance and the impedance of an ideal 200 Nm/rad
spring, which approximates the incorporated spring, serves
as a performance metric of the SEA and its control system.
Table 2 shows some numerical values from the bode plot.

TABLE 2. Output impedance numerical results.

Where the plots of experiments with different velocity ampli-
tudes overlap, the experiment with the highest amplitude is
included in the table. The output impedance was equivalent
to a 12.4 Nm/rad spring at 3.2Hz (-24 dB). At 10 Hz, the
equivalent stiffness was 153 Nm/rad (-2.3dB).

E. ORTHOTICS AND MECHANICAL STRUCTURE
Researchers at Mobilab&Care designed the orthotics and
mechanical structure of the hip exoskeleton. This section
provides a summary of the design principles and materials
used. A more detailed description may be provided in future
publications by researchers at Mobilab&Care.

The exoskeleton was designed using Rhinoceros 3D mod-
eling software and the Grasshopper algorithmic 3Dmodeling
extension. Starting from a detailed 3D scanned mesh (Artec
Leo 3D scanner) of the trial participant, the inside surfaces
of the orthotics were determined. The anatomical positions
of the hip joint and the femur axis were algorithmically
estimated. Themechanical connections for the actuators were
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FIGURE 9. Pendulum experiment with 0 Nm setpoint, measured spring torque (blue), and output angle (red). During the first 3 seconds, the
pendulum is moved by hand, after which it is held motionless.

FIGURE 10. Bode plot of motor torque setpoint to measured spring
torque (blue), and the identified second-order system approximation
(red). The 5 ms delay is included in the identified system.

positioned to make the actuator axis coincide with the esti-
mated hip flexion/extension axis. An indentation was added
to the corset mesh above the iliac crest to prevent the corset
from sliding down due to gravity. The hinge, just below the
actuator, and the recirculating ball bearing rail on the thigh

FIGURE 11. Output impedance measurements using various amplitudes
of velocity chirp excitation. The purple line labeled ‘‘intrinsic K’’ is the
impedance of an ideal 200 Nm/rad spring.

cuff make up the abduction/adduction mechanism. The rail
was positioned parallel to the femur axis on the back of
the thigh cuff. The lever arm connecting the actuator shaft
to the thigh cuff was designed to fit the 3D model using
the abovementioned software. The algorithmic nature of the
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FIGURE 12. The trial participant wearing the exoskeleton (left) and a
rendering of the 3D model (right). Components: corset (A), thigh cuffs (B),
lever arms (C), rail (D), hinge (E), IMU (F), electronics (G), and actuator (H).

3D model makes it less labor-intensive to recreate similar
orthotics for a new user.

The 3D model and the physical exoskeleton for our trial
participant are shown in Fig. 12. The corset (Fig. 12, A) was
manufactured using a fused deposition modeling (FDM) 3D
printer with polylactic acid (PLA) material and reinforced
with carbon fiber. The corset was closed in the front using
velcro straps, and shoulder straps (NRX PLUS strap 30mm,
Mediroyal Nordic AB, Sweden) were used for additional
support. The thigh cuffs (Fig. 12, B) were made using a
multi-jet fusion (MJF) 3D printer with polyamide 12 (PA12)
material. The lever arm (Fig. 12, C) wasmade usingMJFwith
PA12, reinforced with braided carbon fiber tubes, and glued
to the connections using epoxy resin. The lever arm con-
nections and hinge parts were made using laser powder bed
fusion (PBF-LB/M) with AlSi10Mg material. The rail and
carriage (Fig. 12, D) contain these components: rail HDR15 -
160L G:g=20:20, and carriage: HDR15CSS, THK Co., Ltd.,
Japan). The hinge (Fig. 12, E) includes iglidur P210 sleeve
bearings, iglidur G thrust washers (Igus Gmbh, Germany),
and a shoulder bolt machined to h7 tolerance to create a low
backlash mechanism. The shank IMU cases (Fig. 12, F) were
made using FDM with PLA and attached to the shank using
neoprene rubber straps (NRX strap 30mm, Mediroyal Nordic
AB, Sweden).

The range of motion (ROM) of the exoskeleton is 35◦

of extension, 95◦ of flexion, 16◦ of abduction, and 17◦ of

FIGURE 13. The main screen of the user interface, consisting of operator
buttons (left), side-scrolling graphs of the gait phase detection, torque
measurements, and angle measurements (center), and state indicators
(right).

adduction if the rail carriage is centered when the user is
standing in the neutral position.

The combinedmass of the worn part of the device is 8.6 kg.
Each actuator weighs approximately 1.7 kg and the on-board
electronics weigh 1 kg. The orthotics and other mechanical
parts make up the remaining 4.2 kg.

