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Abstract—Series Elastic Actuation decouples actuator inertia
from the interaction ports and is thus advantageous for force-
controlled devices. Parallel or even passive compliance can fulfill
a complementary role by compensating for gravitational or
periodic inertial forces or by providing passive guidance. Here,
these concepts are combined in an underactuated six degree
of freedom (DoF) compliant manipulator with one actuated
DoF. The mechanism comprises a spring assembly in which
each spring serves as an actuation element and simultaneously
provides passive compliance in the unactuated DoF. The device is
designed to assist weight shifting via controlled lateral forces on
a human pelvis during treadmill walking and its eigenfrequencies
are tuned to align with normal gait. Six-DoF force and torque
sensing are realized via a model of the spring deformation
characteristics in combination with low-cost inertial and optical
sensors. Experimental evaluation demonstrates that the system
can effectively follow physiological lateral pelvis movement with
low interaction forces and also has little impact on remaining
pelvis motions.

Index Terms—Series Elastic Actuator, Rehabilitation, Haptics

I. INTRODUCTION

The traditional approach to robotics has tended to emphasize

serial kinematic structures and stiff actuation which, although

suitable for many position control tasks found in manufac-

turing, is not ideal for applications that require transparent

force control, due to undesired inertial effects. Particularly in

haptics, in which robots operate in direct contact with humans,

control over robot-human interaction forces in six degrees of

freedom (DoF) is critical for safe operation.

An important area of application for highly transparent

robotic interfaces is the field of rehabilitation robotics. A

robotic interface able to render low impedance can enhance

active patient participation and achieve low robotic inter-

ference whilst retaining the option of more support when

needed [1]. Gait training represents a particularly important

area of rehabilitation for stroke survivors [2] and individuals

with spinal cord injury [3]. The human pelvis moves in

a six DoF pattern during normal gait [4], the kinematics

of which can be represented as periodic oscillations in the

range of 1-2 Hz in able-bodied individuals [5]. The pelvis
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translates in longitudinal, lateral and vertical directions in an

approximately sinusoidal manner. The lateral direction has

the greatest amplitude of around 20 mm. The orientation of

the pelvis is governed by three angles [6] that influence the

vertical position of the center of mass during gait [7]. In

addition to control of angular momentum in the sagittal plane

[8], balancing during walking is a crucial element of human

gait involving weight shifting from one leg to the other in the

lateral direction (i.e. the frontal plane) [9]. During walking, the

center of mass constantly moves outside the base of support,

and must be actively stabilized through foot placement [10].

As such, the lateral degree of freedom has an important role

to play during walking and it could be argued that it should be

afforded particular attention during design of robotic devices

for rehabilitation.

Restraining the pelvis adversely affects gait dynamics [11]

and thereby may impede the rehabilitation process in stroke

survivors [12]. Therefore, designers of modern gait rehabil-

itation robots generally incorporate multiple DoF for pelvis

motion. For example, the LOPES II treadmill-based exoskele-

ton [13] features two actuated (lateral and forward/backward

translation) and four passive (one vertical and three rotational)

DoF for the pelvis. Another pelvis manipulator mounted on a

moving cart, the KineAssist [14], supports users at the pelvis

and enables unrestricted and highly transparent pelvis rotations

about all three axes as well as vertical translation. Horizontal

translations are enabled via the device’s moving frame. Both

aforementioned devices use stiff design and closed-loop force

control, which can partially mitigate unwanted effects by re-

ducing the robot’s reflected inertia [15], [16]. In LOPES II, the

stiff design in combination with force sensors allows rendering

masses at the pelvis which are lower than the actual structural

masses of the device components. For the KineAssist, given

the high mass and inertia of the frame, transparency is more

difficult to achieve for the translational DoF. The extent of

inertia reduction for stiff robots remains limited [16], and the

required force sensors tend to substantially increase cost.

For reducing mass and inertia, most dedicated pelvis actua-

tion devices rely on parallel actuation to enable transparent

interaction during the six-dimensional pelvic movement: a

number of rigid or elastic members such as cables, rods, or

springs are each connected to the pelvis on one end, and to a

fixed frame on the other. Varying numbers of these members

are actuated to change their length, for example six in the A-

TPAD [17] or in PAM [18], three in the BAR [19], and one

in a dedicated 1-DoF pelvis perturbator [20].

In underactuated parallel manipulators, the design-inherent
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coupling of DoF can be an issue. For example, to assist

only in weight shifting i.e. to apply lateral forces, the stan-

dard paradigm of parallel actuation would involve one single

member as in [20], or an antagonistically arranged pair of

members connected to a fixed base. While this enables free

movement in five of the six DoF, such a mechanism does not

allow the applied forces to be perfectly lateral. Instead, force

components can occur in other directions as well as moments

about all axes. This can be alleviated by connecting the

members not to a fixed base, but rather to moving points that

passively follow major pelvis movement, particularly anterior-

posterior movement [21]. However, this further complicates

the design and still does not ensure full decoupling of DoF.

