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Abstract. This paper presents a modular lower-limb exoskeleton concept fo4r early rehabilitation
after hip and knee endoprosthesis. The system combines a cable-driven (Bowden) mechanism, a
Hip-Knee modular architecture, and an adaptive Assist-as-Needed control strategy. The “one
motor — two functions” principle reduces system weight and improves energy efficiency.
Real-time control based on IMU and force sensors ensures accurate and safe motion. The proposed
solution provides a lightweight and adaptive approach for simultaneous rehabilitation of the hip
and knee joints.

Keywords: modular exoskeleton, lower-limb rehabilitation, hip-knee exoskeleton, cable-driven
actuation, Bowden mechanism, assist-as-needed control, robotic rehabilitation, endoprosthesis
recovery.

1. Introduction

The number of joint replacement surgeries is steadily increasing due to the growing prevalence
of musculoskeletal disorders, particularly in the hip and knee. In Kazakhstan, more than 8,000
such procedures are performed annually, while globally the demand continues to rise, with
millions of cases reported each year [1-2].

Despite advances in surgical techniques, postoperative rehabilitation remains insufficiently
automated and largely dependent on passive devices and manual therapy. This limits early patient
activation and prolongs recovery, especially during the critical early stage when muscle strength,
coordination, and range of motion must be restored.

Robotic exoskeletons have emerged as a promising solution; however, most existing systems
are limited to single-joint rehabilitation, primarily targeting the knee, which reduces their
effectiveness in combined hip-knee recovery scenarios.

To address these limitations, this study proposes a novel modular cable-driven lower-limb
exoskeleton that enables simultaneous rehabilitation of the hip and knee joints. The main
innovations include a lightweight Bowden-based actuation system, a modular architecture for
multi-joint adaptability, and a “one motor — two functions” principle combined with an Assist-as-
Needed control strategy, providing energy-efficient and patient-adaptive rehabilitation.
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2. Clinical background and problem statement

Hip and knee endoprosthesis are an effective surgical procedure that restores joint function by
replacing damaged joint surfaces with artificial components. It is widely used for osteoarthritis,
trauma, and degenerative conditions, significantly improving patients’ quality of life.

However, successful surgery does not guarantee full recovery. The main challenge lies in the
postoperative rehabilitation phase, during which muscle strength, coordination, and range of
motion must be restored.

The main stages of hip and knee joint replacement are illustrated in Fig. 1. In hip arthroplasty
(a), the femoral head and acetabulum are replaced, restoring load-bearing and rotational functions.
In knee arthroplasty (b), the joint surfaces are covered with metallic components and a
polyethylene insert, ensuring smooth motion and stability.
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Fig. 1. Schematic representation of a) hip and b) knee joint replacement [1, 2]

The first weeks after surgery are critical for recovery. In current clinical practice, rehabilitation
is mainly based on passive mechanotherapy or manually assisted exercises, which do not provide
precise control of motion or accurate load regulation.

As a result, several limitations arise:

1) Lack of precise and repeatable motion control.

2) Limited ability to regulate loading.

3) Delayed patient activation in early stages.

4) Increased physical workload for therapists.

The absence of active mechanical support leads to slower recovery and increases the risk of
complications, including joint contractures, implant displacement, movement asymmetry, and re-
injury.

Thus, the main limitation is not the surgical procedure itself, but the lack of effective
rehabilitation systems capable of ensuring safe and controlled movement in the early postoperative
stage. To address this issue, robotic exoskeleton systems that provide physiological motion,
precise load control, and patient-adaptive assistance are required.