F. EXOSKELETON CONTROL
The exoskeleton control consists of three parts: a gait event
detection algorithm (GED) determines the current gait phase
in real-time, followed by the execution of a corresponding
assistive torque scheme, which determines the torque con-
troller’s setpoint. The GED algorithm is based on the gait
phase detection (GPD) by Behboodi et al. [33], which was
implemented in MATLAB and ported to Simulink Real-time
for this hip exoskeleton. The algorithm uses the shank rota-
tion in the sagittal plane, recorded by the gyroscopes in the
two shank IMUs, and lowpass filtered to prevent false peak
detection by using a second-order Butterworth filter with a
cutoff frequency of 15 Hz. The IMUs and GED algorithm
run at 100 Hz, whereas the lowpass filtering occurs at 1 kHz
sample frequency. Several assistive torque schemes are con-
ceivable, such as a constant torque or an impedance (virtual
spring) mode, where the torque is calculated by multiplying
a virtual spring constant with the difference between the
measured output angle and a desired output angle. Only the
constant torque mode was used in the human trial. The main
screen of the user interface (Fig. 13) contains all the necessary
buttons and indicators to operate the exoskeleton once the
settings have been made on other screens.

The steps the operator must perform sequentially to run a
trial are given in this list:

1) Don the exoskeleton while sitting on a stool or stand-
ing.
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FIGURE 14. Experimental results of the human trial: five strides of normal walking in transparent mode. Legend explanation: GED = gait
event detection, MV = measured value (torque and angle). The stance phases are loading response (LR), midstance (MidSt), terminal stance
(TerSt), and preswing (PreSw). The swing phases are initial swing (InSw), midswing (MidSw), and terminal swing (TerSw).

FIGURE 15. Experimental results of the human trial: two strides of normal walking, while 35 Nm of extension torque was commanded
during loading response and midstance. Transparent mode was commanded during other gait phases. Legend explanation: GED = gait event
detection, MV = measured value (torque and angle), SP = torque setpoint. The stance phases are loading response (LR), midstance (MidSt),
terminal stance (TerSt), and preswing (PreSw). The swing phases are initial swing (InSw), midswing (MidSw), and terminal swing (TerSw).

2) Have the participant stand up and optionally insert a
flexion mechanical stop.

3) Power up the exoskeleton and connect the computer.
Run the user interface.

4) Enter or load participant-specific safety parameters and
configure the torque assistance scheme.

5) Press the enabling switch, and then press ‘‘RESET’’.
This clears the STO error.
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FIGURE 16. Experimental results of the human trial: two strides of simulated crouch gait, while 16 Nm of extension torque was commanded
during loading response and midstance. Transparent mode was commanded during other gait phases. Legend explanation: GED = gait event
detection, MV = measured value (torque and angle), SP = torque setpoint. The stance phases are loading response (LR), midstance (MidSt),
terminal stance (TerSt), and preswing (PreSw). The swing phases are initial swing (InSw), midswing (MidSw), and terminal swing (TerSw).

6) Calibrate the actuators – press ‘‘Zero Torque Home’’
for both actuators while the needle triggers the optical
switch (signaling the unloaded spring state) to home the
incremental encoder of the motor.

7) Press ‘‘enable actuators’’. The exoskeleton should now
track zero torque (transparent mode).

8) Let the patient initiate walking. Press ‘‘Run GED’’ to
start GED.

9) Increasing the ‘‘Torque setpoint master gain’’ slider
starts the assistance according to the scheme.

10) When the experiment is done, stop the user interface,
power off, and doff the exoskeleton.

The following safety features were implemented, listed in
ascending level of fault severity:

• If the actuator position is outside of safe angle bounds,
then assistance is stopped (transparent mode) in the
direction that would cause further exceeding of the limit.
Torque in the opposite direction is still possible.

• If the actuator torque is outside of safe torque bounds,
then the actuators are disabled through software but can
be backdriven with ca. 10 Nm of torque.

• If the user or operator releases or hard-presses the
enabling switch, then the actuators are disabled using the
motor controller STO inputs but can be backdriven. This
is a safety function using certified safety components.

• If the mechanical flexion(/extension) stop is reached,
then no further flexion(/extension) travel is possible.