Both in series and parallel manipulators, the incorporation

of physical compliance of diverse type is now an established

design strategy to achieve high-fidelity force and impedance

control [22]. The Series Elastic Actuator (SEA) is a prominent

example of the use of physical compliance to improve force

control. Its key feature is an elastic element in series with a

stiff actuator [23]. The concept transforms force control into

a position control task because the deflection of the elastic

element acts as an indirect force measurement. Although the

elastic element lowers the overall bandwidth and inhibits stiff

actuation [24], its effect is favorable for many applications

[25], [26] as it allows back-drivability and limits mechanical

impedance, and thereby contributes to the safety and comfort

for operation with humans [27]. While most SEAs have hith-

erto had a single DoF, the present authors have demonstrated

two extension concepts to realize SEA manipulators with

multiple DoF, both applied to gait training. The first extension

was fully actuated and involved placing a stiffly actuated n-

DoF robot in series with a single end-effector module that

is elastic in the same n DoF and rigid in the 6 − n others.

It was applied to a gait training robot for rats that actuated

four DoF of the animal’s trunk (translations and yaw) and

constrained the two others (pitch and roll) to enforce upright

gait [28]. Interacting with humans, it is less beneficial to

constrain rotational DoF as these may interfere with natural

motion. Therefore, a second extension was an underactuated

SEA-based cable robot that transmits a single force vector to

a human trunk by means of a harness, while not imposing

kinematic rotational constraints [29].

Passive compliant elements such as springs are routinely

applied to compensate for constant (e.g. gravitational) forces.

Furthermore, passive compliance can allow some freedom

around an equilibrium configuration without enabling ex-

cessive deviation from this point, for example, to provide

guidance. With appropriate tuning, passive compliance can

also compensate for periodic inertial forces [30].

In this article, a six-DoF end-effector mechanism is pro-

posed that achieves decoupling of actuated and unactuated

DoF by unifying the concepts of passive compliance and serial

elasticity: the MUltidimensional Compliant Decoupled Actu-

ator (MUCDA). The MUCDA exhibits series elastic actuation

in one constant direction only, and fully passive elasticity

in the remaining five DoF. This decoupling is enabled by

means of a linear actuator in combination with an assembly of

multiple individual coil springs. Each spring in the assembly

provides serial and passive elasticity, thus minimizing overall

mass and complexity.

The MUCDA is realized and experimentally evaluated in a

gait rehabilitation platform that interacts with the human pelvis

in six DoF. A single actuated DoF allows the crucial task of

lateral weight shifting to be supported to differing degrees

according to the walking abilities of the user - for more able

walkers, the device can be transparent, but more guidance can

be provided by the machine when required. Compliance in the

remaining five DoF keeps the user in a safe range around the

origin position without restriction to a fixed point in space.

This combination of passive compliance and the SEA concept

leads to high transparency in all six DoF, which is expected to

encourage a higher degree of active participation and thereby

more positive gait training outcomes.

II. HARDWARE CONCEPT

The system, shown in Fig.1, is designed such that it actively

guides the human pelvis to support lateral weight shift dur-

ing treadmill walking, while providing only minimal passive

support to the remaining DoF of the pelvis. The aim is thus

to support and guide the human pelvis without completely

restraining it. The support should hold the user approximately

in position without interfering with physiological movements,

including arm swing.

treadmill

harness

pelvis
support

X

Z

Fig. 1. System overview

The MUCDA concept is applied to fulfill these require-

ments. A single motor is used to support lateral weight

shifting and produces a configuration with five passive and

one actuated DoF. The MUCDA pelvis module comprises

two functional groups - an actuated element and a passive

component - as summarized in Fig. 2. An actuator and linear

guides are placed between a fixed and a middle plate in order

to translate the latter component. This lateral translation is

used to support the lateral movements of the user. The user

is mechanically connected to the pelvis plate, which in turn

is attached to the middle plate via a multi-DoF compliant

module, which is an assembly of linear springs.

This spring assembly enables relative movements of the

two plates with respect to each other. The elastic behavior

of this connection - governed by the stiffness matrix - defines

how users are influenced when moving their pelvis in all five

unactuated DoF. In the lateral direction, the linear motor and

the elasticity in this DoF together form a series elastic actuator.

The system comprises a frame connected to the environment

via linear guides movable in the y-direction. The pelvis plate
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Fig. 2. Pelvis support module comprising: 1. the actuated module, where
the middle plate translates in Y -direction relative to the fixed plate by linear
guides and an actuator; 2. a passive module in which the pelvis plate follows
the user’s movements in six DoF and is connected by compliant components
to the middle plate. Coordinate systems corresponding to the fixed, middle
and pelvis plates are shown as Of , Om and Op, respectively

Fig. 3. User fixation on the pelvis module

is connected to the linear actuator using the spring assembly

depicted in figure 4. The lateral DoF is actuated by a direct-

drive electromagnetic linear motor (P01-48x240 from NTI AG

LinMot, Spreitenbach, Switzerland). This actuator can produce

forces and velocities of up to 585 N 1.7 m/s, respectively. This

installed peak force is almost six times the amount expected

for normal operation to enable stiff guidance near the end

of the allowed workspace. An image of the pelvis module -

showing the positions of the motor and linear guides as well

as the fixed, middle and pelvis plates - is provided in Fig. 4.