3. Analysis of existing rehabilitation systems

Robotic rehabilitation systems and exoskeletons are widely used after joint replacement
surgery and have demonstrated clinical effectiveness, particularly in knee rehabilitation. These
systems improve motion control, enable early muscle activation, and reduce the risk of
contractures. One of the most well-known systems is the HAL (Hybrid Assistive Limb)
exoskeleton [3-6], which utilizes bio-signals such as electromyography and ground reaction forces
to synchronize movement with the patient’s intention. Although HAL supports both hip and knee
motion, its complexity limits practical clinical use. The HAL-SJ (Single-Joint) version [7] is
designed specifically for the knee joint and is suitable for early-stage rehabilitation. However, its
functionality is restricted to a single joint. The Lokomat system (Hocoma AG) [8-10] is widely
used for gait training. It combines an exoskeleton with a body-weight support system, improving
movement symmetry and coordination. However, it is a stationary device and is not well suited
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for early joint-specific rehabilitation. Other systems, such as AVATAR-M [11], provide bilateral
support during walking, while RAW-T (Robot-Assisted Walking Training) [12] uses sensor-based
feedback to control motion parameters.

Despite their advantages, these systems share common limitations. Most are designed for
single-joint rehabilitation, primarily targeting the knee. Even multi-joint systems do not provide
fully synchronized control of hip and knee motion.

In addition, many systems are either stationary or structurally complex and heavy. Locally
mounted actuators increase inertia on the limbs, which is a critical limitation in the early
postoperative stage. A comparison of representative systems is presented in Table 1.

Table 1. Exoskeleton and robotic systems used after endoprosthesis

No. System Country / manufacturer Key features
1 |HAL (Hybrid Assistive Limb) [3-6]| Japan, Cyberdyne |Bio-signal-based control, high accuracy
2 HAL-SJ [7] Japan Single-joint system, lightweight
3 Lokomat [8-10] Switzerland Robotic gait training system
4 AVATAR-M [11] China Bilateral lower-limb support
5 RAW-T [12] China Sensor-based motion control

Thus, existing systems do not provide an effective solution for simultaneous hip and knee
rehabilitation. This highlights the need for a new generation of lightweight, adaptive exoskeletons
based on modular architecture, cable-driven (Bowden) transmission, and advanced control
strategies.

4. Concept of the proposed exoskeleton

This work proposes a modular lower-limb exoskeleton for early rehabilitation after hip and
knee endoprosthesis, enabling simultaneous support of both joints.

The system employs a cable-driven (Bowden) transmission, where motors and power units are
located at the waist, and force is transmitted via flexible cables. This approach significantly
reduces limb inertia and improves safety during early-stage rehabilitation.

The design consists of two modules (hip and knee), which can operate independently or
synchronously, allowing adaptation to different stages of patient recovery.

Fig. 2 illustrates the engineering concept of the proposed exoskeleton, including its structural
configuration, actuator placement, and cable routing strategy. The system is based on a lightweight
wearable frame attached to the waist, thigh, and shank segments. Remote actuation is implemented
through Bowden cables, which transmit forces from the waist-mounted actuators to the hip and
knee joints.

Fig. 2. Conceptual design of the modular cable-driven lower-limb exoskeleton (AlmatyHipKneeRehabExo)

A distinctive feature of the design is the cable routing geometry, which enables efficient force
transmission while maintaining kinematic compatibility with natural human motion. The
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triangular cable arrangement (side view in Fig. 2) ensures stable force direction and minimizes
undesired joint loading.

The proposed kinematic scheme (Fig. 3) is considered as a planar multi-link mechanism, where
points O, A, K, and E represent revolute joints: Ois the fixed base (hip level), A4 is the driving link,
Kcorresponds to the knee joint, and E is the lower fixed support. The structure consists of three
main rigid links: Ly, (thigh segment), L,k (intermediate link), and Lgy (shank segment). The
system motion is defined by the input angle 8;, which is generated by the actuator via a Bowden
cable and causes rotation of link OA. This motion is transmitted through the kinematic chain to
link AK, resulting in the output angle 6,, which describes the rotation of link KE (knee motion).
Thus, a functional relationship 6,, 8, is established within the mechanism, while the angular
velocity w, at point K characterizes the dynamic behavior of the output motion. This scheme
demonstrates the “one motor — two functions” principle, enabling synchronized motion of two
joints using a single actuator.