G. HUMAN TRIAL
Experiments were conducted on a healthy adult male par-
ticipant who measured 174 cm tall and weighed 74.5 kg
while walking on a treadmill. Informed consent was obtained.
Initially, the exoskeleton was set to transparent mode, and the
GEDparameters were adjusted to ensure consistent detection.
The performance of the transparent mode was evaluated by
analyzing five steps taken at a walking speed of 4 km/h,
as shown in Fig. 14. During this time, the rms and peak torque
errors on the left side were 0.53 Nm and 2.1 Nm, respectively.
On the right side, the errors were 0.57 Nm and 2.8 Nm,
respectively. The largest error peaks coincide with the load-
ing response. Next, the exoskeleton’s torque-providing abil-
ity during stance was explored by incrementally increasing
the setpoint until the controller became unstable due to
motor saturation. A maximum torque setpoint of 35 Nm was
achievedwith a 1.2 s stride timewithout any instability issues,
as depicted in Fig. 15. Finally, the participant was asked to
imitate a crouched gait at 2 km/h while gradually increasing
the extension torque during stance, as depicted in Fig. 16.
With a setpoint of 16 Nm, he found it challenging to maintain
a crouching pattern and reported a lifting sensation. A video
of this experiment is included as the graphical abstract. There
is a notable difference in actuator motion in Fig. 16, which
may be attributable to the presence of more backlash and less
stiffness in the mechanical human-exoskeleton interface on
the right side. The SEA angle should not be confused with
the angle of the hip joint itself.
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III. DISCUSSION
Notable performance-critical aspects of the exoskeleton are
discussed in this section.

To get the maximum performance out of an actuator fea-
turing an electric motor, the current settings of the motor
controller need to be set appropriately. The manufacturer’s
specifications are usually too conservative. For example,
motor manufacturer maxon rates the current of their motors
in a low-cooling scenario, where the stator is mounted to a
bad thermal conductor, such as most plastics, and there is
no forced convective cooling of the windings. In the case of
our SEA, the motor is mounted to a large steel mass, the
harmonic drive, that acts as a heatsink, and an always-on
fan helps to cool the windings. This allowed the setting of
a continuous current of 10 A instead of 7.25 A (138%). The
short-burst current was set to 15 A, the maximum continuous
current of the EPOS4 motor controller. This setting could be
increased to 30 A, but this would overload the 20 A power
supply, which would cause the internal overload protection
to trip. The I2t protection logic of the EPOS4 controller
protects the motor windings from overheating during current
bursts. If a lithium-polymer or a lithium-ion battery were
used, a higher burst current setting would slightly improve
performance.

The setpoint smoothingwas implemented tomitigate unde-
sired responses due to the 5 ms transport delay in the control
loop. This effectively eliminated steps introduced to the con-
troller by step-wise setpoint changes while incurring a per-
formance penalty. However, sudden changes in control loop
disturbance or system parameters when the leg transitions
between stance and swing phase cannot be eliminated in this
way, which can result in undesirable tracking errors. We rec-
ommend using high-speed, low-latency embedded hardware
and software to run low-level torque controllers for SEAs.
The transport delay should be measured if a communica-
tion bus, such as EtherCAT, is used in a feedback control
loop.

The 3D model of the exoskeleton included sternum sup-
port, which had to be removed from the prototype to make
it possible for the corset to be opened and donned. This
caused discomfort at high extension torques due to pressure
on the ribs. This feature should be redesigned in future iter-
ations of the exoskeleton. The manufactured lever arm was
slightly longer than the 3D model due to the carbon fiber
tubes not seating fully into the connection parts, resulting
in the carriage being lower on the rail when the participant
stood in the neutral position. This meant that the abduc-
tion ROM was decreased, and the adduction ROM was
increased.

IV. CONCLUSION
In summary, we presented a hip exoskeleton capable of pro-
viding gait-synchronized assistive flexion/extension torques
while allowing hip abduction/adduction. We described the
system architecture and the actuators’ design concept. Fur-
thermore, we identified the spring characteristic and an

approximately equivalent second-order system of the actu-
ators in the locked-output configuration. The controller
architecture was presented based on a PD compensator,
feedforward, and DOB. Relevant performance metrics were
measured, such as bandwidth, overshoot, settling time,
and output impedance. The controller proved stable and
adequately tracked the torque setpoint, with the output
connected to a pendulum that simulated the participant’s
leg’s moment of inertia about the hip flexion/extension
axis.

A prototype exoskeleton was built for an unimpaired par-
ticipant, and its performance was evaluated during normal
walking and simulated crouch gait. First, the control was
set to transparent mode, and good tracking performance was
achieved up to 4 km/h of walking speed, with rms and peak
torque errors of 0.57 Nm and 2.8 Nm, respectively. Second,
the limits of the exoskeleton to provide extension torque
during stance was found to be 35 Nm. Finally, the participant
simulated crouch gait while the extension torque setpoint was
incrementally increased until he reported a lifting sensation
at 16 Nm. This finding warrants further investigation. Future
work should include testing the device on a patient with
CP while measuring kinematics and kinetics using a motion
capture system and hip flexor/extensor electromyography
(EMG).

The exoskeleton could be improved by adding sternum
support to the corset to increase comfort and torque transfer
capacity further, and the performance of the torque control
could be enhanced by using low-latency and high-speed elec-
tronics. Miniaturization of the electronics could also reduce
the device’s weight.
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