Since the compliant behavior is realized through the pelvis

module, the mechanical connection to the human user should

be as stiff as possible. For comfort, the user wears a cushioned

harness around the waist connected to leg loops that interface

to the pelvis module as well as to an external body weight

support system by adjustable straps. The moving plate of the

pelvis module is padded with an anatomically formed foam.

The user is secured to this pad over an adjustable bracket as

linear guides

motor

fixed plate

middle plate

pelvis plate

force sensor

Fig. 4. Compliant pelvis module (with force-torque sensor for evaluation)

seen in Fig. 3. For the supporting frame and treadmill, slightly

adjusted components of the Lokomat environment (Hocoma

AG, Volketswil, CH) were used.

III. DESIGN OF THE PASSIVE COMPLIANT MODULE

A. Desired Stiffness Matrix

The compliant module must fulfill stiffness requirements in

different DoF derived from the physiological movement pat-

tern of the human pelvis during walking. A second objective is

to minimize the coupling between the various DoF by ensuring

that the off-diagonal terms of the stiffness matrix are as close

to zero as possible.

Pelvic motion is described by a set of six generalized

coordinates qp with the three translational coordinates xp, yp,

zp of the pelvis center of mass and the zyx Euler angles θz ,

θy , θx. When the angles are zero, the x-axis points in the

subject’s anterior direction, y in the lateral direction (left with

respect to the subject’s perspective), and the vertical axis z in

the subject’s longitudinal axis direction. The angle θz denotes

the transverse rotation (yaw) about the vertical z-axis, θy the

tilt (pitch) angle about an intermediate y′-axis, and θx is the

obliquity (roll) angle about the anterior-posterior u-axis. The

forces and moments generated by the device on the user in

the inertial coordinate directions are denoted Fx, Fy , Fz and

Mx, My , Mz , respectively.

The main direction-specific objectives are:

• x-translation: the forward and backward motion of the

user are to be constrained such that no low-frequency

drift will occur, while still permitting some oscillation.

• y-translation: the resulting stiffness is chosen according

to the desired performance of the SEA since the stiffness

influences the bandwidth of the force controller and the

achievable stiffness in impedance control.

• z-translation: any unwanted interaction forces caused by

the device are to be avoided.

• θz-rotation: allow some freedom for users to deviate from

a nominal configuration but keep them within a safe range

of motion.

In the x-direction, the fundamental harmonic of human

pelvis motion when walking on a treadmill must be enabled.
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This oscillation has less than 2 cm amplitude [31]. More

oscillation is not desired when used in combination with a

body weight support system and exoskeletal legs mounted

to the treadmill frame. The user should stay directly under

the deflection pulley of the BWS. Therefore, we chose to

associate an excursion of 1 cm with a force of 100 N, which is

very difficult to resist as previously observed with the FLOAT

robot [29]. A study by [32] even found lower values of forces

that could not be resisted. This leads to a desired stiffness of

10000 N/m.

The y-direction is the only actuated DoF. To enable low

interaction forces in zero-impedance control, the stiffness of

the spring should be made as low as possible. However, the

stiffness must be at least as high as the maximum expected

virtual stiffness that will be rendered by an assistive con-

troller [24]. From experience with balance assistance on a

similar robot [33], we know that making use of feed-forward

assistance, a relatively low stiffness of 3000 N/m is sufficient.

Reducing interaction forces in the vertical direction is

particularly challenging when the module is used together

with an active leg orthosis, which typically has a high inertia.

As no active elements are present to compensate for robot

dynamics, the passive structure itself must minimize the forces.

To achieve this goal, the eigenfrequency of the oscillating

mass-spring assembly must be in the same range as an average

human gait frequency [30]. The medium walking cadence is

expected to be f0 = 0.75Hz and the estimated mass of the

oscillating parts of the device m = 33.6 kg, which is mainly

caused by the mass of an additional exoskeletal structure for

the legs, giving a resulting stiffness kz equal to mω2
0 .

Rotational stiffness about the z-axis was chosen such that

yaw rotation would be constrained, in order to avoid crossing

legs on the treadmill, using a relatively high stiffness of

100 Nm/rad. We chose the same value also for the two other

rotational DoF.

The stiffness matrix Kc has the matrix form:

Kc = −













∂Fx

∂xp

∂Fx

∂yp
. . . ∂Fx

∂θz
∂Fy

∂xp

∂Fy

∂yp
. . .