Bowden cable
(input angle,
hip motion),
Loy

fixed

I
O, (output angle,
LKE knee motion)

fixed

Fig. 3. Kinematic scheme of the proposed hip-knee exoskeleton (AlmatyHipKneeRehabExo)

A key contribution is the “one motor — two functions” principle, enabling control of both
flexion and extension with a single actuator, reducing system weight by approximately 40-50 %.
Structural components are manufactured using FDM with PEEK material, providing a balance
between mechanical strength, low weight, and biocompatibility.

Control is based on an adaptive Assist-as-Needed strategy. IMU and cable tension sensors
provide real-time feedback, enabling precise and safe motion assistance depending on the patient’s
condition.

The proposed concept follows current trends toward lightweight, energy-efficient, and
modular exoskeletons and represents a compact and adaptive solution for multi-joint
rehabilitation.

5. Control system, electronics, and motion characteristics

The conducted experimental study evaluated the capability of the developed IMU-based
system to monitor lower-limb motion during dorsiflexion and plantarflexion. The results
demonstrated that the system reliably captures angular velocity, linear acceleration, and segment
orientation in real time.

Analysis of the recorded data showed that the dominant motion component occurs along the
Pitch axis, corresponding to dorsiflexion—plantarflexion movement, while Roll and Yaw
components remain comparatively small. The measured angular range of motion (—28° to 27°) is
consistent with physiological ankle kinematics, confirming the validity of the sensing approach.

From a dynamic perspective, the system exhibits stable and smooth motion behavior within
the measured range. The angular displacement follows a continuous profile without abrupt
changes, indicating proper actuator response and effective transmission of motion. The obtained
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results suggest that the proposed system can ensure controlled joint movement with sufficient
amplitude for rehabilitation tasks.

|
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DYNAMIXEL MX-106T
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Current Sensor 2

SD SDHC
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Fig. 4. Functional diagram of the exoskeleton control system.

In addition, the use of cable-driven transmission reduces distal mass and inertia, which is
critical for minimizing undesired dynamic effects such as oscillations and joint overloading during
early rehabilitation.

At the current stage, the study focuses on kinematic evaluation; however, preliminary
observations indicate low structural deflection due to the rigid frame design and distributed load
transfer through the cable system.

Future work will include detailed dynamic modeling, force analysis, and experimental
validation of joint torque, stiffness, and interaction forces between the user and the exoskeleton.

The control architecture integrates sensors, actuators, and processing units, enabling real-time
feedback-based operation and adaptive assistance.

i

SR

:

Fig. 5. Electrical scheme of the exoskeleton control system

The hardware implementation follows the electrical architecture shown in Fig. 4, where the
Arduino Nano interfaces with actuators, sensors, and data storage modules, enabling real-time
distributed control.

6. Discussion and conclusion
Existing robotic rehabilitation systems show clinical effectiveness but are limited by
single-joint functionality, high weight, or stationary design, restricting their use in early-stage

rehabilitation.
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The proposed modular exoskeleton addresses these limitations by enabling simultaneous
hip-knee rehabilitation. The cable-driven (Bowden) transmission relocates heavy components to
the waist, reducing limb inertia and improving safety. The “one motor — two functions” concept
decreases actuator count and reduces system weight, improving energy efficiency. The Assist-as-
Needed control strategy provides adaptive support, promoting active patient participation and
more effective recovery. The use of PEEK materials further enhances structural strength and
biocompatibility.

However, the current study is limited to conceptual design and laboratory validation. Clinical
trials are required to confirm effectiveness, and cable-related issues such as friction and backlash
may affect control accuracy.

Overall, the proposed system represents a lightweight and adaptive solution for early
rehabilitation after endoprosthesis, with the potential to reduce recovery time, decrease clinical
workload, and improve patient outcomes
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