∂Fy

∂θz
...

...
. . .

...
∂Mz

∂xp

∂Mz

∂yp
. . . ∂Mz

∂θz













(1)

Summarizing the requirements for the individual DoF, the

desired numerical values for the stiffness matrix Kc,des are:

Kc,des = diag (10000, 3000, 723, 100, 100, 100) (2)

Units are N/m and Nm/rad for the respective entries.

B. Spatial Stiffness Synthesis

The spring assembly needs at least six individual springs for

its six DoF, and the stiffnesses and configuration of the springs

need to be determined from the desired stiffness matrix.

Huang and Schimmels introduced a screw theory-based

numerical method to synthesize a desired stiffness matrix [34].

A prerequisite is that the off-diagonal terms of the stiffness

matrix be zero; a further drawback of the method is that

the stiffness matrix is valid only for one chosen point and

can greatly change due to small deviations from this point.

The stiffness matrix would ideally remain constant over the

workspace of the end-effector but the deviations from the

origin are not negligible. In addition, further constraints arise

from practical considerations: for instance, the device must not

interfere with the user’s movements, especially concerning arm

swing [35].

Therefore, an alternative approach was selected to determine

the attachment points of the springs and their correspond-

ing spring constants. This intuitive approach decomposes the

three-dimensional problem into three two-dimensional prob-

lems as seen in Fig. 5. For each of these two-dimensional prob-

lems, the attachment points for four simple springs were found

through geometric considerations and the spring stiffnesses

and resting lengths were calculated via parameter optimization.

The number of springs used and their attachment points on

both plates were chosen to fulfill the space limitations and to

achieve symmetry. Consequently, twelve springs were used in

total, comprising four compression springs and eight tension

springs. As few as possible compression springs are used

since peripheral mechanics (i.e. two universal joints and a

linear guide) are needed for these springs, which introduces

additional weight into the system.

b)a) c)
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9,11
10,12

1,2 3,49,
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11,
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êx
êx

êy
êy

êz êz

Fig. 5. Geometric decomposition of the 3D problem into three 2D problems.
Thin lines represent tension springs, bold lines

Springs 1 - 4, shown as projections in the z-y plane as

in Fig. 5a) serve to create the elasticity in lateral direction,

while springs 5 - 8 perform the same function in the vertical

direction. These springs also influence the rotational elasticity

around the x-axis. The compression springs 9 - 12 in Fig. 5

act mainly in the x-direction but cover also the rotations about

the y and z-axes. This arrangement of the springs minimally

interferes with other motions of the user.

rsmi

rp

rspi

si

Om

Op

middle plate (N )

pelvis plate (B)

Fig. 6. Definition of vectors describing spring geometry.

To perform the optimization procedure to determine the
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individual spring characteristics, the stiffness matrix must be

written as a function of the spring stiffnesses and resting

lengths. As shown in Fig. 6, each spring i, i = 1...n has an

attachment point on the pelvis plate of position vector rp+rspi
with respect to Om. The attachment point of the same spring

on the middle plate has position vector rsmi with respect to

Om.

An inertial frame N uses a set of direction vectors êx, êy ,

and êz connected to the middle plate. Because the middle plate

does not rotate, these and the relative position vectors rsmi are

constant. A frame B is connected to the pelvis plate and rotates

with the human pelvis. The rotation matrix N
CB describes

the orientation of the human pelvis and thereby the pelvis

plate with respect to the middle plate by mapping vectors

with components expressed in the pelvis-fixed B-frame to the

inertial N -frame.

Vector addition can be used to express the vector pointing

along the i-th spring as:

Nsi =
Nrsmi −

Nrp − N
CB · Brspi. (3)

The associated spring force F i that the i-th spring exerts

on the moving plate is given by

Fi = ki(|si| − l0i)
si

|si|
(4)

and the spring’s moment vector M i with respect to the pelvis

center Op as

NMi = (NCB · Brspi)×
NFi, (5)

with l0i as resting length of the i-th spring.

Based on these equations, forces and moments acting on

the pelvis can be compactly written as

τ = Ap, (6)

whereby the parameter vector p is a function of stiffnesses ki
and resting lengths l0i:

p :=
[

k1 k2 ... kn k1l01 k2l02 ... knl0n
]T

, (7)

the vector τ subsumes the generalized forces of all n = 12
springs

τ :=

[
∑n

i=1 F i
∑n

i=1 M i

]T

, (8)

and the matrix A encodes the geometric configuration:

A :=

[

s1 ... sn
s1

|s1|
... sn

|sn|

a1 ... an
a1

|s1|
... an

|sn|

]

, (9)

with entries

ai := rspi × si. (10)

This optimization problem is linear in the parameters, and

therefore, linear least-squares optimization is applied to find

the optimal parameter vector p such that the forces and mo-

ments subsumed in τ match a desired spatial profile τ des(qp),
which is a function of the pelvis generalized coordinates qp.

The training data τ des(qp) for this optimization is generated

in form of a grid with boundaries and resolution summarized

in Table I using the desired diagonal stiffness matrix.

Coordinate Boundaries Resolution Unit

px ± 20 1 mm
py ± 30 1 mm
pz ± 50 1 mm
θx ± 10 0.1 deg
θy ± 2 0.1 deg
θz ± 10 0.1 deg

TABLE I
BOUNDARIES AND RESOLUTION FOR THE OPTIMIZATION GRID

To map the individual spring stiffnesses to the stiffness

matrix Kc in end-effector space, the Jacobian matrix is

used. Given a vector of individual spring lengths L =
[

l1 l2 . . . li
]T

, which in turn depends on the position

vector rp, the Jacobian matrix J is defined as:

J =
∂L

∂rp
=













∂l1
∂xp

∂l1
∂yp

∂l1
∂zp

∂l1
∂θx

∂l1
∂θy

∂l1
∂θz

∂l2
∂xp

∂l2
∂yp

∂l2
∂zp

∂l2
∂θx

∂l2
∂θy

∂l2
∂θz

...
∂li
∂xp

∂li
∂yp

∂li
∂zp

∂li
∂θx

∂li
∂θy

∂li
∂θz













(11)

With the individual spring stiffnesses ki being contained in

matrix Ks:

Ks := diag (k1, k2, . . . , kn) , (12)

the stiffness matrix Kc is

Kc = J
T
KsJ. (13)

Table II shows the characteristics for the actually chosen

physical springs that are used in the hardware realization.

Spring Initial lengths stiffness

1− 4 0.196 m 1577 N/m
5− 8 0.161 m 628 N/m
9− 12 0.19 m 1680 N/m

TABLE II
SPRING CHARACTERISTICS

The resulting stiffness matrix Kc,opt with the actual springs

(which has the same units as above) is:

Kc,opt =

















11134 0 0 0 0 0
0 3379 0 0 0 91
0 0 1017 0 28 0
0 0 0 79 0 0
0 0 28 0 85 0
0 91 0 0 0 126

















(14)

The maximum workspace is determined by the maximum

excursion of the springs and by physical endstops. It is verified

that the device can also accommodate users who exhibit

pathological (excessive) pelvis motions when walking freely.

The workspace boundaries are shown in Table III, together

with the forces occurring at these boundaries, for the case of

single-DoF excursions from the neutral position. The limits of

the workspace cannot be reached during walking due to the

high forces occurring there. In the lateral direction, forces as

low as 40-60 N cannot be resisted anymore [32].

Note that the device is not meant to support weight of

a person or to catch a person when falling. During gait

rehabilitation training, such tasks would be realized via an

external body weight support system.
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Direction Workspace Max Force / Torque

x -40 mm, +156 mm -445 N, +1742 N
y ± 214 mm 723 N
z ± 288 mm 523 N
rot x ± 27 ◦ ± 71 Nm
rot y ± 39 ◦ ±86 Nm
rot z ± 39 ◦ ±86 Nm

TABLE III
WORKSPACE OF THE PELVIS MODULE

IV. SENSING AND CONTROL

The absolute position and orientation of the MUCDA’s

end-effector are determined via a miniature camera module

and a six-DoF inertial measurement unit (IMU) as depicted

in Fig. 7. The low-cost camera is equipped with a filter

permeable only to infrared light and tracks an array of four

active infrared markers (LEDs) mounted on the pelvis plate.

The maximal spatial and temporal resolutions are 100 Hz and

0.14 mm, respectively. The image sensor (PixArt Imaging Inc.)

is equipped with custom-made peripherals in order to read the

information via serial bus. The obtained image of 128 x 96

pixel resolution is oversampled onboard to generate a 1024

x 768 resolution view. The IMU (MPU9250, Invensense, San

Jose, USA) uses a three-axis accelerometer along with a three-

axis gyroscope and is sampled at a frequency of 1 kHz.

camera

LEDs
IMU

motor

fixed plate

middle plate

pelvis plate

Fig. 7. Sensing system with IMU, infrared camera and infrared LED-array

A multiplicative quaternion extended Kalman filter, which

provides fast and reliable sensing of the end-effector position

and orientation, is used to combine the IMU and camera data

to estimate the position and orientation of the pelvis plate. The

linear actuator has an incremental encoder for its displacement

with a resolution of 0.05 mm and has an additional linear

potentiometer for calibration.

A cascaded approach with inner proportional velocity loop

and outer PI force control loop is applied, as often employed

in unidimensional SEAs [36], [24]. The inner velocity loop is

integrated into the motor drive, enabling a high sampling rate

of 20 kHz; the external force loop is executed on a Matlab

xPC target PC with a sampling rate of 1 kHz.

V. EVALUATION PROTOCOL

To validate the sensing concept and to evaluate the perfor-

mance of the system, additional external sensor systems were

used in the set-up as described below. Additionally, to evaluate

the system concerning its interaction with the pelvis during

gait, an experiment with a human subject was conducted.

A. Mechanical Stiffness Verification

To investigate the stiffness matrix and the achievable lateral

transparency, tests were conducted using an evaluation setup

consisting in a pelvis support system, an optical tracking sys-

tem and a six-DoF force-torque sensor mounted on the pelvis

plate. The external multi-axis force-torque sensor was the

model 45E15A4 from manufacturer JR3 (JR3 Inc., Woodland,

USA). The measurement range is ± 200 N for Fy and Fz with

a resolution of 0.025 N, and ± 200 N for Fx with a resolution

of 0.05 N.

The optical tracking system (Qualisys AB, Gothenburg,

Sweden, Oqus camera series) comprising four cameras pro-

vided a spatial resolution of 0.5 mm and covered the entire

range of motion of the system. The force data was captured at

a frequency of 1 kHz and filtered with a lowpass second-order

Butterworth filter with a cutoff frequency of 50 Hz, applied

firstly in the forward and then in the backward direction

for zero phase shifting. The position data was captured at

a frequency of 1 kHz, while the calibration of the Qualysis

system indicated a spatial accuracy of 0.5 mm.

The calculated stiffness matrix was validated by blocking

the lateral DoF of the pelvis module (so that the springs have

to deflect to let the pelvis plate move in Y -direction) and by

recording the forces and torques using the external six-DoF

sensor and the position and orientation in 3D space.

External forces were induced into the system by manually

moving the handle in 3D space, up to approximately 100 N

and 10 Nm in all directions, respectively, corresponding to the

maximum expected range of motion during normal operation.

The precise range of the evaluation data is shown in Table IV.

Direction Range of Motion

x ± 9 mm
y ± 24 mm
z ± 43 mm
rot x ± 4 ◦

rot y ± 6 ◦

rot z ± 6 ◦

TABLE IV
RANGE OF MOTION FOR VALIDATION

All movements were conducted slowly so as to minimize

the effects of dynamic forces on the results. It was verified

that the pelvis plate acceleration plate did not exceed 0.1 g.

The stiffness matrix was estimated from the external force

and position sensor data by computing mean values over the

range of motion.

B. Sensor Performance Evaluation

The performance of the position sensor was evaluated by

comparing the internally calculated position data with the

reference data from the optical tracking system. Similarly,

the forces estimated from these positions in combination

with the modeled spring characteristics were compared to the

measurements of the external reference force sensor (shown

in Fig. 4). Root mean square errors were calculated both for

forces and positions. The same data set used to calculate

the stiffness matrix was also employed for a quasi-static

performance evaluation. In addition, dynamic measurements
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were conducted by manually moving the force sensor attached

to the pelvis plate in all DoF with up to 3 Hz for 25 seconds.

The range of motion is denoted in Table IV.

C. Closed-Loop Performance Evaluation

First, to quantify the transparency of the module in the

(lateral) Y -direction, the pelvis module was unblocked and

the control system was activated in zero-impedance mode.

The handle was then manually moved around in a periodic

manner from left to right at different speeds and the lateral

(Y -direction) force and position data were recorded.

The resulting data was used to estimate the parameters of a

dynamic equation that describes the reflected end effector mass

mv and damping dv perceived at the pelvic plate according to

Fu,Y = mv · Ÿp + dv · Ẏp. (15)

in which Fu,Y is the force applied by the user in Y -direction.

The coefficients of the equation were estimated using linear

regression. The position data were not filtered, while the

velocity and acceleration were derived from low-pass-filtered

position data using a second-order Butterworth filter with

cutoff frequency 5 Hz, again applied in backward and forward

directions to avoid phase shifting.

Second, a force-tracking experiment was conducted to

evaluate force tracking performance, with the end effector

being manually restrained and the force controller commanded

to a reference sinusoidal force varying both in amplitude

and frequency. Frequency slowly increased from 0.1 Hz to

10 Hz, while amplitude decreased with frequency from 40 N

to 8 N. The recorded force estimate was then compared to

the reference force in terms of phase lag and amplification in

steady-state conditions for each frequency.

D. Usability Evaluation

A usability test with one male healthy subject (age: 31,

height: 1.88 m, weight: 84 kg) was performed. The subject

walked on a treadmill at 3 km/h without the device while

the pelvic movements were assessed by the external optical

tracking system. The subject then performed the task with

the pelvis module attached to his pelvis, without body weight

support. The marker clusters were placed on the spina iliaca

anterior/superior, just above the user fixation of the pelvis

module. The position data was first partitioned into 30 gait

cycles by finding the maximum values of the first derivative of

the Y -translation. Subsequently, the data was averaged across

these gait cycles and the standard deviation was calculated.

VI. RESULTS

A. Mechanical Stiffness Evaluation

The stiffness matrix Kc,m obtained from the measured data

comprising (mean values over the entire workspace) is

Kc,m =

















10979 332 74 20 99 4
194 3160 25 8 18 71
376 155 1802 39 93 41
25 136 28 164 8 14
68 30 7 14 133 26
17 52 29 2 10 146

















. (16)

The x- and y-directions are close to the design values, while

in z-direction and for the rotations, the stiffness values are

somewhat higher than desired.

B. Sensor Performance Evaluation

An excerpt of forces and moments as measured by the

system’s sensors and by the external reference sensors in

dynamic conditions are shown in Fig. 8 1. The root mean
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Fig. 8. Forces and torques calculated from the system’s sensors (solid line)
compared to an external reference force sensor (dotted line) during dynamic
movements.

square values corresponding to the difference between the

target and actual positions and forces across the entire static

and dynamic data sets are shown in table V.

Direction RMSE position RMSE force
static dynamic static dynamic

x 4.24 mm 1.10 mm 19.30 N 8.70 N
y 1.31 mm 2.60 mm 3.03 N 6.85 N
z 1.41 mm 2.87 mm 3.07 N 5.94 N
rot x 2.13 deg 3.43 deg 352 Nmm 473 Nmm
rot y 3.00 deg 4.20 deg 731 Nmm 868 Nmm
rot z 3.87 deg 4.98 deg 818 Nmm 912 Nmm

TABLE V
ROOT MEAN SQUARE ERROR (RMSE) OF THE POSITION AND FORCE

SENSING SYSTEM

C. Closed-Loop Performance Evaluation

The identified reflected virtual mass in Y -direction was

mv = 3.6 kg and damping is dv = 14Ns/m, respectively. The

corresponding R2 value of 0.84 indicates a close fit of the

model to the measured data.

Force tracking of the system is demonstrated in Fig. 9, in

which measured and reference forces are shown for different

frequencies. The experimental frequency response for force

tracking is shown in Fig. 10, from which it is apparent that

the bandwidth of the device is approximately 5 Hz. However,

1Data is available at https://doi.org/20.500.11850/297732
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the phase at that frequency is already well beyond −90◦, such

that tracking of high-frequent references may not be possible

with simple feedback controllers.
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Fig. 9. Experimental tracking of the reference force. Reference values are
dotted, measured forces in solid lines.
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Fig. 10. Experimental tracking frequency response of the pelvis module.

D. Usability Test

The results of the two conditions of the usability test with

and without the device are shown in Fig. 11. Fig. 12 shows

the forces in the compliant module with their respective RMS

errors. These errors were the deviation from the originally

desired forces, as calculated with the desired stiffness matrix

(2) for all DoF except for lateral translation, where the

reference was zero force.

Movements in the three translational DoF as well as the

rotation about the vertical axis appear to be little influenced

by the human-robot interaction during walking. However, the

pelvic tilt and obliquity rotations are less consistent, with both

showing a decrease in amplitude with respect to free walking.

VII. DISCUSSION

Through the application of a new type of compliant ac-

tuator with multidirectional series and passive elasticity (the

MUCDA), a gait training platform has been realized. The
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proposed training device supports the posture and movement

of a human user at the pelvis in all six DoF and actuates only

weight shifting in the lateral direction.

The force and position sensing systems appear sufficiently

reliable for the application. The force sensing errors in the

y− and z-directions were in the range of static friction, which

was identified as 3.5 N in the y-direction and arises from the

spring suspension system. The sensing error in the x-direction

is due to the reduced accuracy of the tracking camera in this

direction and the high stiffness in this direction, which tends

to map small position errors to larger force errors.

Additionally, the results indicate that the device has very low

reflected inertia. Although the reflected inertia in Y -direction

is still higher than the one reported in [20], which is 1 kg,

it is well below the 5.3 kg that can be added to the pelvis

without significantly affecting gait [37]. The small forces

occurring during the test can mostly be attributed to reflected

damping. Consequently, the lateral interaction forces did not

substantially influence pelvis kinematics. Despite the elastic

interaction forces, amplitudes of the other translations as well

as transverse rotation are not perceivably affected either. Only

obliquity and tilt seem to be reduced in amplitude, due to

the chosen stiffnesses and resulting moments. Particularly

obliquity is a DoF in which strong pathological movements

can occur, the so-called “hip-hiking” in stroke survivors.

Depending on the training paradigm, reducing this movement

to some extent via the spring forces may be desirable.

It can be seen that the relative phase of the three pelvis

translations changes slightly when using the compliant mod-

ule. This might be due to the compliance favoring a certain

limit cycle that is not identical to the human pelvis motion.

This effect would need to be further analyzed, and it could

even be exploited in future designs, in order to favor certain

desired (physiological) motions over others.

The training platform may require further modification

in order to accommodate the differences from normal gait

frequently shown by individuals post-stroke. This group fre-

quently shows increased kinematic variability e.g. in swing

and stride times [38], as well as different gait patterns arising

from compensatory mechanisms such as a prolonged swing

time [39], [40]. Nevertheless, it has been demonstrated that

on average, individuals post-stroke have a walking cadence of

as much as 80% that of able-bodied individuals [41]. Further-

more, the use of a spring to compensate for inertial effects of

an exoskeleton is effective across a range of frequencies [30]:

a spring structure demonstrably reduces vertical interaction

forces even if the stiffness is not optimal. Therefore, despite

being based on walking and step cadence data for able-bodied

subjects, the proposed device should also be suitable for gait

training for many individuals post-stroke.

The choice of the stiffness matrix entries for the passive

DoF also depends on the adopted training paradigm. For

example, some clinicians advocate constraining DoF in which

pathological movements occur, such as hip hiking in obliquity.

Others advocate leaving all DoF free that are not critical to

the locomotor task and pose no safety risk during training.

Because it is known that abnormal muscle activity does not

necessarily cease even if the associated DoF is constrained

during walking [42], the parameters in this paper were chosen

closer to the latter paradigm. However, the proposed me-

chanical design principle can be equally used to adopt the

former: For example, to fully suppress hip hiking passively,

a higher stiffness would be desired for the fourth element on

the diagonal of the stiffness matrix.

There is dispute about which DoF are most relevant to assist

in pelvic movement of stroke survivors. For example, while

[13] lists only lateral translation as a pelvis DoF that needs

actuation, namely to assist balance, [43] advocates actuating

obliquity instead to intervene with hip hiking. The actuation

concept presented here can be adjusted to any other DoF by

exchanging the motor and re-designing the stiffness matrix to

desired values.

Though a single actuated DoF is considered in this article,

the actuation concept could be extended to additional actuated

DoF by keeping the same passive components while intro-

ducing more actuation on the input side. It would also be

possible to place linear actuators in parallel to the springs. In

the latter case, the individual spring elements serve as a series

and parallel element to support the actuators, and possibly

still act additionally as passive elastic components. Moreover,

a particularly interesting property of elastic elements is their

capacity to store potential energy. This is possible both in

series and parallel configuration, whereby it depends on the

specific task which configuration is more energy-efficient [44].

It remains to be investigated how the dual use of the springs

in the MUCDA influences energetic aspects.

The sensing principle used in this device, consisting of a

camera and an IMU, could also be replaced by alternative

measurement methods. For example, recently it was shown

that it is possible to precisely measure length of coil springs

using their inductance [45]. In that case, the springs themselves

could be used as sensors.

In this work, we only tested force tracking abilities of the

pelvis manipulator with a simple force feedback controller

and focus on zero-force tracking. Future research should

address how to actuate weight shifting on a higher level when

needed during therapy. One option would be to provide as-

sistance (or challenge) in a low-frequent fashion, for example

to tackle asymmetry by constant offset forces, or to guide

periodic weight shifting from step to step. Given the low

fundamental frequency of human lateral pelvis motion, the

limited bandwidth of the compliant actuator should not pose

a limitation. However, when attempting to apply impulsive

forces on the pelvis, the simple force feedback controller

may not suffice, and the reference force could be added to

the motor as feed-forward term to improve force tracking.

Impulsive forces could for example assist balance by inducing

quick recovery movements. Previously, we had proposed a

model-based control scheme that assisted lateral balance [33]

using a modified Lokomat robot with lateral actuation. That

controller was based on the concept of the extrapolated center

of mass [46] or capture point [47]. Given that such a high-level

controller is predictive, the low-level force controller can also

be non-causal, further improving force tracking. Alternatively,

one could choose stiffer springs, or switch from impedance

control to open-loop position control of the motor, exploiting
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the peak stiffness capabilities of the springs for more impulsive

interaction.

In addition to guidance of the pelvis and possibly the legs,

most individuals of the target group require partial support

of their body weight during the single-support phase, which

can be provided by an external body-weight-support system

(BWS). Therefore, the system’s harness was designed such

that it can be used directly for this purpose. Vertical unloading

with a conventional BWS can interfere with the dynamic

balancing task [48], and so to avoid any such undesired

stabilizing effects, a system able to translate laterally with the

user is preferred [49].

VIII. CONCLUSION

The feasibility of assigning dual roles to elastic elements

in order to unify series elastic actuation in selected DoF

and passive compliance in other DoF has been demonstrated.

The MUltidimensional Compliant Decoupled Actuator con-

cept opens up new perspectives for actuators with tuned

compliance for high-performance haptic devices. A prototype

that exhibits highly compliant interactions with the dynamic

movement of human gait has been conceived and realized,

allowing controlled lateral forces on the pelvis, in combination

with passive compliance in the other five DoF. Yet, functional

benefits of lateral weight shifting assistance, as well as effec-

tiveness for rehabilitation remain to be investigated.
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